THE SETTLING OF FIRN AT LITTLE AMERICA III,
ANTARCTICA, 1940-58

By Herrriep C. HOINKES
(Institut fiir Meteorologie und Geophysik, Universitit Innsbruck)

Apstract. Observations in the glaciological pit of Little America I1I (1939-41), carried out in March
1957 and in January 1958, are discussed. Of particular interest is the analysis of the settling of firn over a
period of 17-6 years. The observed data, including those of Wade taken in 1940 and of Howard in 1947,
were fitted best by a logarithmic expression, which proved useful as an interpolation formula. From the
computed values of the rate of settling, and the observed density-depth relation, the average accumulation
is calculated, using Sorge’s law. For the undisturbed period 1947-58 an average annual accumulation of
19 g./em.* is found for Little America ITI (position in 1958 about lat. 78° 26 5., long. 163° 52 W.).

RisumE. On discute les observations faites en mars 1957 et janvier 1958 dans le puits glaciologique de
Little America III (1939-41). L'¢tude du tassement du névé sur une période de 17,6 ans est d’un intérét
particulier. Les données d’observations, comprenant celles de Wade prises en 1940 et celles de Howard en
1947, ont été interprétées de la meilleure fagon au moyen d’une expression logarithmique qui s’est avérée
utile comme formule d’interpolation. A partir des valeurs calculées du taux de tassement et de la relation
profondeur-densité observée, on caleule 'accumulation moyenne en utilisant la loi de Sorge. Pour la période
non parturbée 1947-58, on a trouvé une accumulation moyenne annuelle de 19 g/em? pour Little America IT1
(position en 1958, environ 78" 26° de latitude S, 163° 52 de longitude O).

ZUsAMMENFASSUNG. Beobachtungen im glaziologischen Schacht von Little America III (1939-41),
ausgefithrt im Mirz 1957 und im Januar 1958, werden diskutiert. Von besonderem Interesse ist die Analyse
der Firnschrumpfung tber einen Zeitraum von 17,6 Jahren. Die beobachteten Werte, einschliesslich der-
jenigen von Wade (1940) und Howard (1947) werden am besten durch einen logarithmischen Ausdruck
wiedergegeben, der als Interpolationsformel brauchbar ist. Aus der berechneten Schrumpfungsgrosse und
der beobachteten Dichteverteilung mit der Tiefe wird mit Hilfe des von Sorge in Eismitte gefundenen
Gesetzes die mittlere Akkumulation berechnet, Fiir den ungestorten Zeitraum 1947-58 ergibt sich eine
mittlere Jahresakkumulation von 19 g/em® in Little America III (Position 1958 etwa 78° 26° S, 163° 52° W).

InTrRODUCTION

In the winter of 1940, during the U.S. Antarctic Service Expedition, Wade (1945) dug
a pit into the floor of the ice laboratory at Little America IIT and installed three compression
meters of the type designed by Sorge (1935) in Eismitte, and later used by Moss (1938) in
Nordaustlandet and by Hughes and Seligman (1940) on the Ménchfirn. The compression
meters were read until 8 January 1941, and left on the spot. Six years later, in January 1947,
the pit was visited briefly by Howard (1948) during the U.S. Navy Antarctic Expedition
1946—47. All three compression meters were found broken, but remeasurements of the vertical
intervals between their basal blocks were performed. Ten years later, on 12 March 1957, the
present author, then a member of the USNC-IGY Antarctic Expedition 1956-58, had the
opportunity to visit Little America ITI, and again on 17 November 1957, and on 29 January
1958. The station could be found because nine aerials still protrude through the otherwise
undisturbed snow surface (Fig. 1, p. 112); all the buildings were accessible despite ten
meters of snow accumulation above the 1940 surface. Thus the compression meters could be
remeasured during the last visit, seventeen and a half years after they had been installed. This
gave the rare opportunity of analyzing the settling of firn over a period of time longer than any
other analyzed so far. Although there is some disturbance in the process of settling to be
expected from the buildings of Little America 111, the true picture might not be altered too
much, at least not for the years after the station had been buried,

