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ing the snow accumulation rate remains constant. The greater
detail appearing in the South Pole record results from more
analyses, as a smaller sample interval is made possible by the
higher snow accumulation rate. The smoothing shows the
fairly good visual similarity between the two firn cores col-
lected about 1,300 kilometers apart on the east antarctic ice
sheet (correlation = 0.69).
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In this third and final report we emphasize nitrate ion [NO,
henceforth (NO 3 )] concentrations in antarctic snow and firn
from pits and cores, some details of which have been pub-
lished previously (Olson 1980; Parker and Zeller 1980 and
references cited therein; Parker, Zeller, and Thompson 1981;
Rood et al. 1979; Stothers 1980; Zeller and Parker 1981). Table
1 summarizes the types of chemical analyses we have con-
ducted and plan to conduct on snow, firn, and ice.

Table 1. Analyses conducted or planned on antarctic snow, fir,
and ice, Including the type of analytical method and analysis

frequency (i.e., on All, Some, or Occasional samples)

Chemical	 Analytical
constituents"	Method	 Frequency

NO 3 (nitrate ion)	Ultraviolet spectro-	A
photometry

NO 2 (nitrite)	diazotization	 0
NH, (ammonium)	phenoihypochlorite	 A
pH (acidity)	electrode	 A
Na (sodium)	atomic absorption	 S
Al (aluminum)	plasma emission	 S
SO, (sulfate)	PbSO, conversion	 S
Cl (chloride)	electrode	 0
K (potassium)	atomic absorption	 0
Mg (magnesium)	atomic absorption	 0
Ca (calcium)	atomic absorption	 0
G All except pH refer to ions.

Figure 1 shows the variation in NO:5 with time in a firn core
drilled by the Polar Ice Coring Office (r'ICO, Lincoln, Nebraska)
at South Pole (above) compared with the time equivalent por-
tion of a firn core from Vostok (below). These curves are
derived by making incremental averages sequentially through
the raw data, then applying cubic spline data-fitting tech-
niques to achieve smoothing and to determine the shape of
the curve. Cubic splines are produced by generating stepwise
cubic polynomials for the data points, and they do not cause
significant displacement of curve maxima and minima. Both
curves have been corrected for firn density change with depth
so that the horizontal axis is linear with respect to time, assum-

The use of average annual accumulation estimates intro-
duces some error in assigning approximate dates (year) to
various depths of these cores. However we have used Giovi-
netto's (1960) snow-mine stratigraphy data, which date back
to 1750, for calculation of the South Pole firn core dates. Extrap-
olation of the average annual accumulation for the period
1850-1750 to the remainder of the South Pole firn core leaves
little doubt that the most recent low NO 3 period between 34
and 41 meters in core depth is remarkably close to, if not
coincident with, the period of the Little Ice Age or Maunder
Minimum in solar activity, as reported by John A. Eddy (1977),
at approximately 1640-1710 A.D. While less convincing,
because of the increasing potential error from calculated
extrapolation of average annual accumulation rates to the

Figure 1. Computer-smoothed curves for NO:,N concentrations
(El = x 10 micrograms per liter) in the past 1,000 years
(E3 = x 1,000) of South Pole and Vostok fimn cores. (See text for
explanation.)
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I. In situ microbiological fixa-
tion

2. Contamination from drill-
ing, handling, storing, proc-
essing of cores

3. Global anthropogenic pol-
lution with tropospheric
transport

4. Soil denitrification with tro-
pospheric transport

5. Marine aerosols with tro-
pospheric transport

6. Fixation by lightning with
stratospheric transport

7. Volcanic activity with strato-
spheric transport

8. Fixation by meteoroid trails
in stratosphere

9. Photochemical ultraviolet
fixation in stratosphere

10. Ionization in upper atmo-
sphere by galactic cosmic
rays

11. Ionization in upper atmo-
sphere by solar cosmic rays

12. Ionization in the upper
atmosphere by auroral
activity and by polar cap
absorption

13. Ionization in upper atmo-
sphere by solar flares

14. Ionization in upper atmo-
sphere by supernovae

Rejected (direct proof)

Eliminated (direct proof)

Rejected (direct proof)

Rejected (direct proof)

Rejected (direct proof)

Improbable (indirect proof)

Improbable except as nonper-
iodic pulses (indirect proof)

Probable as small average con-
tributions (no proof)

Probable (some direct proof)

Probable for background only
(indirect proof)

Probable for solar activity com-
ponent

Probable for solar activity com-
ponent

Probable for both solar activity
and select spikes

Probable for select spikes

deeper core sections, we note that both cores show a less
pronounced Sporer Minimum (1400-1510 A.D.) and a Medi-
eval Maximum (1120-1280 A.D.) at approximate depths where
they might be anticipated. The much lower accumulation at
Vostok Station (2.2 grams per square centimeter per year com-
pared with 7 grams per square centimeter per year at South
Pole) results in the 101-meter Vostok core representing approx-
imately 3,250 years; this information allows resolution of sev-
eral additional highs and lows in NO 3 (figure 2). This NO3
concentration record for the entire Vostok core was generated
in the same way as for figure 1. The deep minimum centered
at about 1,530 years ago (450 A.D.) is especially prominent.
This is preceded by a broad, irregular maximum lasting nearly
800 years. The two sharp minima that precede this maximum
correlate roughly in age with Eddy's (1977) Homeric and Egyp-
tian minima.
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and 6 (Parker and Zeller 1980). We also considered 3, 4, and 7
unlikely sources. As a result of the poor correlation with
sodium, we now have ruled out 5 (i.e., marine sources) for the
bulk input of NO 3 to the east antarctic ice sheet (South Pole
and Vostok). The more likely sources or mechanisms appear
to be some solar-mediated phenomenon, such as sources 9-14.
Because not all these phenomena occur precisely with the solar
activity maximum, a linear correlation coefficient of 0.90
may not be obtainable until the precise phenomenon has been
identified and the time lags defined. Also, production of NO3
almost certainly involves more than one mechanism. For
example, the background levels of NO 3 inevitably present in
all minima in South Pole and Vostok cores might be produced
by galactic cosmic rays (source 10), while the 11-year maxima
and longer term maxima might be from a solar activity mech-
anism (sources 9, 11-14) superimposed on that background.

