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ABSTRACT. Instead of starting with an initially dry, below sea-level basin undergoing glacierization, as 
was done in an earlier. model, the present computations are based on the existence of an open channel 
connecting the Ross and Bellingshausen Seas. The period of glacierization begins as the sea in the channel 
freezes permanently and acquires accumulation, both from local precipitation and transport from the adjacent 
mountains. Times of growth of the ice shelf, by combined freezing from below and accumulation of 10 and 
20 cm. yr. -., respectively, are determined for the case of a linear temperature profile in the ice. After the ice 
shelf becomes grounded further growth is by accumulation only. Steady-state temperature profiles for ice 
sheets 2,300 and 4 ,300 m. thick are computed under assumption of constant geothermal heat flux of 10 - 6 

cal. cm.- l sec. - · and compared with observed temperatures in the 300 m. drill hole at Byrd Station. Basal 
melting of the 4,300 m. thick ice is found to exist only for the smaller accumulation rate. 

The effect of down-slope motion and sinking of ice strata on the vertical temperature profile of the 
surface layer is studied with aid of the Benfield-Radok formula. Assuming no climatic temperature change 
and an initial temperature gradient at the ice crest of 1° C. increase per 100 m. increase in depth, the curve 
of best fit of all those tried is for a sinking rate of 20 cm. yr. - I and a down-slope speed of 85 m. yr. -I ( 2, I 30 

yr. of motion from the crest). 

R ESUME. Au lieu de prendre l'ancien modi:le d 'un bassin sec a l'origine endessous du niveau de la mer, les 
presen te calculs sont bases sur l'existence d'un chenal relian t les mers de Ross et de Bellingshausen. La 
periode de glaciation debute par le gel permanen t de la mer du chenal soumise en suite a l'accumulation 
provenant a la fois des precipitations locales et du transport des montagnes environnantes. Les temps de 
croissance de l'ice shelf, due a la fois au gel venant du bas et de l'accumulation de 10 a 20 cm/an sont 
determines pour le cas d 'un gradient linea ire de temperature dans la glace. Apri:s que l'ice shelf a augrnen te 
de volume de fa<;on telle qu'il repose sur le fond, sa croissance est due a la seule accumulation. Des profils d e 
temperature stationnaires sont calcules pour des epaisseurs de glace de 2300 et 4300 m en supposant un flux 
geothermique constant de 10 - 6 cal cm - , s- · et compares aux temperatures mesun;es dans le trou de 300 m 
de profondeur fore dans la glace a Byrd Station. La fonte sous-glacia ire n'est possible que pour l'accumuIation 
la plus faible. 

L'effet de l'ecoulem ent et de I'enfoncement des couches de glace sur le profil vertical de temperature de la 
couche superficielle est etudie a l' aide de la fOl'mule de Benfield-Radok. En supposan t qu'il n'y ait pas d e 
changement climatique de la temperature et que la temperature ini tiale du sommet de la glace ait un gradient 
de 1 ° C par 100 m et augrnente avec la profondeur, la meilleure courbe est celle obtenue a partir d 'un 
mouvement vertical de 20 cm/an et un mouvement d'ecoulement de 85 m/an (soit 2130 ans de la crete 
jusqu'au fond). 

ZUSAMMENFASSUNG. Im Gegensatz zu einem fruheren Modell, das von der Annahme der allmahlichen 
Vergletscherung eines ursprunglich trockenen, unter dem Meeresniveau gelegenen Beckens ausging, werden 
die vorliegenden Berechnungen auf die Existenz eines offenen Verbindungskanales zwischen Ross- und 
Bellingshausen-Meer gegrundet. Die Periode der Vergletscherung beginnt mit dem dauernden Zufrieren des 
Meerwassers im Kanal; ihre Akkumulation setzt sich einerseits aus ortlichen Niederschlagen, andrerseits aus 
dem Zustrom von den benachbarten Bergen her zusammen. Wachstumszeiten des Schelfeises werden fUr 
den Fall eines linearen T emperat.urprofiles im Eis unter der Voraussetzung des Auffrierens an der Unterseite 
und einer Akkumulation von 10 cm bzw. 20 cm por Jahr bestimmt. Sobald das Schelfeis den Meeresgrund 
erreicht hat, wachst es nur no ch durch Akkumulation an. Stetige Temperaturprofile fur Eisschilde von 2300 
m und 4300 m Dicke werden unter der Annahme eines konstanten geothermischen Warmestromes von 
10 - 6 cal cm - l sec - I berechnet und mit den Temperaturen verglichen , die im 300 m-Bohrloch der Byrd
Station beobachtet wurden. Schmelzvorgange am Grunde des 4300 m dicken Eisschildes konnen auf Grund 
der Berechnungen nur beim kleineren der beiden Akkumulationsbetrage vorkommen. 

