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ABSTR ACT, A new devi ce for m eas uring air cO llte ))t in pola r ice has bee n 
designed , bui lt and tes ted with 22 samples of Antarctic ice, Th e new techniqu e is basecl 
on the barom etri c method which implies: ( I ) a ir ex trac tion under \'acuum b y melting 
refreez ing o f th e ice sample p laced in a ca libra ted cell , a nd (2 ) acc ura te a ir-press ure 
and tempe ra ture measure m ents, The n ew appa ra tu s simplifi es th e ex perim enta l 
procedure, d ec reases th e durati on of' meas ure m ent and can eve ntua ll y be used in the 
fi eld, I t prov id es res ults with a n accuracy eq ui\ 'a lent to o r better th an other m e thods 
previous ly used , 

INTRODUCTION 

I\ l easuring th e total a mount o f air tra pped b y pola r ice 

ca n prO\'ide \ 'a lua ble inform a ti on on th e atmospheric 

press ure preva iling during th e tim e of ice fo rm a ti on a nd 
co nsequentl y on ice-shee t-el eva ti on changes (Ra ynaud , 

1983 ) , Th e ai r-co nten t profi les obtained a long deep ice 

co res furtherm ore reOec t a tempora l \·ariabil ity o f' th e ice 

po rosit>, wh e n the a ir bubbles close off, Th ey may 

co nsequently also depend o n o th er pas t c lim a ti c cond
itions such as wind speed and tempe rature, \I 'hi ch 

inOuence ice sintering, and a lso th e initia l properti es of' 

sno\\' (Marti n e ri e a nd others, 1994) , 

Four diffe rent analytical m ethods ha\ 'e been used until 

no\\' for meas uring th e air co ntent in po lar ice': 

I, The fi rs t tec hnique is b ased on gas ex tracti on by ice 

melting und er a liquid a nd a ir-\'o lum e m eas urement 

in a burette (Arnold-Alya b yev, 1930) , The erro r of'lhe 

method is co nsidered to b e as much as 5 % (La ng\l'ay, 

1958 ) m a inly du e to uncerta inti es assoc iated \I'ith th e 

a ir di sso lved in th e me ltwater, Th e liquid commonl y 
used in this tec hn ique is ke rose ne (Langway, 1958 ) 

but a ir-sa tura ted dimeth y l sili co ne o il (K a med a a nd 

others, 1990a ) a nd sa lt-sa turated wate r (Lipenk o\' 

a nd others, 1993) ha\ 'e th en bee n used to impro\'e th e 

prec ision of th e meas urem ents, 

2, The second method consists of chrom a tog raphi c a ir

pea k meas urements after th e a ir has bee n ex tracted 

from the ice by its melting ref'reez ing und er \'acuum , 

This m e thod has been implemen ted in para ll el with 

methane-co ncen tra tion m eas u remen ts (Chappe ll az, 

1990) , Th e a bso lu te accuracy is es ti m a ted to be 
about 5% but th e relati\'e precision is b e tte r. 

3, A barometri c me thod of a ir-content m easurements 

has been prev iously used a long with a dry-ex traction 

procedure (.K.a meda a nd o thers 1990a ) , Th e total 

a mount of' a ir ex trac ted by crus h ing the ice sa mpl e in 

a \'ac uum \'esse l of kn o\\' n vo lum e \\'as es timated \I'ith 

a n accuracy better than 1'10 o n the basis of precise a ir
pressure a nd temperat ure measurements, N e\'enhe

less, th e ex p e rim ental error of' th e o\'era ll procedure 

m ay be s ig-nifi ca nt ly largcr du e to th e limited 

e Oi ciency o f' th e crushin g procedure in ex trac tin g all 

th e a ir occl ud ed in th e ice (R ay na ud a nd others, 
1982 ), 

cl" Th e m os t acc ura te techn iqu e fo r a ir-content 

meas urem e nt has bee n d e\ 'e lo p ed on th e basis of the 

\'ac uum-\'o l um etri e met hod ( Ra ynaud a nd others, 

1982 ), A g lass \ 'aeuum line connec ted to a g lass \ '('sse l 

co ntaining th e sa mple is used to ex tract a ir fro m th e 

ice by melt ing- refreez ing a nd to co ll ect th e a ir, after 

trapp ing th e w a ter \'a po r, in th e burette of' a Toepler 
pump fo r prec ise \'olum e measurement under kn o\l')) 

room tem p e ra ture and a tlll ospheri c pressu re, Th e 

ca libra ti o n tes ts perfo rm ed by I\ I a rtin eri e ( 1990 ) a nd 

rece ntl y re pea ted during th e prese nt stud y ha\'(: 
proved the absolute accuracy of th e \'ac uum-\ 'ol

um e tri e meth od to be within ± 1, 5%, Avera ge 

reprodu cibi lit y of th e me th od es tima ted by co mpar

iso n between res ults obta in ed \\'ith t\\'o diffe rent 

ex tracti o n lines on ice sa mples cut fi 'om th e same 
horizonta l s li ce of ice core w as found to I)e about 

