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ABSTR ACT. By fittin g a ve r y sim ple a tm ospheri c impurity m odel lo hig h
reso luti on da ta o n ice acc umul a li o n a nd conlam ina nl f1u xes in th e G I S P 2 ice core, we 
ha \ 'C es tim a ted c ha n ges in th e a tmos pheri c concentrations 01' soluble major ions, 
inso lubl e pa rt i c ul a le~ a nd lOBe during th c tra nsit ion fro m glac ia l to Holocene 
cond i t ions. Fo r m a n y spec ies , c h a nges in cO ll ce n lra li on in th e ice typi cal I y 
ove res tim a te a lm os ph eri c cha nges, a nd cha nges in nu x to th e ice ly pica ll y 
und e res lim a te a tm os ph eri c c ha n ges , beca use tim es of' inc reased at mos ph e ri c 
conta minant load ing a re a lso tim es o f rcd uced snowfa ll. Th e m od el illlerpo lates 
be twee n th c nu x a nd concentra ti o n reco rd s by expli c itl y a ll owing fo r \\'e l- and dry
d ep o. ition processes . C ompared to th e wa rm Prebo realth a t foll owed , wc es tim a te th a t 
the a tm os phcre ove r Gree nl a nd sampl ed by snow acc umula ted during th e Younge r 
Dryas co ld evenl co nta ined on ave rage fo ur se\'en tim es the inso lub le pa rti cula tes a nd 
nea r l y seven tim es th e soluble ca lci um d eri \Td fro m continen la l so u rces , a nd a bo ut 
three times th e sea sa lt but onl y sli g htl y more cos m ogeni c lO Be. 

INTRODUCTION 

On e goa l of ice-co re stud ies is to es tim a te pas t a tmos
ph e ric concen tra lio ns of ce rta in so l u ble a nd inso l Ll bl e 
conta mina nt spec ies . C o ncentrat io ns o f th ese spec ies can 
be m cas ured in ice co res a nd nu xes to th e icc shee t ca n be 
ca lcu la ted in som e cases . H owevc r , th e rela ti on be tween 
a tmos pheric conce n tra ti on a nd e i lh e r concentra ti o n in 
th e ice or nu x to th e ice is not d irec t (D av idson , 1989 ) . 

depos i ti o n (a ir-lo-snow tra nsfe r wi th o ut a n assoc ia tecl 
wa ter tra nsfer; e.g . D ay idso n, 1989 ). As di sc ussed in th e 
\1 0d e l sec ti on below, dry d eposilion o f a conta min a nt 
spec ies in c reases wi th i ts a tm os pheri c co nce ntra tion ; a ll 
oth e r things bcing eq ual , m o re ma teri a l w i 11 fa ll out of a i r 
with m o re impuriti es . If o n ly dry depos iti o n occ urred, lh e 
nu x of so me conta min a n t to th e snow surface wo uld be 
propo rti o na l to its a tmosph eri c concen tra ti o n . 

So me conta min a nt nu x to a n ice shee t occ urs b y we t 
d e pos ilion (th c conta mina nt fa lls w ithin or a tlac hed to a 
snowOa ke, ei lhe r because th e con ta m ina n l sen 'ed as a 
cond ensa ti on nucl e us o r beca use th e conta mina nt was 
scavengcd by th e fa lling snown a ke ) a nd some b y dry 

\Ye t d epos ition in c reascs with a lmosph eri c conce n
tra lio n a nd with th e ice-acc umu la t io n ra te; a ir w ith 
mo re impurities w ill produce snow Oa kes with m o re 
impu r i ti es a nd more sn owOa kes wi ll bri ng d Ol'I'n m o re 
impuriti es . If o nl y we t de pos iti o n occ urred , th e 
conce ntra tion of a co nta mina nt in sn o w would be 
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propo rti o n a l LO its concentra Li on III th e a tm os ph ere 
sa m pled b y Lh a t sno" ·. T n th e ge nera l case, wi th bo th we t 
a nd dry de pos iti on. the b a lance be tll'een the m must be 
assessed to d eri\ 'e the a tmospheri c concent ra ti on fro m 
meas u re m en ts on the ice, 

H ere, we es tima te \ 'ari ations in a tmosph eri c concen
tra ti o ns mer milknni a by ex tending a simpl e model [o r 
wet a nd dry depositi on. \Ve tes t Lhi s m odel using lOBe 
d a ta a nd th en a ppl y th e m odel to eS Lim a te changes in 
at mosphe ri c loadi ngs of sea sa lt a nd con tin en ta ll y deri ved 
mate ri a ls thro ugh the Yo u nger Dryas osc ill a ti on. 

DATA 

Th e Greenla nd I ce Shee t P rojec t II (GISP2) deep ice 
core was co ll ec ted 28 km wes t of th e summit of th e 
G ree nl a nd ice shee t (72.6° N, 38. 5° W, ::l200 m eleva ti on 
(Hod ge a nd o thers, 1990 )) . ~vf od e rn m ea n a nnu a l 
tempera ture is abo ut - 3 1°C, modern mean acc umul a ti on 
is a bo ut 0 .24 m yea r I of ice and melting occurs onl y 
a bou t o nce per century o r less freq uently (All ey a nd 
o th ers, 1993; Alley a llCI A ll a nda krishn a n, 1995 ) . 

.\ra n\' o r th e da ta used here h;l\'e been presented a nd 
d iscussed elsewhere (All ey and others, 1993; ~Iayew ·ki 
a nd others, 1993a ). Th e lO Be da ta a re presented for the 
first tim e a nd will be expa nd ed upo n in subsequent 
publi ca ti o ns (ma nusc ripts in prepara ti on b y R. C. Finkel, 
K. ~i s hii z umi , and oth ers ) . Th e pa rti cul a te da ta were 
summ a ri zed brieOy b>' ~le rs h o n and Zielinski (1993 ) and 
will be pu blished elsew he re ( .\ LSe. th esis in preparat ion 
by G , R, .\lershon; pape r in prepa ra tion by G. R. 
.\frrsho n a nd G . A . Zi e linski ) . "'e require con ta mina nt 
concentra ti ons in the ice ( in uni ts such as m olecul es or 
panicles m 3), Ouxes to th e ice (molecul es or parti cles 

') I . 
m - yea r ,calcul a ted as th e prod uCl of the concelllra llon 
a nd th e ice accumula ti o n o r flux in m yea r I ) a nd the age 
rela ti\ 'C to the major la te-g lacial clim a tic e\'ents (e.g . 
J ohnsen a nd o thers, 1992; All ey a nd o Lh ers, 1993; T aylor 
a nd o th ers, 1993 b). 

Ice-co re ages \I'( IT de te rmi ned by co unting annua l 
indi ca tors (\ 'isible strata, osc ill a ti ons in elec trical cond uct
i\' ity, \'a ria tio ns in lase r-li g ht scattering fro m dust, plus 
oxyge n-i so topic a nd c h em ica l \'a ri a ti o n s at ce rta in 
de pths) . Abso lute-age es tim a tes \I'ere ch ecked aga inst 
fa ll-o ut fro m histo ri ca ll y d a Led \'o1canoes ove r the mos t 
rece nL 2000 yea rs and aga inst independ ent ages for major 
events during the deglac ia ti o n. Assig ned ages a re beli eved 
to be acc ura te to beLLer th a n 3% throug h th e L a te Glacia l 
and 1- 2% through th e H o locene (T ay lor a nd others, 
1992; All ev and others, 1993 ) . 

Acc umula ti on rates we re es tima ted fro m a nnua l-l aye r 
thi ckn esses by co rrec tin g fo r the layer thinning caused by 
th e sp read ing a nd stre tc hing of the ice sh ee t during its 
fl ow . Layer thi cknesses p red icted fo r th e ice core by 
Scho tt a nd o thers ( 1992 ) we re exceeding ly accurate. so 
wc sim ply sca led th e fl ow co rrec ti ons fro m their model 
(All ey a nd oth ers, 1993 ) . Further work o n ice-flow 
co rrectio ns (Bolza n a nd o Lh ers, 1995; C u tI er a nd others, 
1995 ) in ge nera l supports th e SchOtL a nd o th ers (1992 ) 
reconstru c ti ons. The tim e in ten'als consid e red here a rc 
short eno ug h tha L a ny " drift " between differen t recons
truClio ns owing to ice-shee t thi ckn ess ch a n ges shou ld be 
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sm all enough to be ignored . A ll d a ta disc ussed h ere a rc 
rrom much sh a llower than th e zon e o[ Oow distu rba nces 
nea r the bed (T a y lor a nd others, 1993a; All ey and o thers, 
1995 ). 

Data on con centra tions of so luble major a nio ns a nd 
cations (sul[a te, nitrate, a mm o nium, chlorid e, sodium, 
potassium , m agnesium and ca lcium ) are [rom M ayews ki 
a nd others ( 1993a), who interpreted the high-reso lution 
time seri es o[ th ese spec ies . Ap proxima Lely bi- yearl y 
samples were a n a lyzed . ra ng ing from 0.0 7 to 0. 2 1 m in 
length and con ta ining onc to a [ew years but typica ll y 2 3 
vea l's. 

