
dune ridges and the modern prevailing 
winds and between the directions of 
present and past sand movement suggest 
that the sand sea may have formed in a 
wind regime similar to the modern re- 
gime, in which a major component is a 
strong ENE wind. 

Recognition of the large dunes allows 
reinterpretation of linear and curvilinear 
trends identified previously in Landsat 
summer scenes of the sand sea area and 
ascribed to bedrock structural control (4, 
13). The trends reported were a NE-SW 
to ENE-WSW linear trend, a nearly or- 
thogonal NW-SE linear trend, and ellip- 
tical or crescentic trends and were iden- 
tified on the basis of lake alignments, 
lake shape, and lake-free areas and by 
means of a texture analyzer. The trends 
are reinterpreted here in terms of the 
morphology of the sand sea and the sub- 
sequent development of thermokarst 
lakes. The NE-SW to ENE-WSW trends 
are determined by dune ridges and 
chains of thermokarst lakes in interdune 
troughs, the elliptical or crescentic 
trends occur where chains of lakes en- 
close dune ridges or the nose of a ridge, 
and the NW-SE trends are a result of 
lake elongation perpendicular to the pre- 
vailing winds. 

This stabilized sand sea is the most ex- 
tensive field of large dunes yet reported 
in the North American Arctic. At the 
sand sea's eastern edge, eolian sand 
overlies Quaternary alluvial and marine 
deposits; at its southern edge, 20 m of 
eolian sand overlies at least 15 m of allu- 
vial sand and silt. East of Teshekpuk 
L,ake, the linear northern margin of the 
large dunes is oblique to the dominant 
ridge trend. Because marine deposits are 
common at or near the surface to the 
north, this boundary may be an ancient 
shoreline. 

The age of inception and periods of ac- 
tivity of the sand sea are uncertain, but 
Late Wisconsinan seems the most rea- 
sonable age assignment for the latest epi- 
sode of activity. Further study of the eo- 
lian sand and the adjacent and subjacent 
deposits should provide more precise 
dating, will improve our understanding 
sf Pleistocene paleoclimate and pa- 
leoecology of the Arctic Coastal Plain, 
and will yield additional information on 
the distinctive sedimentary structures of 
eolian deposits formed in cold climates 
(14). Knowledge of the history of eolian 
activity is desirable for an assessment of 
the sensitivity of the environment to hu- 
man activity in the National Petroleum 
Reserve in Alaska. 

L. DAVID CARTER 
U S .  Geological Survey, 
Menlo Park, California 94025 
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Noble Gases in Stratospheric Dust Particles: 
Confirmation of Extraterrestrial Origin 

Abstract. Noble gas elemental and isotopic ratios were measured in a group of 13 
"chondritic" stratospheric dust particles. Neon and argon are present in "solar" 
proportions; xenon appears to be dominated by contributions from "planetary" 
sources. The apparent xenon concentration is higher than that measured in any bulk 
meteorite, approaching the concentration found in the noble gas-rich, acid-in- 
soluble residues from carbonaceous chondrites. 

"Chondritic" dust particles, collected 
in the stratosphere by high-flying (20 km) 
National Aeronautics and Space Admin- 
istration U-2 aircraft, represent a new 
class of solar system material now avail- 
able for study (I). Evidence that some of 
these particles may be of extraterrestrial 
origin has come from a variety of ap- 
proaches. These include observations of 
high helium concentrations suggestive of 
solar wind exposure (2) and trace ele- 
ment abundances consistent with those 
of primitive meteorites and distinctly dif- 
ferent from those of terrestrial crustal 
rocks (3,4). We report here rare gas ele- 
mental and isotopic data which confirm 
the extraterrestrial nature of these parti- 
cles and provide some additional insight 
into their history. 

Because of the small mass of individ- 
ual particles g), we selected 13 
"chondritic" aggregates (5) from a col- 
lector supplied by D. Brownlee and ana- 
lyzed the noble gases released in a single 
extraction from the entire group. Dif- 
ferences in the size, morphology, and 
chemistry of the individual particles 
(Table 1) may reflect fundamental dif- 
ferences between the particles (6) or dif- 
ferences in heating upon atmospheric en- 
try, or both. In addition, each particle 
may have a unique preatmospheric his- 
tory. All of these factors are likely to 
contribute to variations in the noble 
gases among the individual particles. 

The total mass of the particles is esti- 
mated to be -lo-", and the total cross- 
sectional area is - 10-km2. 

