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On the age vs depth and optical clarity of deep 
the South Pole 

• Ice at 

THE AMAl\DA COLLABOR.\TIOl\* 

ABSTRACT. The first fo ur strings of pho to tubes fo r th e !\).IA:\D,\ hi g h-energy 
neut rino o bsen -a tory a re no\\' frozen in place a t a dep th o f 800 1000 III in ice a t th e 
South Po le , During th e 1995 96 season , as m a n y as six mo re strings will be d epl oyed a t 
g reater d e pths, Provided a bso rption , scattering and refra ctio n o f' \-isible li g ht a rc 
suffi cientl y sm a ll , th e traj ec to ry of a mu o n into \\,hi ch a neutrino conve rts ca n be 
determined b y using th e a rrav of' pho to tubes to meas ure th e arri \'a l tim es or 
C herenko\' li g ht emitted b y th e mu on , T o help in d ec iding on th e d epth fo r 
impla nta ti o n of th e six new strings, we di sc uss models of age vs d epth for So uth Pole 
ice, we es tima te mean free pa ths [or sca tte rin g from bubbl es a nd dust as a fun c ti o n 0(' 
depth and wc aSSL:SS distorti o n o f light pa th s du e to refi-ani on a t crys ta l bound a ri cs a nd 
interfaces be twee n a ir-h vdra te inclusions a nd norm a l ice, \Ve conclude th a t lh e 
illlen 'al 1600 2 100 m 11' (11 be suit a bl y tra nspa rent fo r a future I km :; obsen '<l to ry 
except poss ibl y in a reg io n a fe \l' tens of me te rs thi ck a t a d e pth corres ponding to a 
pea k in th e dust COll ee n tra ti o n a t 60 k yea r HP, 

INTRODUCTION 

\\,i th th e c rea ti on orA~lAND/\ (th e An ta r('li c \llIon a nd 
Neutrin o D e tec to r Arra y) , we hope to o pe n a new 
as tronomi ca l wind ow, using neutrin os in stead of light 
(Lo \l 'Cler a nd o th ers. 199 1; Ba rwick a nd o th e rs. 1992 ), 
The goa l is ro im age th e tra jec to ri es of ul t ra -hig h-energy 
neutrin os crea ted throug h o ut th e U ni\'C rse in \'e ry 
energe ti c processes such as ta ke place in qu asa rs a nd 
o th er Ac ti vc G a lac ti c :\uclei, Because th e con version ra te 
of neutrinos into detecta bl e pa rti cles is ex tremel y small , 
th e obse rvato ry muSt be huge. e\'en tua ll y o f o rde r I km 3 

in \'o lum e , All des ig ns sha re th e sa me id ea : a three­
dim ensio na l a rray or la rge ph oto tubes embedd ed in a 
tra nspa rent medium w ill look down a t th e cone of 
Ch erenk o v lig h t emitt ed b y a n up\l'ard-m m 'ing mu on 
in tO \I,hi ch a high-energy neutrin o is tra nsform ed in 
pass ing up\\'a rd throug h th e Ea rth , :'leas urement o r 
a rri va l tim es o f C herenko \' pho tons a t \'a ri o us pho totubes 
ena bl es th e direc li on o f' the neutrin o to be rcconSlructed, 
[n contras t to o th er techniqu es, \I,hi ch pro pose to build a n 
obsen 'a to ry in a dee p la ke o r the dee p ocea n , a ll or th e 
elec tro ni cs in th e present ve l-s ion of Al\lAl\DA sit on th e 

surrace o r So uth Pole ice a bove ca bles th a t simpl y ca rry 
signa ls [ro m th e pho to tubes, and th e im aging medium is 
esse nti a lly free o r bac kgro und li ght such as th a t du e to 
radioacti vit y o r bio luminescence , 

T o minimize cost, th e strings of pho to lubes should be 

See Appendi x, Th e corresponding a uthor is P, B, Pri ce 
(Ph ysics D epa rtm ent , U ni versity or Califo rni a, Berk­
eley , C a lifo rni a 94720- 7300, U,S, A, ) , 

fa r a pa rt a nd the spac ing of photo lubes on eac h string 
sho uld be la rge , T o redu ce bac kgro und due to d o\\' n­
\\'a rd-direc ted mu o ns erea ted in th e Ea rth' s a tmos ph ere, 
th e array sho uld be buried d ee ph- a nd th e photo tul)e 
spac ing should be la rge in o rd e r to g i\T a lo ng e no ugh 
Ie\T r a rm to de tCl'mine tra jec to ri es \'e ry acc ura teh ' , Our 
res ults [ra m th e firs t four strin gs, w hi ch \I'e re d ep lmTd 
during the 1993 9 c~ drillin g season, showed th a t C her­
enk Ol' li ghl fro m cl o wn\l'a rdmu o ns pro paga ted di(fu sive h ' 
du e to sca lt e rin g ri-o m res idu a l a ir bubbles a t th c d epth 
intel'\ 'a l 800 1000 m where th e p h o totubes we re loca ted 
(Askebjer a nd o th e rs. 1995 ), Lls ing a laser to sc nd pulses 
o rli gh t (5 10 nm ) d own op ti ca l fib e rs to va ri ous d epths, wc 
m eas ured th e di s tribution of a rri\ 'a l tim es a t ph o to tubes 
a t \ 'a rious di s ta nces I'ro m th e em ille r. From th e exce llenl 
fits to a mod el o f' ra ndom wa lk w ith a bsorpti on , \\'e \lT re 
a bl e to de termi ne se pa ra telv th e a bso rp tion leng th ( th e f ­

fo lding di sta nce fo r loss o r ph o to ns a t a pa rti c ul a r 
\I'<1\'e leng th ) a nd th e sca tterin g lengt h (lhe m ea n free 
pa th betwee n sca tte re rs), Th e res ult fo r th e a bso rpli on 
leng th a t 5 10 nm , A"b, =59±3 m , is la rge r th a n th a t o r 
th e clea res t ocean \I'aler a nd ra r large r th a n th e \ 'a lu es 
es tima ted fo r la bo ra to ry ice and [o r La ke Ba ika l. This 

la rge \'a lue of A"bs will permit us ultimately to constru c t a 
ncutrino obsen 'a to ry a t lower cos t th a n we o ri g in a ll y 
cxpec ted , Th e geo m etri ca l sca lte ring le ng lh o n bubbles, 

Almh ' was fo und to be 11 cm a t 800 m a nd to inc rease to 
26 cm a t 1000 m, In o rd er to ta ke m ax imum itch 'a ntage or 
th e inform a ti o n fro m C heren kov walT-fi'O Ill a rri nl llimes, 
wc pla n to im p la nt a ll IlltUIT strin gs of Al\lANDJ\ 
ph o to tubes a t d cpths sulli cicnll y g rca t tha t AIHlh is g rea ter 
th a n a bout 20 m, 

Figure I is a ske tch showing th e loca ti on o r the first 
fo ur A\ ll\i'\DA sl1-ings a nd tlw pro posed loca ti o n of th e 

https://doi.org/10.3189/S0022143000034778 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034778


Journal oJ GLacioLogy 

4 strings, 

deployed 1994 

6 strings, to 

be deployed 1995-96 

o 
ISm 

............. 

Depths 
Om 

1 
T 
800 m 

1000 m 

1 
T 
1540 m 

1720 III 

Fig. 1. The AivlAJlDA high-energy neutrino observat01)1. 
The tot) jour strings are .frozen into the ice at tlte Soutiz 
Pole and are working. The lower six strings wilL be 
depLoyed at a greater depth to be discussed in this /JajJer. 

rem a ining six strings. In this paper wc discuss the fac tors 
tha t must be consid ered in d eciding how d eep to impla nt 
th e remaining six strings . Future pl a ns to proceed to 
construction of a 1 km:l size ne u trin o observa tory wi ll 

d epend on success in deploying these six strings a nd on 
r es ults of measurem ents with the m . 