Insoluble p a rti c ul ates were m easured in a cl ass 100 
cl ean room using a n Elzo n e 280PC (Co ulte r-type) 
pa rti cle counte r equip ped with a 30. 308 f..LlTl o rifi ce . 
Gra in-size d e Le rmina tions we re made in 64 sepa ra te 
c ha nnels r a ng in g fr om 0. 6 7 to 12.88 Mm. Th e 64 
cha nnels can b e g rouped into fi ve ba nds with o ut much 
loss o[ deta il , a vo id ing som e n o ise associa ted with th e 
na rrow cha nnels a nd also simplifying da ta a n a lys is a nd 
p resenta ti on (Nl ershon and Zi elinski , 1993; p a p er in 
p repa ration b y G . R . .\lersho n ) . W e briefl y summarize 
res ults from Lhose fiv e bands a nd from th e fin es t c ha nncl 
within th e fin es t ba nd (0.67- 0. 70 Mm ); full res ul ts will be 
presented elsewh ere (pa per in prepa ra tion b y G . R. 
M ershon and G. A . Zielinski ) . M ajo r-ion and p a rti cul a te 
sam pling used the same depLh ra nges a nd sampl e sizes . 
Th e eluent used for the che mi cal samples w as a weak 
ac id th a t would ha\'e increased dissolution o f calcium 
carbona te dust; thus, some du st should be m eas ured in 
both da ta se ts. 

lOBe \I'as m eas ured on sampl es of co re melted in the 
fi eld. After the additi on of ca rri er, Be was concentra Led 
from I to 2 kg o f m eltwa ter using ion-exchange chro m a to
g ra ph y. The Be was purifi ed a L th e U ni ve rsity of 
Californi a- Sa n Di ego and th e lOBe measured b y accel
era tor mass spee trometry a t th e Lawrence Li ve rmore 
i\a ti onal L a bo ra to ry Cenler fo r Accelera tor M ass Spec t
rometry (Davis a nd others, 1990 ) . Samples ra nged from 
1.4 to 3.4m in length or typically 25 to 100 yea rs per 
sample. 

M ajor-i on a nd pa rti cul ate d a ta ex tend from I I 322 to 
14035 yea rs b efore A D 1950 (A BP) , or 1657- 1762 m d ep th 
in the ice cor e, which spans th e interesting tim e p eriod of 
th e latter pa rt o f th e Bolling /Allerbd (BA) wa rm event, 
th e entire Younge r Dryas (YD ) co ld event and the ea rli er 
part of th e w a rm Preborea l (PB) tha t fo llo wed the 
Younger Dryas (Fig . I). 

T o conside r sepa ra te clim a te sta tes, we sub-set the 
pa rti cul a te a nd chemical d a ta a nd elimina ted regions 
near tra nsitio ns ( 11 637- 11 759 ABP or 1675- 1680 m for 
th e PB/YD Lra n sition and 12854-13 049 ABP o r 1710-
I 718 m for the YD/BA trans i Li o n ) to leave samples clea rl y 
representa tive o[ the time period s und er consid eration. 
This lea\'es sub-sets of 145 PB samples, 299 YD samples 
a nd 232 BA sam ples for w hich we have m ajo r-ioll 
chemical d a ta, p articul a Le d ata a nd ave rage ice Ou xes . 
For lOBe, the maj or effect o f elimina ting d a ta n ea r the 
tra nsiti ons is to reduce th e sta tisti ca l confiden ce without 
cha nging the res ults, so we re ta in ed all of the d a ta . We 
a lso exa min e some lOBe da ta ex tending thro ug h the BA 
a nd into th e Glacial .\IIax imum or Oldes t Dryas (OD) 
(Fig. I) . 
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Fig, I, T ime series oJ jlU1f,1 of calcillm ( lojJ /Jallel ) , 
chloride (secolld dOli '11 ) , to Be (Ihird dOl( '11) alld waler (ice 
acculIIIIlalioll: bollom jJallel) /Jlolled againsl age ill )'eaTS 

beJore ,lD 1950 Jor Ihe G/SP2 ice core , COlleenlraliolls ill 
each data sellul1Ie beell Ilormali:::.ed~).dil .idillg ~)' Ihe meall 
oJ Ihal data sella a/low dis/)Ir~) ' 011 similar sea /1' ,1 , fl 'e 
nlellded tlte IIJ Be alld ice-j7u\ records sOllleu:haljilrllter 
Iltall Ihe eltloride and calcillm reeord.1 10 lesl lite efferl oJ lite 
n iT({ dala jJoinls 011 lite slalislical l'alidil)' o/Ihe re full,l' , as 
described ill Ihe 1nl , T he arolll/Illalioll-mle record Itas 
been smoolhed 10 lite sal77/J/illg illl('7'l'{{1 oJ Ih e chemical 
s/Jeeil's 10 which it was cOIll/)ared: .fill' Ihe ) 'Ollll/!,er SIII II/)/es , 
[['I' disjJlc!)' Ihe resolulioll IV' Ihe calcilllll and chloride 
samjJles:Jor Ihe older /)(11'1 , Il 'l' ,Iholl' Ihe lower re,lOllIlioll oJ 
Ihe 11) Be s{{IIl/Jle,I, 

MODEL 

Model principles 

Th e simplest pl a u siblr mode l (c ,g , L eg ra nd, 1987; 

D a \,id so ll , 1989 : \\' h u ng a nd o th e rs, 1 99 L~ ) rel a tin g 

co ntam ina nt flu x to a tm osp heri c con ce ntra ti o n a nd ice 

flu x is 

fi = k \ Ci + k2 C i b, 

fi = h: ib, (1) 

He re, ./; is th e flu x 0 (' co n ta mina nt speCies i , C; is th e 

a tmospheri c co ncentra ti on of' thi s s pec ies , b is th e ice

acc umula ti o n ra te , k\ is the d ry-d e pos iti o n \'C loc it y , k'2 is 

th e dim ensio nless scaveng in g ra ti o ('o r prec ipit a ti o n a lld 

"'i is th e co ncentra ti o n o f' the conta mina n t spec ies in th e 

Ice co re , 

Ass um e initi a ll y that A: I a ncl k2 a rc co nsta nts (wc 

di sc uss thi s ass um p ti o n in th e l\l odcl tcs t sec ti on , bel o \\') , 

Th e n Eq ua ti o n I ) shows th a t. if' d ry d epos iti o n d 0 1l1-

in a tes k2Ci b « k\Ci ) , the flu x o f' S0 1l1 e con t;t min a nt LO 

th e icc shee t w ill be pro po rti o n a l to its a tm os ph c ri c 

co ncentra ti on , If \\c t d epositio n d o mina tes A:2Ci b » 

kI C i ) , th e co ncentrat io n or so m c conta min a nt in th e icc 

shee t will be p ro po rti o na l to it s con centra ti on in th e 

a tmos ph ere sampl ed b y th e acc umulated snow, In th e 

ge n e ra l case \\ 'ith bo th lI'C t a n cl d ry depos iti o n , a n 

in cre ase in snow acc umul a ti o n with co nsta nt a tmos

ph e ri c co ncentra ti o n o f a conta min a nt \\' ill in crease th c 

Jlu x 0(' th a t co n ta min a nt to th e ice sh ee t but cl ecrease th e 

co nce ntra ti on of th a t co nt a min a nt in th e accumu la te d 

sno \\', 

Data o n ice-core co nta min a n ts usu a ll y a rc reported as 

conce ntra ti o ns or, \\ 'h e l'e snO\\' acc um ul a ti o n is kn ow n 

accu ra te ly enough, as co ncentra ti o ns a nd (lu xes (e ,g , 

.\Jaye\\'s ki a nd o th ers, 1993a , b ), Fo r sites d om ina tcd b y 

lI 'C t d epos iti o n , th e tim e se ri es o f co ncc nt ra ti on prO\'id es 

th e be tte r es tim a te o r a tm osp heri c load in g, \\'hereas fo r 

sit es dom in ated b\' dry d eposit io n th e ti me seri es of flu x 

pro \ 'id cs th e be tt e r es ti ma te, H e re, w e present th e 

simp les t ph ysica lh- based m et hod to interpo la te between 

cha nges in fl ux a nd c h anges in conce ntra ti on so as to 

est im a te c ha nges in co nt a min a nt a tm os ph er ic loadin g fo r 

sites \I 'ith bo th lI'e t a nd dn' d epos iti on, 

Du ri ng a cli ma ti c regime such as t h e Y o unge r D ryas, 

the a tmos ph eri e co ncen tra ti on w i 11 h a \c so m e C1\'C rage 

\'a lu e, Ci , Ice acc umul a ti o n will \'a ry fi'o m yea r to yea r, 

O\\'ing in pa rt to loca l eflec ts, Yea rs 0(' loca lh- hig h ice 

accu mul a ti o n \\'ill h a \c a la rger co nt a mi na nt flu x th a n 

yea rs o f loca ll y lo \\' ice acc u m ul at io n , beca use w e t 

clepos iti o n will brin g d Oll'n more con tam in a nts d urin g 

the hi g h-acc ulll ula li o n yea rs t ha n d u r i ng t he 10 \\'

acc u m ul at io n yea rs , Thus, if 1..-1 and k2 a rc co nstants 

(sce b e lo \l' ) , a plo t o r con ta min a nt flu x (fi ) \ ' S ice 

accum ul a ti on (b l sho uld producc a s tra ig h t li nc \\' ith 

slope k2Ci a nd int e r cep t kJ;i , Th e inte rce pt ( th e 

conta min a nt flu x ex trapo la ted to I.e ro icc acc umul a ti o n ) 

ca n be ta kc n as a n a p p rox ima ti o n of th c d l'l'-d epos iti o n 

ra te sec D iscuss io n a nd the add iti o n a l flu x is w e t 

d epos i ti o n, 

\\ 'e ex pcu d e\ 'ia ti o ns o f'indi \'idua l d ata points li'o m 

thi s lin e o\\'i ng to \ ' ,1l'i a ti o ns in th e a tm os ph e ri c 

con ccntra ti o n , Ci , fi'o1l1 it s mean \ 'a lue, Ci , D e\, iat io ns 

ma \' a lso bc ca used b v 1l1 ca suremc nt e rro r , tim e \'a ri a ti o l1 

of' k\ o r !,-2, or o th er p roccsses not includ cd in th c m od c l. 