D er Vorgang der Hang-Abwarts-Bewcgung und des Einsinkens von Eislagen im vertikalen Temperatur
profil der Oberflachenschicht wird mit Hilfe der Forme! von Benfield-Radok untersucht. Unter Ausschluss 
klimatischer Temperaturanderungen und bei Annahme eines ursprunglichen Temperatur-Gradienten am 
Scheitel des Eises von + 1° C fur 100 m Tiefenzunahme ergibt die unter all en aufgestellten bestanschliessende 
Kurve einen Einsinkbetrag von 20 cm pro Jahr und eine Hang-Abwarts-Bewegung von 85 m pro Jahr 
(gleichbedeutend mit 2130 Jahren Bewegung vom Scheitel fort) . 

I N a previous paper I an attempt was made to analyze the effect ofgeothermal heat transmitted 
to a growing ice layer in Byrd Land, Antarctica. During the D.S. International Geophysical 

* Paper presented at the Symposium on Antarctic Glaciology, International Association of Scientific 
Hydrology, Twelfth Assembly of the International Union of Geodesy and Geophysics, Helsinki, 2 August 1960. 
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Year investigations in this area unexpectedly thick ice was found, in some places over 4,000 m. 
thick and extending as much as 2,500 m. below present sea-level. 

At the time of these first discoveries when it was not known how extensive was the area 
of below sea-level ice, the model adopted for thermal analysis was based on accumulation of 
snow in an initially dry, snow-free basin extending 1,500 m. below present sea-level. With an 
assumed constant annual accumulation of 30 cm. of ice, a geothermal heat flux of 31 . 6 cal. 
cm. - 2 yr. - I, and no motion of the ice, a series of curves was found showing vertical temperature 
profiles as functions of time. In absence of geothermal heat conduction, the vertical tempera
ture gradient within the ice was taken as o· IS ° C. decrease per 100 m. of depth, which was the 
average gradient observed in February 1958 in the top 300 m. of ice at Byrd Station, lat. 80° S., 
long. 120° W. 2 During the initial 2,000 yr. of growth, practically all of the geothermal heat 
was conducted through the thin ice layer and lost to the atmosphere and space. As the ice 
thickened, all of the geothermal heat was retained by the ice for many thousands of years, not 
even reaching the surface after another 8,000 yr. when the ice had grown to a thickness of 
3,000 m . During this interval, the bottom temperature of the ice increased from - 32'6° C. to 
- 20'6° C . 

With the discovery of the new and significant information on the structure of West 
Antarctica,3 it appears desirable to re-examine the situation. The principal new fact revealed 
is the existence of a sub-ice channel, extending from the Ross Sea probably to the Bellings
hausen Sea and bisecting West Antarctica. The rock floor of this channel varies from 500 m. 
to over 2,500 m. below present sea-level, the deepest part being found about 200 km. east of 
Byrd Station. Even if the ice should melt and the rock surface rebound to isostatic equilibrium, 
the deepest part of the channel would still be as much as 1,500 m. below present sea-level. 4 

One of the purposes of this paper is to estimate the minimum time it would take for the 
ice to build up to its present thickness in the neighbourhood of Byrd Station, where the eleva
tion is 1,5 Ism. above sea-level and which is situated on an ice layer extending 800 m. below 
sea-level. * Computations will also be carried out in the region of the 4,300 m . thick ice dis
covered 200 km. east of Byrd Station. The ice temperatures observed in the top 310 m. will 
be used to estimate the speed of motion of the ice down the ice slope whose crest is 180 km. 
east and north-east of Byrd Station. 

Accordingly, a new model will be examined having the following properties: 

(i) Initially, no ice exists in West Antarctica which is bisected by a channel connecting 
the Ross and Bellingshausen Seas. 

(ii) The period of glacierization begins as the sea in the channel freezes permanently and 
acquires accumulation, both from local precipitation and transport from the adjacent 
mountains. 

(iii) As glacierization continues, snow and ice accumulation, together with freezing from 
below, gradually thickens the floa ting ice over the channel until it becomes grounded . 

(iv) Annual ice accumulation is constant throughout growth of the ice. 

We shall examine the growth of the ice in two stages using ice accumulation rates of 
a = 10 and a = 20 cm. yr. - I, respectively: t 

I. Freezing of the sea-water and accumulation until the resulting ice shelf becomes 
grounded. 

2. Subsequent accumulation until the ice reaches its present thickness . 

I ce shelf grounding. At Byrd Station 2,300 m. of ice rest on rock 800 m. below present sea
level. If the ice should melt and the rock bottom be restored to isostatic equilibrium with no 

* An earlier r eport of depth of 1 ,500 m. below sea-level was incorrect. 
t 30 cm. yr. - , used in the earlier computations referred to snow, not ice accumulation. A value of [5 cm. yr. - ' 

is quoted by Vickers.5 Ragle et a1.6 used 2[ cm. yr. - , of water equivalent in dating ice strata for the past [50 yr. 
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water above it, the rebound would be 2300 X o ' 9/3'3 = 625 m., where 0'9 g. cm. - 3 is the 
ice density and 3 ' 3 g . cm. - 3 is taken as the rock density. Thus the rock surface would be 
175 m. below present sea-level. But at the beginning of glacierization, sea-level would be 
higher by another 75 m., say, corresponding to the melting of all present Antarctic ice. The 
additional weight of 250 m . of sea-water would depress the ocean bed by about 75 m. Thus, the 
original rock surface at lat. 800 S., long. 1200 W. would be 325 m. below the then prevailing 
sea-level. 

