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CHEMISTRY OF ANTARCTIC SNOW AND ICE 

M. LEGRAND 

Laboratoire de Glaciologie et GBophysique de 1 '~nvironnement 
B.P. 96, F-38402 St-Martin-d'Heres Cedex, France 

RESUME 

Mille echantillons de neige et glace de l1Antarctique de 1'Est et de l80uest 
(regions c8tibres et centrales) ont ete itudies. L16chantillonnage couvre 
differentes p6riodes de temps jusqu+'8 304004 ans++B.P.+gan$ l'eau de fusion,-nous 
avons mesure les ions majeurs (Na , NH4 ,K , Ca , Mg , H , C1. ,NO3 et SOG ) en 
s'affranchissant des contaminations. Le bon dquilibre observe entre les cations et 
les anions permet d'etablir le catalogue des composes chimiques presents dans la 
neige et la glace antarctiques. 

En regions catibres, la neige contient surtout du sel de mer (14 yEq. 1-l) et deux 
acides HN03 (0.8) et H2S04 (1.2). Plus 2 l'interieur du continent, le sel de mer 
devient beaucoup moins important (30 1 du total des ions), les acides devenant 
predominants (HNO ,H SO et parfois HC1, dans des proportions variables d'un site 

3 2 4  a l'autre). Ces espbces solubles representent la presque totalit6 des impuretes 
(90 2 95 4, en masse). 

La chimie de la neige datant de la derniere periode glaciaire (il y a 18.000 ans) 
est plus compliquee. En effet, les impuretes insolubles (aluminosilicates) 
deviennent importantes (60 1 en masse, contre 5 10 % durant ltHoloc&ne). De plus 
les contributions marines (sel de mer) et terrigbnes (CaS04, MgSO ) augmentent 

4 tandis que la contribution des acides n'0volue gugre. Sel de mer (55 %) terrigene 
(25 % )  et acides (20 2 )  est une composition typique des impuretes solubles de 
cette vieille glace. 

La variation du flux de retombee en fonction du taux d'accumulation montre que les 
impuretes ~articulaires de 1'atmosphSre (sel de mer, H 0 - H SO ) sont incorporees 

2 4 dans la neige par dep8t sec et humide. En regions cenerales le d6p6t sec 
represente 60 21 70 1 du d6p8t total. Par contre cette fraction semble plus faible 
pour HNO (present a lretat gazeux dans l'atmosphbre antarctique). L'incorporation 
de HN03 dans la neige demeure cependant ma1 comprise. 

ABSTRACT 

We have studied 1000 samples of snow and ice from East and West Antarctica 
(coastal as well as central areas). These samples cover different time periods ua 
to 30,900 y$ars+$.P+. 1% the-meltwaterl we have measured major ions (i.e. Na, 
NH4 , K , Ca , Mg , H , C1 , NO3 , and SO4 ) using stringent contamination free 
tehniques. A very close balance between anions and cations is observed, making it 
possible to draw up the list of chemical compounds present in antarctic snow and 
ice. 

-1 
In coastal areas, snow contains essentially sea salt (14 yEq. I ) and two acids : 
HN03 (0.8) and H2S04 (1.2). In more central areas, the sea salt contribution 
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d e c r e a s e s  s t r o n g l y  ( 3 0  2 of t h e  t o t a l  i o n i c  b u d g e t ) .  Acids r e p r e s e n t  t h e  
p reponderan t  p a r t  (HNO H SO and sometimes H C 1  be ing  p r e s e n t  i n  v a r i a b l e  
p ropor t ions  depending o ? ~ ' t g e  t o c a t i o n ) .  These s o l u b l e  s p e c i e s  r e p r e s e n t  t h e  
g r e a t e s t  par t  of t o t a l  impuri t ies  (90 t o  95 f  by mass). 

The chemistry of the  i c e  deposited during the  l a t e  g l a c i a l  age (18,000 years B.P.) 
i s  more i n t r i c a t e .  Indeed ,  i n s o l u b l e  species  ( i . e .  a luminosi l icates)  content i s  
enhanced (50 f  by mass, against  5to 10 f  d u r i n g  t h e  Holocene) .  B e s i d e s ,  marine 
( s e a  s a l t )  and t e r r e s t r i a l  (CaSO MgSO contr ibut ions increase whereas acids  
contr ibut ion remains s t a b l e .  Sea s a f i  (55 f ? ,  t e r r e s t r i a l  species  (25 f )  and acids  
(20 f )  i s  a  t y p i c a l  composition of soluble  impuri t ies  i n  t h i s  aged i c e .  

The dependence of deposi t ion f luxes with the accumulation r a t e  d e m o n s t r a t e s  t h a t  
p a r t i c u l a t e  i m p u r i t i e s  ( i . e .  s e a  s a l t  and H 0-H SO ) i n  t h e  atmosphere a r e  
incorporated i n  snow both by wet and d r y  d e p o s i z i o n ?  ~ y ~ p i c a l l y ,  d r y  d e p o s i t i o n  
r e p r e s e n t s  60-70 % of t h e  t o t a l  deposi t ion i n  c e n t r a l  a reas .  On the o ther  hand, 
t h i s  f r a c t i o n  seems t o  be weaker f o r  HN03 ( p r e s e n t  i n  gaseous phase i n  t h e  
A n t a r c t i c  a tmosphere) .  However, the  incorporat ion of HN03 i n  snow remains poorly 
understood. 