TIME-SCALE MODEL (AGE VS DEPTH) 

To estimate the dust concentration as a function of depth , 
we require a model of age as a fun c tion of depth for South 
Pole ice. The most important ingredient of such a model is 
the accumu lation ra te as a fun ction of time and distance 
upstream from th e site . Since a lmos t no information on 
accumula tion rate upstream from the South P ole has been 
published , th e re is little point in d eveloping a so phi st­
ica ted ilowline mod el. "Ve start with th e information in 
T a ble I on d ee p cores in ice and on drilling sit es . Th e first 
four rows are for Green land si tes a nd th e las t four a r e for 
Antarct ic sites . The las t row includ es information a bo ut 
the Sou th Pol e si te . No core dee per th an 349 m has been 
obtained at this site. 

Fig ure 2 displ ays age vs d epth obtained fro m refer-
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ences a t th e bo ttom of T a bl e I. Where \'er possible, wc 
selec ted data based on a bso lute d ete rmination of age 
using str a ti graph y (annual laye rs of hi g h a nd low 8 180 
\'a lu es, of elec tri ca l conductivity, of dust or of disso lved 
impuriti es du e, fo r example, to id en tili ablc \'olcani c 
eruptions). In o th e r cases, we followed th e authors in 

. . f , 180 lO B Id ' assoClat lll g patterns 0 U , e a ne ust concentra tlOns 
from co re to cor e with d a ted e\'ents such as the L as t 
Glacia l M ax imu m. T o complete th e pic ture, we selec­
ti\ 'ely used ages based on ice-flow m od els reported b y the 
various a uth ors . In case of a ny di sc repa ncies from one 

a uthor to another , we used th e most recent work or the 
one leas t d epend ent on fl ow mod els. For the Camp 
Century co re, ages est im ated from F our-i er spec Lral 
a na lyses oC 8 1RO profil es a nd comparisons with features 
in the d ee p-sea reco rd differ by a factor ~2 for times 
g rea ter th a n ~ 10 kyear. Various reasons have been g iven 
for th e irreg ul a rities in the Camp Century time-scale nea r 
th e bo ttom of th e co re (Dansgaa rd and o th ers, 1982) . W e 
d ecid ed to includ e only th e da ta for depths more than 
280 m a bo\"c bedrock, for which stra ti g ra ph y is said to be 
acc ura te LO ± 3% (H am mer a nd others, 1978). 
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Fig. 2. Depth as afimctiol1 oJ ageJor various deep cores . 
Curves are meant to guide the eye. Poinls are a sampling oJ 
more extensive dataji-om the references in TabLe 1. 

Fig ure 3 cas ts th e d a ta in Fig ure 2 as a universa l 
fun c tion in wh ich d epth as a function of age is shown 111 

dim e nsionless coordinates . The dimensionlcss tim e is 
d efin ed as t* == ta (t )/ H , where t is the time in years, a 
is th e acc umulation rate ill mete rs of ice (a t d ensity 
0.92 Mg m 3) per year and H is th e ice thickness (m ) to 

bedrock. The dimensionl ess depth is d efin ed as d* == dj H. 
Followin g th e practice of most authors , for tim es 
t < 15 kyear BP we took a( t) to be its ave rage val ue 
during th e Holocene, and for 15::; t ::; 1 10 kyea r BP we 
took aCt) to be a consta nt fraction of its H o loeene va lue. 
For Antarctic sites, the frac tion is ta ken to be 0.75; for 
Green la nd sites the fra c tion is taken to be 0.5. Our 
adopted va lu es of aCt) a re give n in co lumns 7 a nd 8 o f 
T a ble 1. The rat ionale for ass ignin g a sm a ll er va lue to 
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Table /. Data 011 ice cores alld drilLing sites 

Lo(alioll Lllleral lIeighl . h. Delllh . ff . Elevalion S/lIjt/1'e Rert'llt a((um- Accumulalion Bubble.1 f-I rdrale.1 Delllft III 
jlm, , rale rif jloll'-rflle 10 bedrork lem/Jeralure "Ialioll rale raleJor oburI'ed 10 obmwd 10 1J1{l\imllm dust 

Irallsilion /5- 110 k)'ear rli ,a/)/Jear 01 a/JIJe(/r al [ollcentralioll 
Ill' 

III year m 111 111 C In 1('(' yea r 111 111 111 

C'" J1 !, 
C" lllu r), " 3.3 ,,30 1388 1890 - 2+ 0. 38 n. s. > 1388 1100 1200 

\I ilccnt!, 48 I1 .S . 23010 2450 -22 0.33 n. s. n. s . n.s. Il. ~ . 

G IS P 
I» (' 3 ' 12.3 300 2037 2479 - 19,6 O. ,9 0.25 I.jo1O 1092 n.s. 

G IS P 
SUllllllil d 0 1200 3029 3238 32 0.23 0. 12 1330 I1 .S . n. s. 

Byrd 
Slal io Jl 

,. 
12.8 216.J 1520 27.9 0.13 0.1 1100 727 1150 

\ 'os lok 
Slal io n i' 3 ·tOO 3700 30188 35.6 0.024 0.018 1250 500 420 

D O I11 (, C " 0 3700 3240 53.5 0.037 0.028 > 800 n.s. 600 
Soulh Pole 8 101> 4-00- 8001> 2900 2835 - 51 (l.073 i 0.055 > 1000; predi cl predi ct 

predict ~500 ~1000 

~ 1 450 

a. Dansll,'a a rd ancl .J ohmen 1969: Dansgaarcl a nd olhns 1982: H ammCl' and olh 'T' 1978. 
h. H ammC1" and olhers 1978 
c. Da h1 -J ensen and .Jo hnsen 1986: D"Il)?;aarcl ancl olhe r, 1982. 
cl. SC hOll and ol hers 1992 ); D ah 1-J ensc JI 1989 ,; Damgaarcl and o lher, 1993. 
c. Robi n 1983: I.ori u, and olhe rs 198·1 

Ri ll. 1989 1; Lorius and o lhers 1985 1; .J oLll.ei a nd ol hers 1993; De .\ngc·1is an cl olhers 198-1'1 . 
g. I.o ri ,,, and ol hers 1979 1: Pe li l a nd olhers 198 1). 
h . Koe i (pnso na l comm uni cat io n . 1994 1. 
i. \I os k y-Tho lll pson an cl Th o1l1pson 11982 : G iOl' ine l lo ( 196'tr: You nli and ol h(,r, 1982 1. 

aCt) during th e pe ri od 15 11 0 kyea r BP is th at la rge pa rts 
o r th e tim e-sca les g i\'en in th e references a rc based on ice­

nO\l' m odel s fo r \I 'hi ch th e au th ors \ with just ifi ca ti o n ) 

ass ulll ed a sm a ll er \'a lue o r a(t) during th a t peri od. This 

ap proac h shou ld be m os t successful fo r sites nea r ice 
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Fig . 3. Cllil'ersa{ cu rve oJ dimen sion{en de/Jilt L'J 

dimension/ess age . w ilh a( t ) = sle/) jilll cl iOIl, rNll/ced al 

15 100 k)!e(l} HI' (see lo.t ) , 

d i\ 'ides, fo r w hi ch th e ho ri zo n ta l nOli" ra te is sm a ll. 

R ece ntl y. m o re so phisti ca ted m od els halT been used , in 
\I'hi ch th e accu mul a ti on ra te has bee n ta ken as contin ­

uously \'a rying in a lI"ay th a t can be infe rred fro m th e IHO 
reco rd o r th e lO Be record less th e sp ikes . S in ce su ch d a ta 

a rc no t a \'a il a blc fo r South P o le ice, \l'e ha \'e cont ented 

ourse hTs w ith th e simpler a pproach using step-fun cti on 
\ a lues as d esc ribed a bo\'(' , Fo r th e South Po le site , w ith its 

la rge ho ri zo n ta l no\l' ra te, th e acc umula ti o n ra te I~l r 

ups trea m fro m w hi ch th e d ee p ice o ri gin a ted is so m e\\'h a t 

sma ll er th a n ass um ed in o ur simple mod e l ( pe rso na l 

comm uni ca ti o n fro m E, .\los ley-Thompso n , I 99'~ ) . T o 
CO n\T\' a n id ea o f th e unce rta int y, \I 'e \I·ill prese nt three 

age \'s d epth c url'cs fo r th c So uth Pole, one of \\'hi eh 
(i\fclnnes a nd R ad ok, 1984) is based on unreali s ti ca lh-

1011" upstrea m acc umulation ra tcs . 

