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ABSTRACT. Geodetic surveying and ground-based radar profil ing were used to 
determine geometry and surface motion of the ice sheet on the Dyer Plateau ,  
Antarctica, in  the  vicinity of an ice-core site on a local dome. Vertical strain 
measurements in the core hole constrain the depth profile of vertical velocity. These 
geophysical measu rements are used to analyze the profiles of density and annual layer 
thickness measured on the ice core to estimate the current mass balance of the ice 
column and the past history of acc u m ulation rate. Consideration of horizontal and 
vertical mass-flow d ivergence shows that the profiles of density and vertical velocity 
are not fully consistent  with steady state. YIean density of the firn layer appears to be 
increasing, which leads to the ded uc tion of a small rate of mass increase (;::::0.02 m a I 
ice-equivalent thickness) . Over the last 200 a there has been a gradua l  increase in 
accumulation rate from about 0.46 m a I to 0.54 m a-I ice-equivalent  thickness in 
recent time. 

1. INTRODUCTION 

As the only terrestrial link betw'een the main part of 
A n tarctica and temperate lati t udes, the Antarctic 
Peninsula is a key area for detection of north-south 
shifts of sou th-polar boundaries in the atmosphere and 
ocean that cou ld be discovered through ice coring ( Peel 
and others, 1 996) .  Recent shallow and intermediate 
depth cores from the Dyer Plateau (Fig. 1 ) ha\'e given a 

high-resolution history of glacio-climate over the last 
480 years for this location (Thompson and others, 1 994) . 
The deepest core to date was col lected in 1 990 from a 
local dome on the divide at 70°40. 1 6' S, 64°52 .30' W. The 

core depth (;::::235 m )  was 64% of the total ice thickn ess at 
the site (;::::365 m). In this paper we examine the dynamic 
conditions of the ice in this region of the Dyer Plateau 

relevant to the 1 990 core and possible future cores that 
could extend the record of climate. 

The principal dynamic information is the geometry of 
the ice, the strain rate on the upper surface and vertical 

strain rate along the core hole. These data are used to 
analyze the depth distributions of density and ann ual 

layer thicknesses measured in the core (Thompson and 

others, 1 994) with the goals of estimating the current  rate 

of thickness and mass change and refining information on 
the h istory of accumulation .  
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2. GEOMETRY AND SURFACE MOTION 

Geomet ry  of the ice sheet  was determ i n ed by measure­
ments in a grid of markers on the upper s urface (Fig. 2 ) .  
The re lative posit ion o f  grid markers in a loca l  

coordinate system was d e termined by redundant angle 

( theodolite) and slope d istance (e lectronic distance  
meter)  measurements  redu ced by  least-squares network 

adjustment. (The adjustment program was developed 
by L. A. Rasmussen a n d  E. D.  'vVadd ington (unpub­

lished information) ) .  Errors estimated on  the basis of  
resid uals  in the adjustme n t  were typical ly  within 0 .03  m 
in the h orizontal and 0 . 1 m in the vertica l  for the central  

part  of  the grid, but  l a rger errors u p  to 0. 7 m are 
indicated for a few m arkers on the d istan t  edges of the 

grid . (See  Raymond a n d  others ( un p u blished) for 
detailed compilation of survey data a n d  results of net  
reduction. ) 

The grid was surveyed in 1 990 and 1 992 ,  and relative 
displacements were computed for the 2 year interval .  To 
remove indeterminacy associated with r igid translation 
and rotation, it was assumed that horizontal displacement 
at the local summit was zero and that markers on the 

divide north of this summit moved parallel to the divide .  
Absolu te positions determined for fou r  markers using 

observations from transit satellite (Magnavox Geoceiver 
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Fig. 1. Localioll oj the �)Ier Plateau. Arrow lilJ indicates 

l/ie sile oj lIleasuremenls. 

1 502) were consisten t with these assumptions, bu t  were 

insufficiently accurate to con t rol usefully the absolute 
displacemen ts O\'er the 2 year in ter\"al because of the 
generally slow speeds . 

Grid l ines were tra\'ersed with a radio-echo sounder 
(RES) to determine ice thickn ess and depth to i nternal 
reOectors (\ \' eertman, 1 993 ) . The RES recorded baro­

metric pressure, which allowed i nterpolation of eie\'ation 
between su rveyed grid markers. 

