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Accumulation patterns on the Ross Ice Shelf have
been further defined through continuing analysis of
beta activity and heavy water profiles found in ice cores.
This work on surface accumulation has been carried out
as part of the Ross Ice Shelf Project (RIsP).

In our first report (Clausen and Dansgaard, 1977),
the technique was described whereby total beta (13) ac-
tivity profiles were measured along 36 hand-augured,
10-meter firn cores recovered in the southeastern part
of the ice shelf in the 1973-74 field season. Three ref-
erence horizons were identified as resulting from radio-
active fallout from atmospheric nuclear bomb tests. Ref-
erence horizon I (the summer of 1954-55) is char-
acterized by a shift from 50-100 disintegrations per
hour (dph) per kilogram (kg) of firn to 200-400 dphlkg
attributable to the Castle tests in early 1954 (cf. Picciotto,
Crozaz, and de Breuck, 1971). Reference horizon II (the
summer of 1964-65) is represented by a broad 600-1200
dphlkg specific 13-activity peak, mainly from Soviet tests
in 1961-62. Reference horizon III (the summer of
1970-71) is shown in less-well-defined elevated 13 activ-
ities attributable to the French bomb tests in 1968-70.
These high 0 values are rapidly decreasing because of
decay of the short-lived components and are no longer
clearly indicative of reference horizon III.

Mean annual accumulation rates in millimeters of
water equivalent per year were calculated from density
profiles along the cores since the summer of 1954-55.
We arrived at the conclusion that the accumulation rate
is generally between 74 and 140 millimeters per year.
This is only half the value suggested by the stratigraphic
data of Crary et al. (1962). However, this discrepancy
disappeared in measurements of the northern part of
the ice shelf, where the data also were supported by
stake measurements (Heap and Rundle, 1964). Rela-
tively high accumulation rates of up to 218 millimeters
per year were found close to the Transantarctic Moun-
tains, the result of snow drifts created by strong katabatic
winds from East Antarctica.

Our current analyses include 19 cores recovered in
the northeastern areas of the ice shelf in the 1974-75
(RIsP) field season and 13 of 40 cores from the 1976-77

season. They are providing a more complete accumu-
lation pattern, although data are still sparse from the
western and northern portions of the ice shelf.

As expected, the highest accumulation rates are found
close to the ice front barrier and close to the Transan-
tarctic Mountains (figure 1). In between these two areas,
there is a long tongue of accumulation stretching north-
westwards from the minimum accumulation of 58 mil-
limeters per year at site G-4. Minimum values east of
the mouth of Shackleton Glacier are unclear. The low
value at site F-9 is supported only by a relatively low
value at site G-10.

Hammer et al. (1978) have described other dating
methods in Greenland, where the firn and ice are strat-
ified by seasonally varying concentrations of micropar-
tides and the heavy isotopic water component H 20'8 (6).
The bulk of microparticles deposited in the Greenland
ice sheet is continental surface dust carried from dry
areas in North America by high tropospheric winds, par-
ticularly in spring. The conditions for seasonally varying
deposition of continental dust on the Ross Ice Shelf are
less favorable, the more so as fallout from nearby active
volcanoes may mask a possible seasonal pattern in the
sparse deposition of surface dust. As to the isotopic com-
position of Greenland firn, seasonal 6 variations are
gradually obliterated by diffusive mass exchange be-
tween the layers, if the accumulation rate is lower than
250 millimeters per year. This seems to disqualify the 6
method as a means for establishing a record of annual
layer thicknesses to considerable depths on the Ross Ice
Shelf (cf. the vain efforts on the ice core from Little
America; Dansgaard et al., 1977) but not necessarily in
shallow depths south of the low-accumulation tongue,
where disturbances by drift snow from the Transan-
tarctic Mountains are negligible (cf. the seasonal 6 vari-
ations near surface at Vostok Station; Dansgaard, Bar-
kov, and Splettstoesser, 1977).