Ana ly ti ca l ice-nolV Ill od e ls o f age vs d e pth hcl\ 'e 
evo lved fi 'o m w ork by :"J ye ( 1963 ), \V ee rtma n ( 1968 ) 
a nd D a nsgaa rd a nd J ohnse n ( 1969). On th e ass umption 

o r a co nsta nt ve rti ca l stra in rate \\'ith d epth , N ye ( 1963 ) 
found th e simpl e d epend ence o f d epth on age 

cl = H (l - cxp(-at / H )) (1) 

\I 'here a = co nsta nt. In th e dim e nsion\css I'(:['s io n 

cl' = 1 - cxp ( -t') o (2) 

\ ,Io re re fin ed m odels ta ke into acco unt th e va ria tion of 

ho ri zo nla l now ra te, \'e rti ca l stra in ra te a nd temperature 

wit h depth ; th e de pencl ence of" ice pl as ti c ity o n tempcr­
a ture a nd c r ys ta l tex ture; th e tempera ture a t th e ice-
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bed roc k interface; th e 0 0 1\' pat hs o f ice from th e surface a t 
n lrio us ti mes in the pas t to its p rese n t d epth , w hic h 
d epends on facLOrs such as the d ista nce of the core from an 
ice dil'ide; the va ri a ti o n of acc umul a ti on ra te upstrea m as 
a fun ction of tim e a nd of the pos itio n from which th e ice 
o ri g in a ted; th e slo pe of the bed roc k; a nd the slo pe at th e 
surface . Litt le of this info rm a ti o n is al'a il ab le fo r th e 
So uth Pole site . 

The unil 'Crsa l curve in Figure 3 is for Equa ti o n (2). 
Onc secs th a t fo r I"<l lues of reduced d ep th d* grea te r tha n 
abo ut 0 .5 the sca ll er becomes la rge. W ith the unil 'ersa l 
cunT as inpu t. th e so lid cun'e in Fig ure 4 shows o ur 
pred ie ti on of the age \·s dep th for th e Sou th Pole. The bes t 
di rect measurem ents give quite co nsistent va lu es of 
accu mu la ti on ra te for recent times: a = 0.074 m yea r 1 

fro m a nn ua l d ust layers ex tendi ng bac k to i\ D 1590 
(pe rso na l communica ti on from E. :'Ios lcy-Tho mpson. 
1991·) , a = 0.0 72 m year 1 based o n visible stra ti g ra ph y in 
a n in clined snow min e [or th (' pe ri od AD 1950- 1770 
(G iO\' in etto, 1964), a nd 0.0073 m yea r 1 based on a sta ke 
ne t\\'o rk and be ta -ac ti \' it y meas urements O\'e r mu ch of 
A nta rc ti ca (Young a nd others, 1982 ) . T he cun'e in Fig ure 
4 la beled ··A:' IA.\"DA model" is fo r a(t) = 0.073 m yea r 1 

bac k LO 15 kyea r BP a nd 0.055 m yea r 1 before 15 kyea I' BP. 
On e a tt empt to predi ct age vs d epth fo r ice a t th e 

So uth Pole has been publi shed (.\JcInnes and R a d o k, 
1 98 L~ ) . The lower cun'e in Fig ure 4 shows their m od el, 
w h ich agrees wi th o urs a t d epth s d ow n to ~ 1300 m, 
corres ponding to a n age of ~33 kyea rBP. For g rea te r 
d epths thev inferred a much mo re ra pid increase in age 
with d ep th th an we d o, beca use they ass umed a n a brupt 
d ec rease in acc umul a ti on ra te fro m ~0.088 m yea r 1 a t 
th e So uth Pole LO a consta nt \'a lu e o f ~0.02 m yea r 1 fo r 
ice more th an ~ 100 km upst rea m , w hi ch reaches the 
So uth Pole a t times g rea ter th a n ~30 kyearBP. ~Ios l ey ­

Th o mpson's recent m easurements of acc umula tion r a te a t 
Pl a teau R emo te, near the Pole of R ela ti ve In accessibility, 

2500 

~ 2000 ~ 

5 
-S 1500 
0.. .., 

Cl 

AMANDA model 

4104 8 10' 1.2 105 1.6 105 

Age (year BF') 

Fig. 4. M odels qJ dejJ/1! as ajllnclion oj agejor South Pole 
ice. The IJ.\ / ;L\ D A model ijjor a = 0.073m)'Ulr I since 
15k)'NlIBP and a = 0.055m)'em· I be/ore /5kyear BP. 
LOtees/ curve is the jlowlille model oj JIle/llnes and Radok 
( 1984). /,,/ermediate ClIrlle is based on values oj a(t) ]rom 
Giovinello . Irregular ClIrve is dlls/ fluI a/ ['os/ok ajier 
smoo/hing 11)1 a cubic spline jUllction ( Pe/it and o/hers, 
1990). Tlte scale jor dlls/ is lillear, wi/It /he largest jJeak 
corresjJonding 10 7.3 x /0 7 C/11)lem' I (which call be 
conver/ed into uniLs 0/ g cm 2)'far I b)' ll1ultijJ[J'ing /J..JI 

densi£)I) . 

448 

ga\'e valu es abo ut twice as la rge as ass um ed by \lc Tnn es 
a nd R a d o k (1984·) . G io \·inetto (persona l comm unica ti on , 
1995 ) h as recent ly es tim a ted ups tream \ 'alues that a re 
about 1.6 2 times as la rge as th ose of '\1cInnes a nd 
R adok. Th e middle c urve in Fig ure 4 g i\'es Gi O\' inetto's 
estim a tes, which we a d op t. 

The irregul a r curve a lo ng th e a bsc issa g i\'es th e dust 
flu x a t th e South Po le in a rbitra ry units as a fun cti on o f 
lime, inferred from m eas u re ments mad e o n a n ice co re a t 
Vos to k S ta tion (see la ter sec ti on for di scussio n ). 

DEPTH-DEPENDENCE OF SCATTERING FROM 
BUBBLES 

A qu a ntit y of vita l conce rn to th e AMAND A proj ec t is 
th e d epth-d epend ence o f A bub, th e mean free pa th fo r 
sca t te ring of th e visib le co mponent of Ch erenkov 
radiat io n ofT of air bubbles. For smoo th sph eri ca l bubb les 
of r.m.s. radius.,. a nd number concen tration 11" A IJlIb = 

(1771-.,.2) - 1. F or pu rposes of di scussion, th e pola r ice ca n be 
di \· id ed in to three d epth regimes: at d epths sba llower 
th a n the close-oIT dep th ( ty pi call y ~60 m ), th e firn is 
porous to a ir. At il1lermedia te d epths, bubbles exist a t a n 
approx im a tely consta nt number concentra tion and with 
mea n bubbl e \'o lum e th a t d ec reases as h ydros ta ti c 
pressure in creases . At g rea t depths, bubbles transform 
into a m o re sta ble ph ase co nsisting of a ir-h ydra te crys ta ls. 

Bubbles a re formed a t th e " close-o fT" d epth a t which 
the Gm ch anges in to ice. T he l olume fraction of air 
trapped in th e ice at po re c lose-o fT, 11<:., l S g l\ 'C n 
ex perimentally (R ay na ud a nd Lebe l, 1979) by 

V<:(em:3 
g - l of ice) = (2 x 10 1 - 0.015/T (K)) P (mbar) . 

(3) 

11,. d epe nds on a tmos ph e ri c press ure a nd thus on altitud e 
a t th e tim e o f c l osc - o rr~ a nd d e pe nds weakl y o n 
tempera ture. For V os to k S ta ti on, 11<:. = 0 .084 cm3 g I, 

whe reas for Byrd S ta ti o n , a t a n a ltiLUde nea rl y 2000 m 
lower th a n \' ostok S ta ti o n , If,.=0 .1I 4cm 3 g I . Th e 
Sou th Pole, with a n a ltitud e in te rmedia te betwce n 
\'os tok a nd Byrd S ta ti o ns, wo uld ha \'e a n interm edi a te 
",d ue o f 11,. . 