Now, if a period of glacierization occurs, the resulting ice shelf would be grounded when 
its thickness reaches 400 m. This is computed from buoyancy considerations, using a density 
of sea -water of I . 027 g. cm. -3 and an average density of the ice shelf of 0·83 g. cm. - 3, the 
latter being the observed value of the 260 m. thick ice shelf a t Little America V.7 The 400 m . 
thick ice shelf will project 75 m. above sea-level. 

T 

OCEAN 

illllllllllllllllllllllllllllllll~~IT:lllllllllllllllllIlll lllllml~Wl~lmW~W 
Fig. 1 . Growth of the ice shelf by free zing and accumulation 

Ice shelf growth. Let T s be the average annual temperature at the surface of the ice, To the 
freezing point of sea-water at the bottom of an ice shelf of thickness (H +at), where H is the 
frozen portion of the shelf and at is the accumulated portion (Fig. I). If the water temperature 
is a t its freezing point, then the latent h eat offusion equals the heat conducted through the ice; 
assuming a constant temperature gradient in the ice, the following equation results: 

dH 
Lp -

dt 

where a is the accumulation rate, 

K( To - Tso + yat ) 
H +at 

T s = Tso - yat is the cooling of the surface as it rises at the rate of a, 
Tso is the average air temperature at sea-level when the ice begins to grow, 

( I) 

y is the rate of cooling as the ice accumulates, generally close to the adiabatic rate of 
10- 4 ° C. cm. - I, 

L is the latent heat of fusion of sea-water = 80 cal. g. - T, 

P is the density of ice = 0 ' 92 g . cm. - 3,* and 
Kis the conductivity of ice = 5"3 X 10 - 3 ca!. cm. - I sec. - T

• 

In this preliminary analysis, no account is taken of effects of salinity on K or L.zo 
Equation (I ) can be transformed to a type solved by C hini ZI and the result is given below: 

_~ = {n + 2 -(H+ at)(Ll T / y + at )- T. n- t }t"jnz - (Ll :/+~at - t ) 2)t (2) 
Ll T + yat n- t +(H+at )(Ll Tfy + at) - l n+t n2~! 

* A standard value of p = o' 92 will be used for all computations involving heat transfer. 
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whe~e L1 T = To - Tso = 300 C ., y = ro - 4 0 C . cm.- \ 
n2 = i+yK/Lpa = 0.27276 for a = 10 cm. yr.- I 

= 0 . 26138 for a = 20 cm. yr.-I. 

This transcendental equation was solved by inserting values for (H+at) and solving for t. 
Special cases were also computed by omitting the adiabatic cooling of the surface as the ice 
sheet thickened: 

Case i. If in equation ( I) we let y = a = 0, we obtain 

t - Lp H2 
- 2K(To- Ts) , (3) 

which is the well-known formula for the freezing of thin ice layers with no accumulation. In 
Figure 2 a curve labelled "v = a = 0" is plotted for To- T s = 300 c., and I 1 , 700 yr. would 
be required for ice to become 400 m. thick by freezing alone. Also shown in Figure 2 are 
linear growth curves for pure accumulation rates a = 10 and a = 20 cm. yr. -r, assuming no 
freezing of sea-water or motions of the ice; these rates yield 4,000 and 2,000 yr., respectively, 
for 400 m. of ice to accumulate. 

Case ii. If in equation (I), y = 0 but a i= 0, we obtain after integration* 

_ H +at K(To- Ts) I { + Lpa(H+at) } t - -- n I 
a Lpal, K ( To - Ts) 

Growth curves for combined freezing and accumulation computed from equation (4) are 
shown in Figure 2 labelled respectively "a = IO, 20 cm. yr. - I plus freezing." As expected, 
these curves show greater growth rate than either pure freezing or pure accumulation. For a 
400 m. thick shelf, 2,680 yr. of combined freezing and IO cm. yr. - I accumulation would be 
required, or 1 ,570 yr. of combined freezing and 20 cm. yr.- I accumulation. If equation (2) 

were used, these times would reduce to 2,660 and 1,560 yr., respectively, showing that the 
additional adiabatic cooling of the surface would decrease the time only slightly. 

In reality, there will exist sinking and horizontal spreading of the ice layers . This process 
will have two effects: first , it will tend to decrease the thickness of the ice, and, secondly, the 
downward motion of colder layers of ice will increase the temperature gradient in the bottom 
layers, thus increasing the rate of freezing of the water beneath the shelf. Thus, the contribu
tion to shelf growth by accumulation will be somewhat less than computed here while the 
contribution by freezing will be more. These two effects will tend to compensate one another 
so that the ice growth curves may be approximately correct even though spreading of the ice 
shelf is neglected in the computations. 

Thus, we assume that the above computations are reasonably accurate and that the 400 m. 
thick ice shelf becomes grounded after 2,660 yr. of combined freezing and 10 cm. yr. - I 

accumulation, and 1,560 yr. for combined freezing and 20 cm. yr. - I accumulation. In 
accordance with the assumed model, the temperature profile will be linear with the bottom 
temperature at the pressure melting point of ice. 

