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ABSTRACT. Geodeti c sun'eying and ground-based radar profilin g were used to 
determine geometry a nd surface m otion of the ice sheet on th e D ye r Platea u, 
Antarcti ca, in th e vicinity of an ice-co re site o n a local dome. Vertica l stra in 
measurements in the co re hole constrain the depth profile of verti ca l \·elocity. These 
geoph ysica l meas uremen ts are used to a nalyze the pro fi les of densi ty a nd annual layer 
thickn ess measured on the ice co re to es timate the current mass ba lance of th e ice 
column and the pas t hi story of acc umula tion ra te. Considera ti on o f horizontal a nd 
\'ertica l mass-fi ow di\'ergence shO\\·s th a t the profiles of density and vertica l w loc ity 
are not full y consistent with stead y sta te. ~Iean density of the firn layer a ppears to be 
increas ing, whi ch leads to th e deduction of a small ra te of mass increase (;:::::0.02 m a I 
ice-equivalent thickness ). O ver th e las t 200 a there has been a gradu al increase in 
acc umula ti on ra te from about 0.46 m a 1 to 0.54 m a- I ice-equivalent thi ckn ess in 
recent time. 

1. INTRODUCTION 

As th e onl y terres tri a l link between th e' main pa rt of 
Anta rc ti ca a nd tempera te la titud es, th e Anta rc ti c 
Pen insul a is a key area for de tec tion of north- south 
shifts of so uth-pola r bound ari es in th e a tmosphere a nd 
ocea n th a t could be discovered through ice coring (Peel 
a nd o thers, 1996). Rece nt shallQ\\' a nd intermedi a te 
depth co res from th e Dye r Pla teau (Fig. I) have give n a 
high -reso lution hi story of glacio-clim a te over the las t 
480 yea rs for this loca tion (Thompson and others, 1994). 
Th e deepes t co re to da te \\'as coll ec ted in 1990 from a 
local d ome on the divide a t 70°40.1 6' S, 64°52 .30' \ \'. The 
core depth (;:::::235 m ) was 64% of th e to ta l ice thickness a t 
the site (;:::::365 m ). In this pa per we exa mine the dyna mic 
co nditions of th e ice in thi s region of th e Dyer Pla tea u 
relevant to th e 1990 core and possible future cores th a t 
could extend the record of clima te. 

The principal dynamic informa tio n is the geometry of 
the ice, the stra in ra te on th e upper surface and \ 'erti ca l 
strain ra te a long the core hole. These da ta are used to 
a na lyze the depth distribu tions of density and a nnu al 
layer thi cknesses m easured in the co re (Thompson a nd 
o thers, 1994) with the goa ls of estim a ting the current ra te 
of thickness and mass cha nge a nd refining informa tion on 
th e history of acc umul a ti on. 
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2. GEOMETRY AND SURFACE MOTION 

Geom e try of the ice shee t was determined by measure­
ments in a grid of ma rkers on the upper surface (Fig . 2) . 
Th e re la ti ve pos iti o n of grid ma rkers in a local 
coordina te sys tem was d e termin ed by redund ant angle 
(theod olite) and slo pe dista nce (elec tronic dista nce 
meter ) m easurements reduced by leas t-squa res network 
adjustm ent. (The adjustment progra m was de\'eloped 
by L. A. R asmL1 ssen a nd E. D . 'vV adclington (unpub­
lished information)) . Errors estim a ted on th e basis of 
residuals in the adjustm ent were typi cally within 0.03 m 
in th e ho rizonta l and 0 . 1 m in the verti cal for the central 
part o f the grid , bu t larger erro rs up to 0. 7 m a re 
indica ted for a few m a rkers on the dista nt edges of th e 
grid. (See R aymond a nd oth ers (unpublished ) for 
deta iled compil a ti on of survey da ta a nd results of ne t 
reductio n . ) 

Th e grid was surveyed in 1990 a nd 1992, and rela tive 
di splacem ents were computed for th e 2 yea r interva l. T o 
remove ind etermin acy associa ted with ri gid transla tion 
and ro ta ti on, it was assumed tha t hori zontal d isplacement 
a t th e local summit was zero and th a t m a rkers on the 
divid e north of this summit moved pa ra llel to the di vide. 
Absolute positions dete rmined for fo ur ma rkers using 
obse rva tions from tra nsit satell ite (M agnavox Geoce ive r 
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Fig. 1. Locatioll a/the D)'fr Plateall. Anal£' ti/) indicateJ 
the site of lIIea.\IIremelltJ . 

1502 ) were consistent with th ese ass um ptions, b u t \I'ere 
ins uffi cientl y acc ura te to contro l usefull y the a bsolute 
d isplacements oye r the 2 yea r inten 'al beca use of the 
gene ra ll y slow speeds. 

G rid lines were trave rsed w ith a radi o-ec ho sounder 
(R ES) to d e te rmine ice thi c kn ess a nd depth to intern a l 
reOectors (\\' ee rtma n, 1993 ) . Th e RES reco rded ba ro­
metri c pressure, which a llo \l-cd in terpola ti on of e leyation 
betwee n sun'eyed grid markers. 