Figure 2 shows 13 and 6 profiles at the three highest
accumulation stations in this area: Q-6 (244 millimeters
per year), P-6 (210 millimeters per year), and the sum-
mit of Roosevelt Island (200 millimeters per year). The
reference horizon II is easily detectable in all of the 13
profiles and horizon I in the latter two (at Q-6, the core
was apparently a bit too short to reach the 1954-55
level). Most of the annual 6 cycles are still preserved, but
the amplitudes are clearly reducing with increasing
depth, and the faster the decrease, the lower the accu-
mulation rate.

The 1964-73 decade, represented by the 5-6 meters
of firn above reference horizon II, contains more than
10 6 cycles (at Q-6 at least 13). Hence, some annual top
layers contain double 6 peaks, a phenomenon that is well
known in Greenland firn (cf. Hammer et al., 1978). The
double peaks eventually merge by diffusion. In addition,
some of the summer 6 peaks in annual layers of less-
than-normal thickness obviously merge with summer 6
peaks in adjacent annual layers, because the decade
1954-63 between reference horizons I and II contain
less than 10 6 cycles. Consequently, year-by-year dating
by seasonal 6 cycles is not straightforward, and the inter-
pretation presented in figure 2 is tentative. It is merely
a coincidence that the 6 profiles at P-6 and Roosevelt
Island summit contain a total of 20 distinct 6 cycles in
the 1954-73 interval. Note the 6 profile at station K- li
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Figure 1. Surface accumulation rate (in millimeters of water equivalent per year) distribution on Ross Ice Shelf, as measured
by total /3 activity analyses of 10 meter fir cores augered during four Ross Ice Shelf Project (RIsP) field seasons. Key:. =

1973-74 season; A = 1974-75 season; o = 1976-77 season; o = 1977-78 season.

(100 millimeters per year), which contains no more than
13 8 peaks in the same time interval.

The mean of the ten average 6 values of the annual
layers from the 1964-73 period is approximately 0.67
percent higher than that of the preceding decade. The
difference may be up to 0.15 percent higher or lower,
when using annual layer interpretations other than as
shown in figure 2; such others include the case of no
interpretation at all; that is, comparing the simple av-
erage of all analyses from the first 8 peak below the

surface and down to reference horizon II with that of
all analyses from horizon II to horizon I.

If one accounts for the fact that the isotopically light
winter layers, and particularly those close to the surface,
should be given less weight owing to their relatively low
densities, the real increase in 8 may be even higher than
the 0.67 ± 0.15 percent (up to 0.3 percent higher, ac-
cording to experiences in Greenland). This corresponds
to a climatic warming over the ice shelf, in agreement
with direct observations at McMurdo Station and with

69



0

1

2

3

4

5

6

7

8

9

10
m

0	500dphikg	0	500dph/kg	0	500dph/kg	0	500dph/kg
Figure 2. Specific total beta (0) activity and oxygen-18 profiles at sites 0-6, P-6, summit of Roosevelt Island, and K-1 1. The
detailed dating is tentative. The 1964-73 interval has higher mean 6 than the preceeding decade, which suggests a climatic
warming. Key: numbers 54 through 74 In each column = years; shaded portions = 8 activity, with scale at bottom of each
column (disintegration per hour per kilogram of firn); unshaded portions = 6 profiles, with scale at top of each column; arrows

= reference horizons (summer of 1954-55 and summer of 1964-65).

an observed increase in 10-meter temperatures (about
10 C) from 1958 to 1974 (Thomas, 1976).