During growth of the ice shelf, the liberated geothermal heat from the underlying rock is 
transmitted to the water, which, in turn, may transfer some of it to the ice and transport the 
remainder through the channel to the ocean. In our calculations we have assumed that the 
water is at its freezing point and that there is no transport of energy to the ice other than tha t 
released by the latent heat offusion. If there were other appreciable sources of energy supply, 
such as geothermal or frictional heat, the freezing process would be slowed or reduced to zero, 
or even reversed into melting as described elsewhere.? Since our model rests on the assumption 
that the ice shelf becomes grounded, this means either (i) that freezing of the sea-water 

* After this formula was derived the author learned that A. P. Crary had done it earlier and had also included 
the effect of sensible heat transfer from the ocean to the ice." 
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continues until the ice becomes grounded or (ii) that freezing from below is inconsequential 
after a certain thickness is reached and that the ice later becomes grounded by the weight of 
the accumulated ice forcing the shelf down into conta~t with the underlying rock, squeezing 
out the water laterally. 

Ice sheet growth. Further growth of the grounded ice sheet occurs by accumulation alone 
until the observed thickness of 2,300 m. is reached. If this were accomplished by accumulation 
alone, with no sinking of ice layers, the total time required would be 2,660 + 19,000 = 
21,660 yr. for a = IQ cm. yr.- I and 1,560+9,500 = 11,060 yr. for a = 20 cm. yr. - I. These 
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Fig. 2. Growth curlits of an ice shelf for a = 0, IO and 20 cm. yr.- 1 

10000 

estimates represent minimum ages for the respective accumulations, since spreading of the 
ice sheet and sinking of the ice layers will slow the upward growth. It does not appear possible 
to estimate maximum ages of the ice since to do so would require knowledge of the topography 
of the rock bottom of the channel as well as the topography of the growing ice sheet.8 

Steady-state temperature profiles. We shall assume that there exists a steady-state thermal 
condition in the 2,300 m. thick ice sheet. The steady-state temperature profile in the central 
area of an ice sheet has been computed by Robin 9 taking into account ice strata sinking with 
a speed, 

v = -ax/H, (5) 
where x is the height above the bottom of an ice sheet of thickness H. Substituting for v in the 
steady-state thermal equation 

d2 T v dT 
dx2 = ~ dx' 

(6) 
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specific heat of ice, yields the solution 

T - T o = (7rKHj2a)t ( ~~) x=o erf {x (aj2KH )t}, 

where To is the bottom temperature. 
When a geothermal heat flux of 10- 6 cal. cm. - 2 sec. - I 10 is substituted for (dTjdx)x=o and 

H is substituted for x in equa tion (7), then ( Ts-To) gives the difference between top and 
bottom ice temperatures: 2 1 ' 4 0 C. for a = 10 cm. yr. - I and 15 '3° C. for a = 20 cm. yr. - I. 

XIH METERS TEMPERATURE't. ( FOR 2300m.CURVEONLY ) 
1.0 - 028 .5 -24.2 -' 9.9 -1 5 . 7 -1 1.4 -7.1 

.9 230 

.8 460 

I 
1 

2300 and 4300 METER ICE SHEET 
COMPUTED TEMPERA TURE PROFllE'S 
FOR 0=10 cm. yr;- I 

DEPTH IN 
METERS 

o 
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860 

1290 

1720 

2 150 

DASHED LINE INDICA TES SMOOTHED 
TEMPERA TU RES OBSERVED IN B YRD HOlE 

.4 1380 2580 

.3 16 10 3010 
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I 2070 3870 

o 2300 4300 

-~ . 3 .9 - 2~ . 8 7 - i~ . 3 .5 -ita .3 - 8~3 .1 -f.e ~:~o 
TEMPERA TURE't . ( FOR 4300m.CURVE ONl y) • 0 

Fig. 3 . Computed temperature profiles f or the 2 ,100 and 4 ,100 m. thick ice sheets, a = IO cm. yr. - '. Upper temjJcrature scale 
refers to 2 ,300 m. ice and lower scale to 4 ,300 m. ice (-2 ' 8° C. on the lower scale is the pressure melting point ). L inear 
temperature profiles are for the grounded 400 and 2,000 m. thick ice shelves. L eft ordinate for 4 0 0 m. and 2 ,300 m. ice; 
right ordinate for 2,000 m. and 4 ,300 m. ice 

Since the surface temperature at the top of the Byrd Station ice is - 28 0 C ., the bottom tem
pera ture is well below the pressure melting point and the ice remains frozen. 