Th e combin ed sun-cy res u lts we re used to d erive th e 
surface eleva t io n a nd veloc ity p a ttern (Fig. 2 ) a nd bed 
to pog ra ph y ( Fi g . 3 ). The geome try is cha racte ri zed by a 
rela ti vely sm oo th surface with a topograp hi c d i\·ide 
running a pprox im a tely no rth- so uth th a t is unde rl a in by 
a complex o f peaks and rid ges. The re lief o n th e bed 
with in th e g r id is a bo ut 0.8 km , which is simi la r Lo the 
m ea n ice thi c kness . H orizonta l speed o n th e su r face 
increases \I' ith di sta nce o n e ith er side of th e di\'ide, 
reaching a bo ut 5ma 1 a t 10 k m fro m the d i\ 'id e. 

Th e 1990 co re site was loca ted near the summ it of the 
north- south di v ide (Fig. 2) . This summit li es ove r a sha rp 
cast- west tre ndi ng ridge in th e bed terra in (F ig. 3) . I t is 
onc of th e sha ll owest loca ti ons in the region . Thic kn ess a t 
this loca ti on is (365 ± 8) m . 

Hori zonta l yelocity di \'e rge nce eel is of ord er 10 1 a 1 in 
th e vicinity o f t he summit. A t t he 1990 co re site, principa l 
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Fig. 2. /)'j;atial anangelllellt o/ju lJace observations. Poillts 
show fomtion o/IJoles IIsed as lIIarkers. Thick. shaded lili es 
sho1.l' /)(tthJ 0/ radio-echo sOllnding trm'frses. Contollrs 
show slllJace elevation with a 5111 contour ilZterval, as 
determilled ~)' surve.)' 0/ the lIlarkers interpolated b)1 
barometric altimctty along lite lraverses . Absofute eleva­
I ion waJ based on ))osil iOlling llsing lrallsil sale/liles 0/ a 
marker al Ihe local SlIIlZlIlil. The hori,::olllal (I\io of tlte 
figure is oriented 8.3' eaJI of 1I0rth (3-17.5 magnelic). 
B (m slim.!.' Ihe directioll alld speed o/llOri:::,olllal motioll . 

ho rizon ta l stra in rates arc e l = ( 1.4 ± 0.1) x 10 3 a 1 

\I 'ith azimuth 249° , a nd e2= (0.5±0. 1) x 10 3 a l 
with az imuth 159°, w here azimu ths a re gi\'en eas t of true 
no rth . The to ta l ho ri zonta l velocity di\-c rgcnce is eel = 
ej +e2 = ( 1.9 ± 0. 1) x 10 3 a I. H o ri zonta l \'e locity a t 
th e co re site is no t acc urately known from measureme nts. 
1 t is assu med to be less th a n 0.3 III a i, based on th e 
di sta nce from th e sUlllmit to the site « 200m ) and the 
stra in ra te a long the slo pe « 0.00 15 a I ). 
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Fig . 3. T o/)ograplry of the ice-sheet base. Contours show 
bed elevation wilh a 50 m contour interval. Thick , shaded 
lines show paths of radio-echo sounding traverses along 
which thickness was measured using two-way travel limes 
10 bed riflectio71s ( ll 'eertman, 1993). 

3. SURFACE CONDITIONS 

Surface snow d ensity was measured from th e core and in 
pits. Average d ensity in the m e ter just beneath the surface 
was 420 kg m- 3

. The 10 m tempera ture a t th e core site is 
- 2 1°C (Thompson and oth ers, 1994). 

Rate of snow accumu la ti on over a 2- 3 year interva l 
was determined by measurem ents of snow-height change 
on poles in the netwo rk (Fig. 2) . Snow se ttl em ent was 
taken into account based on the nea r-surfa ce density 
profile and th e ass umption th a t the bases of poles moved 
with the loca l snow. The average accumulation ra te 
measured on eight poles within 0.5 km of the 1990 summit 
core site is 1.17 m a 1 wi th a standa rd d evi a ti on of 
±O.IOm a I. If it is ass um ed th a t th e sca tter in 
measurements a rises from un correla ted errors or spati al 
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va n a tlOn, then th e sta nd ard erro r o[ the ave rage is 
0.05 m a I. Wh en corrected [or d ensity, th e average snow 
acc umulation ra te gives a surface m ass-balance ra te of 
490 kg m 2 a 1 (0 .49 m a- I wa te r- eq ui"alent thi ckn ess, 
0 .54 m a 1 ice-equiva lent thi ckn ess) . 

The spa tial p a ttern of accumu la ti on ra te over th e full 
g rid was examined using a com bina tion of measu remen ts 
on the poles of th e g rid and the d ep th of near-surface 
horizon ' detec ted b y radar (Weertm a n, 1993; pa pe r in 
prepa ra ti on by B. R. W eertm an ). 

4. NOTATION FOR VARIATIONS WITH DEPTH 

Fig ure 4 defin es no ta tion for ana lyz ing vertical " a ri ations 
of velocity, layer thi ckn ess and d ensity: total thi ckn ess of 
th e ice shee t is H ; d epth below th e surface is h; ele" a tion 
a bove th e bed is z = H - h; d ownward veloc ity is 
w = - Dz/Dt; unit time (e.g. annu a l) layer thickn ess is 
l; firn or ice density is p. The verti ca l variations ofw, l a nd 
p a re described in te rms of h, and th ese spatia l ya r ia ti ons 
a long with H m ay d epend on tim e t. In the following 
a na lysis w(h, t ) is expressed as 

w( h, t) = ws(t ) + 6.w(h, t) (1) 

wh ere ws(t ) is th e d ownward " eloc ity a t the surface a nd 
6.w(h, t) is th e velocity relati ve to the surface . Equ a tion 
(1) is convenient, beca use 6.w(h, 1990) was measured as 
di scussed below, but ws(t) has no t bee n measured fo r a ny 
time. 