±O , 7%, I t is i nreres ting to n o te th a t th e sa m e m e th od 

has been u sed co up led \\'i th gas ex trac tion b y 

su blima tion o f ice instead o r its mel ti ng re fre ez i ng 

(Raynaud , 1977; R ay naud a nd oth ers, 1982) , A 

sys tem a tic ove restim a tion of air content m eas ured 
after th e sub limation procedure m ay res ult fro m gas 

so lid inte rac tions occ urrin g cluring trapping of' th e 

\I'ater \ 'apor (Ra ynaud a nd others, 1982 ) , 

A lthough th e accuracy prO\'id ed by th e vacuum-
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y o lum etri c me th od IS good e n o ug h fo r a ir- co nte nt 
m eas urements., th e ex perim enta l procedure has seve ra l 
di sach 'antages (101\' produ cti \'ity, th e use of hea lth-h aza rd 
p roducts: mercury and phosph oric a nh yd rid e ac id , th e 
rela ti \T fi'agilit y of th e g lass ex trac ti o n line. the need to 
use \'ac uum grease ) II' hi ch a lso ca use di fIiculti es in its 
appli ca ti on und er field a nd la bora tory conditions. Th ere
fo re, a ne\\' experim enta l tec hniqu e has bee n den' lo ped , 

H ere, \I'e d esc ribe the ne\l' a ppa ra tus for a ir-con te n t 
m easuremellt based on th e ba r o m et ri c method. The 

sou rces o f" ex peri me nta l uncerta inti es, a bsolu te acc uracy 
a nd reprodu cibil ity o f" the meas ure m ents a re consid e red 
o n th e bas is of th eo ret ical calcul a ti o ns a nd ex perim e nta l 
tes ts, 

NATURAL VARIABILITY OF AIR CONTENT IN 
POLAR ICE 

Th e a ir content V is commonly expressed as a \'o lume 
(C111 3 STP ) of" d ry air in I g of ice reduced to sta nda rd 
cond iti ons (STP: T:, = 271 K , Ps = 10 13 mbar ) , Th e a ir 
content in pola r ice ra nges fro m 0.0 7 to O, I3c111 3 (STP) 
g t (l\la rtill eri e a nd o th ers, 1992 ) due to th e geogra phi ca l 

a nd /or tempora l I'<:uia ti ons o f" a tmos pheri c press ure P" 
- 3 \mba r ), tempera ture 1;, r-... ) a nd po re \'olume Vc, (c m 

g I ) a t th e closc-ufT' d epth in the ice shee t \I'here th e a ir 
becomes iso la ted [i'om the a tm os ph e re : 

PeT:, ( . . 1 ) V = 11" -- l\ Iartlllen e and ot lers. 1992 . 
F.,T" 

(1) 

O\-c ra ll I'Glri a bilit y of th e a ir con te nt , obsen -cd a long 
d eep ice cores l-ccO\'ered in G reenla nd a nd in A nta rct ica 
h as a n amplitude up to 25 % (Budd a nd :-lorgan , 1977; 
R ayna ud a nd o the rs, 1979; R ayn a ud a nd \\ 'hill a ns, 1982: 
H erron a nd La ngway, 1987; K a m ed a a nd o th ers, 1990 b; 
LipellkOl' and o th e rs, 1993; l\f a nin erie a nd oth e rs, 1994), 
On th e one ha nd , this \'a ri a bilit y m ay refl ec t lo ng - te rm 

\'a ria tions in: 

Elenlt ion at which th e a ir becom es tra pped in th e iee 
beca use of dow n-slope ice aeh-ec ti o n or cha nges in ice
sh ee t surface ele\'a ti on (a n clCl'a ti on cha nge of 50 m 
m ay ge nera te a cha nge of a bo ut I % in air conte nt ) , 

A tmosp heric press ure (a bo ut 7 mba r/ I% ), 

T empera tu re (2°C / I % ), including th e temper at ure 
e lTeet on c1 ose-o flf poros i ty, 

011 th e o th e r h a nd , an a ir-conten t signal with th e 
sa m e ord er of magnitud e can be indu ced by \'a ri a bilit y of 
close-off po rosit y, Vc, associa ted with th e stra tigrap h y of 
th e ice sedim cnts d uc to differ ent wea ther cond i ti ons 
(ca usin g \'en ' sh o rt- te r m va ri at io ns within a fell' 
centim eters of ice co re) o r \I'ith wind-speed cha nges due 
to clima ti c \'a ri a bilit y (;'la rtin e ri e a nd others. 1994). 