The combined survey resu l t s  were used to deri\"e the 
surface elevat ion and veloci ty  pat tern (Fig. 2) and bed 
topography (Fig.  3 ) .  The geometry is characterized by a 

relati\'ely smooth surface w i th  a ropographi c  d ivide 
running approximately north-sou th that is u n derlain by 

a complex of peaks and rid ges . The rel ief on t he bed 
within the grid is about 0.8 km, which is similar to  the 
mean ice th ickness. Horizontal speed on t he s urface 
i ncreases w i th  d istance on e i ther side of t he d i\'ide, 

reaching abou t 5 m  a I at 1 0  km from the d iv ide. 
The 1 990 core s i te was located near the summit  of the 

north-south divide (Fig. 2 ) . This summit lies over a sharp 
east-west t rending ridge in the bed terrain (Fig. 3 ) .  It is 
one of the shal lowest locations in the region. Thic kness at 
this location is (365 ± 8) m. 

Horizontal veloc i ty divergence ed is of order 1 0  3 a I in 
the vicin i ty of the summit .  At the 1 990 core si te, principal 
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Fig. 2. SjJalial arrangement oj sUlface observalions. Points 

show locatioll ojlJoles used as markers. Thick, shaded lines 

show paths oj radio-echo sOllnding trm'erses. Contours 

show surface elevation wilh a 5 m contour interval, as 

determined b)' survf)1 oj the markers inlerpolated by 

baromelric aliimetlY along Ihe Iraverses. Absolule eleva­
lion was based 011 jJositiol1il1g using trallsil salel/iles oj a 

marker al Ihe local summit. The horizolltal axis of Ihe 

figure is orienled 8.3" easl oj north (347.5" lIlagnetic). 

Bars show Ihe direction and speed oj IlOrizonlal lIlotion. 

horizontal strain ra tes  arc el = ( 1 .4 ± 0. 1 )  x 1 0  3 a I 
with azimuth 249°, and e2= ( 0 . 5  ± 0. 1 )  x 1 0  3a I 
with azimuth 1 59°, where azimuths are given east of true 
north. The total horizontal veloci ty d ivergence i s  ed = 
el +e2 = ( 1 .9 ± 0.1) x 10 3a 1 Horizontal \·eloci ty  at 

the core si te is not accurately known from measurements. 

I t is assumed ro be less than 0 .3  m a I, based on the 
dis tance from the summit  to the s i te «200 m) and the 

strain rate along the slope «0.00 1 5  a I ) .  
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Fig. 3. Topography oJ the ice-sheet base. Contours show 

bed elevation with a 50 m contour interval. Thick, shaded 

lines show paths oJ mdio-echo sounding tmverses along 

which thickness was measured using two-way tmvel limes 

to bed reflections (Weertmcm, 1993). 

3. SURF ACE CONDITIONS 

Surface snow density was measured from the core and in 
pits. Average density in the meter just beneath the sUl{ace 
was 420 kg m-3. The 10 m temperature at the core site is 
-21 QC (Thompson and others, 1994). 

Rate of snow accumulation over a 2-3 year interval 
was determined by measurements of snow-height change 
on poles in the network (Fig. 2). Snow settlement was 
taken into account based on the near-surface density 
profile and the assumption that the bases of poles moved 
with the local snow. The average accumulation rate 
measured on eight poles within 0.5 km of the 1990 summit 
core site is 1.17 m a 1 wi th a standard deviation of 
±O.IOma I .  If it is assumed that the scatter in 
measurements arises from uncorrelated errors or spatial 
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vanatlOn, then the standard error of the average is 
0.05 m al. When corrected [or density, the average snow 
accumulation rate gives a surface mass-balance rate of 
490 kg m 2 a 1 (0.49 m a-I water-eq uiyalent thickness, 
0.54 m a 1 ice-equivalent thickness). 

The spatial pattern of accumulation rate over the full 
grid was examined using a combination of measurements 
on the poles of the grid and the depth of near-surface 
horizons detected by radar (Weertman, 1993; paper in 
preparation by B. R. Weertman). 

4. NOTATION FOR VARIATIONS WITH DEPTH 

Figure 4 defines notation for analyzing vertical variations 
of veloci ty, layer thickness and densi ty: total thickness of 
the ice sheet is H; depth below the surface is h; elevation 
above the bed is z = H - h; downward velocity is 
w = -Dz/Dt; unit time (e.g. annual) layer thickness is 
l; firn or ice density is p. The vertical variations ofw, land 
p are described in terms of h, and these spatial variations 
along with H may depend on time t. In the following 
analysis w(h, t) is expressed as 

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

where ws(t) is the downward velocity at the surface and 
6.w(h , t) is the velocity relative to the surface. Equation 
(1) is convenient, because 6.w(h, 1990) was measured as 
discussed below, but ws(t) has not been measured for any 
time. 

H (to) 

, :-,� 

� � p(O,tJ 

I 
I (0, to) 

�� p (ht) w(h,t) 

� � 

h(t) 

1 
t 

I (h, t) 

Fig. 4. Schematic oJ notation used in text. 