DEFORMATION OF THE PrT

The original dimensions of the pit as given by Wade (1945) were 2 m. v 2 m. 7 m. It
was situated just outside the main building, near its north-west corner, and the ice laboratory
was constructed around it. Howard (1948) reported the depth of the pit to be only 5 m., but
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since “there is an accumulation of about 2 ft. of ice rubble in the base of the pit”, the depth
in January 1947 amounted to about 5-7 m. He observed the rim of the shaft to be about 1 ft.
lower in the north-west corner than in the south-east corner, the walls of the shaft essentially
plumb, but did not mention any changes with respect to the cross-section. In March 1957 the
measured depth of the pit was 45 m., and, including the ice rubble, the entire depth should
be about 5 m. Within seventeen years the depth of the pit has decreased from 7 to 5 m. which
compares well with the amount of compaction as derived from the remeasurement of the
compressio 1 meters (see next section). Table I shows the horizontal dimensions of the pit on

e : ; s
Fig. 1. The entrance to Litile America 111 Station, Ross Ice Shelf, position in 1958 about lat. 78 26’ 8., long. 163° 52" W.
Photograph 29 January 1958, by H. C. Hoinkes

TasLe . Horizontal Divensions oF Prr in METRES

Wall North  East South est
1940 2 ) 2 2
29 January  top 152 1-88 1° 54 1-80

1958 bottom 1-45 1-70 1:35 1-65

29 January 1958; they have diminished throughout, but considerably less for the east and
west walls than for the north and south walls, and less for the top than for the bottom of the
pit. Thus, the cross-section of the pit has changed from square to rectangular. Since the walls
are slightly bent inwards, the corners of the pit are no longer right angles but rather acute
ones. This is indicated on plate 1 in Howard’s report, but shows more clearly on Figure 2,
taken on 17 November 1957. Due to irregularities in the walls the figures given in Table I
are not accurate to the nearest centimetre, however they indicate clearly that the closing
of the pit is or was overlaid by horizontal compressive stresses, acting roughly in an east-
west direction. Only 15 km. south of Little America III, in the Camp Michigan area,
very heavy horizontal stresses cause the formation of numerous firn anticlines with nearly
parallel axes, roughly in north-south direction, which were studied in detail by J. H. Zum-
berge and others (1960). Although the present author does not remember any firn anticlines
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near Little America III, some minor compressive stress apparently acts in the same direction.

Wade observed vertical rows of closely spaced pins inserted in the walls of the shaft, but
could not find any indication of differential motion during a three-month period. Since these
pins were not found in January 1947, Howard again inserted two vertical rows of 1 5 cm.
nails in the north and east walls of the shaft. Each line included fifteen spikes, which were
placed one foot (3048 em.) apart. In January 1958 the nails did not show any systematic
deviation from the plumb line, except for those caused by the squeezing out of certain
firn layers. Figure 2 shows the vertical row of spikes in the east wall, Figure g (p. 1 14) the one in

Fig. 2. Glaciological pit at Liltle America III, dug in 1940 by Wade. The ladder broke because of contraction to pil due to
setlling of firn. Compression melers in north wall Ly (top right), Ly (below, partially hidden by ladder), L, (displaced to the
left). Vertical row of nails, placed by Howard in 1947 in east wall (right part of pholo). Compare with plate I in Howard’s
report (1948). Photograph 17 November 1957 by H. C. Hoinkes

the north wall; the nails stick out on an average of 6-4 cm., but some up to g cm. The com-
parison of Figure 3 with plate 1 of Howard’s report is very interesting: Even minor details of
the snow wall, especially below the wooden blocks of the compression meters, are essentially
the same after eleven years, indicating the absence of evaporation. This is due to the absence
of temperature changes below a depth of 8 to 10 m. On 17 November 1957, a temperature
of —23-9° C. was measured in the shaft; according to Court (1949) the mean annual air
temperature at Little America I in 1940 was —25-7° C. Large and beautiful crystals of
hoar frost are restricted to the higher parts of the gangway connecting Little America 111

and IV, not deeper than about 6 m. below the surface, to which depth annual temperature
variations penetrate to some extent,