1. INTRODUCTION 

Subs tances  p r e s e n t  i n  polar  snow include insoluble and soluble impuri t ies  i n  the 
l a t t i c e  and g a s e s  t r a p p e d  i n  bubbles  enclosed i n  i c e .  Permanent gases (CO f o r  

2  instance)  do not i n t e r a c t  with the i c e ,  t h i s  q u e s t i o n  i s  s t i l l  open concern ing  
t r a c e  g a s e s  (N20, f o r  example) .  These q u e s t i o n s  w i l l  not be discussed i n  t h i s  
paper. 

I n s o l u b l e  s p e c i e s  p r e s e n t  i n  p o l a r  snow and i c e  a re  e s s e n t i a l l y  i n  t h e  form of 
a luminos i l i ca tes ,  and are emitted by cont inen ta l  sources ( P e t i t  e t  a l .  ( 1 ) ) .  They 
a r e  p r e s e n t  a t  a  few p a r t s  p e r  b i l l i o n  (ppb)  l e v e l  i n  A n t a r c t i c  snow layers  
deposited during the  present c l imat ic  conditions ( 0  t o  10,000 years B.P.) . Due t o  
an enhanced poleward t ransport  and a  more dry environment a t  cont inents  during the 
18,000 years B.P. per iod,  concentrations can reach severa l  hundreds ppb i n  p o l a r  
snow d u r i n g  t h i s  t ime period (Cragin e t  a l .  (21, P e t i t  e t  a l .  ( 3 ) ,  De Angelis e t  
a l .  ( 4 ) ) .  

I n  recent  snow layers ,  so lub le  species  (able  t o  l i b e r a t e  ions i n  meltwater) a r e  
present  i n  the  range 1 t o  500 ppb i n  most cases  and thereby represent  the  g r e a t e s t  
p a r t  ( i n  mass) of t h e  t o t a l  content.  Over $he l a s t  few years, many qtudies  had been 
performed t o  determine ions,  among them Na , ~ 1 - ,  NOg , SO4 and H , i n  meltwater, 
but  these s tud ies  were never comprehensive. 

+ + + ++ ++ 
More r e c e n t l y ,  a  very-clos-e balance_-between cat ions ( i . e .  Na , MI4 , K ,Ca ,Mg , 
and H ) and anions (C1 , NO3 and SO ) was obtained i n  meltwater of shallow snow 
layers a t  the  South Pole (Legrand an% Delmas ( 5 ) ) ,  a t  severa l  locat ions i n  Adel ie  
Land (Legrand and De lmas ( 6 ) )  and of core sect ions from the 2000 m deep Byrd i c e  
core (Pa la i s  and Legrand ( 7 ) ) .  These s tud ies  have demonstrated t h a t  t h e  m a j o r i t y  
o f  t h e  s o l u b l e  i m p u r i t i e s  i s  i n  t h e  form o f  a c i d s  ( i . e .  HC1,HNO and H SO i n  

3  2  4  var iab le  proportions depending on the locat ion)  excep t  n e a r  t h e  c o a s t  where t h e  
s e a  s a l t  i s  p redominant .  Besides t h e  chemistry of the  i c e  deposited during the  
l a t e  g l a c i a l  maximum (18,000 y e a r s  B.P.) i s  g e n e r a l l y  more i n t r i c a t e  (Legrand 
(8) ) .  

Th is  s t u d y  i s  focused  on major  s o l u b l e  spec ies  and i t s  object ive i s  threefold.  
F i r s t  we examine the  ion ic  balance. Then we present a  l i s t  of chemical  compounds 
p r e s e n t  i n  snow d e p o s i t e d  dur ing  recent  years ,  but a l s o  during the l a t e  g l a c i a l  
maximum. Second, i n  order t o  have an overview, we report  on the  s p a t i a l  v a r i a t i o n s  
of snow compos i t ion  (Byrd i n  West Antarct ica,  South Pole i n  Central Antarct ica,  



Dome C and few loca t ions  of Adelie Land i n  East A n t a r c t i c a ) .  A comparison w i t h  
Greenland i s  a l s o  e s t a b l i s h e d .  T h i r d ,  we s t u d y  t h e  f a l l o u t  v a r i a t i o n  of some 
compounds with accumulation r a t e  and d i scuss  b r i e f l y  t h e  i n c o r p o r a t i o n  of  t h e s e  
impur i t i e s  i n  snow, t ak ing  i n t o  account t h e i r  physical  s t a t e s  i n  the  atmosphere. 

2. EXPERIMENTAL 

I n  o r d e r + t o  e s t a b l i g h  the+ iop ic  b+$lan$p of-meltwater,  we-Lave determined a l l  ions 
e x c e p t  H ( i  . e . Na , NH4 , K , Ca , Mg , C1 , NO3 and SO4 ) by ion chromatography 
(I.C.) wi th  a  t y p i c a l  a n a l y t i c a l  p rec i s ion  of 5-10 2 i n  most cases  (Legrand e t  a l .  