111\'est iga ti on of th e short-term V va ri at ions \\'i th respect 
to o th e r stru c tura l pro perties o f th e ice prov id es 
experi men ta l const ra i n ts fo r m od eli ng the ice-si n te ri ng 
a nd a ir-tra pping processes in ice shee ts (:-la rtine ri e a nd 
o th e rs, 1992 ), 

A comm on experim enta l unce rta inty for a ll m e th ods 
o f a ir-content m eas urement is du e to the so-call ed "cut-
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bubble e flfec t" beca use som e gas is los t wh e n cutting a ir 
bubbles (o r cal' iti es fo rm ed from a ir-h ydra te decompos
itio n afte r ice relaxa ti o n ) a t th e surface of the ice sample 
during it s prepara ti o n, This eflfeet ca n be es tim a ted 
qua ntita ti\ 'eh ' below a certa in dep th in th e ice sheet (5 
10 m be nea th close-o ff) wh ere th e sha p e of bubbles is 
simpl e e nough fo r d e te rmination of th eir size , For ice 
sam p les of about 2,') g, the co rrec ti o n of a ir-conte llt 
meas ure m ents for the e fTec t of cu t bu b b les \'a ri es from 
10 % n ear th e close-off d epth to 1% in th e d ee per stra ta 
( l'- Ia rti ne ri e a nd ot h e rs, 1990 ), T h e corres pondin g 
un ce rt a int y for a ir-co ntent values may exceed 1,5% in 
th e uppe r pa rt of th e ex p erim enta l pro fi le . 

F ro m a ll th ese cons ide ra tions, a n a bso lute prec ision o f 
a bo ut I % for th e a na ly ti ca l techniqu e itse lf seems to be 
a ppro pri a te \r ith rega rd to th e amplitud es of th e V sig na l 
to be d e tec ted and to th e " cut-bubb le e fTec t" , [n th e 
fo ll o wing sec ti ons wc foc us th e di sc uss ion on ex perim enta l 
un ce rt a i n ties of th e a na lyti ca l proced ure i tse J[~ based o n 
th e b arom etri c meth od . 

THE BAROMETRIC METHOD 

Principle 

T he ha I-o metri c meth od is based on th e prec ise e\'a lu a ti o n 
of" th e press ure P a nd te mpera ture T o f dry a ir ex trac ted 
fi 'om an ice specim en b y its melti ng refreez ing und er a 
\'ac uum in a \'o lume-ca libra ted cell. Th e rea l air sample 
conta in ed in th e ce ll is hereafter co nsid ered to be a 
mi x ture o f't ll'O id eal gases : dry a ir a nd wa te r \'a por. Thu s, 

if'P. lI<'>l' is th e press ure m easured in th e ce ll , th e press ure P 
of dry a ir \I'ill be g i\T n b y: 

(2) 

w he re P" ,o is th e pa rti a l press ure o f sa tura ted wa te r 
\'a po r a t temperature T. Air conten t V of th e ice is th en 
ob ta in ed from th e fo ll o \l'ing rela ti onshi p: 

(3) 

whe re Al i is th e mass o f th e ice spec im en a nd U is th e 
\'olum e occupi ed by th e a ir sample in the cell and equ a l 

(4) 

w here Ucal is th e vo lum e o f"th e calibra ted cellll'hil e Al ii Pi 
represents th e \'olu me o f th e refrozen pure ice whose 

d ensity, Pi, is mos tl y a functi on of its temper a ture (Bad er , 
1964) , 

A di agram of the m easuring sys tem is Sh O\\'ll in Fig u re 
I , A n ice sa mple \\'ith known mass , Al i , is m elted und er a 
I'<lC UUm in cell I a nd the n gradu a ll y re frozen by coo ling 
th e bo tto m of th e ce ll to ,l\'oid air-bubbl e tra pping during 
th e freez ing process. Th e ce ll a nd p a n of th e li n e 
conta ining th e ex trac ted gas is immCl'sed , b efore pressure 
m eas urem ent, in a liquid cryosta t (ShO\1'11 in Figure I b y 
th e d o tted square) to kee p th e a ir sa mpl e h omogeneo us a t 
a lo w tempera ture T ( 30°C) , Th e low tempera ture 
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ALCO HOL BATII 