A t Z(" the ice-equi\ 'a lent dep th fo r pore close-o IT, 
pVc/n = 47f1·3 /3. ifa llth e gas is in bubb les (w here p = mass 
de nsity) . The number concentra tion a t pore close-off 
depe nds o n tempera ture, d ust concentra tio n a nd o th er 
clim a tic fac tors, but is ro ug hl y simila r for V ostok a nd 
Byrd Sta ti ons, th e two co res on whi ch d e ta il ed studi es 
ha\'e been mad e of bubb les. Since the ice d ensity is 
roug hl y consta nt be low th e rirn laye r a nd the ice 
tem pera ture does no t c h a nge muc h in th e first 1000 m , 
the perfec t gas law leads to exp re sions fo r the depth­
depend ence of the r. m .S. bubble radius 

T = (3P\ZZc ) k 
47rnz 

(4) 

and of 1 / Abub 

(5) 
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Th e- la Lte r is shO\l'n b y th e so lid cu n T in Fig ure- 5. Th e 

fi g ure also sh ows d a ta lo r 1/ Aim" a l BYI'd Sl a ti o n , \ 'osto k 

Sta ti o n a nd th e South P o le. d eri\ 'ed tro m m easurern e- nts 

by Go\\' a nd \\'illi a m son ( 1975 ) on a BYI'd S ta ti o n co re, 

by Ba rk o \ ' a nd Li pen ko \ ' ( 1 98L~ ) on a \' os to k S tat ion co re 

a nd o n lase r ca libra ti o n d a ta in situ b v th e A\IA:\DA 
co ll a bo ra ti o n (Askebjer a nd o th ers, 1995 ) . Th e t\l'O sets of 

tri a ng ula r sy mbo ls to r th e A\L\~DA m eas ure ments a re 

pu t in to re mind th e read e r th at th e- sca tte ring leng th 

interred trom the da ta de p ends on th e a n g ul a r d ist ribu­

ti on o[ sca tte red li ght: th e 10 \1'( 1' tri a ng les co rres pond to 

lh e ass umpli on ot iso tro pi c scatterin g [ro m b ubbl es with 

ro ug h sur[aces (w hi ch mi g ht co m e a bo ut , f()r example, if 

a ir-h ydra te c r ys ta ls \I 'er e n ucleat ing at \'a ri o us po in ts on 

th e sur faces ) a nd th e u pper lr ia ngles cor respond to the 

assumption ot fonl'a rd - peaked scal lering fi'om smoo lh 

spheri ca l bubbles. (Th e tru e \'a lu es sho ul d li e some\l'he r e­

in be twee n. ) Th e CUlye in Fi g ure 5 is n o r ma li zed to lh e 

d a ta at d e p t hs less th a n 700 m b y choos ing z,. = 60 m . Cl 

typica l d e p t h fo r pore close-o fI'. a nd a dj us ting th e bub b le 

conce n tra t io n a t th a t d e pth . 

0. 1 
....... "'.:. ,6ll & 

hydro~lalic 
pressure 

~ Vostok / .~ 
E phase t::. '." 

~ 0.0 1 
transi tion /::,6.>-; AMAN DA t.' , prediction 

.0 

cl ~::.', / .. , 
Byrd phase '':'. ' 

0.00 1 IranSll lQn - __ :~.: . '. ' 

\ 

0.000 1 L.....~c....L-'--'-........J~~....L~.......J_~..L..~~~~..L.., ...!.\,c...W 

o 200 400 600 800 1000 1200 1400 1600 

Deplh (m) 

F/~E; . 5. /ill'me ,\rallerillg let/gilt as a//III(lioll oI de/!lhJor 
air bllbbleJ. The dala Ior /3..J'rd Slalioll and r ·o.l/ok Slalioll 
ll'ere lakm .from micros(o/Jir mea,llIrl'lIlfllls qf bubbll',\ ill 
(ores. T lte ; 1,11.1. \ DA dala/ilr Iltl' So 11 lit Pole were based 
all IlgM seal/aillg 0/ laser /)111.1'1' .( ill silu. Tlte solid (//1'1'1' 

shows lite dJi'cl 0/ /~J'droslali( /m.lwrl' Oil bllbble si::,es, 
assumillg all oJ lite air is IrajJfJed ill bubbles. Tlte dashed 
r/llTe sit01('S lite mlflllaled rit'/Jelldl'll{f 011 de/!11t dill' 10 
rOIll'er.l'1011 qj' bubbles i!llo air-/{J'drale (I),slaf.l ( Prire, 
(995). 

Al d e pths tro lll 100 m lo nearil' 700 m , th e d a ta fo r 

BYI'd a nd V os lo k Sta ti o n s to ll oll' th e h yd ros ta ti c-p ress ure 

cunT ra rh e r we ll. At g rea te r d epths, th e in vc rse sca u erin g 

le ng th d ec reases IT ry r a pi d ly lI'ilh cl e p th , d ue lO Cl 

d ecrease ill 11 broug h t a bo ul b\' a p hase tra nsi li o n . 1\ 

q ua n ti ta ti \ '1" d ifTLlsio l1-g ro \\'l h ll1 0del to r l h e cO Il\T rsion or 

bubbles into a ir-h yd ra te crys ta ls (Pri ee, 1995 ) bo th fits 

th e d a ta fo r 1 / ), lmiJ as a fun c ti o n ot d e pth a t \' os lo k a nd 

Byrd S ta ti o ns a nd predi e ts th e d Tec li w di sappea ra nce 0 [' 

bubbles a t a de plh of ,...., 1450 Il1 in SO Ul h P ole ice. Th e 

dOlled CLIr\'es in Fig ure 5 sho\l' th e r es ults ot lh a t 

ca lcul a ti o n Jo r V oslO k a n d B yrd S ta ti o ns a nd th e d as hed 

c une sholl's th e predi ction fo r th e Sou th Pole. In the neX l 

sec tion, wc di sc uss furth er th e p h ase lra nsiti o n fro m the 

two-ph ase sys te m (ice + bubbles) in to th e t\ol' o -ph ase 

syste ll1 (ice + a ir h yd rale ) . 

CONVERSION OF BUBBLES TO AIR-HYDRATE 
CRYSTALS 

\1ill er 1969 ) firsl sho\l'Cd th a r. at su ffic ie ntl \' hig h 

pressu re. th e sys tem (a ir b u bbles + ice ) becomes un­

sta ble aga in st th e transforma ti on in to a lll'o-ph ase svs tem 

consistin g o f norm a l ice + Cl'vs lal s o t th e c u bic cl a thra le 

ice- st ru c l u re in \I'hi ch O 2 a n d N2 molec ul es oec u p)' it 

fract ion of' th e cl ath ra le cages ex peri me nl a ll y. a bo ul 

80°;;, ). I n Fi gure 6, the das hed cunTS \7\l iller, 1969 ) g ilT 

rhe d issociat ion pressures as a fUll c ti on ot ice te mpe ra lure 

(o r nilroge n h yd ra le a nd "air h ydra te". \\,ithin th e 

h a tched reg io n be lween the two c urves. bo th b ubbles a nd 

lwd ra le crystals shou ld coex is t. On the sall1e g ra ph , \IT 

5hO\I' the lempera lu re as a fun c ti o n ot d ep lh fo r sOll1e 

co res fo r II' hi c h e i lher ll1 easure m e nts o r ca lcul a ti o ns ex ist. 

The pro file a l th e South Po le is b ased on a m odel with T 
(ixed a t 50 'C at th e surface a nd a l th e press ure-m e ll in g 

tem pera ture a l bedrock. Se\'C' n mo n ths arle r co mplelion 

or hOl- \l'a le r d rilling, lell1 pe ra tures measu red a l 800 
1000 III wit h t h erm islo rs im iJed d ed durin g th e A J\I A .'JD.\ 
o pera ti on h a d cl ro p ped lO w ithin ~0.3 C o f rh c m od el 

tcm pera l LI res. 

