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Average o oxygen-18 delta values in the top 20 meters of firn
all are -50.53 parts per thousand and -50.61 parts per thousand

-350 ,	for the 1980 and 1982 cores respectively. [o delta/oxygen-181Z	(8 1 80) is the relative difference in oxygen-isotopic composition
between the sample and the Vienna Standard Mean Ocean

-390 0 Water (v-sMow) expressed in per mil (parts per thousand).] The
enrichment of the 1980 core is apparently limited to the ends of
the sections and has little effect on the average composition of

430	the core. The 1978 profile of Jouzel et al. (1983) has an average
i D = -397.3 parts per thousand or, with 8 D = 8 6 180 + 10
(Lorius and Merlivat 1977), 8 110 = - 50.9 parts per thousand.
Storage thus had a relatively minor effect on the average com-
position of the stored cores if we assume that the relationship
between 8 D and 8 180 is accurate for these cores.

We conclude that firn cores taken to study the seasonal 8 180

cycle should be sampled for 8 180 immediately in the field,
preferably in glass bottles. Storage leads to rapid smoothing of
the seasonal 6 180 signal, especially in cores from areas with low
annual snow accumulation like the South Pole.

This work was supported by National Science Foundation
grant DPP 84-00574. M. Giovinetto kindly made available his
1982 firn core. We appreciate the collaboration of E. Mosley-
Thompson. Travis Saling (Quaternary Isotope Laboratory) as-
sisted in measuring the samples.
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Figure 2. Oxygen isotope profiles in the first 10 meters of firn at
South Pole. a. 1978 pit wall and core profile (Jouzel et al. 1983), b.
1980 firn core, c. 1982 C-wall of pit 1 (Mosley-Thompson et al. 1985),
and d. 1982 firn core from the bottom of pit 1. (Delta oxygen-18 scale
derived from h D using h D = 8 h 180 + 10. First few 1-meter core
sections were less than 1 meter long when sampled; we assumed
compaction of the very loose fir, which was confirmed by density
measurements, and "stretched" the data uniformly to cover 1-meter
sections.)

Nitrate variability in South Pole ice
sequences and fossil surface effects
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This report briefly updates the major results of a detailed
study of snow and nitrate deposition patterns near the South

Pole in the 1984-1985 field season. The study was undertaken,
largely, to address the problem of spatial versus temporal vari-
ability in the ice sequence, and thus, the reproducibility of trace
impurity profiles as a function of depth or time.

Previous studies have shown snow accumulation on the polar
plateau to be highly variable over distances as short as a few
meters (e.g., Giovinetto 1960; Giovinetto and Schwerdtfeger
1966). The positive accumulation balance on the surface of the
antarctic plateau reflects annual accumulation minus that which
is lost to ablation. The details of this balance can be very com-
plex. An early work by Cow (1965) observed a considerable
leveling of the surface by the fall, from its maximum end of
winter roughness, due to sublimation and deflation processes
and concluded that depth-hoar layers formed no more than
once a year, thus simplifying the stratigraphic interpretation
considerably. However, Cow also noted occasional hiatuses in
areas having no net accumulation over a period of a year or
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more. On the other hand, Giovinetto and Schwerdtfeger (1966)
reported that surface variations at the South Pole are as large as
the mean annual accumulation (7-8 grams per square cen-
timeter). This finding implies that no real year-to-year variations
can be detected and that vertical profiles could not be cross-
correlated systematically. In addition, systematic changes in
accumulation rates over time, which have been reported by
various authors (e.g., Giovinetto and Schwerdtfeger 1966;
Mosley-Thompson 1980; Jouzel et al. 1983) are not in agree-
ment. Thus it is clear that dating by stratigraphy is often subjec-
tive, particularly at depths where layers have thinned and the
urn consolidates into clear ice. These problems illustrate the
need to develop better dating techniques and a more systematic
approach to characterizing accumulation rates. For this reason,
subsequent studies have attempted to develop or refine addi-
tional dating techniques to augment and clarify the stratigra-
phy. These include analysis for beta-activity, lead-210, deu-
terium, tritium, isotopic oxygen-18, microparticles, and nitra-
tes. Most of these approaches, including nitrate in particular,
look for seasonal fluctuations in the various impurities.