Erro rs in chcm ica l-con ce ntra ti on a nd pa ni cle-concent

ra ti o n ll1 cas ureme nts a rc \\T II- cha ra Cle ri zed a nd no t 

large , .\ I isidcnt ifi ca ti o n o f a nn ua l m a rk t'l's in the ice 

co re is poss ible , H OII'('\'(' r , in rece nt ti mes \\' hen 11'(' ca n 

chec k o ur m a in counting m et hods aga inst indcpendent 

a nnu a l-l aye r indi cato rs a nd a bsolu tc-tim e hori zo ns, o ur 

co u n ts a rc q uit e acc ura te (T a\'lo r a nd ot hcrs, 1992 ; ,\lI ey 

a nd o the rs, 1993 ): thus, \\'e beli n'(' th a t erro rs fi 'om thi s 

so urcc a rc no t large o r a t leas t a rc no t s\'s tcmati c. 

Mod el ap plicability 

Th c m o d e l in E q u<lti(lll ( I ) cira rl y is n ot as co m p lex as 

the a tm ospherc, H O\\'eHT, thi s mode l p rm 'ides a gooci fi t 

to d a ta f'ro m so uth('l'll G ree nl a lld o n ll1 c th a nes ulfo ll a le 

flu xes 0\'(' 1' til e las t fi:'w centuries (\ \ ' hun g and o thers, 

1 99 c~ ) , It a lso acc ura tel y fi ts mod e rn d a ta on spa ti a l 

dis tr ibuti o n o f'flll xes OrSe<l sa lt an d s ulf~l t(' , a nd LO a lesser 

extc nt nitra te, in Eas t ,\n ta rl'l ic<l ( Leg ra n cl. 1987 ), 

1cC'-flu x /co nt <l min a nt- flu x Ib, f ) p lo ts o f' o ur d ata f() ]' 

d ifk rcll t cli mat ic C\T llts a nd fo r difIe rc nt co n ta min a nts 

ge ne ra 11 y sholl' pos i ti vc slopes, as cx p el'lcd ri 'o m th e 

mod e l. Fo r eac h o r e ig ht so luble io ni c spcc ies a nd six 

in so lubl e pa ni cu la tc s ize c lasscs in eac h of' threc time 

pe ri od s th e Bolli ng/.\ lI e rbd 13,\ I, You ll ger Dryas VD ) 

a nd Pre bo rea l (PH) sub-se ts as d csc rib cd a \) O\ 'e ), simpl e 

reg ress io n a na lys is o n (b, f) plo ts p rodu ces pos iti \'e slopes 
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for a ll of th e PB and YD cases a nd 12 of the 14 BA cases , 
wi th a ll bu t one of the PB a nd Y D cases different from 
zero with > 95% confid ence based on the sta nda rd t -tes l. 
(Only fi ve of th e BA cases a rc signifi ca ntl y d ifferen t fro m 
zero; see below. ) Beca use f is ca lcula ted as th e product of 
concentra ti o n. K" and acc umul a tion ra te, b, a tend ency 
for pos itive slope is buil t into the a na lys is. H owever, we 
can exclud e ma ny possibl e circumsta nces tha t wo ul d 
produ ce ze ro or negat i\·e slo pes a nd inva lida te o ur model. 

Fo r exa mpl e, if wet d e pos iti on we re ex tremely 
ineffi cient, co nta mina n t flu x wo uld be ind ependent of 
ice flu x, whi ch is not obse rved. Simil a rl y, if we t depos iti on 
were ex trem ely effi cien t, th en conta min a nL flu x wo uld 
becom e ind ependent of ice flu x with inc reasing ice flu x, 
yielding a hori zo ntal line fo r hig h b on a (b, f) plot. We 
observe no such tendency fo r curvat ure to ho rizontal with 
in creas ing b. Mixing of samples from differe n t p opula ti ons 
could yield (b, f) da ta a rrays with nega ti ve slopes if 
con ta mi na n t source strengths a re higher fo r popula ti ons 
with lower average ice flu x. \"'h en we combine the PB, 
YD a nd BA popula ti ons in to a single gro up , we do obta in 
negati ve slo pes for most conta min a nts. For sep a ra te times, 
the BA acco unLS 10 r a ll exce pt on e of the (b, f) slopes tha t 
a re no t pos iti ve with > 95% confid ence, sugges ting 
mixing of pop ul ations in the BA onl y. I nd eed , inspec ti on 
of the d ata se ts 5hO\,·s tha t mu c h of the BA is simila r to th e 
PB but with short YD-like eve nts, a lso sugges ting mi xing 
of popul a ti o ns. 

Co rre la ti o n coe ffi c ients, T, fo r th e (b, f) lin ea r 
regressio ns for different ti m es a nd con ta mina n ts ra nge 
from 0 .6 d o wn to 0.1 a nd ave rage 0.3; thus, signifi cant 
\·a ri a bi li L Y not included in o ur m odel m ust be presen L, as 
ex pec ted . T he reader will reca ll from th e sta nd a rd t- tes L 
(e.g. T ill , 1974), the minimum signifi cant correlaLion 
coeffi cienL for data se ts wiLh a la rge number o f points, n, 
scales approxima tely with 1/,;n. For our d a ta se ts a nd for 
a one-ta il ed tes t with 95% confid ence, T > ~ 0. 1 is 
significan l. 

T o compa re clima ti c regimes [,"om different tim e 
intervals t = u a nd t = v, we assume tha L the processes of 
contam in a n t remova l fr o m the a tm osp h ere did nOL 
change a nd thus tha t kl a nd k2 a re cons ta nts. (W e tes L 
this ass umpti on in the nex t secti on a nd find tha t it is 
consisten t with availa ble d a ta (or one species .) Then Lh e 
ra ti o, Ri''' '', of the slopes o n a (b, f) plot fro m th e two 
regimes sho uld eq ual the ra tio of the interce pLs and of the 
ave rage atm ospheri c concen trations 

Th e two lin cs for the two tim e intervals ha \·e three rather 
tha n four free pa rameters: o ne slope, one in tercept a nd 
the ratio R-;"':I '. O f these three p a ra meters, the ra tio is mos t 
direc tl y interpreta bl e a nd so of grea tes t pa leoclimatic 
in tc res t. 

T o co nd uct the jo int lin ea r reg ress io n with the 
cons tra in t in Equa ti on (2) , we use a simple il1\·erse 
techniq ue based on a ge nera liza tion of Newto n's method 
to minimize th e to ta l va ri a nce of the model. The diago na l 
elem ents of the cova ri a n ce m a tri x re turned by the 
in ve rsion a re the varia nces o f the model param eters (see 
Press a nd others, 1988 ). \ V e fi nd tha t the li nes prod uced 
by this j o int linea r reg ressIo n a re sta ti s ti call y indist-
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ing ui shab le fro m those produ ced by separa te linea r 
reg ress ions fro m th e two tim e peri ods co n sid ered; 
exa mples are includ ed in Fi g ure 2 and a re li sted in 
T ab les I a nd 2 . W e Cavo r th e j o int regress io n based on 
ph ys ica l reasoning a nd on the red ucti on in uncerta inty 
gained from this ph ys ica l reasoning but we ta bula te some 
res ul ts of sepa ra te regression s fo r readers wh o m ay be 
m o re fa mili a r with this trea tm e nt. As with the indi vidual 
regressions, we find sta tisti call y sig nifi cant res ults using 
this join t-regressio n tec hnique . 

Model test 

'vV e first tes t th e m ode l against lOBe da ta and sh ow th at 
a n y \·ari a ti ons in kl a nd k2 be tween the cold YD a nd the 
warm PB a re suffi ciently "sm a ll" to be ignored fo r this 
sp ecies . In subsequ ent sec ti o ns, we use this res ult and 
ass umptions a bo ut behav ior of o ther species to es tim ate 
that C changes a bo ut th ree-fo ld for sea salt, seven-fo ld for 
continentall y d eri ved soluble calcium and fo u r-fold to 

seven- fo ld Cor insolu ble partic ul a tes from YD to PB; thus, 
"sm a ll " va ri a ti o ns in the co nsta nts a re those less th an a 
few tens of per cent . We use lOBe for the m od el tes t, 
b eca use we ca n es tim a te th e ra ti o R~~~ PB using 
ind epende n t m eans, to tes t the m odel para meters deri ved 
fro m GISP2 lOBe d a ta . 

lOBe is a lo ng-li ved ( 1. 5 x 106 yea r) r a di oac ti ve 
nuclide prod uced by cosmic rays, mostly by sp a ll a tion 
reac ti ons in the a tm osphere, with a bout two-thirds of the 
producti on in the stra tosph ere a nd one-third in the 
troposphere (L a l and Peters, 1967 ). Residence time is 
a lmost a year in th e stratosphere but only a bo ut 3 wee ks 
in th e troposph ere. 

lOBe produ c ti on can cha nge in res ponse to ch a nges in 
the galac ti c cosmic-ray flu x ([or exa mple, caused by 
supernovas ), or in res ponse to ch a nges in shielding oC the 
E a rth fro m cosmic rays (caused by cha nges in solar 
ac ti vit y or in th e Ea rth 's magn e tic fi eld ). Sma ll vari a ti ons 
in producti o n occur correla ted with sun-spo t acti vity 
(Beer a nd o th e rs, 1983 , 1990 ) , events of increased 
prod uction have occurred abo ut 35000 a nd perh aps 
60 000 ABP, pro ba bly in resp onse to supernovas or 
m agnetic field events (Ra isbeck a nd others, 1987, 1992) 
a nd slow vari a ti ons in produc tion similar to those for 14 C 
m ay have occurred in response to slow cha nges in the 
E a rth 's magne tic fi eld (Lal, 1992 ) . H owever , prod uc ti on 
pro bab ly has been nearl y consta nt for our purposes (tha t 
is, vari at ions on the orde r of 10% or less ) over the mos t 
r ece n t d eg laci a ti o n in cl udin g our stud y in te rva l 
(M cH a rgue a nd D a mon, 1991 ; L a l, 1992; M azaud and 
others, 1992; R a isbeck and o th ers, 1992). 