...,..... __ t __ ~ p(O, tJ 

I 
1 h(t) 

H (t) 

~~ 
p (h,t) w(h,t) t 

I (h,t) 

Fig. 4. Schematic of nolalioll used in lext. 

\Vith these nota tions, a unit time layer th a t is a t 
present time t at a d epth h and eleva ti on z = H (t ) - h 
has a thickness l (h, t ) tim es unit time and density p(h, t ). 
It is moving down ward with a yel oc ity w(h, t ). This layer 
w as d eposited a t a n ea rli er time, d eno ted to. a t th e surface 
h = 0 and eleva ti on z = H(to) with a thickn ess l(O, to) 
tim es un it tim e a nd a density p(O, to) . The age of this 
layer is A(h, t) = t - to. The snow-acc umu la ti on ra te b 
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for the time to is given by l(O, to) , which can be ex pressed 
as ice-equivalent thickness l(O , to)p(O, to) / Picp or mass per 
unit area l(O, to)p(O , to). 

5. MEASUREMENTS OF VERTICAL MOTIONS 

Vertical strain was mcasured a long the length of the core 
hole using the method of Roge rs and LaCha pell e ( 1974) 

with some modifications for polar conditions (R aymond 
and others, 1994) . Fourteen metal bands were inj ected in 
February 1990 into the core h ole at depth intervals of 12-
25 m soon after completion of the hole. The bands were 
located relative to an arb itrary reference above the 
surface by a me tal-detec ting sensor suspend ed o n a ta pe 
mea . lilT . ?\1easurement sensiti vity for location was better 
than 1 mm. Accuracy was limited by hysteresis in the 
stretching of th e tape measure and stability of the bands 
in the hole. Based on repeatability of the band locations, 
the measurement acc uracy for the distance between 
adjacent band s was normally about 2 mm. 

The bands were first located in 1990 and then again 
about 2 years later in 1992. During the 1990 measure­
ments, two bands were displaced by the senso r or its 
suspension and did not gi\'e reli ab le results. Th e d eepest 
band at 225 m co uld not be reach ed in 1992 for 
remeasurement. The other 11 band s gave reliable 
res ul ts. Deta il s of the method and tabulations of the 
mcasurements a re gi\'en by R aymond and others ( 1994). 

Figures 5 and 6 sho\\' the differential \ 'clocity of the 
bands relative lO the surface, and the correspond ing 
spatially a\'e raged strain rates based on thc changes in 
locations measured over the 2 yea r intetTa l. The accuracy 
of the rcla ti ye \'Cloci ty is 1- 6 mm a I, Based on the 
mcasurement accuracy for changc in di stance between 
bands (about 3 mm ), their spacing ( 12- 25 m ) a nd time 
int en'a l (2 a ) , strain rate was determined with an 
acc uracy of about 10 I a I or be tter. 

6. AGE vs DEPTH 

At time t the age at depth h IS gl\'en by count ing the 
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measured ill Ihe 1990 core hole. Poinls show locotiolls oj 
bands used ill the measurements. Solid Cllrve is a fllnetion 
jitlo the f)otnts. Dashed CIIrve shows the velocity required to 
IJ1'odll ce sleac{y mass distribution with the measured densi£)1 
IJrojife and hori::.ontaf velocity divergence, 
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Fig . 6. Compressive vertical strain rate vs del)th . Slej) 
fWlctioll SIzOlI'S strain rate determined ~)' dijJerenrillg 
between adjacent bands. Solid curve shows straill rate 
derived by differentiation oJ the junction fit to the verlical 
velocity relative to the s1l1jace ( Fig. 5, solid curve) . The 
dashed curve gives the horizontal ve/oci£)' divergellce 
required jor steac{y mass distribution l1' ith measured 
densi0' and I'ertieal veloei{J'. 

number of unit time laye r thi cknesses (l / l ) from th e 
surface to h, \\'hi ch can be expressed as 

rh dh' 
As(h, t ) = la l(h', t) . (2) 

\ Ve refer to this meas urement of age \'s depth as the 
strarigraphi c age. The stratigraphic age \'s depth for 
t = 1990 (Fig. 7) was determined by coun ting all 11 ual 
layers in the 1990 core id entifi ed from variat ions in 818 0 
a nd SO}- checked against {3 acti\'ity and volcanic 
horizons (Thom pson a nd others, 1994) . 

Alternati\'cl y, age can be ca lculated from the tim e of 
trayel lor the ice at the depth h from its origin location 
usi ng the ,,("loc i t y field. Th is proced ure is straigh tforward 
in steady state when H a nd w(h) = l(h ) are time­
independent. Tt predicts 

[" dh' 
Ad(h, t ) ~ la w(h', t) (3) 

\ Ve refer to this cst im ate of age vs depth as the dynamic 
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Fig. 7. Slratigraphtc age vs del)th measured jrom alllllwl 
layer thicknesses ( TlzompsoJ/ and others, 1994) alld 
d),lZal1l tc age vs dejJth estimated from Ihe present velocity 
distribu tion, assumillg values if the swjaee downward 
velaeil)l Wo i71cremented in units oj 0.01111 a I between 1.14 
and 1.20 III a I 
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age. The d yn a mic age can be calculated from w(h, t ) 
expressed as Eq ua ti on ( I ) using the meas ured b.w 
(h, 1990) (Fig. 5) and an ass umed w,(1990) (Fig . 7) . 