During the growth of the ice shelf, its bottom temperatu re is at the freezing point of sea
water . When the ice shelf becomes grounded, the bottom temperature will be determined by 
the conduction of hea t within the ice and the geothermal h eat flux. For the 4 0 0 m. thick 
grounded ice shelf with linear temperature profile, illustrated in F igure 3, the hea t conduction 
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is 3.8 X 10- 6 cal. cm. - 2 sec. - r, or almost four times larger than the assumed geothermal 
heat flux . Therefore, the ice temperature at the bottom of the grounded ice must drop below 
the freezing point until the heat flux at the bottom of the ice equals the geothermal value. In 
subsequent growth of the ice sheet to 2 ,300 m. with vertical sinking of ice layers taken into 
account, the bottom temperature for the steady-state case is - 7' 1° C. for an accumulation 
rate of IQ cm. yr. - I and - 13'2° C. for 20 cm. yr. - I. Actually, as indicated the temperature 
measurements in the bottom layer of the hole through the Ross I ce Shelf of Little America V 7 
the temperature gradient within the shelf is not constant a nd , in fact , is so la rge in the bottom 
layer that the heat conduction is over fourteen times larger tha n the assumed geothermal heat 
flux. Thus, it seems fairly sure that the temperature of the bottom of the ice shelf must decrease 
after grounding until the bottom temperature gradient is just large enough to transfer the 
geothermal heat flux and thus permit a steady-state thermal condition. 

Equa tion (7) can be divided by (Ts- T o) to yield 

(T - To)/( Ts- To) = erf {(X /H )(aH/'2 K)I}/erf {(aH/'2/C )!}, (8) 

from which are computed the '2 ,300 m. ice sheet stead y-state temperature profiles shown in 
Figures 3 and 4. These profiles are plotted both in non-dimensional and unit ordinates. (The 
linear temperature profile for the 4 0 0 m. ice shelf is also shown. ) In the top 3 10 m. there are 
drawn in both figures curves of the tempera tures observed in the Byrd hole (see Fig. 5). The 
computed 2, 3 00 m . profile for a = '20 cm. yr. - I shown in Figure 4 appears to merge better 
with the observed curve than does the profile for a = 10 cm. yr. - I shown in Figure 3. This 
seems to be explained by a slower sinking speed of the 10 cm. yr. - I , accumul a ti ng ice allowing 
heat from below to reach the surface in significant amounts. 

ComputationsJor the 4,300 m. thick ice. It is of interest to compute the minimum age a nd steady
state thermal structure of the thickest ice thus far observed on the Byrd traverse, or indeed any
where in the world. This is a thickness of 4,300 m. found a bo ut '200 km. eas t of Byrd Station 
at an elevation of 1 ,8 00 m . above sea-level, where the ice rests on rock 2,500 m. below 
sea-l evel.3 

After glacieri zation begins, the ice shelf forming in tha t a rea will becom e g rounded when 
a thickness of 2,000 m. is reached. This value is based on consideration of isos ta ti c equilibrium 
of the rock in a bsence of ice and with a sea-level 75 m. high er than at present, as discussed 
earli er. 

From equa tion (4) it will take 17, 7 0 0 and 9 , 300 yr. of accumulation of 10 a nd 20 cm. yr . - I, 
respectively, combined with freezing of sea-water to form a n ice shelf '2,000 m. thick. From 
equation ( 2 ) the times would be 17,390 and 9,220 yr. respectively. The subsequen t accumula 
tion to 4, 3 00 m. thickness would require a minimum additiona l 23,000 and I 1 ,500 yr. , making 
a tota l of 4 0 ,390 and 2 0,72 0 yr. , respectively, as the m inimum times required to lay down 
the thickest ice. 

The steady-sta te temperature profiles for 4,300 m. thick ice are shown in Figures 3 and 4 

for both the initial shelf phase a t the time th e ice is ground ed a nd for the entire ice layer. It is 
seen that the upper half of the ice layer is p ractica ll y isothermal, with very little heat from 
below penetrating above the 8 6 0 m. depth for 10 cm. yr. - I a nd above the 1,720 m . depth for 
'20 cm . yr. - I. M otion of the surface layer of ice will introdu ce a slight tempera ture increase as 
the surface is a pproached, but this is not ind icated in the 4 ,300 m. curves in F igures '2 and 3 . 

In the region of thick ice 200 km. east of Byrd Sta tion, the 10 m. tempera ture is about 
-30 ' 3° C. For a = 2 0 cm . yr. - I , the temperature a t the bottom of the 4,300 m. thick ice is 
-9 '4° c., several degrees colder than the pressure melt tempera ture of - 2 ' 8

0 C. However, 
for a = 10 cm . yr. - I , the bottom tempera ture is - 0 ' 70 C. , or a bout 2 ° C . a bove the pressure 
melt point. Actua lly, the pressure melt po int (p .m. p.) would be encountered when the ice 
sheet reached a thickness of 3,800 m. with a basal temperature of - '2 ' 5 ° C. From this point 
on in the growth of the ice sheet, there would be some basal m elting but this would only slow 
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down slightly the growth of the ice sheet since the ice accumulation of 10 cm. yr. - I is 25 times 
larger than the maximum 0 ' 4 cm. yr. - I melt which would occur if all the geothermal heat 
were used for melting the ice. Consequently, the ice sheet would continue to grow until the 
present thickness of 4,300 m. was reached, with the melt water either escaping or remaining 
under the ice. From 3,800 m. on, the basal temperature would always remain at the p.m.p. 
corresponding to its thickness. Thus at 4,300 m. the basal temperature would be -2 '8° C., as 