\\' ith po la ri zed li ght , a ir-h ydrate cn'sLa ls h a \ 'C bee n 

o bsenTd in a num be r o [' co rc sect io ns. Sho ji a nd L a ngwa\' 

11982 . 1987 ) s t udied a ir-h ydra le crysta ls in COlTS from 

D ye 3, Camp Ce nlury a nd B y rd Sl a li on . lic hid a a nd 

o lh ers ( 1994·a ) recen tl y ma d e q u a nli ta li \T m eas ure m e nts 

ot size. shape a nd co ncentratio n 0 [' slI ch c rys ta ls as a 

fu nct io n of' d eplh in \ 'os lok Stal io n core's. In Fig ure 6 \IT 

1500 

~ 

g 
..c 1000 
0.. 
Q) 

0 

500 

Tempera ture (0 Cl 

Fig . 6. Telll/Jnalllre /1I~/ifl' .1 ./il/' sflwral sile,\ ill Creel/lalld 
alld . llIlarrlita . cOllljJared 1( 'ilh /Jre,\,l'lIre-riissorialioll 
equifibria ( (oll 1'erled 10 dl'/Jllts ) Jar lIilrogetl c!allzrale.\ 
and air (. \ ~ + O2) /!)'drall's. I II lite halched regioll. bollt 
bllbble,\ alld /~J'{lrale o),slaf.l shollld conisl . Tlte solid 
IriallcE;II's illdimle dl'/!I!t.r al whirh air- /~l'drale CI)'slaLs are 
jinl obJel'1'ed 10 a/J/Jear: Ihe solid squart'.r illdirale de/Jlhs al 
ll,hidl air bubble.r hm'e I'OIIl/Jle le~r disa/!jJeared. Arrows al 
solid sqllare.lIor Dome C alld Cam/J Cenll)' illdimle lou 'er 
filllils 011 de/Jilts Ior di,\a/J/)('aIIlI7ce of bllbble.1. 
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have indicated on th e depth vs temperatu re curves the 
d epths a t whic h a ir-h yd ra te crys ta ls first a ppea r, as we ll 
as th e depths at wh ich air bubbles are no longe r present. 
Shoji and Langway (1987 ) pointed o ut that the d epth at 
w hi ch air-h ydrate crystals first a ppea r agrees reaso na bly 
we ll with th e d epths co rrespond ing to the dissoc ia tion 
press ures calc ulated fo r air hydra te by \ !f ill er (1969 ) . To 
ex plain why air-h yd ra te crysta ls a re found a t d e pths 
abo ut 100 m abo l'e the depth co rrespond ing to the 
equilibrium-ph ase boundary a t Byrd Station (sce our 
Fig u re 6), Craig a nd others (1993 ) poin ted ou t that th e 
hydra te crys ta ls h ad probably formed at a greater d e pth 
just upstrea m of BYI'd Sta ti o n a nd had rem a ined 
me tas table foll owing ve rtica l advec tion of ice through 
th e local phase-bo und ary depth on the way to their 
present locatio n at Byrd Stat ion. Th e ad\ 'ectio n is 
a llributed to la rge-sca le irregu la rities in the topography 
of th e bedrock. Since th e bedrock topogra ph y upstream o[ 
the South Pole would not give ri se to such upwelling , \\'e 
predict th at a ir h yd ra tes will a ppea r in inc reasing 
concentrat ion a t d epths exceeding ~500 m at the So uth 
P o le. 

Price ( 1995 ) sh owed that the broad transition zo ne in 
d epth [or coexistence of both bubbles and air-h yd rate 
crys ta ls in ice co res was not due to a nuclea tion barrier 
but rat her to the slowness of diffusion of water molecules 
through a sph eri ca l shell of air-h ydra te crysta l forming on 
bubble wall s. Hi s model exploited the fact th a t, whereas 
th e ac tiva ti on energy for diffusio n through norm a l ice is 
o nl y 0.57 eV, th e acti\'ation energy for difrusion through 
a ir hydrate is mu ch higher, 0. 9 eV (Uch ida a nd o th ers, 
1994b), wh.ich is able to acco unt fo r the vt' ry slow growth 
ra te of a ir-h ydra te crystals. 

In T a bl e I , co lumn 9 gi\'es the d epths a t w hi ch air 
bubbles in va ri o us co res a re no longer seen. Th e same 
d a ta a rc di splayed in Figure 6. For th e South Pole site, we 
a d op t the diffusion model th a t predicts essentia lly 
complete conve rsio n of bubbles into a ir-h ydra te c rys tals 
a t d epths grea ter th a n 1450 m. 

PAR TICLE-SCA TTERING CENTERS AS A 
FUNCTION OF DEPTH 

Ins oluble iItlpurities 

In the a bsence of bubbles, inso lu ble dust pa rticl es with 
di a meters ",0. 1 -~ I 0 pm proba bl y ma ke the most im­
pOl"tant contribution to sca ttering of visible light in the 
ice . The concentration of dust a nd soluble impuriti es in 
th e ice has been shown to be d irec tl y rela ted to the 
co ncen tra tion of a tmos ph eri c ae roso ls. For insol u ble 
pa nicles, th e size d istribution is log norm al, with typi cal 
mod a l di ame ter ra ng ing from 0.5 (in Dome C; R oyer a nd 
others, 1983) to 0.6,um (in Vostok Sta ti on; D e Angelis 
and oth ers, 1984) . The dust co ncen tra ti on in ice co res 
shows both a n a nnua l variation a nd a long-term a nti­
correla tion with th e tempera lUre infCrred from (5

IBO 
m eas urements. For example, as seen in T able 2, a ll deep 
co res show a n inc rease in dust concentrat ion at depths 
corres ponding to th e Las t G lac ia l M ax imum (LGM ) ~ 
by one order of m agn itude for Antarcti ca and by two 
orders of magnitud e for Green la nd . Th e vert ical du st flu x 
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Table 2. Dusl concentraLiol1 in cores aL deplhs for 
Holocene, LGJH and 40 kyear BP ( IIniLs are particles mr 
I with 0.65 :s; diam. :s; 0.82,um ) 

L OCfl lioll IloloWIf I .G. lf ';0 k)'NII' BP Referencet 

Camp Century 2400 2 X 105 "lot studi ed a 
Summ it I x 10' )iot sludied :\01 sludied b 

Byrd S la lion 1000 I x 10 ' 1500m l ' a 
Dome C +200 7 x 10 ' 1.1 X 10" c 
\ 'ostok Stat ion 5550 5.5 x 10 ' 1.5 X 10 ' d 
Soutb Pole Station 1+50 Prediet Predict e 

1.9 X 10 ' 3350 

:\I easurcment made nea r bottom or core. at ~30 kyear~ p. 

a . Th ompsoll 19 77 : b. Palai s a nd others 1992 ; c. Petit and others 
( 1981 ); d. Dc .\ngelis and o thers ( 198+1; Petit a nd otbers 1990; e. 
Gaylcy and Ram ( 1985 ) ; :V[osley-Thompson (personal comm unic­
a tion. 199+). 

increases as globa l tem pera t u re decreases , both beca use of 
increased continenta l aridity and beca use of higher wind 
\'Cloci ty . (T he flux is roug hl y proporti on al to th e dese rt 
a rea of nea rby continents and to th e cube of wind 
I·elocity .) For a gil 'en a nnual dust flu x, th e concentration 
deposi ted in ice is in versely proportiona l to snow­
acc umul a ti on ra te a nd is roughly constant for th e entire 
Antarc ti c continent (P e tit and others, 1990) . 

In Fig ure 4, the irregular cun'C shows the dust flux as 
a fun c ti o n of ti me a t Vostok Statio n inferred from 
measurements on a n ice co rc (Petit a nd others, 1990 ) . 
By comparing this curve with thc model s of age \'s depth 
on th e sa me grap h, wc obtain es tima tes of the dep ths at 
th e South Pole a t whi ch m ax ima and minima in th e du st 
concentra tion occur. (To convert from flu x to concentra ­
tion, diyid e by accu mulati on rate. ) For example, each of 
th e models predi cts that the larges t peak, corresponding 
to the L as t Glacia l M aximu m, \I·ill be found at a dep th of 
", IOOOm. Th e next m ax imum, a t ~60k )'earBP , is 
pred icted to occu r a t ~ 1700 m wit h the Giovinello model. 