Calcula ti on with a ra nge of assumed \" a lues for 
ws(1990) sho ws th a t ws(1990) = ( 1.17 ± 0.0 I ) m a I 

produ ces a m a tch between th e stra ti g raphi c a nd 
dynamic ages [or the 500 a time-sca le of th e co re (Fig. 
7) . By fittin g th e dynamic age to the stra tigraphic age in 
this way, we d e termine the mean value of l /w (Equ a ti on 
(3)) over the las t ;::o500a . 

Genera ll y, it is expec ted that H and w will va ry onl y 
slowly with time, as limited by th e dynamic response of the 
ice geometry. A rough es tima te of the time-scale is gi\'en by 
thickn ess di\·ided by accumu la tion ra te (r\ye, 1960), which 
is a bout 103a . It is po.sible tha t a now di vide could shift 
position a nd thereby modify th e local velocity pattern on a 
shorter time-scale (Hindma rsh , 1996), but th e position of 
this parti cul a r summit over high sub-i ce terrain sugges ts 
sta bility of its p osition. In th e subsequent a nal ysis, we 
ass ume tha t l /w (and w) have been independ ent of time 
and tha t w(h) is given by the a bove va lue of Ws and the 
di stribution of b.w(h) measured in 1990- 92. 

7. MASS BALANCE 

7.1. Rate of thickness change 

The ra te o f thi ckn ess change is given by 

8H 
-= b- w 8t s 

(4) 

where Ws is th e downward velocity a t the surface a nd b is 
th e snow-acc umula tion ra te. M easurements of b during 
the interva I1 989- 92 gi\·e (1.17 ± 0.05) m a I. D educti on 
o[ Ws from stra ti graphic age vs depth gives ( 1.17 ± 
0.01 ) m a 1 Thus, within ± 0 .06 m a I, H did n o t change 
from 1989 to 1992. The eq u a lity between Ws and b over 
th e interva l 1989- 92 must be \'iewed as accid ental. 
Al though Ws is slowl y va rying, there is hig h frequ ency 
variability in b(t ) (shown below). It is more useful to 
compa re Ws to a longer- term average of b afford ed by the 
d epth distribution ofl ayer thi ckness. After considering the 
acc umula ti o n history, we re turn to the ques tion of long­
term thickness ch ange. 

7.2. Vertical pattern of mass change 

The \'a ri a tion of density with d e pth describes th e ve rti ca l 
distribution of m ass (Fig. 8) . In steady sta te, thi ckn ess H , 
density p(h) a nd downward velocity w( h) a r e indepen­
dent of tim e. \Ve now examine wh eth er the profil es of 
w(h) (Fig. 5) a nd p(h) (Fig. 8 ) as observed in 1990- 92 are 
consistent with steady sta te, by inves tigating consen 'a tion 
of mass at different dep ths in the firn . 

Conse rva tion of mass req uires tha t 

1 Dp ow . 
--- =-+ed 

pDt oh 
(5) 

wh ere cd(h, t ) is the hori zonta l veloc ity divergence. (In 
Equa ti on (5 ) , D / Dt represents th e time d eri va tive 
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Fig. 8. Density vs depth. Points show results Ji'om 
measllrements on tlte ice core ( TllOmpson and others, 
1994) . Solid curve shows a junction fit to data . Dashed 
curve shows density required jor steady mass distribution 
with measured vertical velocity and horizontal velocity 
divelgence . 

foll owing a pa rcel o f ma tter, i. e. the ma teri a l time 
d e ri va ti"e.) Based on Equa ti on (5 ), the tota l ra te o[ 
verti ca l compressio n 

. ow 
e(h, t) = - oh 

can be partition ed into a compac ti ve part 

. lDp 
e (h t) = - -
c, pDt 

a nd a dynamic pa rt cd(h, t ) such th a t 

(6) 

(7) 

(8) 

If it is ass umed th a t horizonta l g radients in p a re 
neg li gible, the m ate ri a l time deri va ti\'e of p m ay be 
eva lu a ted as 

Dp 8p 8p 
Dt = 8t + w oh . (9) 

The n conserva tion of mass (Equ a ti on (5)) reduces to 

op 8(wp) . 
- ot = 8h + peel . (10) 

Eq ua tion (10) sh ows th a t the local ra te of densi ty cha nge 
resul ts from th e sum of the verti ca l a nd horizon ta l m ass­
nux divergences . 