X/H METERS TEMPERA TURE °C.(FOR 2300m. CURVE ONl Y I 
1.0 0 28.5 -25.4 -22 .4 -19.3 -16.3 -13·2 

9 230 

. 8 -460 

.7 690 

. 3 1610 

.1 2070 

2300 and 4300 METER ICE SHEET 
COMPUTED TEMPERA TURE PROFILES 
FOR a=20cm. yr.-I 
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SMOOTHED TEMPERA TURES OBSERVED 
IN BYRD HOLE 
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1 . 9 .8 7 6 5 4 3 2 1 0 T - To 

-30. 3 -261 - 2 1.9 -17. 8 -1 3·6 -9·4 T,-To 
TEMPERATURE°C.(FOR 4300m. CURVE ONl YI 

Fig. 4. Computed temperature profiles for the 2,300 and 4,300 m. thick ice sheets, a = 20 cm. yr. -'. Lift ordinate for 400 m. 
and 2,3 00 m. ice; right ordinate for 2,000 m. and 4,300 m. ice 

indicated by the bottom scale in Figure 3. The final temperature profile between 2,800 and 
4,300 m. depth would differ slightly from the curve derived from equation (8) because of the 
difference in basal boundary conditions: bottom temperature "constant" at the p.m.p. instead 
of constant heat flux equal to the geothermal rate. 

The conclusion reached here, namely, that for an accumulation rate of IQ cm. yr. -I in ice 
thicker than 3,800 m. and subjected to geothermal heat ft.ux of ro - 6 cal. cm. - z sec. - I there 
may be several hundred meters of basal ice within a few degrees of the p.m.p., may have some 
connection with Bentley's observations of a basal layer of low seismic speed, 250 to 300 m. 
average thickness, found in the very deep ice in Byrd Land. 4 Since this condition would not 
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hold for an accumulation rate of 20 cm. yr. -I it is important to see if the accumulation rates in 
the regions of very thick ice are closer to 10 than to 20 cm. yr. - I . * 

Observed temperatures at the Byrd hole. In Figure 5 points are plotted, representing tempera
tures measured in the 310 m . hole drilled in the ice by the D.S. Army-SIPRE drill team in 
January- February 1958. The temperatures designated by circles were measured by E. W. 
Marshall in February 1958.2 The points designated by triangles were measured by R. Ragle 
in December 1958.6 Two major discrepancies exist: the first, in the layer between the surface 
and 70 m . ; the second, in the layer from 120 m. to the bottom. The following comments were 
received from B. L. Hansen:" 

"Marshall's temperature measurements were taken using a 100 ohm copper resistance thermo
meter and a temperature indicator. The limit of error on the resistance thermometer is ±o· 1 0 C . 
and there is a limit of error of o' 1 0 C. on the temperature indicator. It is possible, but not probable, 
that anyofthe temperature data obtained with this equipment can be in error by as much as o· 2 0 C. 
The temperature indicator is calibrated to fifths of a degree centigrade, a division being approxi
mately T~ in. (I · 6 mm. ), so that it was necessary for Marshall to estimate the hundredths reported 
in his data. Ragle's data were taken with a thermistor temperature probe and a bridge which 
provided him with a sensitivity of one millid egree. His gradient data are probably more precise than 
those obtained by Marshall. We do not at this time claim an accuracy of more than o· I of a degree 
for the data obtained with the thermistor. From the above, it is evident that the two sets of data are 
in agreement within the limits of error assigned to each equipment. 

"Marshall's data were obtained after the hole had been drilled. The drilling operation causes 
the hole to be warmed up a greater amount at the top than it is at the bottom because the air flows 
past the higher level for a longer period of time than it does the lower level. This effect accounts 
for the steeper gradient observed by Marshall. A similar effect was observed at Site 2 [Greenland] 
in 1957, the difference in the gradients being nearly the same as the difference in the two sets of 
observations at Byrd Station. Valid temperature data can be obtained as the hole is being drilled 
if observations were taken at the bottom of the hole each time the drill string is pulled. It was not 
possible to do this at the time the hole was drilled at BYI'd Station." 

A third set of temperature measurements was made by A.J. Gow 12 in January 1960, using 
three thermistor type sensors, Nos . 2, 3 and 4. Sensor No. 4 had also been used in the 
December 1958 measurements but the conversion to temperature was made from a more 
precise method than was the case in 1958. The results of all the temperature measurements, 
including the original 1958 determinations, are shown in Table 1. 

TABLE 1. BYRD STATION DEEP HOLE TEMPERATURE 

Measurements in January '960 " 
Sensor probe 

Sensor probe Sensor probe Sensor probe No. 4 
Depth No. 2 No. 3 No. 4 4A (December 1958) 
(m.) (0 C.) (0 C.) (0 C.) (0 C.) (0 C.) 