Figure 3 shows the mean 6 values along the cores. In
the Roosevelt Island part of the shelf, the 6 values de-
crease inland in parallel with the mean surface temper-
ature, which has a minimum in the shaded area (less

than -28° C). However, south of this area, toward the
Transantarctic Mountains, the 8 values continue to de-
crease but the temperatures increase. This pattern may
be explained by the occasional precipitating air masses
being continuously cooled isobarically during their travel
inland over the cold surface, whereas the mean surface
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Figure 3. Areal variation of the mean isotopic composition, 8 per mule, of the upper fir. The 8 distribution suggests that flux
of moisture is highest over eastern part of the shelf. Key: shaded area = coldest 10 meter temperatures on Ross Ice Shelf

(less than 280 C);. = 1973-74 RISP field season; A = 1974-75 season; o = 1976-77 season; o = 1977-78 season.

temperatures close to the mountains are influenced by
the relatively warm katabatic winds that prevail most of
the time.

In view of the considerable amounts of drift snow
from the mountains indicated in figure 1, the moderate
decrease in 8 toward the mountains shows that the drift
snow essentially has the same isotopic composition as the
snow deposited directly on the surface in front of the
mountains. Considering the extremely low 8 values on
the eastern part of the polar plateau, the drift snow
therefore hardly originates from the plateau, but rather

from the slopes of the mountains. It is well known that
the first 1,000 meters of lifting of moist air causes no
significant heavy isotope depletion in the precipitation.
(Lorius, Merlivat, and Hageman, 1969; Dansgaard et al.,
1973; Kato, Wanatabe, and Satow, 1978).

Another interesting feature of figure 3 is the fact that,
at the same distance from the sea, the 8 values are con-
siderably lower (corresponding to a later stage of the
condensation column) in the western than in the eastern
part of the shelf. A possible explanation is that moist air
masses preferentially cross the eastern part of the bar-
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rier and then move in directions between south and
west.

This research has been supported by National Science
Foundation grant DPP 76-16743.
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Temporal variations and
correlations in chemistry of snow

on Ross Ice Shelf
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Our investigations during the 1974-75 and 1976-77
Ross Ice Shelf Project (RIsP) field seasons included the
excavation of seven 2-meter-deep pits on the Ross Ice
Shelf and the chemical analysis of samples from various
depths. The pits were dug at Roosevelt Island (RI) and
Roosevelt Island Camp (Ric) and at sites C-7, RISP-BC,
J-9, Q-13, and F-9.

The accompanying figure provides an example of the
variations with depth observed in the chemistry of these
pits. It shows the concentrations of sodium (Na), calcium
(Ca), magnesium (Mg), and potassium (K) with depth at
site F-9. Concentrations are expressed in parts per bil-
lion (ppb) and varying scales are shown on the ordinate
axis for the different elements.

It can be seen that the concentrations of these ele-
ments vary quite markedly with depth. Distinct maxima

and minima occur for all four elements at each site. In
any one particular profile, the peaks and minima of the
elemental concentrations occur at nearly the same depth
and thereby are well correlated. This wide variation in
chemistry is generally supported by documentation in
the literature that the chemical composition of precipi-
tation can vary by orders of magnitude between storms
and even during single precipitation events (Junge,
1963).

These variations probably are related to temporal
changes in the cloud microphysics producing the pre-
cipitation and the cloud dynamics of the maritime
storms crossing the ice shelf. Stronger, more vigorous
storms over the Ross Sea increase the proportion of the
ocean surface occupied by breaking waves, thereby lead-
ing to a higher production of sea-salt nuclei. The tur-
bulent ocean mixes the chemically enriched surface layer
of the sea with deeper water. Thus marine aerosols gen-
erated during these storms are expected to have sea-salt
concentration ratios similar to those of bulk seawater.

The precipitation from such strong storms thus con-
tains an abundance of marine trace metals imposed on
the background aerosol. The stronger the storm, the
higher the concentrations of these metals and the closer
their ratio to those found in seawater. In a weaker storm,
global background aerosol and any chemical fractiona-
tion during the production of the marine aerosols con-
stitute greater factors in precipitation chemistry.

Evidence of this effect is seen in the calculated en-
richments of the elemental profiles. Sodium is used as
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