III 

H (t) 

� 

\Vith these notations, a unit time layer that is at 
present time t at a depth h and elevation z = H(t) - h 
has a thickness l(h, t) times unit time and density p(h, t). 
It is moving downward with a velocity w(h, t). This layer 
was deposited at an earlier time, denoted to, at the surface 
h = 0 and elevation z = H(to) with a thickness l(O, to) 
times unit time and a density p(O, to). The age of this 
layer is A(h, t) = t - to. The snow-accumulation rate b 
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for the time to is given by 1(0, to), which can be expressed 
as ice-equivalent thickness 1(0, to)p(O, to)1 Pi cc or mass per 
unit area 1(0, to)p(O, to). 

5. MEASUREMENTS OF VERTICAL MOTIONS 

Vertical strain was measured along the length of the core 
hole using the method of R ogers and LaChapelle ( 1 974) 

with some modifications for polar conditions (R aymond 

and others, 1 994) . Fourteen metal bands were injected in 
February 1 990 i n to the core hole at depth intnvals of 1 2-
25 m soon after completion of the hole. The bands were 

located relative to an arbitrary reference above the 

surface by a metal-detecting sensor suspended on a tape 

measure. l\1easurement sensitivity for location was better 
than I mm. Accuracy was limited by hysteresis in the 
stretching of the tape measure and stabi lity of the bands 

in the hole .  Based on repeatabil ity of the band locations, 
the measuremen t accuracy for the distance  between 
adjacent bands  was normally about 2 mm. 

The bands  were first located in 1 990 and then again 

about 2 years later in 1 992 . During the 1 990 measure­
ments, two bands were d isplaced by the sensor or its 

suspension and did not give reliable results. The deepest 
band at 2 2 5  m could not be  reached in 1 992 for 
remeasurem ent .  The other  1 1  bands gave reliable 

resul ts. Detai ls of the method and tabulations of the 
measurements are gi\'en by R aymond and others ( 1 994). 

Figures 5 and 6 sho\\' the differential velocity of the 

bands relatiye to the surface, and the corresponding 
spatially averaged strain rates based on the changes in 

locations measured over the 2 year inten'al . The accuracy 

of the relative \'elocity is 1 -6 mm a I .  Based on the 
measurement accuracy for change in distance  between 
bands (about 3 mm), their spacing ( 1 2-25 m) and time 
interval (2 a) , strain rat e  was determined with an 
accuracy of about 1 0  I a I or better. 

6. AGE vs DEPTH 

At time t the age at depth h IS given by counting the 
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Fig. 5. Vertical velocil)' relative to the sUljace vs dejJth as 

measured in the 1990 core hole. Points show Locations of 

bands used in the measurements. Solid curve is a function 

}it to the I)oints. Dashed curve shows the velocity required to 

jJl"Oduce steady mass distribution with the measured densi[y 

jJro}iLe and horizontaL velocity divergence. 
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Fig. 6. ComjJressive vertical strain rate vs dej)th. Step 

junction shows strain rate determined b)1 differencing 

between adjacent bands. Solid curve shows strain rate 

derived b)' differentiatioll of the }imction}it to the vertical 

velocity relative to the sll1jace (Fig. 5, solid curve). The 

dashed curve gives the Iwrizontal velocil)' divergence 

required for steady mass distribution with measured 

density and vertical velocity. 

number of unit time layer th icknesses (Ill) from the 

surface to h, which can be expressed as 

r h dh' As(h, t) = lo I(h', t) . (2) 

\Ve refer to this measurement of age \'s depth as the 
stratigraphic age. The stratigraph ic age vs depth for 
t = 1 990 (Fig. 7) was determined by counting anllual 

layers in the 1 990 core identified from variations in  8180 
and SO/- checked against f3 activity and volc anic 
horizons (Thom pson and others, 1 994). 

Alternatively, age can be calculated from the tim e  of 
trayel for the ice at the depth h from its origin location 
using the velocity fie ld .  Th is proced ur e  is straightforward 

in steady state when H and w(h) = I(h) are time­

independen t. It pred icts 

r h dh' Ad(h, t) � la w(h', t) (3) 

\Ve refer to this estimate of age vs d epth as the dynamic 
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Fig. 7. StratigrajJhic age vs dejJth measured from annual 

layer thicknesses (ThomjJson and others, 1994) and 

dynamic age vs dej)tlz estimated from the jJresent velociry 

distribution, assuming values rif the sll1jace downward 

velocil)' Wo inaemented in units rifO.OI m a I between 1.14 

and 1.20 m a  l 
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age . The dynamic age can be calculated from w(h, t) 
expressed as Equation ( I )  u sing the measured !::"w 
(h,1990) ( Fig. 5 )  and an assumed ws(1990) (Fig. 7 ) .  