Neon, argon, krypton, and xenon 
were analyzed statically in an ion-count- 
ing mass spectrometer coupled to a low- 
blank, gas-handling system (7). We ex- 
tracted the gases in stepwise heatings of 
1400", 1500", and 1600°C by dropping a 
nickel "boat" containing the particles in- 
to an extensively degassed tungsten coil. 
Each temperature step was maintained 
for 15 minutes with the first step, during 
which apparently most of the gas was ex- 
tracted, chosen to be below the melting 
point of nickel (1453°C). The evolved 
gases were purified by exposure to fresh- 
ly deposited titanium films (in three 
stages) and separated by selective ad- 
sorption on activated charcoal for indi- 
vidual analyses. Details of the gas han- 
dling and the mass spectroscopy are sim- 
ilar to those reported by Bernatowicz et 
al. (8) except that all gases were mea- 
sured in the ion-counting mode. Isotopic 
spectra were obtained by programmed 
peak-jumping with a cumulative count- 
ing time at each isotope of 500 seconds. 
Prior to analysis, the tungsten coil was 
fluxed with nickel foil and extensively 
outgassed (100 hours at 2000°C), and the 
gas-handling system was maintained at a 
temperature in excess of 100°C for about 
a week. This treatment reduced the 
1400°C system procedural blanks to ap- 
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proximately 2 x los, lo7, lo5, and lo4 
atoms of 20Ne, 36Ar, 84Kr, and 132Xe, re- 
spectively. 

The noble gas abundances measured 
in the final sequence of procedural 
blanks (both bare coil and nickel foil 
blanks) and from the stratospheric dust 
sample are listed in Table 2 where the 
signals are given directly in counts per 
second, uncorrected for any extraneous 
contributions. The observed neon, kryp- 
ton, and xenon 1400°C blanks were con- 
stant to approximately 25 percent, and 

the neon and xenon abundances from the 
1400°C extraction of the particles were 
significantly above blank levels (by fac- 
tors of 1.7 and 3.0, respectively). Data 
obtained from the 1500" and 1600°C ex- 
tractions were indistinguishable from the 
respective blanks. For krypton, the sig- 
nal was at blank level so that the ob- 
served signal establishes only an upper 
limit. The argon blanks were quite vari- 
able, possibly 3 result of argon in- 
troduced in the manufacture of the tung- 
sten heating coil and released when the 

Table 1. Characteristics of the particles analyzed; SPH is an estimate of particle sphericity (the 
surface area of a sphere of equal volume divided by the particle surface area) to indicate the 
reentrant character of the particle structure (5). The elemental ratios (atomic) were obtained as 
a result of a comparison of the energy-dispersive x-ray peak ratios to the peak ratios measured 
on a powdered standard from the Allende meteorite (4). Particle geometry effects may contrib- 
ute significantly to variations between particles, especially for iron and nickel. Averages are 
particle averages, not volume- or area-weighted averages. The averages from (20) were ob- 
tained on a different set of particles and with the use of more quantitative methods. 

Particle Diam- Elemental abundances relative to Si 
desig- eter SPH -. -- 

nation (pm) Mg A1 S Ca Fe Ni 

18-2-02 7.3 0.4 0.76 0.20 0.35 0.08 0.48 0.03 
18-2-06 8.3 0.2 0.81 0.20 0.50 0.04 0.53 0.03 
18-2-07 8.7 0.6 0.76 < 0.01 0.47 0.07 0.35 0.03 
18-3-01 11.4 0.2 0.62 0.18 0.23 0.05 0.52 0.06 
18-3-02 14.2 0.1 0.81 0.13 0.25 0.03 0.44 0.03 
18-3-07 15.5 0.2 0.67 0.10 0.57 0.02 0.51 0.06 
18-4-01B 10.5 0.4 0.91 0.15 0.14 0.04 0.41 0.04 
18-4-04 8.3 0.1 1.15 0.13 0.08 0.02 0.15 0.01 
18-4-1 1 9.9 0.2 1.20 0.05 0.07 0.01 0.38 0.01 
18-5-03 7.8 0.6 0.53 0.20 0.14 0.03 0.59 0.02 
18-5-08 6.9 0.2 1.10 0.13 0.04 0.05 0.16 < 0.01 
18-5-17B 13.2 0.2 1.05 0.10 < 0.01 0.03 0.33 0.03 
18-5-20 19.8 0.3 0.24 < 0.01 < 0.01 0.01 0.60 0.03 

Average 10.9 0.3 0.81 0.13 0.22 0.04 0.42 0.03 
Average [given in (20)] 0.85 0.06 0.35 0.05 0.63 0.04 

Table 2. Noble gas results. Data in parentheses have been corrected for various interferences; 
NA, not measured. The 20Ne signal has been corrected for 40Ar2+, as monitored in terms of the 
40Ar+ present during the run, based on the ratio 40Ar2+140Ar+ = 0.087 (7); B6Ar and 38Ar have 
been corrected for HC1+ (HCl+ICl+ = 0.012) as monitored by signals at masses 35 and 37. The 
36Ar and 38Ar have also been corrected for atmospheric contributions on the basis of the mea- 
sured 40Ar since it is clear that very little of the measured 40Ar can arise from the decay of 40K in 
the particles. An upper limit for the potassium content, obtained from the absence of detectable 
signals in energy-dispersive x-ray analysis at the 0.5 percent level, implies an upper limit of 
about 3 x 10-l2 cm3 STP of radiogenic 40Ar, if we assume a 4.6 x lo9 year accumulation time, 
much less than the observed signal at mass 40 (1.9 x cm3 STP). No corrections have been 
made to the krypton or xenon data. 