Figure I sh ows the time series of lOBe flux during the 
d eglac iat ion a nd Figure 2a sh ows how lOBe va ri es with 
acc umula ti o n r a te for the vari o us time interva ls con
sidered. It a ppears tha t both dry d epos ition (th e intercept 
in Figure 2a) a nd wet deposi tio n are importa n t in the 
lOBe flu x in centra l Greenland . 

Because of the likelihood th at lOBe produ c tio n has 
been nearl y con sta n t, we can use Fig ure 2 to tes t whether 
our model fi ts th e da ta, a nd th us whether kJ and k2 have 
been (nea rly ) constant over tim e. \Ve do so by using 
simple arguments a bout atm ospheri c processes to show 
tha t cha nges in the behavior o f th e lOBe flu x be tween cold 
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(glac ia l or stadia l) a nd warm (inte rg lac ia l or intersta di a l) 
tim es must fa ll be tween ra ther na rrow limits if' kJ a nd k2 
a re consta nts a nd th a t th e obse r ved behavior fa lls 
be twee n th ese limits. 

O ve r mos t of th e world (where p rec ipita ti on ra tes a re 
hig her th a n in centra l Greenl a nd ), m os t lOBe is rem oved 
from the a tmosph e re by we t d eposi ti on ('\lcH a rg ue a nd 
D a mo n, 199 1). During co ld peri ods, such as th e Yo un ge r 
Dryas or the Old es t Dryas, res ults ri"om a tmosph e ri c 
ge ne ra l circul a ti o n mod els indi ca te th a t th e g lo ba l 
prec ipita ti on ra te was eith er unch a nged or reduced b y 
o nl y a few per cent from warm period s such as tod ay (e.g . 
Kutz b ac h a nd Gu e lL er , 1986; L a utensc hl age r a nd 
H e rte ri ch, 1990; J o ussa ume, 1993 ) . rf lOBe we re g lo b a ll y 
mi xed in the tropospherc, its a tmosph eri c concentra ti o n 
wo uld be simila r during co ld a nd wa rm peri ods beca use 
ne ith e r produ c ti o n n or rcmova l ra tes wo uld h ave 
ch a nged mu ch ove r time. Durin g cold peri od s, th e 
loca ll y reduced sn o wfa ll in central Gree nl a nd wo uld 
cause th e lOBe 11 ux to be red uced there. (Beca use 
Gree nla nd receives such a sma ll fr ac ti on of th e global 
lOBe flu x, a cha nge in depositio n in Greenla nd wo uld 
have a negli gible efIec t on th e a tm osph eri c loading o f a 
g lo ba ll y mixed species .) Assuming no c ha nge ofk l a nd k2 , 

we wo uld find in this constant-a tm osph eri c-concen tra tion 
limit th a t R T,?~~:warm (const. cone.) = l. 

H owever, th e 3 week tropos ph eri c res ide nce ti m e o f 
lOBe is not long enoug h for compl e te g loba l mi xing in th c 
tro posphere. Suppose instead th a t':n o la tera l mixing o f 

3.0 r------n-----,----~---__:_-------, 
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YD-l 
\ + 

1.0 

~ 
0 - 0 0 

b ___ --------- ------$ 
0.0 ~ ___ ~ ___ _____' ________ __J.. ___ --' 
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Fig. 2. J\ '07malized fluxes oJ lOBe (a), calcium ( b), and 
chloride (e), jJlotLed against normalized flux qi waler 
( ice-acclllllulat ion late) Jar ajJjJloximaLely bl-yearly 
samples. POjJulatiolls rejJlesenling the Preboreal ( PB ) 
and Younger D')las ( ) D ) are shown Jor calcium alld 
chloride. Bollillg/AlIer6d ( B A) and Oldesl D~J)as ( OD ) 
points also are showllJor lOBe; BA dala /)Iot belween OD 
and YD Jar calcium and eMo ride . Lines obtailled b)l the 
joilll regression oJ ID and P B data using our model ale 
shown dashed ertellding to their illtemptsJor PB alld YD 
for calcium and chloride, and Jar P B + BA and 
YD + OD for lOBe. T he shorter, solid-line segments 
ill ( b) and (c) are Llle individual regression lines Jor the 
YD 0/71]' alldior the PE only. 

lOBe occ urs in th e a tm os ph ere, so th a t th e !lux of lOBe to 

Gree nl a nd is consta nt ove r time. If' we t d epos i lion is 
signifi ca nt , th e reduced pl"ec ipit a ti on a nd wet d epos iti o n 
durin g co ld peri ods wo uld increase th e a tm ospheri c 
resid ence time and thus th e a tmos ph eri c concentra ti o n 
of lOBe in air sa mpled by G ree nl a ndi c acc umula ti on. Th e 
increased a tm os ph eri c co ncentra ti on wo uld increase th e 
dry-d e pos iti on nu x. Obse rving from Fig ure 2a th a t dry 
a nd we t d eposition a re a bout equal in co ld period s, wc 
can ca lc ul a te from E q ua ti o ns ( I ) a nd (2) th at thi s 
consta nt-!lu x limit with kl a nd k2 consta nt wo uld yield 
R ;',?~:,"varl1l (const . flux.) = l.5 betwee n cold a nd wa rm 
peri od s. (H a ll !lux we re dry ci epos itio n a t a ll tim es, 
cha nges in precipita ti o n (i"o m cold ( 0 wa rm peri ods would 
not a ffect th e a tmosph e ri c concentra ti o n , gi" ing R = 1 
between co ld a nd warm times . If a ll flu x we re we t 
depositio n a t a ll times, then consta nt flu x with ha k ed 
prec i pi ta tion wo uld req uire dou bled concentra t ion in 
co ld tim es , o r R = 2, ass uming a linea r m od el. With bo th 
dry a nd we t depos ition impo rt a nt , R tail s be tween these . 
We m a ke th e ass umpti o n th a t prec ipita ti o n a nd acc um
ul a ti o n a re a pprox im a te ly equ al here.) 

Aga in , thi s limi t is unlikely to be co rrec t. The mod ern 
troposph e ri c resid ence tim e of a bout 3 wee ks (La l a nd 
Pete rs, 1967), which m a)' haw leng th ened durin g the 
Youn ge r Dryas, is eno ug h to a ll ow mi x ing to occ ur 
beyond the immedi a te N o rth Atl anti c O cea n, where the 
Younge r Dryas cold eve nt is beli eved to h,l\'e bee n 
stron ges t (e.g. Rind a nd o thers, 1986) . Thus, we expec t 
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Table 1. Ratios between l Ollnger DI)a.1 (J D ), Preboreal (PB) 
and Bolling/! lIleriM ( BA ) atmos/Jheric ehemiwl cOlleentratiolls, 
together 1('ith the standard del'iations oJlhe mlios, delermilledfrom 
the joillt regression with the ratio 0/ the slo/m eqllalto the ratio oJ 
the inleree/Jls. Berallsl' ratios were calculated beitceell /Jairs DJ 
times ( lD : PB . lD : B.J, B.l : PB ) /{/ther than fitting all 
thm times at Ollce, the prodllct ( fD : BA) x ( BA: PB ) is /lot 
ident iealto the sillgiP ratio ( ) D : P B), although the} are similar. 
We also calelllated, Jar 10 Be Oll~)" } D : ( P B + B.·I) 
=J.21±0.89 and (1 D + OD ). (PB + B, I)=1.27±0.72, 
ll'here 0 D is the cold Oldest D)),as: ill Figure 3 we use p/~)'Si((/1 
as well as ,tatistieal constraillts to obtaill ( fD + OD) : 
( PB + BA) = 1.22±0.39. Th e maill IfJect oJ usillg these 
eI/Janded cold: lcarm data set, Jar IIJ Be is to redllee the statislical 
IInentalnU of the ratios. The ratios oJ slo/m from se/HI/ate 
re/"reSSlolIs are also shoWII Jar the fD: PB case ; Jar lOBe 
rD + OD:PB + B!L this }ields 1.52±0.70 . The sejJarate 
regressions lend to }ield slight[J' larger IIItios thall Ihe joillt 
regressioll bllt in 110 case is the difference highry significant 

Chnnicai Ralio oJ almoJ/)heri( (ol/(O/lralioIlJ 

Joillt regrfssiOIl Sf/Hlmlr 

regreJ.HOJl 

YD . PB BA. PH YD : BA YD · PB 

lO Be 1.IS±216 1.03±0.+7 1.21 ±0.90 O.+3±I.IS 
Cl 2.96±058 U8±0.22 1.76± 0.23 +.27± 1.16 
Ca 6.9.1± 1.69 1.63 ±0 +3 :1.65±0.5 1 10.48±5.0+ 
:,\ " 3.53 ± O. 73 1.6+±0.28 2.02±0.27 1.73 ± 1.73 
K 335±OG+ 1.45±0.23 2.08±0.27 563± 1.4A 
\l g 3.73±O77 I 37±0.26 2.38±0.33 1.83 ± 1.52 
i'\ O , 1. 14±O23 0.83 ±O.O9 I 33±O.2 1 US±O.17 
N H , 1.30±O26 O.B3 ± 0.09 I..'il ±O.23 3.77±2.69 
SO, 