Calculation with a range o f  assumed values for 

ws(1990) shows that ws(1990) = (1.17 ± 0.0 I) m a I 
prod uces a m atch between t h e  stratigraphic  and 

dynamic ages for the 500 a tim e-scale of the core (Fig. 
7 ) .  By fi tting the dynamic age to the stratigraphic age in 

this way, we determine the mean value of l/w (Equation 
( 3 ) )  over the last �500a. 

Generally, it is expected that H and w wil l  vary only 

slowly with time, as l imited by the dynamic response of the 
ice geometry. A rough estimate of the time-scale i s  given by 

thickness divided by accumulation rate (Nye, 1960), which 

is about 103 a. I t  is possible that a Oow divide could shirt 
position and thereby modify the local velocity pattern on a 
shorter time-scale (Hindmarsh, 1996), but the posi t ion of 

this  particu lar summit o\,er high sub-ice terrain suggests 
stability of i ts position. In the subsequent analysis, \\'e 

assume that l/w (and w) have been independent of time 

and that w(h) is given by the above value of Ws and the 
distribution of !::"w(h) measured in 1990-92. 

7. MASS BALANCE 

7.1. Rate of t hickness change 

The rate of thickness change is given by 

8H 
- = b - w  

8t s (4) 

where Ws is the downward vel ocity at the surface and b is 
the snow-accumulation rate .  Measurements of  b d uring 
the interval 1989-92 give (1 .1 7 ± 0.05) m a I. Deduction 

of Ws from stratigraphic age vs depth gives (1 .17 ± 
0.0 I) m a I. Thus, within ± 0.06 m a I, H did not change 

from 1989 to 1992. The equality between Ws and b over 
the interval 1989-92 must b e  viewed as accidental. 
Although Ws is slowly varying,  there is high frequency 

variability in b(t) (shown below) . It is more useful to 

compare Ws to a longer-term average of b afforded by the 
depth distribu tion ofl ayer thickness. After considering the 
accumulation h istory, we return to the question of long­
term thickness c hange. 

7.2. Vertical pattern of mass change 

The variation of density with depth describes the vertical 

distribu tion of mass (Fig. 8). I n  steady state, thickness H, 
density p(h) and downward velocity w(h) are indepen­
dent of time. \lVe now examine whether the profiles of 

w(h) (Fig. 5) and p(h) (Fig. 8) as observed in 1990-92 are 
consistent with steady state, b y  investigating conser\'ation 

of mass at d ifferent depths i n  the firn. 
Conservation of mass req uires that 

1Dp ow . 
--- = -+ed 

pDt oh 
(5) 

where ed(h , t) is the horizontal velocity divergence. ( In 

Equation (5), D/Dt represents  the time  d erivative 
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fol lowing a parcel of matter, i .e .  the material t ime 

derivative. ) Based on Equation (5 ) ,  the total rate of 
vertical compression 

. ow 
e(h, t) = -

oh 

can be partitioned into a compactive part 

. 1Dp e (h t) = --c ,  pDt 

and a dynamic part ed(h,t) such that 

(6) 

(7) 

(8) 

I f  i t  is assumed that horizontal gradients in p are 
negligible, the material time derivative of p may be 

evaluated as 

Dp op op 
-=-+w-
Dt 8t oh 

. (9) 

Then conservation of mass (Equation (5))  reduces to  

op 8(wp) . 
-- = -- +ped· at 8h 

(10) 

E q  uation (10) shows that the local rate of density change 
results from the sum of the vertical and horizontal mass­

fl ux divergences. 
Below a depth of about 100 m, wherc p is close to ice 

densi ty, both op/ at and 8p/ oh are O. Conseq uently,  

ed = -8w/8h, which is determined by the vertical s train 
measurements ( Fig. 6). Just beneath l OO m, -ow/oh = 
(1.8 ± 0.1) x 10 3 a I .  That rate is nearly iden tical to 
the horizon tal veloci ty divergence measured at the 

surface, ed = (1.9 ± 0.1) x 10-3 a I .  Thus, i t  i s  reason­
able to assume that over the depth range of the firn layer 
ed is independent of depth and equal to the value  at the 
surface. 

With ed specified in the firn layer, it is possible to use 

Equation (10) to test whether p(h, t) i s  independent of 
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t ime. Calculations were made us ing the smoothed 
rcprescntations of w and p shown in Figures 5 and 8. 
The horizontal and vertical mass-flux divergences do not 

balance, with the consequence that p(h, t) is p redicted to 
be increas ing i n  the upper part and decreas ing i n  the 

lower part of the firn layer ( Fig. 9 ) .  Changing the value of 

Ws assu med i n  the calculat ion shifts the curve for op/ot 
up and down i n  Figure 9, but does not significant ly  alter 
the shape of the depth dcpcndence. 
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Fig. 9. Rate oJ densilJl change /l1edictedJrom the balance oJ 

horizontal and vertical mass-jlux divergence (Equation 
(10)) calculated with eel = 1.9 x 10."1 a 1 and Ws = 
1.17m al. 