ensu res a mJnll1lUm or \\'ate r- \ 'a por press ure Pfl 10 in th e 

line. T he press ure ~''''il:; o r t h e gas is th e n m eas ured ll" ith a 

ty pe 590 Baron' l D.\ TA '\I ETR ICS I p ress ure tra nsducer 

(2 in Fi g . I ) . 
Th e ex trac ti on lin e h as three ca libra ted \'o lun1('s 

Uc, UI3 and UE d e lim ite d in Fi g ure b y d as hed 

o utlin es. \ 'o lul1l e Uc in c lud es th e \ 'o lum l:' o r rh e em p ty 

ce ll plus th e int erna l \ 'o lul11 cs o rthe I'ake \"1 a nd tubes up 

to th e \ 'a k es \ '~ a nd \ ' :1. \ ' o lul1l e UB is th e S UI1l or th e 

int ern a l \ 'o lum es or th e Ba rocel itse lf' a nd fi lling tube up 

to th e \ 'a h T \ '~ . Th e S UIll Uc + UB \\ ' il l a ll oll" us to 

calc ul a te U",d, th e ca libra ted pa rt or th e lin e II" hi ch is 

occ u pied b y ex trac ted gas a nd reli'oze n icc a t th e time o r 

press ure m eas uremcnl. \ 'o lulll e UE is used o nl y fix sc lf~ 

ca libra ti o n o r th e s\·s tem. I t in c lud es ex pans io n c ha mber 3 

p lus int e rn a l \ 'o lumes o r t h e \ 'a ll-c \ ' 1 a nd a ll fitt ing tubes 

up to th e n lh'es 1':1' \ ·.i a nd \'(i, 

OptimuIn parameters of the measuring system 

T o es tim a te th e acc uracy o f" th e ex perim e nta l tec hnique. 

\\"C use th e ge nera l equ a ti o n re la ting th e e r ror Ll) ' or th e 

run c ti o n Y = !(Xt . . r], . . , , :r ll ) to th e ind i\ 'idua l erro rs 

Ll .1" ; or th e \ a ri a bles .1" ;, o bt a ined fi'o m d irec t l1l eas ure

m cn ts 

(5) 

.\ cco rd in g to Eq ua ti o n (5 ) , th e erro r o rth e a ir-co nte nt 

\ 'a lue d e te rm ined fro m Eq ua t io n (3 ) ca n b e ca lcul a ted as 

Lllf 

If 

o 

LEGEND: 

I . GLASS·M ETAL CELL 

2 • BAROCEL PR ESSURE TRANSDUC ER 

3 . EXPANS ION CI-JAMBER 

4 · PIR AN I VACUUM GA UCI-: 

~ DIAP II RAGM VALVE 

C><:] 8 ELLOW VALVE 

w here LlJ\Jj a nd i1T a rc rh e erro rs or samp le m ass a nd 

cryos la t te mpe ra ture (d irec t m easurem cnts) , w hile LlP 
a nd .JU a rc th e es tim a tes of" pressu re P a nd \ 'o lum e U 
er ro rs, o bta ineci fi 'o m Eq uati o ns (:2 ) a nd (.~ ), respec tiI'L' ly: 

(7) 

a nd 

e:,U = (8) 

If" a ll incli\ 'idu a l erro rs a rc cic termined . th l' o ptimum 

ra tio hct\l'('e n sa mple mass, fl Jj • a nd cc ll \ 'o lum l' , Unll . fl1 r 

o bta ining th e b es t acc urac \' fc) r a ir-cont ent meas urcment 

can be c\'a lua ted o n th e bas is o f" Eq ua tions (2 ) (4) a nd 

(6 ) (8 . Assuming reaso na bl c \ 'a lu es a nd rangcs : 11 = 

0. 1 cm 'l (STP) g I , T = 240 255 K. LlT = O. I 0.3 K. 
I '1 :l LlM j = 0.0 1 0 .03g. Llpj = 10 10 ' gcm . LlPII ~o = 

:l 
0.0 I 0 .03 mba r , LlU"al = 0 . 1 0 .3 (" m a nd LlP",l'H.,/ P"".", 
= 0 .05 % . \\ 'C fo und th at Ic)]" sa mp les of" fl l j = 20 30 g the 

b es t acc uracy 0.2 0.3°;(, 01' a ir-co nt e nt m eas urem ent 

w o u ld be o bt a in ed \I' irh Ucal = 100 400 C I11 :
1

. Th e 
press ure measured b y th e Ba rocel tra nsdu ce r \\ 'o uld th en 

be \\ 'ith in th e ra nge 5 c~O mba r. T a king in to acCO unt th a t 

\ 'o lum e Ur:: s h o u ld be a bo ut 10 t im es m o r e th a n 

(Uc + UB ) to m a intain a simi la r press ure range during 

th e ca libra tio n p rocedure. a press ure tr, lnsd uc(T \\ 'ith a 
fld l sca le o f" 100 mba r a nd a m a in ca lib ra ted \"o lum e 

(Uc + Un) = 100 200 cm3 a rc co nsid ered to be o ptimum 

fCH" th e m cas urin g d el·icl'. I t is a lso 511O\I'n in th e ncx t 

sec ti o n th a t th e limit o f" acc uracy o r 0 .2 0 .3(X, ca nn o t be 

practica ll y reac h ed e\"(' n with op t imum pa ra m e te rs o r th e 

sys tem beca use o r un ce rt a int ies a ssoc ia tcd \\ 'ith th e 

imp le men ta ti o n of" the me th od . 
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Joumal oJ G'laciology 

THE NEW TECHNIQUE 

Des cription of the device 

The ['(IClI11I1l line shown in Fig ure I is bui lt using sta inless 
steel tubing (6.3S mm) a nd CAJON \ 'CR fittin gs. A 
diaphragm type of' NUPRO \'a h-e is chosen for the \'ah -cs 
\ '1 f, because of its negli gibl e ch a nge of intern a l \'o lum e 
between "close" a nd "open" positions, whi le NU PRO 

bellows vah-es arc install ed as \' .1.6. The line can be 
evacua ted b y a turbo mo lec ul a r pump bac ked by a rotary 
o il pump. A Pira ni-t ype gauge is used fo r vac uum conrro l. 