Below a depth o f a bout 100 m, wh ere p is close to ice 
d e nsity, both op/ot a nd op/ oh a re O. Consequ entl y, 
CeI = -8w/8h, which is determined by the verti ca l stra in 
m easurements (Fig. 6) . Just benea th lOOm, -ow/oh = 
( 1.8 ± 0. 1) x 10 3 a I . Th a t ra te is nea rly iden ti ca l to 
th e horizonta l ve loc ity di"erge nce measured a t the 
surrace,ccI = (1.9 ± 0.1 ) x 10- 3 a I . Thus, itis reason­
a ble to ass ume th a t over the depth l-ange of the firn layer 
ed is independent of dep th and equ a l to the value a t the 
surface . 

vVith Cd specified in the firn layer , it is possibl e to use 
Eq ua ti on ( 10) to tes t whether p( h, t ) is independ ent of 
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tim e. Ca lcul a ti o ns were m a d e using th e sm oo th ed 
representa ti o ns o f wand p sh own in Figures 5 a nd 8. 
The hori zon La l a nd verti ca l m ass-nux di ve rge nces do no t 
ba la nce, with th e consequence tha t p(h, t) is predic ted to 
be increasing in th e upper pa rt a nd dec reas ing in th e 
lower pa rt of the firn layer (Fig . 9 ) . Cha nging th e value of 

w, assumed in th e ca lcula ti o n shifts th e curve fo r ap/at 
up a nd down in Fig ure 9, but d oes no t significantl y a lter 
th e shape o f the d epth dcpenden ce . 
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Fig. 9. Rate oJ dellsi£)' change /Jledicledjrom Ihe balance oJ 
horizonlal and l'erlical lI1aJS-jlux dive/gence ( Equation 
( 10)) ca lculated wilh ed = 1.9 x 10 J ([ , alld w, = 
l. 17ma l 

The inconsistency betwee n p(h), w(h) a nd ed for 
stead y sta te is furth er illustra ted b y so h-ing Equ a ri o n (10) 
with ap/at = 0 fo r (i) w(h) ass uming rh e meas ured p(h) 
a nd eel (d as hed cun-c in Fig ure 5 ) , (ii ) p(h) ass uming th e 
measured w( h) a nd eel (d as hed cun-c in Fig ure 8), a nd 
(iii ) ed ass uming th e measured w(h) a nd p(h) (d ashed 
curve in Fig ure 6) . The di st r ibuti ons predi c ted fo r w(h) 
a nd p(h) predic ted by (i) a nd (ii ) a re well o utside th e 
ra nge of m easurement er ro r. The distributio n o f ed(h) 
predic ted b y (iii ) is unrea list ica ll v com plex. 

I n combin a ti o n th ese consid e ra ti ons show th a t th e 

mass distributio n is no t stead y. 

7.3. Mass balance of the colutnn 

Denote th e ra te o f cha nge of m ass in th e colu~nn oyer th e 
fi xed ra nge o f d epth from hi to h2 by /lI ( hI , h 2 ) = 
el!II (h l , h2)/elt. /li (h l ,112) is d e termined by integra ti on of 
Equa ti on ( 10) over [h l . h2]. When elH/ elt = 0 a nd h is in 
th e ice benea th th e urn , /li(O, h) gi\'es th e mass b a la n ce of 
th e fu ll ice co lumn. (This is true in thi s case, since th e 
mass does no t cha nge a bO\'e 0 o r below h.) A va l ue of 
h = 120 m so m ewha L below the urn- ice tra nsitio n is 

conve ni ent. 
Figure 10 sh ows hOlI" /li (O, 120 ) depends on th e choice 

of w, a nd eel. Preferred ya lues a re w, = ( l.1 7 ± 0.0 I) m a 1 

and ed = ( 1.9 ± 0. 1) x 10 3a I, whi ch impl y a ra te of 
mass cha nge of ( 17 ± 10) kg m 2a 1 (wa ter equi valent 
thickn ess 0 .0 I 7 m ai, ire-cq ui valen t thi ckness 0. 01 9 m a I) 
or about -1- % of th e annu a l acc umula ti on (0.54 m a 1 ice 

equi valent) . A ze ro ra te of mass cha nge wo uld be ac hieved 
lVith the measured ed, if ws we re 1. 2 1 m a I. (The inc rement 
ofO .04 m a 1 d ownwa rd mot ion res ults in a la rge r increase in 
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5 

Fig. 10. IIIJerred cO /ll l11 n mass balance de/Jendillg on 
dowlIl.I:ard velocil)' al sll /fare Ws and /1Ori::,oll/([1 flow 
dil'ergence ed. Lines show cOlllours oJ equal l/1{/jS balance 
in units oJ kg 111 2 a ' . Box shows eX/Jecled rallges Jar w, 
and eel . 

mass nu x lost throug h th e IIrn- ice Lra nsition th an ga ined a t 
th e upper surface, which follows fro m the differences in 
d ensity a t th ese loca ti o ns. ) Such a hi g h value of ws a ppears 
to be inconsistent with th e stra tigra phically determin ed age 
vs d epth as di sc ussed a bOl·e. A ze ro ra te oC mass ba la nce 
could a lso be ac hi e\'ed by increas ing horizont a l \'e loc it y 
di\'ergence to 0.002 1 ai , whi ch is slightl y large r th a n 
ex pec ted from meas urements. Alte rna ti ve ly, a surface 
d ensi ty of 15 kg m 3 lower th an implied by measurem en ts 
(Fig. 8) would pred ic t zero balance, w hi ch is in th e ra nge of 
measurement erro r. Th erefore, it a ppea rs th a t th e m ass is 
inc reasing a t prese nt , bu t th e ra te is nor distinctly a bove 
measurement erro r . 