'5' 24 - 28· 225 - 28· 250 - 28'255 - 28· '91 - 28· '7 
3°'48 -28' 240 - 28'24° - 28'235 - 28· '70 - 28· ,6 
45'72 - 28'220 - 28· 220 - 28 ' 230 - 28· 165 - 28' 13 
60'9° - 28'25° - 28'260 - 28' 265 - 28 '201 - 28' 18 
91' 44 - 28· 330 - 28'350 - 28'355 - 28'29 1 - 28'28 

121 '92 - 28'385 - 28 '395 - 28'400 - 28 ' 337 - 28'32 
152 '4° - 28'410 - 28'420 - 28'415 - 28'352 - 28'35 
,82 ·88 - 28 ' 415 - 28 '430 - 28'425 - 28 ' 361 - 28'36 
21 3 ' 36 - 28 ' 420 - 28'435 -28'440 - 28 '377 - 28'37 
243. 84 - 28'43° - 28'440 - 28'450 - 28'386 - 28'38 
274' 32 -28 ' 435 -28 ' 450 - 28'450 - 28'386 - 28'39 
3°4. 80 -28'455 -28'460 -28' 455 -28 '39 1 - 28'4° 

* M. B. Giovinetto (Accumulation in Antarctica, Project 968, Institute of Polar Studies, University of Ohio, 
August 1960) shows accumulation rates, a, close to 20 cm. yr. -. in thick ice east of Byrd Station. 
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Column 4A gives the 1960 data from sensor No. 4 but using the December 1958 conversion 
formula. As Cow points out, this formula gives temperatures which are 0 ·064 ± 0·001 0 C. 
higher than the formula used in January 1960. 

In Figure 5 are plotted three additional sets of temperatures corresponding to values with 
columns labelled, Sensors Nos. 2, 3, 4 in Table I. Below 180 m . depth these temperatures fall 
between Marshall's February 1958 values and Ragle's December 1958 values . Above 120 m. 
the various temperatures diverge, reaching a maximum difference of o' 33° C. at 20 m. depth, 
the January 1960 temperatures being the lowest and the February 1958 temperatures the 
highest. It is interesting to note that in the lowest 150 m., despite a temperature difference of 
about 0 ' 06° C., the December 1958 and January 1960 temperature profiles are nearly parallel 
to each other. Even the best-fit straight line drawn through the February 1958 points is closely 
parallel to the latter profiles in the lowest 100 m . or so. 

Two interpretations may be made of this decreasing temperature with depth in the ice: 
one, that it is a result of a climatic warming, which causes successively warmer strata of snow 
to be deposited one on the other, despite the tendency towards cooling of surface as the ice 
sheet thickens; the other is a result of ice motion down slope to warmer temperatures. 

Climatic warming. If the annual accumulation is 10 (20) cm. of ice, it would require 1,500 
(750) yr. of snowfall to build up the bottom 150 m. of ice at Byrd Station (neglecting compac
tion). During this time the ice temperature at the top would become 0'042 ° C. higher than 
that at the bottom. If no geothermal heat flux to these top layers is involved, I then one could 
say that a climatic warming at the rate of 0 '028° C. (0 '056° C .) / I ,000 yr. occurred. Actually, 
the rate would be larger since the raising of the snow surface by at least 150 m. would normally 
cause a cooling of I' 5° C. because of the usual decrease of temperature with altitude. Thus, 
this line of reasoning would indicate a climatic warming in the vicinity of Byrd Station of 
1·528° C. (r·556° C. )/ 1,000 yr. This is equivalent to 0 ·069° C. (0·07° C.) /45 yr. or about 
2·6 per cent of the temperature rise estimated at Little America during the period 1912-57.13 

Ice motion. The second interpretation of the decreasing temperature with depth would be 
not in terms of climatic change, but as a result of motion of the ice down-slope from cold er 
to warmer temperatures.9 This involves a change of temperature with time and hence is not 
a steady-state problem as was assumed to be the case for the 2,300 and 4,300 m . thick ice 
sheets in examining primarily conditions in the bottom layer. Now we are interested in a 
relatively thin top layer and assume non-steady state. 

If To+Ax is the linear temperature profile at t = 0, then the new temperature profile 
is given by 

T -To = A (x-vt)+-- (x+ vt)exp (vx/K)erfc --~ -(x -vt)erfc --, , A+ f3 /v { ( x+vt) (X - vt )} 
2 2 (Kt) ~ 2(Kt) .. 

where x is the depth, 
t is the time the ice has been in motion, 
v is the constant vertical sinking speed of ice strata, 
f3 is the constant rate of surface temperature change. 

This solution of the non-steady state one-dimensional heat conduction equation 

aT aT 
- = K - - -V -at ox2 ox 

(9) 

( 10) 

was found by Benfield 14. 15 for a semi-infinite solid of constant thermal diffusivity, K, constant 
vertical speed, v, and subject to a constant rate of surface temperature change, f3 . Radok 16 
showed that equation (9) , or more precisely, its derivative can be applied to an ice sheet of 
unchanging elevation, where, because of net accumulation, the ice is continually moving 
downward and outward from the center of the sheet, provided 

f3 = CXAV, ( 11) 
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where rJ. is the surface slope, 
A is the gradient of the annual average air temperature along the sloping ice surface, 
V is the down-slope speed of ice motion. 