Si;:/' 

2.03±OA2 1.20±O.17 1.61 ±O.23 2 .. 18 ± 1.28 

T able 2. Ratios bet1.l.'eeJl YOllnger DI)'as ( YD ) . Preboreal 
( PR ) and Bolling/Allaod ( BA ) a/mos/Jlleric (Ollemt
rations oJ illsolllble /Jartlwlales. loge/her wilh Ihe standard 
daiations a/the ralios. determined/rom LhejoilZI regressloll 
wilh / lie raLio oJ tlte slo/Jes equal to Lhe ratio of Lhe 
IlllercejJts . Because raLios were calculated between fJairs of 
limes ( rD : PB , fD: B A , BA : PB ) raLiter Ihalljilling 
all three Il1l1es at once, the /Jroduct (YD: BA) x 
( B j : PB ) is noL identical la Lhe single ralio 
( Y D : P B ) . altllOugh t!tey are similar. T he w t/os oJ 
dO/Jes from sejJawLe regressiolls are also slwwn for Lhe 
rD : P B case. The se/JawLe regressiolls tend La Jlield 
slightl]i larger ratios than L/zejoint regression but illllO case 
is the difference highly significant 

Ralio '!!. almoo/lilerie CUl/felllraliollS 

Joint fegre.I.I'ioll 

YD : PB 13 .\ : PB Y]) : 13. \ 

5;ejw/'{{/(I 

regrCJsioll 
YD : PB 

0.67- 0.70 396±0.69 117±0.20 3.34·±0.53 3.91 ± 1.17 
0.67 0.75 +09±071 129±0.21 287 ± 0.38 1·.58±1 .38 
0.75- U 4.33±075 134± 022 288±037 4.63± 1.56 

J..l 2.0 5.24±098 1.57±0.28 290±036 535±2.1+ 
2.0 3.0 5.86±115 167±0.32 290 ± 035 612±316 
30 10.0 7.·12± 1.58 1.85 ±O.+O 3.11±037 848±5.07 
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th a t 1 < R;,\)g~:wHnn < 1.5 for IOBc bctwcc n th e Younger 
Dn'as and Pre boreal times, i[ k l and k2 are con stants. 

Thus fa r , o ur da ta set includ es many lOBe sa mpl es 
from the cold Younger Dryas (n = 21), (he wa rm Boiling/ 
Allerbd (n = 28 ) and the co ld Old es t Dryas (n = 22) but 
onl y a fcw [r'o m the warm Prc borca l (n = 5) . \\'e have 
a ppli ed our mod el ( 0 \·a ri ous combinations o[ these, as 
shO\\l1 in T a ble 1. The res ult is tha t 1 < Rf~g~: wmIll < 1.5, 
as expected , w ith a sugges ti on th a t R fa lls towa rds the 
lower cnd o f thi s ra nge. 

T o improve the sta tisti cal confid ence o[ this res ult , we 
a lso havc conducted th e a na lysis while enfor cing the 
ph ysical cons tra int tha t th e dry deposition a nd we t 
depos ition a rc positil ·e (i. e . slopcs and interce pts arc 
positi,-c; Fi g . 3 ) . Wc ca lcul a te th e mean a nd th e 
uncerta inty (si jii, where s is th e sample standard 
d e\·ia tion; e.g . Till , 1974, cha pter 4 ) of cold-pe riod and 
warm-period d a ta 0 11 the chemi ca l-flux/ice-flu x plot. If 
wc construc t p a irs of lines with p ositiyc slopes a nd positil·e 
intercepts thro ugh th ese mea ns such tha t the ra tio o[their 
slopes equ a ls th c ra ti o of their intercepts, the limiting 
ya lu es for R i·I;)I~:.:warlll occ ur as dr y d eposition (th e 
int crcept ) a pproac hes zero a ncl as wet deposition (the 
slope) approac h cs 7.ero. If wc th cn ca lcula te R [o r these 
limiting cases, a nd allow for th e si jii uncerta inty ill th e 
mean I·alues, we obtain R f,~g~: warlll = 1.22 ± 0 .39. This is 
almos t id enti ca l to our previo us res ult but with sma ll er 
uncerta inty because of grca te r constraint b y ph ysical 
reasoning. 

Th e obscn -cd behal'ior o f IUBe and ice nux from cold 
to Il arm peri od s (R = 1.22 ± 0.39 ) is sta tistica ll y indis
tinguisha ble from th e beha I·ior expec ted if o u r model is 
co rrect (R = 1.25 ± 0.25 ). VVe conclude tha t a n y va r
ia ti ons tha t h ave occ urred in kl a nd k2 [or lOBe h ave been 
small , on (he o rd er of tens o[ p er cent or less . 

1.5 ,---------~------~------___, 

r--------------------------------------------x 10 Rmln /' " . .... 
u: 
" ~ro 
u 
.~ 
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E 

/ 
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'\ 
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~ 0.5 

'~ Rmax 

0.0 j£..... _ _ ~ _ __ ~ ______ ___L ______ ~ 
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Fig. 3. ALternative l.N~y to estzmate Rfgg~: warlll . T he mean 
vaLues oJ nomwlized chemical and ice fluxes faT warm 
( PB + BA) and for cold O D + OD ) /mio ds, and 
their uncertainties, are shown b)' the small crosses. 
Regressioll lines through these means, having the ratio oJ 
their slojJes equal to the ratio fl/ their intme/)ts and having 
/Josititle slojJes and inlerce/Jts, are limited by the sohd and 
dashed lines shaWl!. This range, when increased to allow 
for the small III1.Certaillt)1 in the means, yields 
R i~b~\VaJTIl = 1.22 ± 0.39. 
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Th e tend enc)T fo r R cold warm to be a t th e low end of its 
IIIBe 

possible ra nge is consistent with a ir m asses a ffec tin g 

Greenla nd th a t expe ri e n ced sma ll e r reduc ti ons in precip

ita ti o n during co ld p eriod s th an did Greenl a nd ; however , 

thi s res ult is sta ti s ti call y va lid a t less th a n th e o n e 
sta nd a rd-devia tion leve l, so we ca nn o t in sist o n it . 
Furthe r , more-ca re ful an a lysis of th e lOBe da ta is In 

progr ess a nd may a llow mo re-refin ed conclusions [0 be 
drawn . 

RESULTS 

Ins oluble particulates 

W e n ow wish to a ppl y this model to o th er spec ies . H ow
eve r , so m e ca re is required. The lOBe used in o ur m odel 

tes t is believed to b e d e pos it ed a ttac hed to "acc umul

a tion-mod e" (0.1 - 1 p,m ) sulfa te pa rti c les, whi ch proba bly 

have h a d nearly co n SLa nt g ra in-size di s tributi on thro ug h 

th e entire period of inte res t (re\ 'iewed b y M cH a rg ue a nd 

D a mon ( 1991 )) , Stri c tly, we have tes ted th e mode l o nl y 
for these pa rti cles , Thro ug h a stri ng o f ex pli ci t ass u m p

tions (w hich we a rg u e a re reaso na ble ass umptions) . we 

now a ppl y o ur mod el to o th er sizes a nd types of' pa rti cles 

a nd to bu lk chemistry . Th e a na lysis p a Lh is sketch ed in 
Table 3 . 

R es ults of a pplica tion o f th e m od c l [0 th e da ta a r e 

shown in T a bl e 2 [o r fi ve size cl asses o f in so lubl e 

pa rti c ul a tes a nd fo r the smalles t parti cul a te cha nn e l 

m eas ured (0,67- 0,7 p,m) . The sma ll es t c ha nn el, a nd th e 
sm a ll es t of the fi ve size cl asses, fa ll w ithin th e acc umul
ation mode pres um a bl y occ upi ed b y th e lOBe-bea rin g 

sulCa te pa nicl es , If we ass ume th a t th e m od el is \'alid (o r 

pa nicles in th e acc umul a tion mod e, w e find th a t th e 

Ta bLe 3, Palh followed 10 achieve collclusions q! Ihis 
jJajJer , T he lIlodeL lesls and assu.l7ljJliolls ollllill ed here are 
described more fuLl) ill Ihe 1nl 

T e,l l or 05'<IIIIII)lioll 

Com p are mod el resu ll lO ind ep
c ndcnl eSlimalc o/' lOBe be h a,'-

lo r 

Assu m e JO Be attached lO 3CCU lll

ul a l ion - mod e sulf;llc pa rti c les 

Assume m odel , 'a lid [or a ll 

accunlu lation -mocle part icl es 

Ass um e model , 'a lid I()r a ll 

pa rti cles or one size 

T est fo r g rain -sizc-depencl en l 

rC lll ova l cITic icncy by C0 l11par

ing b u lk insolubl e pa ni cu lalcs 

to gra in-sizc-specir,e resu lls 

usi ng ass Ll mcd grain -size based 
0 11 Illod e rll measu )"ellle n lS 

Assume bu lk measures a rc accu r
ate fo r so luble chemica ls 

Nwtll 

j\l od el ",did for III Be, Sma ll 

warm co lel change in JO Be 

\I ode l ,'a lid fo r acumulal ion

mode su lfa te panicles 

4 x change in aCCUlllu lalio n

mode inso luble panic les PB lO 

YD 

Gre;-Her c h a nge le)!" coarSf' r in so l

ub le pa rt icles , to 7 x [or le,,' 
pill size 

Rea l but sm a ll ci ilTCTcllce o rde l' a i' 

10'10) 