8. ACCUMULATION.RATE HISTORY 

Th e thi ckn esses o f a nnua l urn laye rs l (h, t ) measured in a 
co re conta in inform a ti on a bout th e history o f snow 
acc u m ul a ti on b[t - A(h, t )]. It is necessa n ' to acco u nt 
fo r thinning of laye rs since th eir tim es of depositio n. The 
ra te o r thinnin g o f a laye r is gi\'e n b y 

. 1 ell 
e = -- - . 

l elt 
(11) 

The to ta l compressive (loga rithmic ) stra in O\ -C f th e tim e 

in te n 'a l from d epositio n to = t - A(h, t)[to. t] to m ea­
sure m ent t is found b y integra ti on o f Equ a ti on ( 11 ) ove r 

[to, t] to be 

l (h , t ) 
e(h , t ) = - In -

l
( -) . 
0, to 

(12) 

Integra ti on of Equa ti o n (6) gives a n a lte rn a tive enl lua ­
ti o n of e(h, t) from th e \'erti ca l \"( Iocit y w. We ass um e 
th a t H and ware independent o f tim e o\'er th e tim e 
interva l [to. t] as rh e laye r moyes oye r th e depth ra nge 
[0, h]. Then integra ti o n of Equa ti o n (6) ove r [to, t] uSll1g 
aw/ah = w- 1dw/elt g ives 

w(h, t) 
e(h, t) = - 111 -( -) . 

tu 0, t 

Com pari son of Equa L io ns (12) a nd ( 13) im pli es th a t 

(13) 
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w(O, t) 
l (O, to) = -(- ) l (h, t) 

w h , t 
(14) 

which determines ini tial snow thickness 1(0, to) from the in 
situ firn laye r thi ckn ess l (h, t) a nd veloc ity w( h , t ). If th e 
density profil e is assumed to have been consta nt, th en the 
co rres po ndin g initi a l mass p e r unit a rea (m(O, to) = 

p(O,t) l(O,to) ) a nd in situ (m(h,t)=p(h,t) l (h ,t) ) are 
rela ted by 

(0 ) - w(O, to) p(O, to) (h ) 
m , to - (I ) (h ) m ,t . w 1, t P , t 

(15) 

This gives th e wa ter-equiva le nt thi ckn ess. It can be 
converted to ice-equi valent thi c kn ess using ice d ensity. 

Res ul ts d eri ved from Equations (14) a nd ( 15) using 
l (h, 1990) (i n situ firn ), the sm oothed velocity profil e 
(Fig. 5) with Wo = 1.1 7 m a I a nd th e smooth ed d ensity 
profil e (Fig . 8 ) a re shown in Fig ure 11. Accumul a tion rate 
is shown as snow'- (initi a l sn o w) and ice- (initi a l ice) 
equivalent thi ckn esses . Th e progressive thinning with 
depth of the in situ ice-equivalent thi ckn ess compared to 
the initi a l ice-eq ui\'a len t thi c kness represents exp ort of ice 
from th e eolumn by d yna mi c stra in associa ted with 
hori zonta l velocity di verge nce (spreadin g) . The thinning 
of in situ fim thickn ess in comparison to in situ ice­
equi valent thi ckness represents ve rti cal compac ti on by 
densifi ca tio n. The curves in Fig ure II are sm ooth ed with 
20 yea r running means. The m ea n ice-equi\'a lent acc u­
mula ti on ra te fo r the record length is 0.53 m a I. 
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Fig. ll . H istM], oJ annual snow accumulation (inilial 
snow) and corresponding ice-equivaLent thickness (initial 
ice equivalent ) . The physical Ilz ickness (in situfim) and 
ice-equ ivalent thickness (in situ ice equivalent) if annual 
la)'ers in the 1990 core vs time oJ deposition are showll Jor 
comjJarisol1. 

Figure 12 shows the ice-equiva lent acc umul a tio n ra te 
vs time a t a n exp anded scale, a nd includes unsm oo thed 
res ul ts. Th ere a re prominen t d ecad al \'ari a ti o n s in mos t of 
th e record , two multi-decad e p eaks of hig h acc umula tion 
ra te a round AD 1550 and 1600, a trend of d ec reasing 
acc umula ti o n ra te from th e ea rly to la te 18 th century a nd 
a gradu a l inc rease from th e late 18th century to the 
present. Th e record shows s trong intera nnua l varia ti ons; 
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Fig. 12. Ice-equivalent annual accumuLation . Smooth heav), 
curve shows 20 )'ear running mean. Light curve shows 
llllsmoothed results. 

howeve r, ma n y o f th ese a nnu a l-sca le varia ti o ns a re 
a rtifacts th a t a ri se by assignment of a nnual bound a ries 
from stra ti graphi c fea tures that do no t occur a t consistent 
calenda r da tes . 

9. DISCUSSION 

9.1. Ice dyn a :rnics at th e su:rn:rnit 

The geometry a nd now pattern a re complex (Figs 2 and 
3) , because o[ the mountaino us sub-i ce terra in. The 
m o tiva ti on to core a t a summit is es pecia lly strong in th ese 
ci rcumsta nces, si nce ice di splaced over the rugged bed 
relief is likely to ha ve ex peri enced complex d efo rma ti on . 
Th e location of th e ice summi t near th e 1990 co re si te is 
pro ba bl y associa ted with the high sub-i ce terrain be nea th 
it, a nd its position m ay be quite sta ble. The re la ti vely 
sm a ll ice thickn ess a ll ows access to ice of a gi\'en age a t a 
sm a ll e r depth th a n a t surrounding locations with la rger 
thi c kn ess. Thus, th e site could be considered fo r d eeper 
co rin g in the future. In this rega rd the d epth va ri a ti o ns of 
ve rti ca l velocity a nd strain a r e rel evant benea th the 
lo wes t measurem en ts. 