T a kin g togethe r the req uirements th at a ll bubbles 
must h ave cOI1\ 'erted into a ir-hydrate crys tals (which 
di cta tes th a t the detectors be deeper than 1450 m), th a t 
dep ths w ith high dust con centration be avo ided and tha t 
depths of large horizon tal shear ( > 2 100 m) be avoided , 
the Giovinetto model lead s to the fo llow ing constraints: 

Strings instrumented ove r a I'erti ca l distance of 200 m 
co uld be deployed in th e depth inte rval rv 1400 to 
1600 m between the 18 a nd 60 kyear dust peaks , or 

strings instrum ented over a verti ca l distance of 300 m 
could be deployed in th e depth inte rval rv 1800 to 
~2 1 00 m between the 60 and 160 kyea r dust peaks. 

'vVe must, howeve r , a llow for an uncertainty of a t leas t 
100- 200 m in th e loca tio n of the 60 kyear dust peak. 
Wh en wc d rill th e holes for the six d eeper A~/[ANDA 

strings, we inte nd to use the pulsed laser technique to 
meas ure the scatte ring m ean free path Ascat as a fun cti on 
of d epth throughout th e region of in terest from 1450 to 
2 100 m. In ord er to optimi ze the ve rti ca l location of the 
phototubes on the six strings , we must determine th e 
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d epth of th e 60 kyca rBP du st p eak " 'hil e drilling th e first 

ho le. i\s th e AIV[i\i\DA obse rva to ry ex pa nd s beyond th e 

se t of ten st rings em'isaged in Figure I, addi ti o n a l strings 

will be impla nted so as to a\'o id th f' du st peak. 

\ Ve next est imate the m ean free pat h fo r li g ht 

sca llerin g from dust a t th e South Pole for the m aximum 

a nd minimum \'a lues of th e dust co ncentrat io n . \\'e use 

d a ta co ll ec ted in T a ble 2, which gi\'es our es t imates of th e 

dust concentrations in va ri o us co res a t depths co rres pond­

ing LO three tim es: th e Ho locene (from the present back LO 

~ 13 kyea r BP ) , fo r which th e dust co ncentratio n h as been 

ro ug h I y co n s tan t a nd qui te lo\\'; the L as t Glacial 

\laximum , a t ~ 18 kyea r BP; a nd a time ~40 kvear BP. 

tvpica l of th e reg io n of minim a l dust concentra t io n. D a ta 

a t th e South P o le ex ist o n ly fo r a d ep th o f 100- 349 m 

(personal co mm unication fi'om E. i\I osley-Thompso n, 

1994) . T o predict th e co nce ntra ti on at +OkyearBP atthc 

South Pole, we no te that the rat io of th e concentration a t 

40 k)'ea r BP a nd during th e H o locene is '" 1. 5 f(-Jr Byrd 

Station , 2.6 for D ome C a nd 2.9 for Vostok Station. "'c 
ass um e that th e a\'e rage o f these three \'a lues, a f ~ICl o r 2.3, 

ho ld s a t th e South Po le. i'\o tin g th a t th e ra ti o 0 [' 

conce lllra li o ns a t th e LG \I and during th e H o loccne is 

10, 17 a nd 12 for Byrd Station. D ome C a nd V os tok 

Station, res p ec ti ve ly, we a d o pt a facLO r '" 13 fo r th e South 

Po le . Our predictions a ppea r in rol\' 6 of T able 2. 

W e es tim a te the mean free path for li g ht sca ttering 

fro m dust in two ways. Th e m o re d irec t app roac h uses th e 

d ata in T a b le 3 on the diameter di stribut io n of du st 

measured in a n ice core in th e depth in ten'a l 100 349m 

a t the So uth Po le. (:'~o d ee p c r co re h as ye t becn 

o btained .) Column 2 gi\TS th e numbers o f pa nicl es per 

m l an d co lumn 3 g i\ 'es th e to ta l cross-sec ti o na l area per 

ml ass uming 7r1'2 per panicle . Summing the entries g i\TS 

7 x 10 1 pa rti c les I\'ith di a m e te r > 0.1 pm a nd to ta l (TOSS­

sectiona l area m l 1 of 7 x 10:; cm I. (Fo r a log-no rm a l 

size distribution pea ked at 0.5 Jlm . th e a rea m l 1 belol\' 

0 .1 {tm (Gayley a nd Ra m, 1985 ) is neglig ible and th e a rea 

m l 1 a bOl'e 2,am (perso n a l commun ica ti o n fro m E. 
:'Iosley-Th o mpso n, 1994) is as g i\ 'e n in T ab le 3. ) Th e 

recip roca l of the lallcrquantit y is A"'''I, wh ic h is sec n LO be 
", 140 m. Assum ing th a tlh e rcl a ti\'e co ncentrat io ns in th e 

T able 3. Si~f distriblltioll ~/ dust ill a SOllth Pale core at 
de/11ft 01 100 349111 

Diameter 
Ilm 

0 . 1 0.4 

O. c~ 0.8 

0.8 1 1.0 

1.01 1.25 

1. 26 1. 59 

1.6 2 .0 

>2 .0 

:::: 0. 1 

:\'0 . ml 1* 

6 x 10+ 

8200 

885 

578 

34·3 

190 

235 

7 x 10 1 

Area ml 1 

I .7 x 10 5 cm 1 

2 x 10 .'> 

6 x 10 () 
6 x 10 I; 

5.5 x l OG 
5 x 10 (j 

1. 2 x 10 5 

7 x 10 5 

G ay le), a nd R a m ( 1985 ) ; Mosley-Th ompso n (persona l 

commun ica tio n , 1994) . 

diffe re nt di a m e te r intel'l'a ls d o no t c h a n ge with depth, \\'e 

ca n scale the m ean free pa th to different times, leading lo 

th e prediction th a t Asc<l1 ~ 11 m a t thc Las t G lac ia l 

l\ Jax imum a nd Ascal ~ 60 m a t a d e pth co rres po nding LO 
40 kyca r BP. 

Th e second ap proach is based o n th e stud y of lig ht 

sca lt e ring a nd a bso rpti on bv du st susp e nd ed in a D ome C 

core . R oyer a nd others ( 1983 ) used a go ni oneph e lo m e ter 

to m eas ure th e inte nsity of lig ht a t 546 nm sca tte red at 

ang les from 15 u to 150 in freshl y melted ice. L'sing 1\ l ie 

th co ry to lit th e angu la r dis tribut io n of sca ttered lig ht , 

th e)' deri\Td average \ 'a lu es 0 [' th c sca tterin g coe fli c ie nt 

b = 3.+6 ± 0.2 x 10 2 m 1 for H o locene sam ples, b = 
10 ± 2.5 x 10 '2 m 1 fo r LG \I sam ples a nd ",5 x 10 2 

m 1 [or samples n ea r th e bOLL om o f the co re (co rrespo nd­

ing to ",30 kyca r BP ) . From th ese rcs ults , \\'C infer a mean 

free pa th A,ral = 20 m for dust nea r th e bo ttom of th e co re 

at D o m e C. Sca li ng with acc umu la tio n ra te, we infer 

A"'''1=40111 fo r dust at 1500 111 a t th e South Pole. 
Comparison of thi s rcsu lt \\'ith that o hta ined by th e first 

approac h provid es a n indi ca ti o n o f th e un ccrt a inly in the 

v<1 1 uc o f As('al ' 

Soluble iInpurities 

Studics of the paleoc hemistry ofdecp Antarc ti c cor es h mT 

sh ow ll th a t th e ma ss in so lubl e impurit ies was compara b le 

to o r e \'en grea te r th a n th e mass in in so lubl e impuriti es 

( R o)'CI' and ot he rs, 1983; De . \ nge l is a nd ot hers, 1984; 

Lq~ra nd a nd o th e rs, 1988 . S in ce the so lub le impurities 

might halT remained int ac t until c h em istry was don e o n 

melt ed co re samples, \\T di s(, uss to what ex tent th ey 

lI'ould contribute lO lig ht sca tt er ing in deep ice . The 

con (,(, lltra ti on ofso lublc impuriti es in recen t ice a t V os to k 

Stati o n (Legra nd and others, 19(8 ) is a bouttlVice as g rea t 

as in recent icc taken from a 130 m South Po le co re 

(Kirc hner and Dclm as, 1988 1. \\·c use this rac to r 2 LO 

sca le co ncentra ti o n s o f \ 'a ri ous so luble impuriti es fro m 

Vostok Station to the South Pole a t 40 kyea r BI'. " 'e 

g ro up so lubl e impuriti es in tll'O classes th ose th a t 

re m a in liquid a t a temperat ure '" ~5 LO 50 C pe rt ine nt 

to South Po le ice (co mpri sing s u ll'uri c. n itr ic a nd 

h yd roc hloric ac id ) and those (m a in ly "IaC I) that arc 

so lid a t th ose tcmperatures. 