The inconsistency between p(h), w(h) and eel for 
s teady statc is further illustratcd by solving Equat ion ( 1 0) 
wi th op/ot = 0 for ( i ) w(h) assuming the measured p(h) 
and eel (dashed curve in  Figure 5), ( i i )  p(h) assuming the 
mcasurcd w(h) and eel (dashed curvc in Figure 8), and 
( i i i )  eel assuming the measurcd w(h) and p(h) (dashed 
curve in Figure 6 ) .  The distri bu tions predicted for w(h) 
and p(h) predicted by ( i ) and ( i i )  are well out side the 
range of measurement error. The distribution of eel(h) 
predicted by ( i i i) is unreal istically complex. 

In combination these considerations show t hat the 
mass distri bu t ion is not stead y .  

7.3. Mass balance of the coluIDn 

Denote the ra te of change of mass in the co lumn over the 

fixed rangc of dcpth from hi to h2 by ]\[(h[, h2) = 

dJ\I(h[, h2)/dt. M(h[, h2) is determined by in tegration of 

Equation (10) m'er [h1,h2]. When dH/dt = 0 and h is in 

the icc beneath the firn, ]\[(0, h) givcs the mass b alance of 
the full  ice column.  (This is t rue in this case, s i nce the 
mass docs no t  change abovc 0 or below h.) A value of 
h = 1 20 m somewhat below the firn-ice transi t ion is 

conven icnt .  

Figure 10 shows how ]\[ ( 0, 1 20) dcpends on the choice 
of Ws and eel. Preferred \'alues are Ws = (l. 1 7  ± 0.0 1 ) m a I 
and eel = ( 1 .9 ± 0. 1 )  x 1 0  3a I, which imply a rate of 2 1 mass change of ( 1 7  ± 1 0)kg m a (water equivalent 
thickness 0.0 1 7 m a I ,  ice-equivalent thickness 0. 0 1 9 m a  I ) 
or about 4% of the annual accumulation (0.54 m a 1 ice 

equivalen t ) .  A zero rate of mass change would be achieved 
with the measured eel, ifws werc 1 . 2 1 m a 1 (Thc increment 
ofO.04 m a 1 downward motion results in a larger increase in 

0.0024 

0.0022 
� 
�"O 0.0020 Q) 

0.0018 

0.0016 

1.1 1.15 1.2 1.25 1.3 
w (ma·1) 5 

Fig. 10. 1nJened column mass balance de/Jending on 

downward velocity at sUlface Ws and horizolltal flow 

divergence eel. Lines show contours oJ equal mass balance 

in units oJ kg m 2 a -I. Box shows expected ranges Jor Ws 
and ed. 

mass nux lost through the rim-ice t ransition than gained at 
the upper surface, which follows from the dif ferences i n  
dcnsity at these locations . ) Such a high \'alue of ws  appears 
to be inconsistent with the stratigraphically determined age 

vs depth as discussed above. A zero rate of mass balance 

could also be achieved by increasing horizontal veloci ty 
diycrgence to 0.002 1 ai, which is slightly larger than 
expected from measu rements. Alternatively, a surface 

density of 15 kg m 3 lower than implied by measurements 
(F ig. 8) would pred ic t  zero balance, which i s  in the range of 

measurement error. Therefore, i t  appears that the mass is  
i ncreasing at present ,  but the rate is not distinctly above 

measurcment error. 

8. ACCUMULATION·RATE HISTORY 

The thicknesses of ann ual firn layers l(h,t) measured i n  a 
core contain information about the history of snow 

accumulation b[t - A(h, t)]. It is necessary to accoun t  
for th inning of layers si nce their times o f  depos it ion. The 
rate  of thinning of a laycr is gi\'en by  

. 1 dl 
e = - - - . 

l dt 
(ll) 

The total comprcssive ( logarithmic) s t rain ovcr the t ime 
i n teryal from deposi ti on to = t - A(h, t)[to. t] to mea­
surcment t is found by integration of Equation ( 1 1 )  o\"Cr 
[to, t] to be 

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

l( 
-

) 
. 