( 9 ) ) .  Based on the  ion ic  exchange between a  l iqu id  phase (meltwater sample and 
e l u e n t )  and the  s t a t i o n a r y  phase ( r e s i n ) ,  t h i s  method i s  supposed t o  measure only 
t h e  so lub le  p a r t  of an element ( o r  compound) p resen t  i n  t h e  meltwater.  However we 
have noted t h a t  sodium is an exception t o  t h i s  r u l e .  Indeed, a s  w i l l  be d i s c u s s e d  
l a t e r ,  i n  Anta rc t i c  i c e  and p a r t i c u l a r l y  during the  g l a c i a l  a g e ,  t h i s  element i s  
produced both by sea  s a l t  and t e r r e s t r i a l  d u s t .  In a  core  s e c t i o n  from Dome C ( a t  
530 m d e p t h  i . e .  1 7 , 5 0 0  y e a r s  B.P.) we have  measured Na, Ca, Mg and K by ion 
chromatography and two o t h e r  methods which a r e  assumed t o  measure  t h e  t o t a l  
content (neutronic  a c t i v a t i o n  N.A. and atomic absorpt ion A.A.). These measurements 
a r e  performed both i n  the  meltwater and i n  the  f i l t e r e d  sample (using a 1 0 . 4  ym 
p o r o s i t y  f i l t e r ) .  As c l e a r l y  pointed i n  Table 1, t h e  t e r r e s t r i a l  con t r ibu t ion  1 s  
he re  s i g n i f i c a n t  ( a s  suggested by the  aluminium con ten t )  and t h e  c r u s t a l  d e r i v e d  
sodium i s  inso lub le  i n  mel twater ,  but i s  completely dissolved when passing through 
t h e  i o n  chromatograph ic  columns.  T h i s  phenomenon i s  n o t  obse rved  w i t h  o t h e r  
e l e m e n t s  f o r  which the  ion chromatography measures only the  so lub le  p a r t .  We have 
t h e r e f o r e  d e t e r m i n e d  aluminium c o n t e n t  by n e u t r o n i c  a c t i v a t i o n  when t h e  
t e r r e s t r i a l  c o n t r i b u t i o n  becomes s i g n i f i c a n t  and cor rec ted  our sodium values  by 
s u b t r a c t i n g  t h e  c r u s t a l  con t r ibu t ion  evaluated by t h e  r e l a t i o n s h i p  : 

NaT = 0.25 A 1  ( i n  ppb) where 0.25 is Na/A1 i n  t h e  mean c r u s t a l  composition 

(Taylor 1964 (10)) 

Table 1 : Sodium, Calcium, Magnesium, Potassium and Aluminium content ( i n  ppb) 
obtained i n  meltwater and the  corresponding f i l t e r e d  sample ( 1 0 . 4  pm) by s e v e r a l  

a n a l y t i c a l  methods 

Beside these  major i o l s  present  a t  l e a s t  a t  1 ppb l e v e l ,  o t h e r  ions such a s  F-, ~ r ;  
NO2 I HCO0,and CH COO were found t o  be below t h e  l i m i t  of d e t e c t i o n  i n  Antarct ic  
snow ( t h a t  i s  t o  Jay a t  maximum content  of few t e n t h s  of ppb (Legrand ( 9 ) ) .  

ALUMINIUM 
A.N. 

106 

5.3 

Snow meltwater r e a d i l y  d i s so lves  CO of  the  ambient atmosphere and frorp bubbles i n  
2  

t h e  i c e .  Then t h e  weak c a r b o n i c  a c i d  formed modifies t h e  i n i t i a l  H content  of 
snow. Therefore the  usual  measure+ment o f  pH i n  t h e  m e l t w a t e r  does  n o t  o f f e r  a  
s a t i s f a c t o r y  d e s c r i p t i o n  of the  H content  i n  o rder  t o  e s t a b l i s h  the  i o n i c  balance 
of snow. So we have used an ac id  t i t r a t i o n  method which e l i m i n a t  s  t h e  i n f l u e n c e  
o f  CO, occur ing  during the  mel t ing s t e p  (p rec i s ion  f 0:2 yEq. I-', legrand e t  a l .  
(11) ) .  

SAMPLE 

Be fo re  
f i l t r a t i o n  

After  
f i l t r a t i o n  

CALCIUM 
A.A. I . C .  

67 47 

48.5 45 

SODIUM 
A.N. I . C .  

107 110 

89 92 

MAGNESIUM 
A.A. I . C .  

79 17.5 

17 16.5 

POTASSIUM 
A.A. I . C .  

45 8 

8 .2  8 
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3. IONIC BALANCE AND ORIGIN OF IONS 

With t h e  aim o f  s t u d y i n g  t h e  i o n i c  budget i t  i s  convenient  t o  c a l c u l a t e  on each 
sample t h e  two fol lowing parameters AC (which i s  used t o  examine how w e l l  t h e  sum 
of  c a t i o n s  b a l a n c e s  t h e  sum o f  a n i o n s )  and z (which r e p r e s e n t s  t h e  t o t a l  i o n i c  
burden) : 

(wi th  concen t ra t  i ons  expressed i n  pEq . 1-I ) 

As above  men t ioned  ( s e e  a n a l y t i c a l  s e c t i o n )  o u r  sodium v a l u e s  i n  t h e s e  two 
e q u a t i o n s  have  been  c o r r e c t e d  w i t h  r e g a r d  t o  t h e  t e r r e s t r i a l  c o n t r i b u t i o n ,  
whenever i t  is necessary .  