3 x sea -sil l t inc rease PB Y D, 7 x 

cont inenta l-calcium inc rease 

PB YD 

a tm osphere sa mpled b y sn o w acc umul a ted during th e 
Younger Dryas cOllla ined a bo ut four tim es th e inso luble 

pa rti c ul a tes o f th e Preb orea l in thi s size ra nge, If we 

ass um e tha t the mod el is \ 'a lid for compa riso n s within a ny 

size cl ass, w e find tha t th e c h a nge in a tmosphe ric loading 
from Y o unger Dryas to Pre b o rea l was la rge r fo r coa rse r 

pa rticles th a n [o r fin er pa ni c les a nd exceed ed sn'en-[old 

fo r th e coa rses t pa rticles m eas ured here, 
The d a ta in T a ble 2 sh o\\' th a t th e inso luble pa n

icul a tes in th e a tm os phe re we re o n a \'c rage coa rse r durin g 

th e YD th a n during th e PE. This is co n siste lll \\'ith a 

\ 'a ri e ty o[ d a ta comparing pani c ul a tes in icc fro lll g lacia l 

a nd inte rg lac ia l clim a tes in Grec nl a nd a nd A n ta rcti c ice 

cores (e .g . Thom pson, 1977; Petit a nd o th ers, 198 1; 
M ersho n a nd Zielinski , 1993 ) , The mod e l p a ra meters kl 
a nd k2 pro ba bl y a re incrcas ing fun cti ons o f g ra in-size fo r 

pa rti c le s izes th a t a re sig nifi ca nt in mass loadin g of th e 
a tm osphe re (e ,g , W a rn ed , 1988; Sc huma nn, 199 1; 

Hilla mo a nd o th ers, 1993 ) . Th us, flu x o f co n ta min a n Ls 

to the ice, a nd co ncent ra ti o n in th e ice, m ay increase [i'o m 

wa rm to co ld tim es beca u sc or increascd a tm osph eri c 

remO\'al e ffi c ie ncy of coa rse ncd gra in-si7.es during co ld 
tim es as we ll as beca use o r hi g her a tm osph e ric loadin gs 

during co ld tim es , 

Because inso lubl e pa rtic ula tes a re m cas urcd in ba nd s 

with n o n- 7.e ro width , coarse nin g o f' th c g ra in- si7.c 

di stributi o n shifts th e a \'e rage size \\'ithin a n int en 'a l 
slightl y , H o\\'C\e r, wc ca lcul a tc that thi s e ffec t is no t 

significant in o ur res ults, excc pt possibl v fOI- th e coa rses t 

intcn 'aL w hi c h is broad c r th a n th e oth crs. i\Jos t Ill easures 

of g ra in-sizc di stributi o n Co r a tm os ph cri c con ta min a nts 

form sm oo th c urves whe n pl ot tcd aga inst th c loga rithm o f 
parti cle ra dius, We plo tted th c res ult s 10 1' th c fi\ 'C broad 

ba nds sh o wn in T a ble 2 aga inst th e pa nicl c r adiu s, dl'C\ \' 

it smoo th c urve thro ug h th e m a nd th c n compa red thi s 

smoo th c unT to res ults from a na lys is o f n a rro \\'cr sing le 
cha nnels, 

The gen e ra l rcs ul t is th a t th e b road ba nds d o si ig h tl )' 
O\'c rcs tim a te th e YD: PB c h a nge. as ex pcctcd, For th e 

fin es t ch a nn c l, this o\'e res tim a tc a mounts to a bo ut 2% of 
th e ra ti o (3.96 \ 's ;:::;LL02 ). Fo r va ri o us c h a nnels in th c 

coa rses t b a nd , th e o\'eres tim a tc a \ 'C rages a bo ut 10%, in 

compa ri so n , th e cun'e-fillin g e rrors a rc t\ 'pi ca ll v 20°;;, o r 

(h e ra ti os, so th ese diffe rc n ces a re no t hi g hl y sig nifi ca nt. 

The coa rses t ba nd is th c w id es t co nside rcd a nd so \\'o uld 

be ex pec tcd to ha \'e th e larges t erro rs, Th e coa rsc r 
indi\ 'idu a l c ha nn els bavc vc r )' Cell' panicles in th em per 

sampl e . ca using th e c Ul'\ 'e-fit t ing crrors to b e la rger th a n 
[o r th e b a nds combining scvc ra l cha nn cls , 

N ext, we wish to a ppl y o ur model to d a ta o n so luble 
cOllla min a nts. H owc\'e r , o ur m easureme nts ca nn o t \'ie ld 

pani c le-si7.e di stributi o ns fo r so lub le spcc ies but o nl y to ta l 

co ncentra ti o ns ill th e icc , This is eq ui\ 'alent to h'I\ 'ing 
onl y a sin g le ba nd for pa rtic ula tes , (\\ 'e a re conlid cntth a t 

th e pa ni c ul a tc-sizc cl asses sa mpl ed ca pturc th e pani c
ul a tes th a r contribute sig nifi ca ntl y to th c mass flu x ,) 
Aga in , i[ th e g ra in-size di s tributi o n o r th e pa rti c les 

ca rrying so lubl e species coarsc ncd betwccn clima te sta tes 

a nd th e coa rse r pa rticl es a rc remO\'ed m o rc eOi cicnll y, 

our model wo uld mi sintc rpre t th e in creasecl remO\'a l 
effi ciency o f th e coa rse r p a nicles as a n in c rcasecl a tm os

pheri c loadin g , Th c a tm osph c ri c sa mpling effo rt s und c r 

way in centra l G ree nl a nd (e.g. Bergin a nd o lh ers, 1994: 
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Dibb and others, 1994) even tuall y sh o uld a llow mod el
based assess ments of th e magnitude of thi s effect. Pending 
furth e r res ults from such studi es, we canno t full y account 
fo r th e effec ts of grain-size changes but we can use our 
panic ula te data to es tima te the magnitude of possible 
errors. 

T o trea t our insoluble-particula te d a ta as if they we re 
coll ec ted in (he same ma nn er as so lubl e-chemica l data, fo r 
each sample we summed the particula tes in each channel 
to obtain the tota l mass and then we a ppli ed the model to 
these summed data . Comparing the YD to the PB, we 
obtain a ratio of 6.47 for these pa rticula te-mass data . 

I[ we kn ew the size distri bution of pa rti cles in th e 
a tmosphere a t any time, we could then calcula te th e 
ch a n ge in a tmos phe ri c m ass loading a nd the bias 
introd uced by grain-size-d ependent rem oval processes. 
For example, we find th a t th e 0.6 7- 0.70 f..Lm pa rti cula te 
ch annel shows a YD : PE ra tio of 3.96 . If the a tmospheri c 
mass loading during YD and PB were a lm os t entirely of 
panicles in this size class (with coarser p anicles being 
importa nt in the ice on ly because of a n ex tremely strong 
size-dependence of kl and k2 ) , then o ur bulk estim ate of a 
YD : PE change in a tmospheri c mass loading of 6.47 
wo uld be abo ut 60'/'0 high er th an th e ac tu al change of 
3.96 . If I f..Lm parti cles d omina ted th e a tm ospheri c mass 
loading, the calcula ted 6.47 wo uld exceed th e actua l 4. 33 
by a lmos t 50% . 

H owever, mos t d a ta sugges t tha t the a tm os pheric 
loading of continenta lly d erived ma teria l and sea salt is 
domina ted by slightl y coa rser particles. Hillamo a nd 
oth ers ( 1993 ) showed th a t for sea-salt a nd continen ta l 
aerosols a t D ye 3, so uthern Greenla nd , sam pled during 
lVfarch 1989, th e mass di stri bution typicall y showed a 
peak nea r 2 f..L m . Thi s is consistent with a range of oth e r 
results from remote sites (see Warneck, 1988, chap ter 7) . 
If we n o te that gra in-size di stributi ons in th e ice core from 
th e PE a re slighLly coa rser tb an those from recent times, 
a nd th ose fro m the YD a re even coa rser , i t is reasonable to 

sugges t th at the ch a nge we ca lcula le in a tmospheric 
loading for 2 f..Lm pa rticles or sli ghtl y coarser parti cles 
com es close to th e act ua l change in m ass loading in the 
a tm osphere. The difference betwee n the cha nge in thi s 
size a nd th e change ca lcul ated by app li ca ti on of ou r 
mod e l to total parti cle m asses in th e ice is th e res ult o f 
par ticl e-size-dependen t rem oval processes com bined wi th 
ch a nges in particle-size dis tribu tion. 

T wo channels com e cl oses t to 2 f..Lm size: the 1.4-
2.0 f..L m channel, with a YD: PB ra ti o of 5 .24 a nd the 2.0-
3.0 f..Lm cha nnel, with a YD: PB ra tio of 5.86, vs the 
m od el-ob tained res ult for total partic ula te massses in th e 
ice of 6.47 . By fittin g smoo thed curves to number- con
centra tion da ta plo tted against th e logarithm of th e 
particle sizes considered (usuall y referred to as d N / dlnR; 
e.g. ' Va rneck, 1988), we obtain a YD : PE ra ti o of 5.5 fo r 
th e atm os pheri c loading of 2 f..L m particles . This is a bo ut 
17% lower than we obta in from bulk a na lys is of th e 
pa rticles . We therefore suggest tha t analysis of the b ulk 
d a ta overestima tes the ch a nge (rom PE to YD by a pprox
ima tely this m uch or less. 

Severa l factors may play a role in the sm a ll magnitude 
of this effec t. If processes such as fil tra ti on of pa rticl e
lad en a ir below the snow surface (C unningham and 
W adding ton, 1993; Hi ll a mo and others, 1993 ) or scaven-
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ging by fa lling snowfl akes a re sufficiently vigorous, they 
ma y rem ove essentially a ll p a rticles from th e a i I' so tha t 
size-depend ent fr actiona tion is unimportant. The change 
in grain-size of par ti cles a ppears sma ll (onl y a few tenths 
of a mi cron between th e m ass-weighted m ean size in the 
ice for YD a nd PE) and may n o t be large en o ugh to affec t 
th e res ul ts sig nifi cantl y. 