The el/rac/ion cell is a g lass- m e tal containe r. The 
bottom part of th e ce ll is m ade of g lass to a llow 
observation of ice melting and r efre ez ing, wh ile its upper 
part and th e lid a r e made of' stainl ess steel. A copper " 0" 
rin g gaske t is used lO ensure good a ir-tightness be tween 
the cell and th e lid . and to kee p th e cell \ 'olum e as 
constant as possibl e during successi\'e manipulations. The 
interna l \'olum e Uc of th e empty ce ll and related tubing 
was d esigned to be a bou t 137 cm 3 

Tlte /HeSSlm /rallsducer (typ!" 590 Barocel) has a therm a l 
base se t a t 40°C and measuring a pressure range up to 
100 mbar. Th e press ure app li ed to its diaphragm is 
a lw ays maint a in ed lower th a n 100mba r to a\'o id 

h ys te r es is probl em s. Th e output signa l is direc tl y 
proportional to press ure and reco rded by a OAT A
iVIETRICS-type 14S0 press ure read-out. The acc uracy of 
the tra nsducer is a bout ± O.OS% of th e readin g. The 
internal vol um e of the Barocel wi th no press ure app lied is 
a bout S.O cm:l, whi le the diaphragm di spl acement under a 
pressure of 100 mba r can be a' mu ch as 0.16 cm 3

. The 

\'o lum e UB of'th e Barocel and the tubing up to vah-e 1'2 is 
about IS cm3

, so that th e resulta n t \'01 ume Uc + UB ~ 
IS 2 cm 3 

The eX/J({lIsioll chamber (3 in Fi g . I ) , which is m a de of 
stainl ess steel , has a li d for introdu cing a standa rd volume 

during th e ca libra tion procedure. Th e lid is coupled to 
the cha mber wit h a copper " 0 " rin g gasket. The interna l 
vo lum e UE of th e chamber, together with th e related 
tubing (up to va lves 1'3, \ '5 a nd \ '6 ) , is about 1363 cm3

. 

T he alcohol bath is cooled by a cr yos tat wh ich m a intains 
the temperature T a t - 30°C with a long-term temper
a ture stability of ±O.OSoC. The bath tempera ture is 
controlled by a hi gh-quality stable platinum resista n ce 
thermometer. A good homogen ization of 30 I of' e thanol 
provides a ±0.01 C tempera ture uniformity. 

Calibration procedure 

The procedure for calibrating th e vo lumes Uc, UB and 
Ut, is similar to th a t desc ribed b y Schwander ( 1984) . The 
calibration is carri ed out with th e a id or two slandard 
slainless steel vo lumes UJ (sph ere) and Uu (cylind er) 
w hich ha\'e at 20°C th e following cha rac teri stics : 

Ul = 62.69 e1113 (±0.02%); 

Un = 524.20 C1113 (±0 .01 %) . 

Th e dry a ir a t a tmospheri c pressure Pa is ex pa nded 
from a volume Ue into pre-evae ua ted volumes Ut, a nd UB 
successi\'ely, a nd th e res ulta nt pre sure in the manifold is 
measured with Baroce l. The operat ion is repea ted under 
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three diffe rent conditions: (i) bo th volum es Ue a nd UE are 
empty ( the res ulta nt pressure after expansion is P j ) ; (ii ) 
\'o lume Uc conta ins th e stand a rd so lid volume Uj (P2 ); 

(iii ) Uc conta ins Uj and Ut, conta ins th e stand a rd \'olume 
UJI (P3) . A ll pans of th e lin e during th e ca librat ion are 
equilibrated a t room tempera ture a nd pressure \'a lues 

P 1.2.3 a rc con\'C rtcd to 20°C. The atmosp heri c press ure is 
ass umed to rem ain constant throughoul the ca li bration 
tim e . Fro m th e a bO\ 'C proced ure, th e \'o lumes Ue a nd 

(Ut, + UB), as we ll as atmosphe ri c pressure Pa. can be 
ob ta ined: 

Uc = UjPlF, (9) 

(Ut, + UB) = UnP3F ~ Pl - P2~ (10 ) 
P3 - P2 

(11) 

is a dim ensionless pa r a meter of our sys tem wh ich a ll ows 
ca libra ti o n of th e Baroeel b y adjust ing th e pressure P j 

rea d on the transclucer in order to ha ve P,~ obtained from 
Equ a ti on ( 11 ) eq ual to the a tmosph e ri c press ure 
meas ured by a mercury barometer with an absolute 
precision of ±0.0 1 % . 