In  t h e  m a j o r i t y  o f  our  samples,  t h e  AC i s  ve ry  low (( 0 . 7  pEq. 1-I i . e .  l e s s  than 
10 % o f  z ) ( an  example i s  g iven  i n  f i g u r e  2 ) .  Therefore  t ak ing  i n t o  account 
exper imenta l  e r r o r s ,  a l l  samples a r e  i n  i o n i c  ba lance  and we can w r i t e  : 

- 1 
S i n c e  [NH +] h a s  b e e n  o b s e r v e d  a t  v e r y  low l e v e l s  ( 5 0 . 2  yEq. 1 , i . e .  l e s s  

4 than 3 2 o f  t h e  i o n i c  b u d g e t ,  s e e  T a b l e  2 )  it  wi.11 be  n e g l e c t e d  i n  t h e  n e x t  
e q u a t i o n s .  Samples  showing i o n i c  b a l a n c e  i s  a s t r o n g  i n d i c a t i o n  t h a t  a l l  
s i g n i f i c a n t  s o l u b l e  s p e c i e s  have been i d e n t i f i e d .  From t h e s e  samples  we w i l l  t r y  
t o  determine i n  what compounds t h e  ions  were a s s o c i a t e d  i n  t h e  atmosphere. With 
t h i s  aim, l e t  us d i s t i n g u i s h  t h e  snow corresponding a t  r e c e n t  years  from t h e  i c e  
depos i t ed  18,000 y e a r s  B.P. 

T a b l e  2 : I o n i c  d i s t r i b u t i o n  ( i n  pEq. 1 - l )  p d  ~_t/Na r a t i o  ( r )  a t  va r ious  
l o c a t i o n s  (A i s  t h e  accumulation r a t e  i n  g.cm .yr  ) .  Other numbers w r i t t e n  
i n  pa ren theses  r e p r e s e n t  t h e  non s e a  s a l t  c o n t r i b u t i o n  o f  t h e  i o  N n o t a t i o n  
i s  u sed  when t h e  c o n c e n t r a t i o n  i s  Lower t h a n  0 . 1  yEq. 1 .  For  t h e s e  
c a l c u l a t i o n s ,  we have d i sca rded  from the  1959-1969 time per iod t h e  y e a r s  1964 
and 1965 which a r e  pe r tu rbed  by vo lcan ic  d e b r i s  from M t  Agung (1963).  

h e  C 

(15,500-23,000 
years B.P.) 

3240 m 
(3.4) 

3.850.8 O.lfO.l 0.2f0.0 
(O.lf0.0) 

1.820.7 
1.7f0.7 

1.5f0.4 
(0.6f0.3) 

1.953.4 4.6t1.0 
(0.220.6) 

0.620.2 3.921.1 
(3.4f1.0) 

I 

18.324.0 1.920.3 



3.1. Recent y e a r s  

According t o  t h e  t+e+miny$ogy-used in-geochemistry,  we have c a l l e d  excess  - X I  noted 
X* ( w i t h  x=K+, Ca , Mg , C 1  o r  SO4 ) t h e  non s e a  s a l t  c o n t r i b u t i o n  of an i o n  X. 
By s u b t r a c t i n g  t h e  s e a  s a l t  c o n t r i b u t i o n  from t h e  e q u a t i o n  (4)  we o b t a i n  : 

As p rev ious ly  d i s c u s s e d  (Boutron ( 1 2 ) ,  Legrand and Delmas ( 6 ) ,  Legrand and Delmas 
( 1 3 ) )  o u r  p r e s e n t  d a t a  ( T a b l e  2 )  c o n f i r m  t h a t  i n  a r e a s  l o c a t e d  be low 2000 m 
e l e v a t i o n  Potassium,+~alcium,+~agnesium and Ch lo r ide  a r e  e s s e n t i a l l y  de r ived  from 
s e a  s a l t  '([KT*=[ca ]*=[M~ ]*=[Cl-]*=o). The reby  t h e  e q u a t i o n  ( 5 )  can  be 

a 

so;- 

NO; 

C I -  

Figure  1  : Comprehens ive  s t u d y  o f  s o l u b l e  i o n i c  i m p u r i t i e s  i n  snow depos i t ed  a t  
t h e  South Pole  (S.P.)  and Dome C (D.C.) between 1959 and 1969. ( a )  mean 
ion  ba l ance  - (b) a c i d  r e c o n s t r u c t i o n  curve  t t h e  upper curve  r e f e r s  t o  
t h e  sum : [~17* + [.So4 7* +  NO^^, d o t s  a r e  measured a c i d i t y  C H ~ .  
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reduced t o  : 

Therefore i n  c o a s t a l  a r e a s ,  t h e  s o l u b l e  s p e c i e s  e s s e n t i a l l y  o r i g i n a t e  f rom s e a  
s a l t  and from two a c i d s  ( n i t r i c  and s u l f u r i c ) .  