In 1980-1981, a 10-meter deep pit was excavated near the
South Pole and snow stratigraphy and nitrate concentration
measurements were made along three vertical columns cover-
ing approximately 51 years (Laird et al. 1982). Although the
three profiles were separated by only 1-3 meters and showed
generally similar signals, there were considerable differences in
detail. Given its high sensitivity and precise calibration, the
analytical method (ultraviolet spectrophotometry) could not
account for these discrepancies. This suggested strongly that
the differences were largely real.

To study the problem more thoroughly, a portable system
was developed for on-site sample analysis. In mid-December
1984, South Pole snow stratigraphy and nitrate measurements
were obtained for 16 replicate columns from five walls in three
parallel trenches covering 50 square meters in area and a period
of up to 15 years. The results confirmed the earlier findings.
Replicate samples from each column showed high re-
producibility of the nitrate concentrations, but there were sig-
nificant changes in the values over short distances just as with
snow accumulation (Laird et al. 1985). The data were unam-
biguous and demonstrated that the samples analyzed in the lab
from the 1980-1981 study differed not because of analytical or
contamination problems but as the result of real spatial vari-
ability (Laird et al. 1985; Laird 1986). The results of this study
demonstrated that high-resolution trace impurity records at the
South Pole ideally require multiple or replicate ice cores. Sixteen
columns were more than adequate to provide a statistically
sound nitrate profile for the South Pole at 1-year resolution, but
similar questions about spatial variance and the presence of a
temporal signal need to be addressed for all trace impurities, no
matter where they are studied.

Other important findings are related to the annual nitrate
cycle that displays narrow summer peaks and broad winter
lows (Laird et al. 1985) and an anomalous summer surface
effect. To study these phenomena, data were collected from
several sites on the surface, as well as from three trenches and a
shallow pit. Replicate samples were obtained from each site to
verify the results. Whenever there were significant discrepan-
cies or questions, second and third sets of replicates were
obtained.

The summer surface (December 1984) was found repeatedly
to have higher nitrate levels (108.6 micrograms of nitrogen per
liter; n = 57) than those measured at depth in the sequences
from the five trench walls (28.6 micrograms of nitrogen per liter;

n = 170), even in the summer layers. Figure 1 illustrates the
complex relationships that develop in the surface layers and the
changes that take place through the yearly deposition cycle at
South Pole. A shallow test pit was excavated to a depth of 66
centimeters about 1 kilometer from the trench site, exposing
three depth-hoar layers in this interval, and sixteen samples
were collected at regular intervals along a column from the
surface to the pit bottom. When the nitrate concentration values
from the shallow pit (heavy line) are profiled along with those
from three separate columns (fine lines) in one of the trenches,
they form a high-resolution, nearly continuous composite rec-
ord of nitrate concentration covering 4 years. Samples taken
from the trench walls were analyzed with a resolution of 1
centimeter. They show a continuous decline in nitrate con-
centration from the surface down to the winter depositional
layer and considerably less pronounced peaks corresponding to
summers 1981-1984. The shallow pit, excavated through a
prominent sastruga, also shows the same general progression
from a very high surface concentration to much lower nitrate
values in the winter layers. However, at 8 centimeters depth
(1984) a layer containing high nitrate levels was encountered
again. This layer apparently represented a previous surface that
had been buried recently in the process of sastrugi formation.
At the end of summer, the strong winds that tend to reduce
surface roughness (Gow 1965) have the effect of homogenizing
the complex structure of nitrate distribution in the snow, there-
by eliminating most of the localized high nitrate concentrations.

In contrast to a similar study near McMurdo (Zeller et al.
1986), where the yearly nitrate cycle is essentially unam-
biguous, the South Pole results show that summer nitrate peaks
at depth are considerably more subdued than at the surface and
probably are not distinguishable in all years. This implies that
seasonal variations in nitrate, as well as in other trace species,
are not always reliable as dating criteria at the South Pole.
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Figure 1. South Pole nitrate concentration profiles from 66-cen-
timeter pit (heavy line) and from three partial columns in one of the
trenches (fine lines).
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Although the peculiar surface effect appears to be largely
obliterated by ablation of sastrugi and by surface mixing pro-
cesses that lead to an almost complete redistribution of the
surface by the fall just before formation of the depth-hoar layers,
we have found additional conclusive evidence that this mixing
process is not always carried through to completion at every
point across the surface. Pockets of low-density snow were
found in the eighth layer (stratigraphic year 1977) in two col-
umns of one wall (figure 2). These pockets occupied almost the
entire annual layer. Three samples from stratigraphic year 1977
stood out in particular in one of the trenches as being anoma-
lously high in nitrate, two from adjacent columns (1-meter
separation) in one wall (129.5 and 94.8 micrograms of nitrogen
per liter, respectively), and one from the opposing wall (116.3
micrograms of nitrogen per liter). The adjacent samples were
associated clearly with anomalously soft pockets, not observed
elsewhere, that were intersected by the two columns. These
pockets of unconsolidated firn strongly resembled the low-
density snow that characterizes much of the summer surface.
The resulting samples and replicates produced nitrate levels far
higher than those observed anywhere at depth near the South
Pole (figure 3). The high value from the opposing wall came
from normal-looking firn and is not shown here. Repeated
sampling confirmed the high readings which were comparable
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Figure 2. Schematic diagram of stratigraphic profile from the trench	 1974- -
wall with anomalously soft pockets.	