0, to 
(12) 

I n tegration of Equation (6) gi\'es an altcrnative eyal ua­

tion of e(h, t) from the vertical veloci t y  'W. We assume  
that H and w are i ndcpendent of time over the t imc  

i n terval [to. t ]  as the layer mO\'es over the depth range 
[0, h]. Then integration of Equation ( 6 )  ovcr [to, t]usmg 
ow/oh = w-1dw/dt givcs 

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

wO, t 

Comparison of Equ arions ( 1 2 ) and ( 1 3) implies that 

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

w(h ,  t )  
l (h, t )  ( 1 4 )  

which determines ini tial snow thickness l (O, to ) from the in 
si tu firn layer th ickness l (h, t) and velocity w(h,  t ) . If the 
density prollle is assumed to have been constan t ,  then the 

correspond ing i n it ial mass per  unit area (m(O, to) = 
p(O, t) l (O, to ) )  and in situ (m(h,  t) = p(h, t )  l (h ,  t ) )  are 

related by 

(0 ) = w(O,  to ) p(O ,  to) 
(h ) m , to ( / ) ( h  ) 

m , t  . 
w 1, t P , t  

( 15) 

This gives the water-equivalent  thickness .  I t  can be 
converted to  i ce-equivalen t th ickness using ice  d ensity. 

Resul t s  derived from E q u a tions (1 4) and ( 1 5 ) using 
l (h , 1990) ( i n  situ firn) ,  the smoothed veloc i ty  profile 

(Fig. 5) w i th Ws = I .  I 7 m  a I and the smoot h ed densi ty 

profile (Fig. 8) are shown in F igure 1 1 . Accumulation rate 
is shown as snow- (initial snow) and ice- ( i ni tial ice) 
equivalent t hicknesses. The progressive t h i nning with 

depth of the  i n  situ ice-equivalent  thickness compared to 

the ini t ial  ice-equi\'alent th i ckness represents e xp ort  of ice 
from the column by dynamic  strain associated with 
horizontal veloci ty divergence ( spreadi ng) . The thinning 

of in si t u  llrn t hickness in comparison to i n  si tu  ice­
equivalent th ickness represents  vertical compaction by 

densification .  The curves in F igure 1 1  are smoothed with 
20 year running means. The mean ice-equivalent accu­

mulation ra te  for the record length is 0.53 m a I .  

.s 
en en Q) c: .:.: 

.� ..c: 
I-

1 .2 

1 .0 

0.8 
In situ Firn I 

I 
0.6 

Initial Ice Equivalent I / 
0.4 

".., ."- ,,J ;;:'-" .,-

0.2 
In situ Ice Equivalent 

0 
1 600 1 700 1 800 1 900 

Year 

Fig. n. Hist01Y of annual snow accumulation ( initial 

snow) and cOJ'J'esponding ice-equivalent thickness ( initial 

ice equivalent) . The physical thickness (in situ firn) and 

ice-equivalent thickness (in situ ice equivalent) of annual 

layers in the 1990 COTe vs time of deposition are shown fOT 

comparison. 

Figure 1 2  shows the ice-equivalent accumula tion rate 
vs time a t  an  expanded scale ,  and includes u nsmoothed 
resul ts. There are prominen t d ecadal variations  i n  most of 
the record, two multi-decade p eaks of high accumulation 

rate around AD 1 550 and 1 600, a trend of d ecreasing 
accumulat ion rate from the early to late 1 8th century and 

a gradu al increase from the la te 1 8th century to the 
present .  The record shows strong interannual  v ariat ions; 
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Fig. 12. lee-equivalent annual accumulation. Smooth heavy 

curve shows 20 year running mean. Light CUTve shows 

ullsmoothed results. 

h owever, many of these annual- scale variat ions are 

artifacts that arise by assignmen t  of  annual boundaries 
from stratigraphic  features that do not occur at consistent 
calendar dates. 

9. DISCUSSION 

9. 1. Ice dyna:rnics at the su:rn:rnit 

The geometry and Oow pattern are complex (Figs 2 and 
3 ) ,  because of the mountainous sub-ice terra in .  The 

mot ivation to core at a summit i s  especially strong in  these 
ci rcu mstances, si nce ice displaced over the rugged bed 

relief is l ikely to h ave experienced complex deformation . 
The  location of the ice summit near  the 1 990 core si te i s  
probably associ a ted with the  high sub-ice terrain beneath 
it,  and i ts posit ion may be qui te stable. The relatively 

sm all ice t h ickness allows access to ice of a given age at a 
sma ller depth t h an at surrounding locations wi th larger 

th ickness. Thus, the site could be considered for deeper 
coring in the future . In this regard the depth variations of 
vert ical veloci t y  and strain a re relevant beneath the 

lowest measuremen ts. 

Tf ws(1990) = 1 . 1 7 m  a-I is assumed as discussed above, 
then thc veloci ty of the lowest marker (Fig. 5) is given by 

Equation (I) as w(201 , 1990) = 0 . 1 9 m a  I The frozen 

condition of the bed (h = 365 m)  requires that w ( 365, 
1 990) = O. This condition enables extension of the velocity 
profile to the bed . A smoothing function matching the 
measurements of d ifferential velocity (Fig. 5 ) ,  W s  = 
1 . 1 7  m a I and w(365, t) = 0 yields an essentially l inear 
variation of w over the interval [20 1 ,  365J . 