The ch a n ge in particle-size distributions fr om cold to 
wa rm period s was probably la rger for the continentally 
deri,·ed m a te ri a ls that produ ce the insoluble p a rticulates 
we stud y tha n for sea salt or most o ther chemica ls 
(reviewed in W a rneck (1988 )) . We therefore suggest tha t 
appli ca tion of our model to bulk measures of contaminant 
loading, su ch as a re obtain ed from we t chemical analyses, 
produces a n overes tima te of changes in a tmospheric 
loading fro m cold to warm p eriods which n on etheless is 
fa irl y close to being acc ura te . We ex pect th a t ongoing 
a tmosph eri c resea rch will a llow better es tima tes of thi s 
bias but th a t it is on the ord er of 10% . W e d o no t correct 
for thi s bi as . 

Soluble IIlarine and continentallllajor ions 

For cla rity, we concentra te o n chloride, w hich is domin
ated by m a rine sources, and calcium, which is d omina ted 
bv continenta l sources (e.g . Cla usen and L a ngway, 1989; 
Delmas a nd L egrand , 1989; M ayewski and o th ers, 1990), 
although we tab ul a te da ta on other ions fo r interes ted 
readers (T ab le I ). The C l::\Ta weight ra tios averaged 
ove r cac h of th e time period s a re close to sea-wa ter va l ues 
(2.45 ± 0.06 PE, 1.89 ± 0.03 VD, 2.2 1 ± 0.06 EA, ;:::; 1. 82 
sea wa ter) . Cl and Na give sta ti sticall y indisting ui shable 
res ul ts in our analyses, so we d o not add re ss th e qu es ti on 
of which is the be tter marine indicator (no r can we easil y 
reso lve ch a n ges in the gas-phase behavior of C l , because 
the ma rin e signal is d o min a nt ). Th e sm a ll sea-salt 
contributi o n to sulfate h as no t been correc ted fo r here. 
?vfagnesium has marine as well as con tinenta l so urces and 
po tassium m ay have significant biomass-burning as well 
as continenta l-dust sources (e .g. Clausen and Langway, 
1989; Delmas and Legrand , 1989; Ma yewski and others, 
1990 ). In gen eral, the behavio r of magnesium a nd potass
ium in our d ata fa lls somewh ere between the continental 
calcium a nd the ma rine sodium and chlo rid e. Ni tra te, 
sul fa te and a mmonium have more-complica ted sources 
and a tmospheri c chemistry (C la usen and L a n gway, 1989; 
Delmas and L egrand, 1989; M ayews ki a nd o th ers, 1990; 
Legrand and o thers, 1992 ) , a nd we leave con sid eration of 
them for o th er studi es; we ta bu la te res ul ts for these species 
strictly as a se rvice to interested readers, a nd offer no 
interpreta ti ons or conclusion s. 

Applica tio n of our mod el to the d a ta yields the 
regression lines shown in Fi gure 2, and the ratios and 
uncertainties listed in T a ble I. The simple interpreta ti on 
is that the cold YD a tmosphere over Greenla nd sampled 
by acc umula ted snow showed a three-fold increase in the 
concentra tion of sea salt a nd a seven-fold increase in (h e 
concentratio n of continenta lly de ri ved soluble calcium, 
compared to th e warm PE a tmosphere th a t fo llowed . The 
BA was gen era ll y wa rm bu t included mu ch va ri a bility, 
and atm os ph eric conce n tra ti ons of sea sal t, so lu ble 
ca lcium a nd most of th e o th er chemicals studied here 
fell between the PB and YD values . 
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Beca use we do not ha ve samples with ve ry low 
accumu lation ra tes, the intercepts in Fig ure 2 req uire 
long extrapolaLions of th e regression lines a nd so a re not 
staListi ca ll y well-constra i ned (a lso sec Discuss ion ). Th us 
we a re un ab le to draw an y strong conclusions a bout 
relative importa nce of dry vs wet d epos itio n for individua l 
spec ies. Howeve r, the best es tima te of the fr ac ti on of tota l 
nu x contribuLed by dry d eposition in the YD exceeds that 
for the PB for evc ry ion considered. [f we a veragc the per 
cent contribuLion of dry d eposition to tota l nu x for a ll 
species in the PB and compa re to the YD, we find that dry 
depositi o n was more importa nt in the YD th a n in the PB 
with > 90% confidence ( 18% YD vs I 1% PB dry 
depositi o n for th e mean o f th e bes t es tim a tes for th e 
eight major ions ). 

Simil a rl y, dry deposition provided a la rger fraction of 
the tota l !lux o f insolubl e particulates during co ld times 
th a n during warm times (43 % YD vs 26% PB dry 
depostio n for the mean of the best es timates of the fi ve size 
bands) . In add ition, dry d eposition is somew ha t more 
importa nt [or inso luble particulates th a n for so luble 
contam in a nts a nd dry d eposition is more important for 
coa rse r pa nicles than [or fin er ones (47% YD , 30% PB 
for the two coa rser bands, vs 38% YD , 22% PB [or th e 
two fin er o nes ) . 

If dry d eposition we re id e nti ca ll y ze ro, th en we would 
expec t con centra tion of a contamina nt in th e ice core to 
be proportion a l to its a tmos ph eri c conce ntra ti on . Th e 
contributio n of dry depos iti on to tota l flu x is typica ll y 
rather low, especia ll y in th e warm periods, w hi ch means 
that co ncentra ti ons in th e ice provid e [airl v good 
es tim ates of concentrations in the a tmosphere a t thi s site 
(T able 4 ), a lthough the full ana lys is presented here 
should provid e a bette r es timate . \V ere dry d eposition 
dominan t (a s is possible for so me species in centra l regions 
of East Antarc ti ca (Legrand , 1987; D avidson , 1989 )) , 
then chemica l nu x wo uld track a tmospheri c concent
ra tion mo re c lose ly th a n would conce lllration in th e ice . 

Ta ble 4. R atios between ) ounger f) 1yas ( ) D ) alld 
Preboreal ( P B) coneentralions 0/ insoluble pm·t ieLllates, 
soluble (a/cium alld soluble chloride, determilled from 
jluYes to lhe ice sheet . aliI' model alld (ollcelltrat iolls ill the 
ice sheet 

SjJecieJ PB: ) D ratio from 
FLux Model COllcent-

ratioll 

Soluble 
Ca 4 .11 6.95 8.00 
C l 1.59 2.96 3.07 

Partlwlales size ( J.l lll) 

0.67- 0.70 2.29 3.96 4.76 
0.67 0.75 2.33 4.09 4 .84 
0.75- 1. 4 2.58 4 .33 5.37 
1. 4-2 .0 3.29 5.24 6.84 
2.0 3 .0 3 .81 5.86 7.94 
3.0 10.0 4·.64 7.42 9.67 

DISCUSSION 

It is difficult to ove rsta te th e complex ity of th e ph ysical 
and chem ica l processes leadin g to th e a r c hi va l of 
a tmospheri c con tam ina nts in a n ice sheet. :'1u ch progress 
has been m a d e in und erstanding th ese processes (e.g. 
D avidson a nd others, 1985; Dibb and others, 1992; 
J affrezo and others, 1993 ) bu t th e goal of im'erting an ice
co re record for th e full suite of a tmospheri c co nditi ons 
that produced it re mains elusive . Pend ing success o[ tha t 
cffo rt , simplifi ed treatm ents suc h as thi s onc may have a 
place in ice-co re ana lyses . 

Ana logy might be drawn to sLable isotopi c paleo th er
mometry. Th e li st of possible facto rs that a ffec t iso topi c 
temperatures is long cha nges in so urce regio n , trans
pon path, snow drift ing . sublimation, seaso n a li ty of 
precipita ti on, e tc. , as \\'e ll as changes in tempera ture. 
Yet, in ma n y cases, iso topi c rat ios provide acc ura te 
pa leo thermom cters (e.g. Pee l and others, 1988; eu ffey 
a nd others, 1992, 1994). 

Some of o ur ass umpti ons m e rit furth er di scussio n. \ Ve 
equate the intercept 0 11 a wa te r-Ou x/impurity-!lux (b- f) 
p lo t with th e dry-d eposition ra te. However, L egrand 
( 1987 ) wrote th a L thi s was " d e batable" . A first obvious 
difTerence is that Leg ra nd cons id e red th e spa tial va ri a t
ions of impurit )' a nd wa ter nux but ice-co re interpre tation 
is a temporal sLUd y. As shown b y Pecl an d oth ers ( 1988 ) 
ro r a poss ibl y a n a logo us case, spatial grad ients of stab le
isoto pic ra tios may be signifi cantl y di fferent from the 
tc mporal ones of inte res t. 

A second fa c tor is tha t, because we have no t id e!1lifi ed 
a n y yea rs with , 'C r ), 10\\' wa ter flu x (b, or snow acc um
ulation ), th e inte rcept is poorl y constrained because of the 
need for long ex trapol a ti ons. \Ve a lso ca nnot observe a ny 
te nd ency [or c urva ture or the b- f data ilt sma ll b. Should 
c urvature occ ur ow ing to a g rea te r effi ciency or atmos
ph eri c snOW-OUL a t small b, th en o ur intercept va lues a re 
cun'e-fitting para metcrs that ove restim ate th e tru e dry
d eposition rate. (The opposite cu rnl ture, requiring 
g rea tl y ine fTi c ie nt sno'I'-out at 10\\' sno,diodl rates, is 
ph ysica ll y implausible.) R e" ersibl e deposition o r species 
w ith gaseo us phases (including wate r 1'<1por) a lso wou ld 
compli ca te the ide ntifi cation of th e interce pt as th e dry
deposition rate (Bergin a nd o th e rs, 1994). Howe" e r, th e 
lack of any cl ea r cun'atu re in th e data we do h ave, a nd 
the success of o ur model tcs t , lead us to tru s t" our 
interpretation of th e intercept as Cl good es timate of the 
d ry-deposi tion ra te . 