H Ws(1990) = 1.17 m a- I is ass umed as di scussed a bove, 
then the velocity o f th e lowest ma rker (Fig. 5) is given by 
Equa ti on (I) as w(201 , 1990) = 0.1 9 m a 1 Th e froze n 
conditi on of the bed (h = 365 m) requires tha t w (365 , 
1990) = O. This cond ition enables extension of th e velocity 
pro fil e to th e bed . A smoothing fun ction ma tching th e 
m eas uremen ts of differen ti a l ve loci ty (Fig . 5 ) , Ws = 
1.17m a I and w(365, t) = 0 yields a n essentia lly linear 
va ria ti on of w over th e interval [20 I , 365J. 

The age vs d epth th a t res ults fro m Equa tion (3) with 
this distribution of w o\"er the full d epth (Fig. 13) predi c ts 
ages of about 2500 a a t 20111 a bove the botto m. The 
corres ponding fac to rs for correc tio n o f laye r thickness a nd 
m as per unit area given by Eq ua ti o ns (14) and ( 15 ) a r e 
abo ut 40 and 20 resp ectively at th a t d epth (Fig . 14 ) . The 
actua l depth to which these predi c ti ons of age a nd stra in 
e ffec ts rema in r eli a ble is uncerta in , because of th e 
potenti a l for disturba nce of stra tig ra phy near th e bed . 
Furtherm ore, as di scussed below , a linear vari a ti o n of w 
must break down ve ry close to the bottom. I t is unlikely 
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area e\tmded to Ileal' the base of the ice . 

th a t a reliabl e reco rd longer than a few th o usand years 
could be obta in ed a t this loca tion , beea ust' th e o ld er ice is 
\'Cry thin. Th e limita ti on on th e age a rises because of the 
low ice thic kness a t this loca tion a nd ge ne ra ll y hi gh 
acc um ul a ti o n ra te. 

The \'e loc ity difference be lween 20lm a nd the bed 
d e termin es th e mea n r a te of' \'e rti ca l compress ion 
- ow/oh = 0.001 2 a l ove r th e d epth intcn'al [201 , 365J. 
Compa rison wi th ed over [0 , 20 I] indica tes tha t ed is 
rela ti vel y independent of d epth belo\\' 200 m (Fig . 15 ). The 
frozen-bed conditi on imposes - ow/oh = 0 a t the bed, 
but the zone of sma ll -ow/oh must be confin t'd \'e ry clost' 
to the bed in order to fit th e requirements imposed by the 
average O\'er th e intel'\'a l [20 I , 365]. 

Th e nea rly d epth-ind epe ndent stra in rate conflicts 
with theore ti ca l models of th e flow a t a di\'id e with 10 \\' 

bed reli ef, w hich predi ct stro ng g radi ents in - ow/oh in 
th e ce lllra l pa rt of the ice thi c kn ess with a thi c k zone of 
10\\'e r tha n a \'e rage stra in ra te abo\'e the bed (R ay mond , 
1983; R ee h , 1988 ). This diffe rence pro ba bl y a ri ses 
because of th c sha rp sub-i ce ridge (Fig. 3). Because the 
bed fa ll s away stee pl y on eith e r side, hori zonta l spreading 
is not constrained by th e frozen bed as stro ng ly as it 
would be if the bed were fl a t. In compari son to a fl a t bed , 
there a rc re la ted conseq u e nces : d ownwa rd motion 
remains rela ti\'e ly high close to the bed ; th e ice is not as 
o ld a t a gi\'en d epth ; the old es t ice is not as thick. Thus, 
some of th e age-\'s-depth adva ntage associa ted with a fl ow 
divide is los t o\,e r a sha rp peak . This behavior needs to be 
born e in mind more genera ll y when conside ring coring 
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Fig. 15. r'ertia d straill rate il!ferred fo r the full depth . 
Short daJlzes show average straill rate below deepeJ t 
measuremellts assumillg w, = 1.17 I7l a J . LOllg dashes 
shower! measured at sll/face and assumed for the thickness 
of the fim la)'er . 

sites over sub-i ce peaks, where sta nd a rd models of age vs 
d epth may fa il. 

The age-\'s-depth rela ti onship a t th e 1990 core site ca n 
be extended to o th er loca tions in its vicinity by trac ing 
interna l rad ar rc fl ec tors, ass uming these a re isochro no us 
s tra ti g ra phi c ho ri zons. \\'ee rtm a n ( 1993; pa p e r in 
pre para ti on) di sc usses this mea ns of es ta blishin g th e 
three-dimensiona l age-field of' th e ice . Thicker seque nces 
o f ice much old e r th a n se\'era l lh o usand yea rs can be 
accessed a t dee per loca ti ons nearby, but a t grea te r d e pth. 