Volume UB can be d e termined by ex panding clry a ir 
at a press ure PI !I"o m Us Lo th e pre-evac uated \'olume Ue, 
conta ining rhe stand a rd Uj . The res ultant press ure P,J 
a llows us to calculate UB: 

(12) 

Th e m eas ured press ures durin g the ca libration 
procedure (P I Il are in th e range 13- 90 mbar. By 
app lying Equa tion (S), th e acc uracy of the \'olume 

(Ue + UB ) is ±O. IS% and th e absolute calibra ti on of 
Lhe Baroce l has a precision of a bout ±0.2% . 

An a l y tical procedure 

A c ubi c ice sample of a bout 20 30 g (re presenting a bout 
3 cm of ice-core thi ckn ess) is placed , after weighing, into 
th e pre-coo led ex traction ce ll. The ex trac tion cell is th en 
attach ed to the vac uum m a nifold with a CAJON VCR 
fitting welded to th e lid of th e cell. Th e cell is evac uated 
fo r 10 min with a turbo molecul a r pump. Durin g 
pump ing, approximate ly 1 % of the ice is removed b y 
sublima ti o n from th e sample surface . After pumping, th e 
ce ll is iso lated by closing stopcock VI a nd the bottom pa rt 
o f th e flask is immersed fo r 10 min in an ultraso ni c bath 
fill ed w ith wa rm water (SO°C) to m elt th e ice. The 
ex perim ents have d emonstra ted a n e fli ciency of th e 
ultrasonic bath in avo iding bubble formation during 
refreez ing of th e wate r. Th e ultrasonic bath is th en 
rep laced with th e liquid cryos tat a nd th e bottom of the 
fl as k containing the m e lted water is imm ersed for 40 min 
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a t - 30 C . This res ul ts in g rad ua l refrcez ing fi"om the 

bo ttom of th e cell. T he re fi"ozen ice is co nsid e red to be a 

po lyc rys ta llin e bubble-free ice ", ith a de nsit y 0 (' Pi = 

0.9207 \ 1g m 3 a t 30°C (Ba d er , 1964). Th e ex trac ti on 

ce l! a nd th a t pa rt of th e li n e rep rese ntin g a lm os t a ll th e 

\'o lume (Uc + UB ), except fo r th e intern a l vo lum e of the 
Ba rocd with its short connec ting tubing, is th e n imm ersed 

in th e a lco ho l b a th as shown in . Figure I b y th e dot ted 

sq ua re. V a h 'es v I a nd \'2 a re opened to ex p a nd th e a i I' 

sample thro ug h th e \'o lum e (Uc + U13 ). Th e ex tract ion 
line is kept in rh e li q ui d cryos ta t fo r 30 m in , a llowing th e 

a ir sa mple to equilibra te a t 30 C a nd to red uce th e 

wa ter-\'a por pressure to 0.3 7 0 .39m ba l'. A t th e cnd orth e 

procedure , th e a bso lute press ure P lIle", range w ithin 10 

30 mbar) a nd tempera ture T (a round 243 K ) of th e 

extracted a ir a re meas ured \I'ith the Ba rocd and the 
pla tinum r es is ta nce, res pec ti\ ·eh ·. 

Th e to ta l dura ti o ll 0 (' th e a nalyti ca l proced ure is 

sli g htl y m o re th an 2 h . F o r compa ri so n , th e ti me 

effi ciency o f th e \'L\ cuum-\ 'o lum et ri c me th od ci escribed 

by R ayna ud a nd o th ers ( 1982 ) is a bout tw ice as slo\\·. 

Experintental uncertainties and corrections 

In thi s sect io n , we estima te rh e a bsolute p rec isio n of th e 

a ir-cont ent d a ta obta ined using th e ne\\' tec hniq ue , 

ta king acco LInt o f a ll poss ibl e so urces o r l'I'ror a nd 
un ce rta int), assoc ia ted with th e ca libra ti o n a nci a na lyt

ica l p rocedurcs d escribed a bO\·e. (The uncerta inti es d ue 

to cut-bubble effect a re no t consid ered he re .) 

An acc uracy o f' a bout ± 0 .0 I m bar fo r Pll 10 e\'a lua ti on 
is d ed uced {i-o lll a compa ri son betwec n th e theore ti ca l 

va lues and th e dircc t m eas urements o f w<tter-\'a por 

press ure using th e Baroce l, \I'hil e th e line conta ining an 

ice sa mple und er \'ac uum \I'as equilibra ted a t 30 C. 
Ass umin g f1PIllP"'/ P'lll"" = ± 0.2°;', a ft er ca libra ti on or 
th e Ba ro('(" I, a res ul ta n t a bso lu te prec ision fo r d etCTmi ning 

th e dry a ir pressure P It 'om Equ a ti on (2 ) is be ttl'I' th a n 

±0.25% . 
'T'h e m ass loss du rin g th e tim e of sam pl e pre 

evac ua ti o n w as ex perimenta ll y defin ed as 0 .2 ± 0. 1 g: 
th erefore. th e co r rect ion 8!1 I i = 0.2 g must b e a pp lied to 
th e meas ured sa mple m ass a nd th e res ult a nt erro r 