Tue SerrLING oF Firn

Three compression meters were originally installed in the north wall of the shaft, and
measured the settling over a distance of 2 m. each. The uppermost (L) was centered at 1-5 m.
below the surface of 1940, the middle (L,) at 2-5 m., and the lowest (L) at 3-5 m. The

a1
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meters L, and L, were installed vertically one above the other; the meter L, was displaced
slightly towards east (see Figures 2 and g). Howard, in January 1947, found the three 2 m.
intervals to have diminished to 1-61, 1-63 and 1-65 m. respectively, from top to bottom.,
On 12 March 1957 the distances measured were 143, 1 -425 and 1 -44 m. respectively, and on
29 January 1958 they were 1-421, 1:417 and 143 m. respectively. It may be mentioned
that all the measurements on 12 March 1957 were taken with a ruler having a metric scale,
whereas on 29 January 1958, in order to avoid any remembrance with respect to the results, a
ruler with an inch scale was used.

i

L y 4 . !

Fig. 5. North wall of pit with broken compression meters. The distances belween wooden blocks were measured and analyzed as
function of time. Vertical row of nails placed by Howard in 1947 (right parl of photo). Comparison with plate I in Howard's
report (1948) shows even delails of snow wall, especially below wooden blocks, unchanged since 1947. Photograph
17 November 1957 by H. C. Hoinkes

For each of the compression meters there are five pairs of corresponding values, giving the
length of the interval in relation to the time elapsed since the meters were installed (‘T'able II).
The average rate of settling of the firn

= 14L
Himeay (1)
calculated from differences for the four consecutive time intervals, gives 6-929, 2-852, 1-274
and 0-712 cm./m. yr. respectively. In order to find the law governing the process of settling
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TasrLe II. OBserRVED anp Computenp DaTta For CoMPrESSION MEeTERS AT LiTTLE AMmErica 111

v 5 5 Cenlered . 1AL 3 1 dL ds
Compression Time Length cm. Sl = e S e
n{)eler Date yr. i observed  computed Lat L dt dt o
m. cm./m. yr.  em./m. yr. cm./m. yr.?

L; 2 July 1940 0 — 1'50 200'0 199-98 9031 7-102
8-730 7598

8 January 1941 0520 (190°9) 192-24 6-452 3468
2-832 2-981

January 1947 6520 R 160- 74 1-673 0190
1164 1126

12 March 1957 16-693 10-62 1430 14334 0+ 806 0-039
0714 0" 794

29 January 1958 17:578 1112 142°1 142734 07773 0-035
1940-1958 1926 1934

L, 26 July 1940 0 2°50 2000 199* 40 6341 2752
6-640 5789

8 January 1941 0°455 (194'0) 194 - 22 51300 1872
i . 2894 2934

January 1947 6455 - 7°55 1630 162-86 3 1844 0-184
1-322 1-292

12 March 1957 16-628 —II1'B5 1425 142-8o 0955 01042
0636 0°939

29 January 1958 17-513 —11:85  141°% 14162 0919 0:039
19401958 1948 1954

Ly 11 August 1940 o — 3'50  200°0 199° 39 57857 1793
5417 5025

8 January 1941 0 411 (195-6) 19532 4+716 1357
2-829 2-810

January 1947  6-411 — 8-38 1650 165+ 01 1:855 0172
1+336 1-326

12 March 1957 16-584 —12:08  144'0 144719 0-996 0042
0-787 0-978

29 January 1958  19-469 —12°58  143'0 142-95 o-g6o 0039
1940-1958 1-903 1-g05

of firn in this case, a mathematical expression was fitted to the pairs of values. At first an
exponential curve was tried of the type

L = a+be, (2)
and the constants were determined by the method of least squares (for details see Brooks and
Carruthers (1953)). For compression meter L, the constants were ¢ = 144497 cm., b —
54°358 cm., and ¢ = 0-204 yr.”" respectively. This expression proved to be insatisfactory,

because the limit to which the reduction of the length L by the process of settling is tending
cannot be of the order of magnitude given by the constant a. The initial average density for
compression meter L, (—o0'5 m. to —2-5 m.), according to Wade, was 0-384 g.cm.3;
thus, the original distance of 200 cm. should be reduced to 85 cm. by settling in order to reach
the density of ice.