I n  o t h e r  l o c a t i o n s  (D 80,  South Pole and Dome C) ,  we observe  g e n e r a l l y  an excess  
of c h l o r i d e  (Cl /Na v a l u e s  i n  snow ( r )  b e i n g  h i g h e r  t h a n  t h e  b u l k  s e a  w a t e r  
r e fe rence  value  1 .8)  and t h e  b a s i c  equa t ion  can be w r i t t e n  : 

T h i s  e q u a t i o n  d e s c r i b e s  t h e  a c i d  components and demonstra tes  t h a t  snow from t h e  
c e n t r a l  A n t a r c t i c  P l a t e a u  c o n t a i n s  s e a  s a l t ,  HC1,HNO and H2S04. F igure  1  is  an 

3  example of  g raph ica l  checks of  t h e  equa t ion  (7 )  f o r  Dome C and South Pole over t h e  
1959-69 t i m e  p e r i o d .  But i n  o t h e r  snow l a y e r s  from c e n t r a l  a r e a s  we observe  
nega t ive  va lues  of  t h e  excess-chlor ide  ( r  5 1.8)  (Table 2 ) .  As d i s c u s s e d  i n  more 
d e t a i l  e l s e w h e r e  (Legrand  and Delmas ( 1 3 ) ) ,  we have  demonstrated t h a t  i n  t h i s  
c a s e ,  one f r a c t i o n  of t h e  excess - su l f a t e  corresponds  t o  t h i s  c h l o r i d e  d e p l e t i o n  
and i s  i n  t h e  form of Na SO4. Therefore ,  i n  t h i s  p a r t i c u l a r  case  we have only  two 
ac ids  (HN03 and H2S04) an2 a  s u l f a t e  enr iched s e a  s a l t .  

3.2. Aged i c e  (18.000 yea r s  B.P.) 

++ ++ 
At Dome C, s i g n i f i c a n t  e x c e s s  o f  Ca , Mg and i n  a  l e s s  degree K+ i s  observed 
dur ing t h e  l a t e  g l a c i a l  maximum (L.G.M.) whi le  t h e  Cl/Na r a t i o  remains v e r y  c l o s e  
t o  t h e  1 .8  r e f e r e n c e  value  (Table 2 ) .  In t h i s  c a s e ,  equa t ion  ( 5 )  becomes : 

Moreover, t h e  good c o r r e l a t i o n s  observed between t h e  ca lc ium and magnesium e x c e s s  
and t h e  aluminium con ten t  (0.93 and 0.80, r e s p e c t i v e l y ,  f o r  16 samples) suggest  
s t r o n g l y  t h a t  t h e s e  excess  v a l u e s  o f  a l k a l i n e  s o i l  have  a  t e r r e s t r i a l  o r i g i n .  
T e r r e s t r i a l  d u s t  c o n t a i n s  u s u a l l y  s i g n i f i c a n t  amount of s o l u b l e  s p e c i e s  such a s  

the  p o s s i b l e  presence 
i d e n t i f y  t h e  chemical 

we cannot d i s t i n g u i s h  
be tween  t h e  p r e s e n c e  o f  a  m i x t u r e  "CaC03,H2S04", c a s e  C, Fig.  2 )  and t h e  only  
CaS04 . ( c a s e  A )  i n  t h e  i c e ,  because dur ing t h e  me l t ing  s t e p  H2S04 and CaCO r e a c t  
a c c o r d ~ n g  t o  the  r e a c t i o n  : 3 

On one o f  t h e s e  c o r e  s e c t i o n s  we have  pe r fo rmed  CO measurements  both  by d ry  
2  e x t r a c t i o n  method (14)  (which measures t h e  CO con ten t  of t h e  bubbles) and by wet 

2  
e x t r a c t i o n  ( 1 4 )  (which measures t h e  t o t a l  CO both  from t h e  bubbles and r e l eased  2  from t h e  l a t t i c e ) .  No s i g n i f i c a n t  d i f f e r e n c e  i s  observed,  and we c a n  d i s c a r d  t h e  
t h i r d  assumption r epor t ed  i n  F igure  2. This absence of n a t u r a l  carbonates  and some 
o t h e r  geochemical cons ide ra t ions  (Legrand ( 8 )  ) a 1  low us  t o  s u g g e s t  t h a t  t h e s e  
a l k a l i n e  s o i l - e x c e s s e s  a r e  a s s o c i a t e d  w i t h  b o t h  s u l f a t e  and n i t r a t e  ( case  B ,  
F igure  2 ) .  These d a t a  demonstrate t h a t  t h e  i c e  d e p o s i t e d  i n  c e n t r a l  A n t a r c t i c a  
dur ing t h e  l a t e  g l a c i a l  maximum c o n t a i n s  s e a  s a l t ,  t e r r e s t r i a l  s a l t s  (mainly CaSO 
and MgSO ) and two a c i d s  (HN03 and H SO ). 

4 
4  2 4  

4. SPATIAL AND TEMPORAL VARIATIONS OF SNOW AND ICE CHEMISTRY 

As d i s c u s s e d  above i n  d e t a i l ,  t h e  bulk  impuri ty  composition of  i c e  co res  c o n s i s t s  
of m i c r o p a r t i c l e s  (mainly a l u m i n o s i l i c a t e s  , i n s o l u b l e  i n  w a t e r ) ,  sga_ s a j $  (m+a+inly. 
NaCl w i t h  somet imes  s i g n i f i c a n t  amounts  of Na SO4 and some SO4 , Ca ,Mg and 
K + ) ,  t e r r e s t r i a l  s a l t s  (CaSO ,MgSO ) and a c i d s  (&NO H SO and sometimes HC1). In  