The remoteness of Antarctica from major sources of anthro-
pogenic pollutants, and the high elevations of the East Ant-
arctic Plateau make it highly probable that we are observing
periodicities in NO 3 that may be undetectable or at least well
masked in other ice sheets. The significance of our findings is
not yet known. Nevertheless, it appears highly likely that an
understanding of the source(s) of the production mechanism(s)
for NO3 will contribute to our understanding of solar and
atmospheric science and may provide a useful new type of
marker or fingerprint in antarctic snow, firn, and ice—a new
glaciological window into the past.

Table 2. Fourteen sources or mechanisms for NO 3 in antarctic
plateau snow, fun, and Ice with Information regarding their

probability as a source (mechanism)

Source	 Probability

Figure 2. Computer-smoothed curve for NO 3-N concentrations
(El = x 10 micrograms per liter) in the past 3,000 years
(E3 = x 1,000) of a Vostok fir core. (See text for explanation.)

Our Fourier analysis of the NO 3 data from both South Pole
and Vostok cores reveals strong periodicities in the NO 3 con-
centration occurring at approximately 11-, 22-, and 66-year
intervals. Already we have reported data supporting the
hypothesis that the 11-year fluctuations in NO 3 concentration
either coincide with the solar activity maximum or that of the
auroral maximum, which lags the solar maximum by about 1
year (Olson 1980; Parker and Zeller 1980).

During the 1980-81 field season, we dug and sampled a 10-
meter-deep snowpit. Three replicate columns were sampled
averaging 5-7 samples per year (minimum 2, maximum 12)
going back to 1928. Two sets of samples have been analyzed.
The annual NO 3 fallout has been calculated and shows a rea-
sonably good coincidence with the five solar activity cycles.
The linear correlation coefficient for NO3 and the aa geomag-
netic index is 0.50, while that for NO:) and sodium is 0.27. The
aa index is one of a number of measurements of the geomag-
netic field strength of the Earth. This means that one of several
methods of measuring the variability in the strength of the
Earth's magnetic field correlates better with the NO:s data than
with sodium, which in turn correlates with no more than 7
percent of the NO:5 signals.

Table 2 lists 14 potential sources of NO: 5 and mechanisms
that might explain the fluctuating NO: 5 levels in antarctic snow
and firn. Previously we discussed and ruled out sources 1, 2,
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Analysis of Dome C data,	along a common-depth-point profile. The preliminary results

IVI98" 98 * (Shabtaie and Bentley in press) yield velocities in the firm
layers that are 20 meters per microsecond or more higher than
previously assumed. This work implies that most, or perhaps
even all, of the variations in the dielectric constant of solid

CHARLES R. BENTLEY, DONALD D. BLANKENSHIP,	 polar ice that have been calculated from measurements at dif -
ROGER M. GASSETr, and SI0N SHABTAJE

Geophysical and Polar Research Center
University of Wisconsin

Madison, Wisconsin 53706

There was no field program during 1980-81, but data anal-
ysis proceeded at the Geophysical and Polar Research Center.

The detailed bedrock map of Dome C, determined from
profiling on the surface (figure 1, prepared in cooperation with
K. C. Jezek), shows that the area is characterized by a rugged
subglacial topography. The dominant feature is a central pla-
teau with an elevation of -400 meters. This plateau is dissected
by a 20-kilometer-wide subglacial valley trending grid south-
east, with a floor 1,000 meters below sea level. Radar soundings
obtained from the 1978-79 National Science Foundation-Scott
Polar Research Institute-Technical University of Denmark
flights on a 50- by 50-kilometer grid with 10-kilometer line
spacing emphasizes the ruggedness of the terrain, showing
ice thicknesses ranging from 3,300 to 4,250 meters.

In some areas, radar profiling shows abnormally strong bot-
tom echoes from a smooth, flat surface 300 meters below sea
level, suggesting reflections from subglacial water channels.
Mapping of these "channels" indicates that they probably are
interconnected. However, no echoes of this type were
observed in the deep valleys. Several bright spots that may
have been caused by accumulations of subglacial water also
were observed on the airborne radar records.

Differing models of the effect of density on the radio wave
velocity currently are being studied using velocity measure-
ments made at Dome C (Shabtaie et al. 1980). Travel times of
oblique reflections from numerous internal layers down to a
depth of 2,600 meters, and from the ice bottom, were measured

*Contribution 391, University of Wisconsin-Madison, Geophysical
and Polar Research Center.
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Figure 1. Detailed subglacial topographic map of the local Dome
C area. The solid dot shows the camp location (the deep drill hole
Is at the edge of the camp). Contours are in meters relative to sea
level.
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