9.2. His tory of the ice 

Som e of the res ults d e\'eloped a bove sugge. t a n ea rly 
s tead y sta te nea r th e summit. Th e recent ice-eq uiva lent 
ra te o f acc umula ti o n (0. 54 m a I ) is c lose to the long term 
a \'c rage (0.53 m a I ) . Th e corresp o nding snow-acc umula ­
tion ra te is equal to th e downwa rd m o ti on o f' th e upper 
surface d educed fro m th e stra ti g ra phi c age \'s depth ; thus, 
ice thi ckn ess a ppears to be sta bl e . 

Other fe a tures indi ca te non-s tead y conditi o ns. Th e 
pro fil es of densi t y a nd \'e rti ca l \'e loc i ty a ppea r to ind ica te 
a si ig h tl )' increas ing mean densi ty during the 1989- 92 
inte n 'al. Th e pa tte rn o f' layer thi c kn ess indica tes inc reas­
ing acc umula ti o n ra te over the las t two centuri es . 

The \'a ri ous no n-steady-sta te fea tures appear to be 
qu a lita ti vely co nsistent. Increas ing acc umul a ti o n ra te 
wo uld lead to a thi ckening firn laye r with abnormall y low 
d ensity a t depth . Firn compaction wo uld be occ urring a t a 
ra te higher tha n fo r stead y sta te. C o nsequ entl y, downwa rd 
velocity would be la rge r and density wo uld be sma ll er th a n 
would be required for consistency w ith steady sta te . 

Th e d educti o ns for snow-acc umul a ti on ra te a nd 
con\'e rsion to ice- o r water-equiva le nt accumula tion rate 
invo lve the ass umptions th a t th e veloc it y a nd d ensity 
profil es ha\'e bee n consta nt O\'e r th e 500 year duratio n o f 
th e record. The a na lysis has shown th a t certa inl y bo th of 
th ese co uld no t have been consta n t over th a t inte rva l of 
reco rd. Thus, th e re is a n inconsiste ncy in the calcula ti o n 
of' acc umula ti o n-ra te history. If th e ice fl o\\' , horizonta l 
ve locit y diverge n ce a nd d ensity a ll \'ary slowly as 
ass umed , th en consequent errors in th e d erived a cc umu­
la ti o n rate would be low-frequency. For this reason the 

5 17 https://doi.org/10.3189/S002214300000349X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300000349X


J ournal oJ Glaciology 

d ecad al to century time-scale variat ions (Fig . 12) 
discussed above a re expected to be reali stic. 

There is no apparent long-te rm trend ove r the full 
~500 a record (Figs 11 and 12 ) . H owe\'Cr, interpre ta ti on 
of the long time-scale is less ce rtai n. The nea r-equ ality 
between the recent acc umul a tion ra te (0.54m a I) and 
th e long-term m ean (0.53 m a- I) suggests that the lack of 
a long-term trend is real. The m ean acc umula tio n ra te 
over th e leng th of the core is d e term ined primarily by the 
present mass of the co lumn over the co re depth (kno\\'n 
from the density profile), the age a t its base (known from 
stratigraphy) and the hori zonta l flow di\·ergence (known 
(i·om surface m eas uremen ts) . It is only seco nd aril y 
affected by the value of the unmeasured downward 
velocity a t th e upper surface W s . Ne\·enheless, Ws ,,·as 
chosen to yield a ma tch between the stratigraph ic and 
dynamic ages over th e long term (Fig. 7). This la t ter fact 
introduces some circularity in a na lyz ing for long-term 
trend and makes its definition less secure than fo r the 
shorter time-scale variations. 

Although the variations in acc umulation r a te tha t 
have occurred appear to have onl y a modest effec t on the 
mass and thi ckness in the vicinity of the core site , it is 
important not to ex tend this conclusion to the whole ice 
profile across the Antarctic Peninsula a t this latitude. 
Thi ckn ess cha nges at th e ori g in of flow in glaciers a nd ice 
sheets are expec ted to be small even when th ere are la rge 
changes near the margins (Schwitler and Raymond , 
1993) . 

10. SUMMARY 

The core site on the cres t of th e D yer Platea u is positi oned 
ove r a subglacial ridge, which should serve to anchor the 
position of the ice summit. The ice shee t in the vicinity of 
thi s summ it is currently close to stead y state. Th e present 
ra te of thickness change is less th a n 10% of th e annual 
rate of snow accumulation of abo ut l.1 7 ma- l

. Some 
degree of non-steady state is indicated by the ve rti ca l 
va ri a tions of d ensity and downward velocity, which imply 
a non-steady densi ty profil e i n th e firn. The mass in the 
uppermost 100 m is increas ing at a rate of approxim a tely 
4% of the mass-accumulation rate. 

D evia tions from perfect stead y state are expected, 
because the acc umulation ra te d efin ed by the thi ckness of 
annu al laye rs has increased progressively from 0.46 to 

0 .54 m a I ice equivalent over the interva l from a bo ut AD 

1790 to th e present. There were prom inent multi-decadal 
variations in acc umula tion rate during the 16th century. 
There is no evidence for a long time-scale trend in 

accumulation rate over the 500 a peri od covered by the 
core. H owe\·er, the possibility of such a trcnd cannot be 
eli mi na ted. 

The combination of high acc umulation rate , small 
local thickness and associa ted ice-flow pat tern near the 
sUlTlmit limits the length of record that can be ac hi eved 
with confidence at that loca ti on to a few thousand years. 
Older records are possible a t nearby locations on the D yer 
Pla tea u fl o\\' di\·id e where the thickness is larger. 
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