The ac ids a rc tra nsported to the South Pole m a in ly as 

hydra ted sub-mi cron droplets . During compaClio n a nd 

g ra in g rOll'lil , ice-cr ys ta l boundaries sweep up ions s uc h 

as SOl 2 , lead ing to a co ncentra ti o n or ac ids in t h ree­

crysta l bo und a r ies ca ll ed \'(' ins ( \vo IfT a nd oth ers, 1988 ) . 

As a \\'orst-case eSt i111 atc of A,cat, \\'(' ass um e th a t a ll ac id 

( ~ 1 00 ng g I) reac hes \ 'e i ns. For a crys ta l size of ~4 111111 , 

the sam e as m easured in th e \' osLO k Stat io n co re at a 

d ep th of 1500 m (Lipenkov a nd o th e rs, 1989 ), the ve in 

di amCle r wou ld b e 2 pm , th e refra ct i\ 'e ind cx due to th e 

ac id would be ", 1. 37 (sulrur ic ac id , at 3.7 :'11 I) a nd 

Asca l ~ 10 m. Fo r a m o re o ptimis t ic es t im a te, ass ume th a t 

th e ac id is un iform ly spread o ut in two-crys tal b o und­

aries. Th en. th c thi ck ness of th e ae id laye r \\'o uld b e o nl \' 

",0 .1 nm and li g ht would be un a fTcc ted b y its p rese n ce. 

Th e salts, sprayed into th e atmosphere during sea 

sto rms, diffuse as aeroso ls, a sm a ll fraction reac h ing th e 

South Pole. 20 0ft, of sno wfl a kes and ice pa rti cles co ll ec ted 

(i 'o m the a ir by fi l te rs nea r So uth P o le Sta tion ha \ 'e NaCI 

'~5 I 
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a t th eir cente rs (Kumai, 1976) . W e es tim a te th a t the 
concen tra ti o n of sa lL gra ins is ",50 ngg 1 a t 1500 m d epth 
in South Po lc ice . T o make a worst-case es tim ate, lI'e 
ass ume th a t no salt pa nicles di sso lve in surrounding wa ter 
o r ice either in th e a tm osph ere, in snoll' nea r th e surface 
o r in d eep ice. \\'e a lso assum e th a t durin g grain g rml"lh . 
c rys ta l bound a ri es will pass through th e sa lt g ra ins, 
lea \'ing them un a ltered. The co ntribution to Ascat d epends 
on the size di stribution of sa lt gra ins, whi ch is poo rly 
kn own for ae roso ls and unknown for d ee p ice . \\' e 

es tim a te th a t A Srftl (m) ~ 26 Tr. II I.S. (J.im ). If 7\.III.S. = 
0 .4 pm , (h e sca tte ring mea n free pa th becom es rv I 0 m. 
\\ 'e think it \ 'e r y unlikely, h owevC'r, th a t sa lt g r a ins will 
survive intac t fo r 40 kyear. It is mu ch mo re like ly th a t 
sub-micron salt g ra ins wil l reac t or disso lve as c rys tal 
bo unda ri es pass through th e m . \ \ 'olff a nd other s ( 1988) 
es tim a ted th a t '" 10% or more o f th e sulfuri c acid could be 
in c rys ta l bo und a ri es . Th e n , N a CI wo uld reac t a t 
bound ari es to fo rm \l a2S04 + H C I. The so lubili ty of 
;'\T a2S01 in wa ter is rv40g 100 ml I, so tha t som e o r a ll of 
th e sa lt \\'o uld end up di ssolved in liquid films a t c rys tal 
bo und a ri es . EYen pa rti a l di sso lution wo uld fac ilita te 
difTusion of :\Ta + a nd Cl ions thro ugh th e la tti ce. E ither 
o f th e t\\·o effec ts wo uld increase Ascat. 

REFRACTION BY AIR-HYDRATE CRYSTALS 

I n th e las t sec ti on, we conel ud ed th a t in th e de pth 
inten 'a l 1600- 1850 m at th e So uth Pole a ll bubbles \\ill 
ha \'e tra nsfo rm ed in to a ir-h yd ra te crvs ta ls a nd A SCill \\· ill 
be of ord er 40 60 m. ind epe nd e nt of th e age \ 's d epth 
model. Beca use the a ir-h\'dra te c rys ta ls ha \'e dimensions 
ve ry la rge re la tiye ( 0 th e wa \ 'eleng th of li ght , Ch erenkO\' 
li g ht will und ergo refrac tion ra th er than sca lle rin g a t 
interfaces be tween air-h ydrate a nd hexagona l ice c rys tals. 
The qua nti ta tive effec t of th e h ydra te crys ta ls o n light 
trans mi ssio n will depend o n th eir size, sha pe, concent­
ra ti oq a nd refr ac ti ve ind ex re la ti ve to th a t of th c norm al 
ice in \\'hi ch th ey a re imbedd ed. Using X-ray diffract ion, 
H ondoh a nd o thers (1990 ) \'e rifi ed the cubic c la thra te 
na ture of na tura l a ir-h ydra te c rys ta ls in a D ye ::l deep 
co re. From th e R a man in tensi ti cs of the stretching modes 
of :'\2 and O 2 , :'\akahara and o th ers (1988 ) infe rred a 
compositio n ra ti o of N2 : O 2 to be 1. 6- 1.9 in th e c la thra te 
stru cture o f" th ese same h ydra te crys ta ls. Sh oji a nd 
La ngway ( 1982, 1987 ) m a d e o ptica l studi es a nd did 
la bora tory ex peri men ts on a ir-h yd ra te crys ta ls in ice co res 
from D ye 3, C a mp Cenwry a nd Byrd Sta tion . Uchida 
(persona l com munica ti on , 1994) determined th a t the 
ra ti o of th e re fl-ac ri\'e index of na tural air hydl-a te in ice­
co re sa mples re la ti\'e to th e refrac ti\ 'C index o f h exagonal 
ice is 1.004 . Uc hid a a nd o thers ( 1994a) recentl y m ade a n 
ex tensi\'e st ud y of the depth pro (il es of the sha p e, \'o lume 
concentra ti o n , number concentra ti on a nd mea n vo lume 
per c rys ta l o f a ir-h ydra te c rys ta ls in Vos tok St a ti on ice­
co re samples . They found a typi cal concen tra tio n of a ir­
h ydra te crys ta ls of ,,-,500 cm 3, a ty pi ca l diam eter of 
rv I 00 J.im a nd a predominance o f spheri cal sh a pes, from 
which we infer a typical m can pa th of '" 15 cm for 
enco unter o f a light ray with such crystals. T o reach a 
ph o totube a t a distance o (~ say, 25 m requires "-' 170 
trave rsa ls o f such crvs ta ls. In tegra tin g O\'e r impac t 
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pa r a m eters gives a n r. m. s. refrac ti o n a ng le D'-lI1s = 1 ° (o r 
o n e e nco u te r. A lth o ug h th e di s tributi on o f s in g le 
refrac ti ons is stro ng ly non-Ga uss ia n , a fter rv 170 refr ac­
ti o ns th e di stributi o n is ve ry close ly Gaussia n , with 
(J~ = D,-ms( LI Arcfr) 1/ 2 ~ 13°. The di stributi on of trans­
\'e rse di splace men ts is a lso nea rl y G a ussia n, wi th (JeI = 
DIII,,( L I An.fr)3/ 2 Art'frC - 1/ 2 ;:::: 3.3 m . 