/1M /M = ±0.3 0.5%. 
T o eva lua te U('ill in Eq ua ti on (..J. ) , a n um ber of 

co rrec ti ons h ave to be m a d e to (Ue + U13 ) as d educed 

th ro ugh th c ca li b ra ti on procedure: (i) rh e th erm a l 

shrinkage of th e g ive n ex trac ti o n line imm ersed in th e 
a lco ho l b a th a t 30 C w ith res pec t to its vo lu me 

calibra ted a t 20 C is es tim a ted to be 0.2 ± 0.0 1 cm;; 

(ii ) th e co rrec ti o n for th e e lTec t or th e Baroce l th erm a l 
base (40 C ) during th e ca libra ti on is 0 .35 ± 0.02 cm:l; 

(iii ) th e e flc et o f th e tempera ture d ine rence be t\lTe n th e 

pa rt o f th e ex trac ti on lin e immersed in th e a lco ho l ba th 

1-30 C ) , th e s ho rt m a nifo ld ex posed to th e room 
tempera ture a nd th e int e rn a l \ 'o lume or Ba roce l (40 -C ) 

durin g th e a n a ly ti ca l procedure can be ex pressed as a n 

a pp a re nt c h ange 0 (' th e \'o lum c (Ue + Un ) \l' hi ch 
corres ponds to a co rrec ti o n o f 1.9 ± 0. 1 c m :l; ( i\') th e 

em·et o f th e Ba roce l dia phragm di sp lace m ent , \I'hi ch is 

considered to b e a lin ea r ('un c ti o n of th e appli ed press ure, 
ca n be elimin a ted by a n a \ 'C rage vo lum e correc ti on o f' 

- 0 .1 3 ± 0 .02 c m 3 (a n es ti ma te based on th e difference 

L i/JellkOl' alld others: [I/slrummls and methods 

b e t\l'ee n press urc m easured in th e course of' th e ca lib ra t

io n a nd a na ly ti ca l p rocedures ) . Adding toge th e r th ese 

difIc rent un cert a in ties, th e to ta l \'o lume co rrec ti o n 8U is 
1.9 ± 0. 1 cm :l . This k ads to Und = Uc + U13 1. 9 cm 3 

w ith a n a l)solute acc uracy of ±0 .25 cm:l . As th e d e nsit y 0 (' 

re frozen ice in th e ex trac ti on ce ll during our ex perim en ts 

was a lways th e sam c as th e d ensity o f pure ice wirhin /1Pi 
= ±0.002 \Ig m :1 , o nc ca n es tim a te, using Equ a ti o ns (4 ) 

a nd (5 ), th e res ult a nt error o f' rh e a ir-sam p le \'o lume is 

f1U/U = ±0.2 cyo . 
Fin a ll y, ta kin g f1T /T::; 0.05%, after ca libra ti o n of 

th e pl a ti n um resis ta nce in th e a lcohol ba th , we can 

calc ula te using Eq ua ti on (6 ) a n O\'era l! erro r f1V IV = 

0.6% for a bso lute a ir-con ten t \'a lu es obta ined using th e 

ne\l' techniqu c . Th e ca lcul a ti o n s m ade by using a n 

o\'C restim<I tin g approach. assu ming /1Y = L I g:, f1xil 
instead 0(' Equ a ti o n (5) wo ul d lead to /1 V/V;::::: 1% . 

EXPERIMENT AL TESTS WITH ICE-CORE 
SAMPLES 

l ee co res li'om t \\'o boreholes drilled in Eas t A nta rc ti ca, 

100 a nd..J.OO km inl andli'om ~Iirn yy Sta ti on ",e rc u sed fo r 
th e ex peri ment a l tes is. The t\l'O ice-co re increm e nts we re 

co llected fro m d cp ths a round 100 m (bo rehok a t 100 km ) 

a nd 124m (..J.OO km ). In tO la l. 22 c ubi c spec im ens o f a ho uf 

25 30 g have bee n p re pa red a ndm easu recllo r a ir co ntent 

using the ne\l' appara tus a nd I I sa mples using th e old 

\'o lum etri c tec hniqu c. Th e ex p e rim enta l results, no t 

co rrected fo r th e c u t- b ubble clfec t. are gi\'en in T a b le I , 
co lumns:3 a nd 4. 