The age vs d ep th that results from Equation ( 3 )  with 

this distribut ion of w O\'er the full depth (Fig. 1 3 ) predicts 
ages of about 2500 a at 20 m a bove the bottom.  The 

corresponding factors for correction of layer thickness and 
m ass per unit area given by Equ at ions ( 1 4) and ( 1 5 ) are 

about  40 and 20 respectively a t  t ha t  depth (Fig. 1 4 ) .  The 
actual depth to  w hich these predi ctions of age and strain 

effects remai n  re l iable is uncerta in ,  because of the 
potential for disturbance of stratigraphy near the bed . 
F urthermore, as discussed below, a l inear variat ion of w 
m ust break down very close to the bottom. I t  is un l i kely 



Raymond and others: GeometlY, motion and mass balance of Dyer Plateau 

3500 

3000 

C? 2500 

-; 2000 Cl 
« 1 500 

1 000 

500 

DYNAMIC AGE 

o ���� __ � __ �� __ � __ -u 
50 1 00 1 50 200 250 300 350 

Depth (m) 

Fig. 13. Dynamic age extended to near the base of the ice. 

50 

.... 40 
B 0 ca u. 30 I: 0 
� 20 

(; 
() 1 0  

0 

MASS (solid) 

THICKNESS (dashed) I 
/ 

/ 
/ 

/ 
./ ....-- -- - - -

50 1 00 1 50 200 250 300 350 

Depth (m) 
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area extended to Ileal' the base of the ice. 

that  a rel iable record longer than a few thousand years 
could be obtained at this locat ion ,  because the older ice is 

\'ery thin .  The l imitat ion on the  age arises because of the 
low ice th ickness at  this locat i on and generally high 

accumulat ion rate.  

The \'elocity difference between 20 I m and the bed 
de termines t h e  mean rate  o f  vert ical  compression 
-8w/8h = 0.0012 a l over the  depth in terval [ 20 1 ,  36S] .  
Comparison with ed over [0 ,  20 I ]  indicates that ed is 

relati\'ely independent of depth below 200 m (Fig. I S) .  The 
frozen-bed condi t ion imposes -8w/8h = 0 at the bed, 
but  the zone of small -8w/8h must be confinf'd very close 
to the bed in order to fit the requirements imposed by the 

average over the in tel'\'al [20 1 ,  365] . 

The nearly depth-independen t strain rate conflicts 
with theoret ical models of the  flow at a divide with loll' 
bed relief, which predict  s trong gradients in -8w/8h in 

the central part  of the ice th ickness with a th ick  zone of 

lower than average strain rate  above the bed ( Raymond, 
1 983 ;  R eeh ,  1 988) . This d i fference probably arises 
because of the sharp sub-ice ridge ( Fig. 3 ) .  Because the 
bed falls away s teeply on e i ther side, horizonta l  spreading 
is not constra ined by the frozen bed as strongly as it 

would be if t h e  bed were fla t .  I n  comparison to a flat bed, 

t here are re la ted conseq u e nces :  downward motion 
remains relat ively high close to the bed ; the ice is not as 
old at a given depth; the oldest ice is not as th ick .  Thus, 

some of the age-vs-depth advan tage associated with a flow 
divide is lost over a sharp peak.  This behavior n eeds to be 

borne in m ind  more general ly when consid eri ng coring 
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Fig. 15. VerticaL strain rate inferred for Lhe full depth. 
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measurements assuming Ws = 1.17 In a I .  Long dashes 

show ed measured at sUlJace and assllmedJor the thickness 

of tile fim layer. 

si tes over sub-ice peaks, where s tandard models of age vs 
depth  may {ai l .  

The age-vs-dep t h  relationship a t  the  1 990 core s i te  can  
be  extended to  o ther  locations i n  i t s  vicinity by  trac ing 
i n ternal radar refle ctors, assuming t hese are isochronous 
s t ra t igraphic  h o ri zons .  \\'eer t m a n  ( 1 993;  paper  in 
prepara tion) discusses this means of establishin g  the 

t hree-dimensional age-field of the ice .  Thicker seq u ences 

of ice much olde r  than se\'eral t ho usand years can  be 
accessed at  deeper loca tions nearby,  but at greater  depth .  