(11)

Figure 3. Annual South Pole nitrate concentration profiles of two columns from the trench wall with anomalously soft pockets.
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with summer-surface values. In fact, the pockets probably rep-
resented summer surface material that was somehow incorpo-
rated into the sequence in bulk before any significant mixing
occurred. Given the considerable surface relief at the end of
winter, and the overhangs that are apparent on many sastrugi at
that time of year, it seems likely that summer-surface material is
preserved intact on occasion. The spacing and orientation of
these summer snow fossil pockets suggest that the protected
sides or snout of a single "mushroom" sastruga were filled in
and sealed off rapidly after a sudden change in wind direction
or speed. The nitrate high from the opposing wall is more
puzzling, but it coincides in time and close spatial proximity,
indicating that the three anomalies in the 1977 stratigraphic
layer are related. Considering that the frequency of occurrence
of such anomalies was 3 out of 170 (1 out of 57) cases or years at
any given point below the surface, it seems likely that they
reflect a local effect (e.g., a single sastruga), rather than a more
general phenomenon.

The presence of these fossil summer-surface anomalies is
significant for another reason. It implies that a series of nitrate
"spikes" in one ice core need not have any correlation with
spikes in other cores drilled more than a few meters away. These
anomalies and the high surface concentrations have demon-
strated that occasional spikes do exist in South Pole nitrate levels
and suggest the same possibility for other trace impurities in
remote polar icecaps.

This research was supported in part by National Science
Foundation grant DPI , 83-20210.
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Modern coherent radar for ice-sheet	pulse coherence over a long enough travel distance of the radar
also allows synthetic-aperture narrowing of the beamwidth thatsounding	 can reduce "cusping" in the return signals.

The output is provided to a real-time display and stored on a
cartridge in a "Bernoulli box" for subsequent analysis and high-

RICHARD K. MOORE
University of Kansas radar parameters

Radar Systems and Remote Sensing Laboratory
University of Kansas

Lawrence, Kansas 66045

Suitable very-high-frequency radar systems can profile the
bottom topography of an ice sheet, allow estimation about the
bottom properties, and indicate impurity and density-variation
layers within the ice sheets. Our work has been to develop a
completely modern system that may be used along with the
existing Wisconsin system to allow more investigators to use
this important tool, particularly for localized surveys.

As an engineering group, our work is intended to be comple-
mentary to that of glaciologists studying, initially, the west
antarctic ice sheet to provide expertise in radar system design
and operation, in signal processing, in electromagnetic wave
propagation, and in remote-sensing data interpretation.

A fully coherent radar has been built. (See table for param-
eters.) Use of pulse-compression and coherent signal integra-
tion (stacking) allows the system to achieve an equivalent peak
power of over 400 kilowatts in airborne use, and even more in
sled use, with an actual peak power of only 20 watts. Pulse-to-

Frequency	 150 megahertz (air wavelength 2
meters, ice wavelength, 1.5
meters)

Bandwidth	 17 megahertz (equivalent pulse
length 59 nanoseconds)

Range resolution	 8.85 meters air, 5 meters ice
Peak power	 20 watts
Equivalent peak power	450 kilowatts (after processing 256

pulses)
Antenna gain (one way)	12 decibels in air and 14.5 in ice
Along-track beamwidth°

(two-way, 3 decibels)	29" in air and 24" in ice
Across-track beamwidtha

(two-way, 3 decibels)	400 in air and 31 0 in ice
Equivalent along-track	0.30

beamwidth (100-meter
integration)

System sensitivity	 217 decibels
Detectable reflection	–21 decibels (power)

coefficient at 5 kilometers

a Note: Beamwidths for sled system.
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