We wish to emph asize that thi s and a ll o[ ou r model 
tes ts are based on our da ta. Th e)' thus are site-spec ifi c. 
Before techn iqu es such as thi s can be used with confide nce 
a t o ther sites, simil a r tests must be conducted. 'N e mig ht 
spec ul ate, fo r examp le, that so me or ou r successes a re 
related to th e low importance o fdr ), d eposition at G I SP2. 
a nd that resu lts poss ibl y co uld differ at sites with a hi g her 
ra ti o of dry LO total d eposition whe re a ny errors re lated to 
id en tifi ca ti on o[th e inLercep t w ith th e dry-depositi on ra te 
wou ld be more important. 

The low cor re la ti on coeffi c ie nts for regress io n lin es on 
b- f plots a t firs t might a la rm read ers, sugges tin g that the 
model does not fit the data . I n rac t , th e statisti ca l ana lyses 
g ive grea t confid ence that impurity nu x f does in c rease 
w ith wa ter nu x b ro r a lmost a ll species and pa r tic ul aLe-size 
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cl asses in the YD and th e PB , a nd for many In the BA. 
LO\\' co rrelation coeffi cienLs but hig h t values are p erfec tl y 
cons istent provided th ere is sig nifi cant varia bility or 
"noise" in the sys tem (e.g. Till , 1974) . Such variability 
is obsen 'ed in the con taminant data and is expected. 

Suppose, fo r example, that someone had conduc ted a 
simila r stud y in th e eastern United States over the last 
century. It is a reasonab le ex pec ta tion that a la rge sig nal 
wo uld ha\'e been e\·id ent from rh e dustbowl of the 1930s. 
But, because we have taken 1000 year-long climate states, 
we lump dustbowl-type events with non-dustbowl yea rs, 
Little Ice Age type e\'ents with M edieva l Wa rm Peri od 
type events, and so on to produce a " noisy" data se t th at 
cann ot be described completely by ass uming a con sta nt 
so urce streng th a nd atmospheri c loading (sce M ayews ki 
a nd o th ers, 1993 b ) 

Given two reference points o r a reference lin e (for 
example, lhe slope a nd intercept of the reg ression line 
through some selected part of th e H olocene data se t) , our 
model can be ap plied to a single d a ta poinr to produce an 
es tim a te of cha nges in atmosph eri c loading rel a tive to the 
reference state. Thus, we can es tim ate a tmosph eric 
loadings with the same time reso lution as the sampling 
sc heme, which may be of interest in some studies . \ 'Ve 
ha \'e chosen to focus on longe r inte rvals because we could 
tes t our model ove r longe r rimes, a nd because we could 
use the man y d a ta points within a long inter va l to 

es tim a te uncerta inties as well as ave rages; however , we 
hope to examin e high-resolution results in the future. 

lVlany other poss ible compli cating fa ctors may ex ist for 
this model , including correla ti ons be tween acc umul ation
rate variations and a tm ospheric-concentra ti on vari a ti ons 
within a climatic regime. Howe\'e r, the model test using 
lOBe data indica tes that model e rrors a re sma ll for lOBe , 
th a t they affect th e YD and PB popula ti ons eq uall y 
(hence they la rgely cance l out w hen YD: PB ra ti os a re 
fo rm ed ), or th a t rh ere are hig hl y fortui to us offsetting 
effec ts. W e consid er th e fin a l possibility to be highly 
unlikely (altho ugh we obvious ly will be seeking furth er 
ve rifi cation as more da ta become avail ab le) . W e d o not 
worry too mu ch a bout the other two, beca use our results 
a re va lid und er both. 

"Ve cannot, of course, abso lu tely exel ude the p ossib
ility tha t th e m odel works fo r lOBe but not fo r o ther 
spec ies . We no te that we chose to tes t the mod el aga inst 
lOBe, and we es tim a ted the limiting beha\'iour of lOBe, 
before we had a na lyzed the lOBe d a ta; thus, any cla im for 
uniqu eness of lOBe wou ld require a surprising coincid
ence. The ava il a bility of insoluble-pa rti cul a te d a ta within 
size classes a llows us to elimina te gra in-size-d ep end ent 
cha nges in atmos pheri c-d eposili o n processes as signifi cant 
complicating factors in interpre tin g the particula te d ata, 
a nd the limi ted availab le da ta suggest th at g ra in-size 
changes have no t grea tl y compli ca ted ap plica tion of the 
model to so lubl e-impurity da ta. "V e th erefore believe th a t 
th e model prov id es a wo rking too l for estimating ch a nges 
in average a tm osph eric loadings o f contamina nts over ice 
sheets. 

No ti ce tha t, if dry and we t d eposition sample different 
levels of th e a tmosphere with diffe rent concentratio ns of 
some contamina nt at a time, the similarity of the res ults 
we obta in from joint and sepa ra te regress ions (T a bles I 
a nd 2) indica tes that the propo rtional cha nges in those 
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concenlra ti ons betwee n clim a te sta tes a re similar. "Vere 
the proportional cha nges different, th e ra tio of slopes 
returned by the separate regressions wo uld differ from the 
ra tio of intercepts, causing the lines fr om the individual 
regressions to differ from those of" the j o i n t regression. The 
errors lisled in T a bles I a nd 2 are large enough that we 
cannot exclude th e possibility of so m e such altitud e
\'arying changes in concenlra ti ons but we cannot d em
onstra le lhem eith er. 

CONCLUSIONS 

Studies of contamin a nt conce lllra tion s in a nd Duxes to ice 
co res h ave provided g rea t insights into changes in sources , 
transport pa ths and effec ts of aerosols (e.g. Petit a nd 
others, 198 1; H erron a nd Langway, 1985; H ar\,ey, 1988; 
Th ompson and oth ers, 1988; M ayews ki and o thers, 
1993a) . H owever, so m e uncertainty has always been 
a ttached to the interpreta lion of a tmospheri c load ings 
because of the poorly quantifi ed rol e of changes in wet 
and dry deposition. The ava il ability of a nnually reso lved 
ice co res from regio ns of sim ple ice fl ow a llows us to 
es tim a te changes in snow accumulation, and thus to 
estima te changes in atmosph eric loadings with less 
uncerta inty lh a n previo usly. Th e simple mod el of 
Equations ( I ) and (2) is a first a ttempt a t doing so. 

"Vc cen a inl y have not "solved" a tmospheri c-remova l 
probl ems. Fu ll physical models of remova l processes (e.g. 
Davidson, 1989) even tuall y should rep lace regression 
models such as ours. However, we arg ue th a l our simple 
mod el improves o n the use either of co nta minant 
concen tra ti on in ice or of con taminan t fl ux to ice shee ts 
to es tim ate changes in a tmos pheri c loadings . 

Appli ca lion of o ur mod el produ ces es tim ates that, 
compared to the warmer Preboreal thal foll owed , th e 
a tmosphere over cenlra l Greenland sampled by snow 
acc umul ated during the Younge r Dryas co ld event 
conta ined on average a bout three tim es the sea salt, 
seven tim es the continenta ll y deri\'ed so luble calc ium and 
four tim e (for sub-f-Lm dusl) to seven times (for seve ra l
j.tm dust) the contin enta ll y deri ved inso luble pa rticles, 
but onl y slightly mo re lOBe; uncerta inties from curve
fitting typicall y a re 20% of the ra tios. Processes by which 
chemicals were tra nsferred to the ice shee t were simila r 
during th e two peri od s, or a t least had simila r net effec ts 
(wi thin on the order of 10% ). Dry d eposition was more 
important during th e Younge r Dryas than during th e 
Preborea l but wet d eposition was mo re important than 
dry depos ition for mos t species during cold as well as 
wa rm periods. Thus, contamin ant concentration in the 
G ISP2 ice co re foll ow a tmospheri c concen trations more 
closely th an do conta mina nt flu xes to th e ice sheet. For 
the Younge r Dryas to Preborea l clim at ic lra nsiti on , 
cha nges in co n ta m i na n t conce n tra ti o ns overestimate 
a tmosph eri c changes by about 20% and changes in 
flu xes und eres tim a te a tmospheri c cha nges by about 40% 
(T a ble 4). 

Given suffi cientl y la rge da ta se ts of chemical or 
pa rti cul a te concentra lions and annu a l-layer thicknesses 
in region of simple ice fl ow, it should be poss ible to use 
the lechniques outlin ed here to improve es tima les of 
cha nges in a tmos ph e ri c concentra tion of many chemical 

https://doi.org/10.3189/S0022143000034845 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034845


Alley alld others: ContinPlltnL and sffl-sa/I almospheric !oadings ill eel/Ira! CreenLand 

or p a rti cul a te spec ies In ma ny loca ti ons and tim e 
inte rvals, and to lXO\'ide ti me c ries with high time 
reso lution as we ll as th e low-resolution compa riso ns 
o ffe red here. \ \' e a n UClpa te th a t th e reco nst ru c ted 
cha nges in atmosph eric loadings will prO\'e useful in a 
va ri ety of paleoe li ma ti c studi es rela ted to reconstruc ting 
wind speeds, so urce reg ions, c h a nges III radi a ti ve 
sca ttering in the a tmos phere, e tc., a nd wc are pursuing 
some such studi es . 
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