A much better fit of the observed data could be obtained by using a logarithmic expression
of the type

L = a—blog (i+¢). (3)
Differentiating (3) one gets
dl.  0-4343b
&= T o )
dt  2-303
and dl. ==y - (t+¢),

from which the best fitting values of 2-303/b and 2-303¢/b were determined by substituting
for dt/dL. ratios of differences AL for time intervals 4¢ — 2 yr., ¢ being the midpoint of the
interval. Instead of evaluating the expression — b log (1-+¢) and calculating the constant a by
subtraction from the observed values of L, only the value of the constant ¢ was adopted, and

https://doi.org/10.3189/50022143000018256 Published online by Cambridge University Press


https://doi.org/10.3189/S0022143000018256

116 JOURNAL OF GLAGIOLOGY

the constant & was determined anew, together with @, from the expression L = a—bt',
where t' = log(t--c), by least squares. The constants g, b and ¢, for the three compression
meters L,, L, and L,, are given in Table IIL. It is interesting to note that constant ¢ (given in

TasLe III. ConsTANTS FOR LOGARITHMIC LXPRESSION (3)
acm. b em. ¢y,
L: 202:69 47°434 1'1405
L, 217-15 58:530 2-'0104
Ly 225-41 63-336 25754

years) increases with increasing depth, indicating the earlier beginning of the process of settling
in deeper layers of the firn. The agreement between observed and computed values is very

satisfactory, as can be seen from Figure 4.

cm, cm./m. yeor
2 19
190 Ly = 22541 — 63336 log(t + 2.5754)
l -8
20289 - 47.434 log (t + 1.1408)
180+
170+
180+
150
140+
yaars . L I L 1'.'.x‘i‘ :“"T'"If","r"_-y--..r- RN LEEUI Y CR R L TR ST WINPT O T R SR or I
o] | 2 3 4 5 6 7 8 9 10 1 12 13 14 15 18 17 1B

Fig., 4. Observed distances (centimelres) belween basal blocks of compression melers Ly and L.

; as function of time (years),

logarithmic expression fitted to the data. Computed rate of settling S in cm./m. yr. and dS[dl (cm.[m. yr., same scale

as for S, dotled curves in lower part of graph)

The rate of settling
1dL

Ll

(5)

was computed, using (4), and is shown as a function of time in Figure 4. In order to compare

the settling rates as calculated from (1) for differences between single

integrated for the corresponding intervals of time
k

= 1 1 dL
et |20
i k—i!Ldt

1
2303 L,

- = log IT!"

observations, (5) was

(6)

As can be seen from the values in Table IT, the agreement is good for the two long intervals
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January 1941 to January 1947 and January 1947 to March 1957, but rather poor for the
two short intervals at the beginning and at the end. There is an almost perfect agreement
between the average rates ol settling for the whole 17-5 yr., indicating the suitability of the
logarithmic expression (3) as an interpolation formula.

The change of the rate of settling with time,

s 1 dL)* 1L )

?;——rz(a Lz 7
s (0-4343§)" 1 .0°4343b

L=\ (tte) L (t+e)?

shows great differences between compression meters L, and L, within the first two years, but
becomes more or less uniform for all three compression meters beginning from the fourth year
(Table II, and dotted curves in Figure 4). This agrees with Schytt’s (1958) finding, who by
comparison of rates of settling from Eismitte, Little America ITI (Howard’s value) and Maud-
heim reached the conclusion that “differences in specific air content have a very great in-
fluence upon the rate of settling, and that this influence decreases rapidly with increasing
depth™. A specific air content (0-917—p) below about 045 ought to be sufficient to avoid
greater differences in the rate of settling, according to the present data.