\\'e ca lcula ted th e timing di spersio n due to photo ns 
tha t a re emilled fro l11 a ll poillts a lo ng a muon's traj ec to ry 
a nd th a t refrac t into a photomultipli ed tube. Absorpti o n 
prevents th e integ ra l from di ve rg ing . Th e distributi o n o f 
a rri\"a l tim es has a sh a rp pea k du e to photons emitted 
fro l11 the pa rt of th e ll1u on track nea r the C herenkO\· ang le 
a nd a wea k but ve r y broad compo nent due to photo ns 
coming (I-om th e l11u o n track fa r ups tream. For a mu o n 
passing close to o ne of the P\lTs, wc lindtha t the a ng ul a r 
e rror is Lla;:::: (tan Bc) 1 (tan2 Bc + 1) LIt nl eLo, wh ereL o 
is th e distancc a lo ng th e Cherenkov a ngle to th e muo n 
track . For Aabs = 300 m. whi ch is th e case for li ght a t a 
\\'a \' elength of ",400 nl11 , \\'e find [h a t e\'en for a long 
di s ta nce like Lo = 50 Ill , th e frac ti o n o f photons refrac ted 
m ore th a n I" is o nl y rv 6% , and the assoc ia ted tim e d elay 
is 8 ns. The conclusio n is that air-h ydra te crysta ls ca use 
fa r less se rious pro blems (o r At-.IA N DA th a n d oes 
sca tte ri ng by d us l. From th e Frcsn el eq ua tion s fo r 
refl ec ti on, \\ 'e conclud e tha t the fr ac ti o na l redu ction in 
i ntensi ty of tra nsl11 i lted I igh t a (te r 102 enco u l1lers is onl y 
'" 1 0 3 Thus, bcca use of th e nea rl y perfec t ma tc h o f 
rcfl-a c ti w index to that of hexagon a l ice, a ir-h ydra te 
crys ta ls ha\'e virtu a ll y no effec t o n th e imaging of mu on 
traj ec tori es . 

REFRACTION AT ICE-CRYSTAL BOUNDARIES 

vVith its hexagona l cr ys ta l structure, ice has a refrac tive 
ind ex a long the ( ax is th a t is la rger th a n tha t in th e b asa l 
pl a ne by a facto r of 1.00 1. Aga in , ass uming a m ean 
cr ys ta l size of 4 mm , a light ray in So uth Pole ice would 
refrac t ,,-,6000 tim es in trawrsing a di sta nce of 25 m. A s a 
simple est imate, wc ass ume a ra nd o m distri buti on o f c 
axes with a typica l a ng le of 45° between c axes in adjacent 
c rys ta ls. We es tim a te a n r.m. s. d e fl ec ti o n angle (J6 = 0.1 °, 
a n e t d efl ection o f 12°, a tranS\'e rse di spl acement (J6 ~ 5 m 
a nd a frac tiona l loss o f intensit y of tra nsmitted lig ht '" few 
10- 3

. In a more d e ta il ed a na lysis, to be publi shed 
el sewhere, \\'e conclude tha t la rge-a ng le sca llerin g fro m 
dus t ca uses grea te r d egrad a ti on o f traj ec tory inform a tio n 
tb a n d oes a se ri es o f small- angle refr ac ti ons at ice-cr ys ta l 
bo und a ri rs and a ir-h ydra te crys ta l bo unda ri es. 

CONCLUSIONS 

I . Th e AMAr\DA age vs d epth m od el in Fig Ul-e 4 
proba bly und erestim a tes ages a t gr ea t d epths because th e 
c ho ice o f" a(t) = 0.055 m yea r 1 during the inten 'a l 15 
110 kyear BP is hig her tha n recent va lues es tima ted by 
M osley-Thompson (persona l commu ni cation, 1994) a nd 
G iO\'ine tto (person a l communi ca tio n , 1995) . The fl o wlin e 
m odel o f" t-.lclnn es R adok ove res tim ates the ages a t 
d epths grea ter th a n rv 1300 m, beca use of the very sm a ll 
(a nd incorrec t) \ 'a lue a(t) = 0.02 m yea r 1 a t di sta nces 
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more th an ", 180 km upstream. \V e adopt a model based 
on es tima tes of a(t) by GiO\'in e tto a nd shown in Figure 4. 

2. A diffusion- g rowth model that fits \ 'ostok a nd Byrd 
Stations co re d a ta predi cts tlI a t the tra nsfo rm ation of 
bubbles in lO a ir-hydrate c rvsta ls at th e So uth Pole \I'ill be 
com plete a t d e pths below", 1450 m. 

3. U sing data on the size di stribution ordu st in a sha ll ow 
Sou rh Pole co re ( 100- 349 m ), toge th e r with sys te matics o r 
depth pro files of dust concentra ti ons at other sites. \IT 
es timate a mean free path of ",40 ",60 m for sca ttering or 
light from dust in th e depth inten 'a ls 1400 1600 m and 
1800- 2 100m at which A:' fANDA detec tors mi g ht be 
d eployed. j \ t a d epth of'" 1700 m correspond ing lo th e 
peak in th e dust conce ntra ti o n at ",60 kyear BP, th e 
sca ttering m ean free path is es tim a ted lO drop to ", 13 
20 m. Such a short mean free path is confined lo a \'eni ca l 
layer a few tens of meters thi ck. 

4 . The ma in water-solubl e impuriti es a re liquid ac ids and 
sa lt g ra ins. For a n ac id concen trati on of 100 ng g I, th e 
fra ction of th e ac id (f;:::: 0 .4 0 .9 ) that seg rega tes to {lm­

sized ve ins a t three-crysta l boundari es is es tim a ted to 
sca tte r li g ht \I' it h Aseat ;:::: IOm! I , th e exacL \'a lu e 
d epending o n crysta l size and shape. The ",.50 ng g 1 of 
sa lt gra ins w ill interact \~ ' ith moving crysta l boundarics, 
\~' hcre th ey will a t least partially dissoh'e in concentrated 
ac id film s in the boundaries. The contribution to Ascat \\ill 
depend on the r.m.S. rad ius (in {lm ) of sUr\ 'i\ 'ing g rain s 

and on th e fraction ofsul,\, i\ 'o rs as Asca t (m ) :::::: 261" ... ,,1.,'/ f. 
To d etermi ne more q ua n ti ta ti\ 'Ch' th e con tr i butions of 
so luble impurit ies to sca ttering must awa it mea surements 
to be macle with th e six ruture strin gs. 

5. T a king inlO accou nt th e age \'s depth relationship. the 
depth profi le 0 [' th e dust concen tration for th e deep 
\ 'ostok Station core, the ex pec ted depth for bubble 
disa ppearance ( 1450 m ) and the d ep th (",2500 m ) at 
II'hi ch the horizo ntal ice-no\\' rate is th ought to cha ngc 
rapid ly with depth (persona l commun icat ion fl 'om B. 
K oci , 199 '~ ) , we conclude that 

th e safest depth inten'al in whi ch to deploy A )'I.\:'-J D,\ 
phototubes is betllcen 1800 and 2 100m. If drill ing 
ca pa bi liti es li mit us to sha ll oll'er depths. th e intelyal 
1400 1600 m is our second choice . The pulsed-l aser 
tcchnique can be used to locate th e 60 kyea r BP peak in 
dust concentration and to optimize th e cho ice oC depth 
inten 'a l for a second-ge neration \Trsion of A )'1.\.\'DA. 

6. Due to th e sma ll difrerence in refra cti\'C index between 
a ir-hydratc a nd norma l hexagonal ice crys ta ls, refraction 
a t the inte rlaces be tllTe n the tll'O types oCcrys ta l \I·ill halT 
a sma ll crfect o n th e trajec to ries of Cherenko\' li gh t rays 
cm i tted by m uons in th e ice and loss of I ig h t due to 

renections a t the boundaries wil l be neg ligibly small. 

7. Sim il a r reasoning leads to thc conclu sion th at , due lO 

th e sma ll dilTe rence in refraCli\'C ind ex pa rall e l to and 
pcrpendicu lar to the c ax is in norma l hexagona l ice, 
refract ion at the illlerfaces be twcen randoml y di stributed 
ice crysta ls wi ll halT a sl11a ll effect on th e trajec tories of 
Cherenko\' light ra ~'s emitted by muons a nd loss of li ght 
due to rcflcctions at th e boundaries II·ill be neg li gib ly 
sma ll. 
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