Radok also showed that when equation (9) is differentiated to give the vertical temperature 
gradient, yz, as a function of depth, x, and time, t, then as t-+ 00, yz-+ yr = - rJ.AVjD, which 
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Fig. 5. Observed ice temperatures in the deep hole at Byrd Station and various curves showing an assumed initial temperature 
profile and several computed temperature profiles for various times 

is Robin's formula for the vertical temperature gradient of moving ice in absence of heat 
conduction.9 

The above expression ( I I ) for f3 is based on an assumption of mass steady state of the ice 
sheet, i.e. no change in its eleva tion since D, the sinking speed of ice strata, is ta ken as equal to 
the accumulation rate, a. If a > D, the surface elevation rises and the snow surface would then 
become subjected to a lower atmospheric temperature at a rate of approximately 1

0 C. for 
each 100 m. increase in elevation . * Thus, if LI T' is the initial temperature difference between 

* For further discuss ion on this point see correspondence with G . d e Q. Robin.'7 
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the crest and the site of Byrd Station and LI T is the temperature difference after t yr. of build
up, then LI T = L1 T' since temperatures at both locations will be subjected to the same 
adiabatic cooling. Thus equation (9) will hold even if the ice sheet is growing. 

By use of equations (g) and (I I) we shall try to obtain a best-fit curve to the observed 
temperatures shown in Figure 5. To do this we must know the values of ex, '\ , v, Vand A. The 
first two parameters are known from the Byrd Station traverses: ,8 

ex = I ·67 X 10 - 3, 

,\ = 0'765° C. / IOO m. along the slope. 

The third parameter, v, is taken as 10 and 20 cm. yr. -x, respectively. 
We shall assume that initially the ice at Byrd Station was at the ice crest, S cm. north-east 

of Byrd Station; therefore 
V = Sit, 

where S = 180 km. = 1·8 X 107 cm. and t is the time the ice has been in motion. 
The fifth parameter, A, is the vertical temperature gradient at the crest. Unfortunately, 

110 measurements of this gradient have been made below the level of seasonal temperature 
fluctuations (roughly 10 m. depth) so that we are forced to assume a value. This value, taken 
as the adiabatic rate of 1 ° C. increase with each 100 m. increase in depth, is based on the 
surface layer assuming the average air temperature at that elevation as it slowly builds up. 
This process assumes no climatic warming or cooling. In absence of data, we take A = 1 ° C./ 
100 m. for most of the computations but shall also compute a curve for an initially isothermal 
column of A = 0 ° C. / IOO m. 

There has not been a sufficiently long period of astronomical fixes to determine precisely 
the positions and motions of Byrd Station, so that the value of t in equations (9) and (12) is 
not known. We shall, therefore, try various values of t to see which best fits the observed 
temperatures. 

The results are shown in Figure 5, where one straight line, four curved lines and one 
quasi-straight line are drawn. The straight line labelled t = 0, A = 1° C. / IOO m., represents 
a portion of the assumed initial linear temperature profile of 1 ° C. increase per 100 m. at the 
ice crest, where the average annual ( 10 m. snow) temperature is - 30 ' 3 ° C . The four curved 
lines are computed from equations (9), ( I I) and ( 12), where in each case, A = 1° C. / IOO m. 
and (T - T o) = 2 ' 3 ° C ., the difference in average surface temperature between the crest 
and Byrd Station. The quasi-straight line, labelled A = 0 ° C. / IOO m., is the new temperature 
profile of ice, initially isothermal, after 2, I 30 yr. of motion down slope. 

Three of the curves are for v = 20 cm. yr. - , and t = 1,250 yr., 2, I 30 Yf., and 6,000 yr. 
corresponding to down-slope speeds over the 180 km. distance of 144 m. yr. - ', 85 m. yr. - ' 
and 30 m. yr. -'. The fourth curve is for t = 2, I 30 yr. but for only one-half of the sinking rate, 
or l ' = 10 cm. yr. - '. 

It is quite apparent that the A = 1° C. / IOO m., 20 cm. yr. -', 2,130 yr. curve gives the 
best overall fit of the five curves. Its main defect is a slight temperature increase with depth 
beginning at 250 m. while the observed temperatures continue to show a slight decrease. 
Increasing the time of motion to, say, 2,500 yr. (V = 72 m. yr. - ') would correct this defect 
but would introduce greater departures from the observed points above 200 m. 

The nearly straight temperature profile, computed from the initially isothermal profile 
(A = 0), departs widely from the observed points. Perhaps curves for A = 0·8 or o· gO C./ 
100 m., located slightly to the left of the A = 1 ° C. / IOO m. curve would give an even better fit. 
It is possible, of course, that many other curves having different values of A and t would fit 
the observed points closely. To help settle the question of uniqueness it would be useful to have 
temperature measurements below 300 m. to find where the temperature actually does begin 
to increase with depth. And, of course, measurements of the initial temperature gradient, 
A, should be made at the ice crest to eliminate another source of error. Also, if from astrono-
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mical fixes, the movement of Byrd Station could be detected, V could be found. * By comparing 
the computed and observed temperature profiles, it might thus be possible to estimate the 
climatic trends of temperature in Antarctica for longer periods than hitherto found. 13 
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