T o es tim ate th e re produ cibilit y o f' th e nc¥\' a n a lv ti ca l 

p roceciurc. th e a ir-cont ent \ 'a lues o bta in ed using th e 

barom et ri c m ethod fo r t\l'O or three sampl es cut fro m th e 
sallle hori zo nta l s li ces ha \'C been co mpa red (sce column 6 

in T a bl e 11. Th e reprodu cib ilit \·, exp ressed as a rel a ti \'C 

dilTc rcn('e be tween max imulTl a nd mea n ",liues fo r th e 

sa m e sli ces, \I 'as 1()lll1ci to be no t \I'o rse th a n ± 10
/ 0 . Th e 

avcrage reproduc ib ili ty is ±0.45% . 
Fo r in te r-ca libra ti o n be t\l'ee n th e two difTe re nt 

<Ina lq ica l techniqu es, tC'n coup les of adj ace nt ice sa mples 

o f' eq ua l sizes c u t It'o lll len hori zo n ta l 3 cm thi ck s li ces o f 

th e ice co rc \l'e re chosen . One sa mple fi'om eac h coupl e 

\I'as meas u red l'l) r a ir co nte nt usin g th e prev io us 
vo lum etri c tec hniqu e a nd th e o th er using th e n e\l' 
barometr ic tec h n iqu e. ,-\pa n fi 'olll a n a bnorm a l case 

(slice 124.3 1m in th e icc co re fi 'om 4·00 km ), whi ch g ives a 
d ifre rence of' 3.7%. th e difTc re nce bct\l'Ce n V va lues 

m eas ured by th e two me th ods vari es from 0 .1 to 1. 7%. 

This ra nge can be ex pl a ined b y e rrors of' ± 1.5 a nd 

± 0 .6% qu o ted ('o r th e \'o lum e tri c a nd ba ro m e tri c 
m e th ods, respect i\'C ly. An a \'C rage \',du C' o f' th e diffe r

ences is cq ua l to 0 .23(Yo \I·hen nin e sli ces a re ta ke n into 

acco unt witho ut sli ce 124.3 1 m ) a nd to +O .I G% {'o r a ll 

s tud ied slices . Th e re fo re, our res ults indi ca te no sys te m
a ti c difTerence b e tween th e two a n a ly ti ca l techniqu es. 

CONCLUSION 

A ne\\' de\'ice based on a baro m et ri c me th od o r a lr

co ntent measure m e nts in po la r ice h as been d es ig n ed fo r 
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Journal 0/ GLacioLog), 

Table 1. R esulls 0/ air-colllml measu/'f/llel/Is * ill Anlmclic ice using l'oLlImelric and barometric lIIelhods 

Drilling sile D e/JII/ 0/ lite slice I'olllmelric mclhod Baromelric lI1ellwd JlJeall llalue RejJroducibiLilj' Diflerel/te belwceII 
bollolll I' , 1'1) 

km m cm 3 g 3 cm g 

2 3 4 

100 100. 12 0. 11 63 0.1160 
0.1 154 

100 100.35 0. 11 62 0.1163 
0.11 73 

100 100. 38 0. 11 51 0.1 140 
0.11 57 
0.1164 

100 100.41 0.1 149 0. 11 64 
0.1164 

100 100.+4 0.1150 0.1167 
0.1 173 

100 100.47 0. 11 33 0.11 33 
0.113 1 

100 100.53 0.11 41 0.1 133 
0.11 39 0.1156 

0.1145 
400 124.3 1 0.0931 0.0890 

0.0905 
400 124.35 0.0888 0.0874 

0.0875 
400 124.58 0.0937 0.0932 

0.0944-

* The results a re nor corrected fo r the efle ct of c ut bubbles. 

field a nd la bo rato ry use, The a bso lute precIsIon o f the 
a na lyt ica l tec hniqu e has been es tim a ted a pri o ri and 
then checked experim entall y to be wirhin ± 0.6 % . An 
a\'Cragc ex perimenta l reproducibi li ty of the n ew m e thod 
is fo und to be b et ter than ±O.5%. The duration or a 
sing le ana lytica l procedure is a b o ut 2 h, i. e. half that of 
th e pre\' io usly used \'olum e tric method. Another 
ach 'a ntage o f the ne\\' de\'ice, in additi on to rh e high 
reli a bility of th e sta inl ess-steel ex traction lin e, is th a t a ll 
hea l th-haza rdous prod UClS (m e rcury a nd phosphoric 
anhydride ac id ) used in the pre\ 'ioLls a ppa ra tus, ha\ 'e 
been elimin a ted. 
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( barometric) ( baromelric ) Ihe two methods 
r" b [r 'h ( l11aX ) ~ 1'\ ] / ( f', ~ ['\ )j 1'\ 

I" b 

3 cm g % % 

5 6 7 

0.1 157 0.3 0.5 

0.1 168 0.4 ~0 . 5 

0.11 54 0.9 0.3 

0. 11 64 0.0 - 1.3 

0.1 170 0.3 ~ 1.7 

0. 11 32 0.1 0.1 

0. 11 45 1.0 - 0.4-

0.0898 0.8 3.7 

0.0874 0.1 1.6 

0.0938 0.6 ~O.I 
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