9.2. History of the ice 

Some of the resu l t s  developed a bove suggest a nearly 
steady state near the summit. The recent ice-equ ivalent 
rate  of accumula t ion (0 .S4 m a I )  i s  c lose to the long t erm 
average (0.S3 m a I ) .  The corresponding snow-accu m ula­

t ion rate is eq ual to the downward motion of the  u p per 
s urface deduced from the stratigraph ic  age \'S depth ;  thus ,  

i c e  t h ickness appears to be stable. 
Other features indicate non-steady condit ions.  The 

p rofiles of dens i ty  and \'ertical velocity appear to i nd icate 
a slightly increas ing mean dens i ty  d ur ing the 1 989-92 

i n t erval. The pat tern of layer th ickness indicates increas­
i ng  accumulation rate over the last two centuries. 

The various non-steady-state features appear to be 

q ual i tatively consi s ten t .  Increas ing accum ulat i on  rate 

would lead to a t hickening firn layer with abnormally low 
densi ty at depth. Firn compaction would be occurring at a 
rate higher than for s teady state. Consequently, downward 
veloci ty would be larger and densi ty would be smaller than 

would be required for consistency wi th steady state. 
The deduc t ions  for snow-accumu la tion rate and 

conversion to ice- or  water-equivalent  accumulation rate 
i nvolve the assumpt ions that t h e  velocity and dens i ty  

profiles have been constant o\'er the  500 year durat ion of 
the record. The analysis has shown tha t  certainly both of 
t hese could not have been constan t over that interval of 

record. Thus, there i s  an inconsistency in the calcu la t ion 
of  accumula tion-rate history. If the ice flow, horizon tal 

veloci ty divergen c e  and dens i t y  all vary slowly as 

assumed, then consequent errors in the derived accumu­
lat ion rate would be  low-frequency .  For this reason the 
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decadal to cen t u ry t ime-sca le  variations ( F i g .  1 2 ) 

discussed above are expected t o  be realistic. 
There is no apparent long-term trend over the full 

�500 a record (Figs 1 1  and 1 2 ) .  However, in terpreta tion 

of the long t ime-scale is less certain.  The near-eq uality 
between the recent accumulat ion rate (0.54 m a \ ) and 

the long-term mean (0.53 m a - \ ) suggests that the  lack of 
a long-term trend is real. The mean accumulat ion rate 
over the length of the core is determined primari ly by the 

present mass of the column over the core depth (known 

from the densi ty profile) , the age at i ts base (known from 
stratigraphy) and the horizont al flow divergence (known 

from surface m easuremen t s) . I t  is only secondarily 

affected by the value of the unmeasured d ownward 
velocity at the upper surface Ws . Nevertheless, Ws was 

chosen to yield a match between the stratigraph ic  and 
dynamic ages over the long term (F ig. 7 ) .  This la tter fact 

in t roduces some circularity in analyzing for long- term 

trend and makes i ts defini t ion less secure than for the 

shorter time-scale variations. 
Although the variations in accumulation rate that 

have occurred appear to have only a modest effec t  on the 

mass and thickness in the v ic in i ty of the core s i te ,  it is 

important not to  extend this conclusion to the whole ice 
profile across the Antarct ic Peninsula at this lat i tude. 

Thickness changes at the orig in  of flow in glac iers and ice 
sheets are expected to be small  even when there are large 
changes near the  margins (Schwi t ter and R aymond, 
1 993 ) . 

1 0. SUMMARY 

The core si te on the crest of the Dyer Plateau is posi t ioned 
over a subglacial ridge, which should sen·e to anchor the 

position of the ice summit .  The ice sheet in the v ic inity of 
th is  summit is c urrently close to  s teady state. The present 

rate of thickness change is less than 1 0% of t h e  ann ual 

rate of snow accumulation of about 1 . 1 7  m a -\ . Some 

degree of non-steady state is indicated by the  vertical 
variat ions of density and downward velocity, which  imply 
a non-steady density profile i n  the  firn. The mass in the 

uppermost 1 00 m is increasing a t  a rate of approximately 

4% of the mass-accumulation rate .  
Deviations from perfect s t eady state are expected, 

because the accumulation rate d efined by the th i ckness of 
annual layers has increased p rogressively fro m  0 .46 to 

0 . 54 m a  \ ice eq uivalent over the  in terval from about AD 

1 790 to the present .  There were prominent m ul ti -decadal 
variations in accumulation ra t e  d u ring the 1 6t h  century. 
There is no evidence for a long time-scale t rend in 

accu m ulation rate over the 500 a period covered by the  

core. However, the possibi l i ty of  such a trend cannot be 
el im i nated. 

The combinat ion of high acc u m ulation rate, smal l  

loca l  th ickness and associated ice-Oow pattern near  the  

summi t  l imits the  length of  record tha t  can be  achi eved 
wi th  confidence at t h a t  location to a few thousand years. 
Older records are possible at nearby locations on the Dyer 
Pla teau Oow divide where the thickness  i s  larger. 
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