4  4 .  3 '  2  4  t h i s  s e c t i o n  we examine t h e  respective c o n t r i b u t i o n  o f  e a c h  f r a c t i o n  and i t s  
s p a t i a l  and t e m p o r a l  v a r i a t i o n .  F i r s t ,  f o r  each l o c a t i o n  we have eva lua ted  the  
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F igure  2 : Onr igh t  s i d e  : v a r i a t i o n s  o f d ~ ,  ( s e e  t e x t )  and A1 con ten t  du r ing  the  
p e r i o d  of  t h e  l a s t  c l i m a t i c  change (Holocene - L.G.M.) a t  Dome C. On 
the  l e f t  hand s i d e  : mean i o n  b a l a n c e  i n  snow d e p o s i + t e d + $ u r i n g  t h e  
L.G2_M. and t h e  t h r e e  p o s s i b l e  a s s o c i a t i o n s  between H , Ca *,NO3 and 
SO. *. 

mass d i s t r i b u t i o n  o f  s o l u b l e  and i n s o l u b l e  f r a c t i o n s .  The i n s o l u b l e  mass  i s  
deduced from Aluminium con ten t  u s i n g  t h e  composition of mean c r u s t  as proposed by 
Taylor (10) .  Second, t h e  c o n t r i b u t i o n s  of  s e a  s a l t ,  t e r r e s t r i a l  s a l t s  and a c i d s  t o  
t h e  s o l u b l e  p a r t  have been c a l c u l a t e d  i n  East A n t a r c t i c a  wi th  our  d a t a  (Table 2 ) .  
In  o rde r  t o  add t o  the  p i c t u r e ,  we have  a l s o  used  d a t a  o b t a i n e d  by P a l a i s  and 
Legrand ( 7 )  a t  Byrd (1530 m e l e v a t i o n ,  i n  West A n t a r c t i c a ) .  
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During t h e  Holocene s t a g e ,  i n s o l u b l e  spec ie s  r e p r e s e n t  only  5  t o  10 2 of  t h e  t o t a l  
mass a t  e a c h  l o c a t i o n  ( T a b l e  3 ) .  I n  t h e  same way, t e r r e s t r i a l  s a l t s  do  n o t  
c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  s o l u b l e  p a r t .  In  t y p i c a l  c o a s t a l  a r e a s ,  s e a  s a l t  
i s  predominant  (85  2 of  the  i o n i c  budget) but  t h i s  c o n t r i b u t i o n  dec reases  r a p i d l y  
i n  more c e n t r a l  a r e a s .  I n d e e d ,  above 2000 m e l e v a t i o n ,  t h e  a c i d  c o n t r i b u t i o n  
becomes p redominan t  ( u p  t o  70-80 2 of  t h e  i o n i c  budge t ) .  The ac id  c o n t r i b u t i o n  
r e m a i n s  s t a b l e  i n  a l l  l o c a t i o n s ,  b u t  due t o  a  l a r g e  s c a t t e r i n g  of HC1 and HNO 

3 c o n t e n t ,  we can observe  some important  v a r i a t i o n s  of t h e i r  compositions ( s e e  Table 
3 ) .  F i n a l l y  we o b s e r v e  t h a t  t h e  s e a  s a l t  c o n t r i b u t i o n  i s  an e f f i c i e n t  mean of 
d i s t i n g u i s h i n g  between East  and West A n t a r c t i c a ,  with 27 2 and 48 of  t h e  i o n i c  
b u d g e t ,  r e s p e c t i v e l y .  For Greenland i c e  co res  (Holocene s t a g e )  t h e  b e s t  a v a i l a b l e  
d a t a  a r e  from Hammer e t  a l .  ( 1 5 )  who found a  c l o s e  b a l a n c e  between a n i o n s  and 
c a t i o n s  a t  Dye 3.  From t h e s e  d a t a  we have  c a l c u l a t e d  t h e  i o n i c  and mass 
d i s t r i b u t i o n s  (Table 3 ) .  We can observe  t h a t  t h e  i n s o l u b l e  p a r t  is more i m p o r t a n t  
i n  Green land  t h a n  i n  An ta rc t i ca .  Another important  d i f f e r e n c e  is t h e  s i g n i f i c a n t  - 
l e v e l  o f  NH + ( 0 . 3  yEq. 1 - l )  o b s e r v e d  i n  Green land  i c e  co res .  As suggested by 
Busenberg an$ Langway ( 1 6 ) ,  we have assumed t h a t  t h i s  i on  is  p resen t  i n  t h e  i c e  a s  
(NH4)2S04..Because sources  of NH a r e  e s s e n t i a l l y  loca ted  on c o n t i n e n t a l  a r e a s ,  we 

3  have ~ d e n t r f l e d  t h e  c o n t r i b u t i o n  of  t h i s  compound a s  t e r r e s t r i a l  s a l t s  i n  Table 3. 
So h i g h e r  c o n t r i b u t i o n s  of  i n s o l u b l e  s p e c i e s  and (NH ) SO i n  Green land  a r e  
p r o b a b l y  l i n k e d  w i t h  a s t r o n g e r  c o n t i n e n t a l  i n f  luenc$ %n % r e e n l a n d  t h a n  i n  
An ta rc t i ca .  