The fourteen consecutive distances between the fifteen nails, driven into the north and
east walls of the shaft by Howard (1948) in January 1947, were remeasured on 29 January
1958. As Figure 5 shows, all the distances have diminished from the original value of 3048 cm.,
but surprisingly large deviations exist from the average of 27-go cm. for the east wall, and
27-62 cm. for the north wall. The layer between spikes No. 6 and 7 (north wall) has settled
least, its thickness being 0-968 of the original value, whereas the layer between spikes No. 8
and g on the same wall has shrunk most to 0-811 of the original distance. According to
Howard there might be an error between each pair of spikes of about } in. (6-4 mm.). An
error of about the same order of magnitude could have occurred during the remeasurement,
which was performed to the nearest | in. (3-2 mm.). Even though single measurements
could be in error by as much as 1 cm., the similarity of the intervals on both walls indicates
the reality of most of the deviations. Single layers of limited thickness therefore show very
different rates of settling for many years after the process of settling has begun. The vertical
row of spikes in the north wall, along compression meters L, and L, (Fig. 3), shortened from
an original length of 426-7 cm. by 40-0 em. between January 1947 and January 1958, thus
showing a settling rateof 0 -89 em./m. yr., whereas compression meters L, and L, gave a settling
rate of 1-21 cm./m. yr. for the same time. This rate of settling would require an average
distance between each pair of spikes in the north wall of 2662 cm. (dotted line in Figure 5),
instead of the measured 27 -62 cm. The difference is not easy to account for; one explanation
could be indicated by the fact that the 15 cm. nails stick out between 4 and 9 cm. A compari-
son of plate 1 in Howard’s paper (1948), with Figure 2 shows that the walls of the pit became
more convex during the eleven years between 1947 and 1958. Thus, for the outermost centi-
metres of the firn wall, a smaller rate of settling should be found than for the deeper layers to
which the wooden blocks of the compression meters penetrate.

THE CALCULATION OF AVERAGE ACCUMULATION

Sorge (1935) found at Eismitte, where melting is absent, that the density of snow at a
given depth remained constant. Sorge’s Law, as formulated by Bader (1954), relates the steady-
state condition of the density-depth curve to the accumulation and rate of settling, so that the
accumulation can be computed from:

Sp?

= ﬁd;;/d‘: (8)
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If § is given in cm./cm. yr., and the depth below the surface z in cm., the accumulation A
results in g./cm.? yr. Since melting is certainly insignificant at Little America, Sorge’s Law
should be applicable. Figure 6 shows the position of compression meters L, and L, relative to
the actual surface between 1940 and 1958. Entered into the diagram are density values as
determined in the Little America IIT shaft by Wade (1945) in 1940, Howard (1948) in 1947
and Boyd* in 1957. Also entered are densities from a pit dug by Vickers (1958) on 29 January
1958, near the entrance to Little America 111, down to the “snow cruiser”. Despite the same
high scatter of single values they show very nearly the same average density for the upper
four metres as was measured by Wade (1945) in 1940. These values were used to find an
approximation to the density-depth relation (solid line in Figure 6). A possibility of checking
the reliability of this simple linear relation was offered by the recent publication of the density
determinations at and near Little America V in 1957 and 1958, by Crary (1961). Average

cm.
3l
ORIGINAL DISTANCE OF SPIKES
0L
NORTH WALL OF PIT
2ok )
1 EAST WALL
L !.f N
281 vz o Pt O

27

26~

25+

NOS. OF SPIKES, TOP TO BOTTOM
1 1 A | | O B A L
I 2 3 4 5 6 7 8 9 101l 12 13 14 5

Fig. 5. Distances (centimelres) between each two of fifteen nails in the north and east walls of pil on 2g Fanuary 1958. The
spikes were placed in two vertical rows by Howard in FJanuary 1947. The rows are still essentially plumb, the deviations
from the average distance reveal large differences in the rate of settling over short intervals

2

densities from numerous shallow pits, average densities for one-metre-intervals from the deep
pit, and for five-metre-intervals from the SIPRE drill hole are reported. The adopted linear
relation fitted these values very well, except for the lowest two metres (12 to 14 m. depth below
the surface of 1958). The linear density-depth relation, used in calculations by Crary (1961) is
shown as a broken line in Figure 6.

With the aid of Sorge’s Law (formula (8)) the accumulation was calculated for the four
periods of observation; the result is given in Table IV. For the first two periods a very high
accumulation results, as one would expect because of snow drifts forming around the build-
ings. As Howard (1948) reported “In January 1947, all of the buildings of the expedition of

* The author is indebted to Mr. Walter W. Boyd jr., then glaciologist at Little America V, for taking specimens
during the visit to Little America IIT on 12 March 1957, and determining their density carefully in the snow
laboratory at Little America V. The specimens were taken out of the lower part of the west wall of the shaft, and
had volumes of 250 em.3, 250 cm.3, 125 ecm.} and 64 cm.’, respectively. A specimen taken out of a niche in the
lower part of the east wall, where there was no pressure from above, had a density of only 0+ 496 g./em.}, and so
did not show any increase in density since 1947.
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1939—41 (Little America 111) were completely buried, only masts and ventilators projecting
above the snow.” Therefore, beginning from 1947, undisturbed accumulation figures should
result, The values obtained for these last two intervals give a mean accumulation for the eleven
years 1947-58 of 19 g./cm.? yr., which is probably the right order of magnitude. From the

o ®* 030 03 040 045 050 055 060 065 g./cm?
] T ==+ s

: e P = s e = : 3
o | + . § ‘_;_xx
+ [ T

O} (
e o Ta\te, O WADE LA Il 1940
i 4 %
& “TEL * VICKERS LA Wl 1958
ow ' x
2 o O %N + SHALLOW DENSITIES
% ' o LA V 1957
| —1940 «x 5 O
& o ® DEEP PIT
E o & LA V 1957
L =
3
4
2 .
5|L o
: 'TY
o =
[
' E
7+ '
L1947
8+
Ls
9
10~ ———
| €3 HOWARD LA Il 1947 L
II; L
@ BOYD LA Il 1957 1957 — !
12- & SIPRE DRILL HOLE g 1958
LAV 1958 3
S| [ .
32 ———— USED BY CRARY
——— ADOPTED HERE -
1al

Fig. 6. Position of compression meters Ly and Ls, relative lo the aclual snow surface, between 1940 and 1958. Density determina-
tions from differenl sources. and adopted densily-depth relation (solid line)

SIPRE drill hole an average accumulation of 21 g. em.# yr. was obtained in the Little America
V area for approximately forty years (Crary, 1961). Vickers (1958) arrived at a lower average
accumulation of 16-2 g. em.? yr. for the eight years 1950-57 near Little America ITI. From
Table IV it is seen that 438 g. of snow accumulated during the 176 yr. from July 1940 to
January 1958 by adding the results from the single intervals, and 451 g. of snow, if computed
with average values for the whole period 1940-58. According to Figure 6, ten metres of snow
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TasrLe IV. COMPUTATION OF AVERAGE ACCUMULATION FOR LiTTLE AMERICA I1I

Period p dp S A Time interval ~ Snow deposited
e g./cm.} d= cm./em, yr. g./Jem.? yr. yr. g./cm.?

1940—41 0-414 0-00018 0-06137 58-44 0520 30° 4
1941—47 0° 450 000018 0-02908 GGk 6:000 196-3
1947-57 0530 0:00018 0-01243 1940 10° 173 197°3
1957-58 0° 569 0+00018 0°00904 1626 0-885 144

g 4384
1940-58 0-489 0-00018 0'01931 2565 17-578 4510

with an average density of 0+ 45 g./cm.3, 1.e. 450 g. of snow, are resting upon the surface of 1940.
The agreement is quite good, if one considers the approximate character of the density-
depth relation. Crary’s (1961) strain gauge observations in the deep pit at Little America V,
1957-58, led to similarly reliable accumulation figures, even though the period of observation
was rather short, and the measuring site not entirely free from disturbances.

CoNCLUSION

It should be worth while to install strain gauges in covered pits near the permanently
occupied Byrd and South Pole stations, and extend the observations over as long a period
as possible. The check on the accumulation figures as determined by other means, with Sorge’s
Law, seems highly desirable in the interior of Antarctica. Another visit to Wade’s pit at
Little America 111, before it breaks off, could provide further interesting observations to the
problem of densification of firn.
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