Dur ing  t h e  l a t e  g l a c i a l  maximum, i n s o l u b l e  s p e c i e s  ( a s  suggested by t h e  Aluminium 
p r o f i l e ,  s e e  Figure  2) and i n  a  l e s s  degree  ( s e e  2 on F i g u r e  2 )  s o l u b l e  s p e c i e s  
show h i g h e r  concen t ra t ions  than dur ing  the  Holocene s t a g e .  I n  t h i s  i c e t i n s o l u b l e  
spec ie s  become predominant,  r e p r e s e n t i n g  a  good h a l f  o f  t h e  t o t a l  m a s s .  I n  t h e  
same way, t e r r e s t r i a l  s a l t  c o n t e n t s  which a r e  i n s i g n i f i c a n t  dur ing t h e  Holocene 
s t a g e  r e p r e s e n t  h e r e  25 2 o f  t h e  i o n i c  b u d g e t .  The s e a  s a l t  c o n t r i b u t i o n  i s  
doubled (50 b f  t h e  i o n i c  budget) whi le  t h e  a c i d  c o n t r i b u t i o n  i s  reduced t o  20 2 .  
U n t i l  now, no comprehens ive  s t u d y  of  t h e  i c e  s t a g e  h a s  been  pe r fo rmed  i n  
G r e e n l a n d ,  but s e v e r a l  s t u d i e s  have pointed t o  a  s t r o n g  c o n t r i b u t i o n  of  a l k a l i n e ,  
C a - r i c h ,  d u s t .  It i s  a l s o  i m p o r t a n t  t o  n o t i c e  t h a t  i n  t h i s  i c e  t h e  a c i d  
c o n t r i b u t i o n  i s  r e d u c e d  t o  z e r o ,  a s  s u g g e s t e d  by t h e  e x t r e m e l y  low c u r r e n t s  
observed by Hammer (17)and Hammer e t  a l .  (15) from s o l i d  c o n d u c t i v i t y  measurements 

Table 3 : I o n i c  d i s t r i b u t i o n  o f  so lub le  s p e c i e s  and d i s t r i b u t i o n  i n  mass of  
i n s o l u b l e  s p e c i e s .  The va lue  noted by (*) corresponds  t o  t h e  c o n t r i b u t i o n  o f  
(NH ) SO ( s e e  t e x t ) .  For t h e  1959-1969 time per iod we have c a l c u l a t e d  the  
nass4 o2f i k s o l u b l e  s p e c i e s  by us ing d a t a  from Boutron (21) .  N n o t a t i o n  i s  used 
when t h e  f r a c t i o n  i s  lower than 1 A .  



I t  i s  useful  t o  keep i n  mind t h a t  chemical compositions reported i n  Tables 2 and 3 
can be s t rongly modified during high volcanic a c t i v i t y  periods. After an e r u p t i o n  
of g l o b a l  s i g n i f  i c a n c e - i t  is general ly  observed an increase i n  t h e  H 2 SO 4 content 
of i c e  both i n  Greenland and A n t a r c t i c a  ( s e e ,  a s  an example, t h e  p e r t u r b a t i o n  
occurring a f t e r  the Agung (8 's)  erupt ion i n  Figure 1 ) .  Moreover, loca l  erupt ions 
can d i s t u r b  the  HC1 and HF cont r ibu t ion  of the i ce .  This is p a r t i c u l a r l y  t r u e  f o r  
Greenland (Hammer (17))  which i s  surrounded by important volcanic centres  (Alaska, 
Kamtchatka and Ice land). 

5. INCORPORATION OF IMPURITIES I N  THE ICE 

In  preced ing  s e c t i o n s  we have i d e n t i f i e d  major chemical compounds present i n  the 
ice.But i t  i s  a l s o  useful  t o  have an idea of the  loca l iza t ion  of these i m p u r i t i e s  
i n  t h e  l a t t i c e .  It i s  g e n e r a l l y  p roposed ,  b u t  no proved ,  t h a t  impuri t ies  a r e  
l o c a t e d  a t  g r a i n  boundaries. Indeed, due t o  the r e c r y s t a l l i z a t i o n  processes i n  
the  i ce  shee t ,  impuri t ies  should be located on t h e  ou ts ide  of the  grain.  However, 
t h i s  phenomena could be very d i f f e r e n t  depending on the composition of compounds 
and a l s o  on the inclusion mechanism i n  the snow f lakes .  

F i g u r e  3 : C i r c l e s  : 
mean deposi t ion f luxes  of 
NO; ( @ )  a t  Dome C 
( D . C . ) ,  D 55,  D 80 and 
South Pole ( S . P . )  a s  a 
f u n c t i o n  of  t h e  snow 
accumula t ion  r a t e  ( A )  
between 1959 and 1969. 
S o l i d  l i n e  r e f e r s  t o  the  
mean d e p o s i t i o n  of H SO 

2 4 o b t a i n e d  from t h e  same 
samples ( s t a r s ) ,  broken 
l i n e  r e f e r s  t o  t h e  mean 
d e p o s i t i o n  o f  s e a  s a l t  
( t r i a n g l e s ) .  

Tab le  2 shows t h a t  s e a  s a l t  and H SO c o n c e n t r a t i o n s  decrease with increasing 
accumulation r a t e .  But t h i s  d i lu t ion2ef&ct  is not evident f o r  n i t r a t e .  I n  o r d e r  
t o  e v a l u a t e  t h e  d r y  and wet d e p o s i t i o n  of i m p u r i t i e s  we have p l o t t e d  thf 
d e p o s i t i o n  f l u x e s  ( 9 )  a s  a f u n c t i o n  of  snow accumgla t ion  r a t e s  (A) f o r  Na 
( ind ica tor  of s_ea s a l t )  sulfate-excess (H2S04) and NO (HN03) (Figure 3).  We have 
d i s c a r d e d  (C1 )*  because H C l  i s  not present a t  a l l  Qocations. These ca lcu la t ions  
were performed on snow layers  deposited during the  same period (1959-1969) a t  four 
A n t a r c t i c  l o c a t i o n s  (D 55 ,  D 8 0 ,  Dome C and South Pole) .  The diagram indicates  
t h a t  t h e r e  i s  a c l e a r  r e l a t i o n s h i p  between and A f o r  s e a  s a l t  and H,SO,,. 

Flux values extrapolated t o  accumula ion r t e s  smaller than 3.4 g.cm-2.yr-1 iiv: a 
Y- in te rcep t  o f  0.5 and 1 .6  kg.kmd.yr-' f o r  s e a  s a l t  and H2S04 r e s p e c t i v e l y .  
Because we don' t  know t h e  r e l a t i o n s h i p  between @ and A a t  v e r y  low accumula t ion  
r a t e s ,  t h e  assumption t h a t  t h e  Y- in te rcep t  r e p r e s e n t s  the d ry  f lux  i s  s t rongly 
debatable .  However a t  Dome C a maximum bf 60 % of sea s a l t  and 70 2 of H2S04 can be 
deposited d i r e c t l y  on the  snow surface.  
For n i t r a t e  f luxes a large s c a t t e r i n g  can be observed (Figure 31, which may be  due 
t o  t h e  uneven a tmospher ic  c o n c e n t r a t i o n s  o f  t h i s  compound (Legrand and Delmas 
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( 18 ) ) .  However, a s  shown i n  F i g u r e  3 ,  t h e  r a t h e r  low va lues  o f  t h e  Y-intercept 
sugges t s  low dry  d e p o s i t i o n  o f  t h i s  canpound. Assuming t h a t  t h i s  low va lue  is  r e a l ,  
HNO i s  e s s e n t i a l l y  t rapped i n  snow f l a k e s .  Therefore t h e  incorpora t ion  of HNO and 3  
H SJ seem t o  be d i f f e r e n t .  This d i f f e r e n c e  could be explained by t h e  phys ica l  form 
w k c k  is v e r y  d i f f e r e n t  f o r  these  two compounds i n  t h e  Anta rc t i c  atmosphere. Indeed 
H SO i s  p r e s e n t  a s  smal l  d r o p l e t s  o f  hydrated s u l f u r i c  ac id  (Shaw (19) )  f ixed on 

2  4  l a r g e  s o l i d  p a r t i c l e s  ( s e a s a l t  o r  t e r r e s t r i a l  dus t  (Kumai ( 2 0 ) ) .  In  c o n t r a s t ,  HN03, 
which is  no t  observed on ae roso l s  i n  the  Anta rc t i c  atmosphere, i s  probably p r e s e n t  
i n  g a s e o u s  phase  ( a s  a l s o  suggested by thermodynamic arguments). Moreover HN03 i s  
extremely s o l u b l e  i n  water .  These  a rguments  c o u l d  e x p l a i n  t h e  r e  l a t  i v e  l y  
high f r ac t ion  of wet depos i t ion .  Fur the r  experiments i n  t h e  atmosphere and on f r e sh  . 
snow f l a k e s  a r e  needed t o  understand t h e  incorpora t ion  o f  n i t r i c  ac id  i n  snow. 

6. CONCLUSION 

I n  t h i s  s t u d y  we have  i n v e s t i g a t e d  t h e  s o l u b l e  p a r t  o f  i m p u r i t i e s  pfesFnt i n  ++ 
A n t a r c t i c  snow and i c e .  -The vs ry  c k s e  balance between c a t i o n s  ( ~ a + ,  NH4 , K , Ca , 
M ~ + + ,  H+)  and a n i o n s  (C1 , N O 3  , SO4 ) g e n e r a l l y  observed suggests  t h a t  we have 
s tud ied  a l l  ions  p resen t  i n  A n t a r c t i c  p r e c i p i t a t i o n .  The p r e s e n c e  o f  s e a  s a l t ,  
t h r e e  m i n e r a l  a c i d s  (HNO H SO and HC1) and somet imes t e r r e s t r i a l  s a l t s  is 
demonstrated. The re l a t ive3cbn%r ibu t ion  o f  e a c h  c h e m i c a l  compound i s  v a r i a b l e ,  
depend ing  on t h e  l o c a t i o n  and t h e  considered time pe r iod ,  but t h e  important r o l e  
of ac ids  i n  snow depos i t ed  i n  t h e  c e n t r a l  p l a t eau  dur ing r e c e n t  y e a r s  i s  c l e a r l y  
d e m o n s t r a t e d .  The incorpora t ion  o f  these  i m p u r i t i e s  i n  snow i s  s t i l l  n o t  wel l  
understood and is probably v e r y  d i f f e r e n t  depending on t h e i r  phys ica l  s t a t e  i n  t h e  
atmosphere ( a e r o s o l  o r  g a s ) .  

The C e n t r e  N a t i o n a l  d e  l a  Recherche S c i e n t i f i q u e  aand t h e  M i n i s t S r e  d e  
l1Environnement funded t h i s  s tudy.  F i e l d w o r k  was s u p p o r t e d  by TAAF and NSF 
(Divis ion o f  Polar Programs). 
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