Observed signal at various masses (countlsec) 
Description No. 20 36 37 3 8 40 84 132 

Average spec- 
trometer blank 

1400°C blank 
1400"C, 18 mg Ni 
1400°C blank 
1400°C blank 
1400"C, 18 mg Ni 
Average, 1400°C 

blank 
1500°C blank 
1600°C blank 
l W C ,  18mgNi 
Sample, 1400°C 
Sample, 1500°C 
Sample, 1600°C 

coil was alloyed with nickel foil. How- 
ever, the argon measured in the particles 
shows a significant isotopic enrichment 
of 36Ar and 38Ar relative to 40Ar with re- 
spect to terrestrial argon (Figs. 1 and 2). 
Virtually all of the signal at mass 37 is 
due to 37C1+. The chlorine component al- 
so contributes small signals at masses 36 
and 38 due to 'H3jCl+ and 1H37C1+. The 
HCltIC1+ ratio is observed to be constant 
(HCl+ICl+ = 0.012 i 0.006), probably 
due to the fact that HlCl + 1 in the mass 
spectrometer (7). Argon from the terres- 
trial atmosphere contributes at masses 
36, 38, and 40 (40Ar136Ar = 295.5, 38Arl 
36Ar = 0.187). In addition there are small 
signals at all masses presumably due to 
organic contamination (37136 - 38136 
- 39136 - 40136 - 1). The blank runs 
plotted in Figs. 1 and 2 show mixtures 
of air and the HC1-CI component, as an 
approximately linear array between 
the two end-members, but with small 
amounts of the organic component dis- 
placing the pornts below the line in Fig. 
1 and above the line in Fig. 2. In the 
case of the sample, however, displace- 
ment from the mixing line in Fig. 1 is best 
explained in terms of the addition of so- 
lar wind argon ('0Ar13%r -- 0, 3RAr/ 
16Ar = 0.187). Although the organic con- 
tamination is in the same direction as so- 
lar wind in Fig. l ,  it would require ap- 
proximately a tenfold increase in the 
organic component over the average 
1400°C blank and there is no large con- 
comitant displacement in Fig. 2. Alterna- 
tively, the deviation could be due to vari- 
ations in the chlorine background, but 
this alternative would require an eight- 
fold increase in the HCltIC1+ ratio which 
seems unlikely. In addition, in Fig. 2, 
where air and solar wind argon are in- 
distinguishable, there is no deviation 
from the approximate mixing line estab- 
lished by the blank measurements; thus 
the component that causes the deviation 
in Fig. 1 must have a 36138 ratio similar 
to that of terrestrial or solar wind argon 
(- 5.3) as opposed to the HCllCl com- 
ponent with 36138 - 3 or the organic 
component with 36138 - 1. 

In these paragraphs we summarize the 
blank-corrected data, where errors (1 a, 
where u is the standard deviation) have 
been assigned on the basis of observed 
variations in the blanks and the statisti- 
cal errors in the measurements only. 
The observed concentration of 20Ne 
is 4.4 r 1.6 x cubic centimeter at 
standard temperature and pressure 
(STP) per gram, roughly 4 percent of the 
value of 1.2 x measured in the 1.4- 
wm fraction of lunar soil 10084 (9) and 
roughly five times the concentration ob- 
served in the gas-rich meteorite Pe- 
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n Spectrometer blanks 
o 140OoC blanks . 1500" and 1600°C blanks 
o Sample -1400PC 

048 Sample -1500' and 1600°C 
200- 

8 05, 5% 044 
Sample 

" (14OO0C) 

Fig. 1. Three-isotope graph of the signals at 
masses 40 and 37 divided by the signals at 
mass 36. The sample measurement shows a 
large enrichment in the signal at mass 36 rela- 
tive to the signals at  masses 40 and 37. Com- 
parisons with Fig. 2 show that this effect can- 
not be due to admixture with either hydro- 
carbons (36: 38 :4O - 1 : 1 : 1) or a chlorine- 
derived component (36:38:40 - 3 : 1:O). 

syanoe (10). The 20Nei36Ar ratio in the 
particles is 9 % 3, similar to the ratio of 
7.1 obtained from the 1.4-pm fraction of 
lunar sample 10084 (8) and the value of 
15 found in Pesyanoe (10) but quite dis- 
tinct from the planetary (or terrestrial) 
value of - 0.5. The 21Nei22Ne ratio is 
0.03 & 0.01. The 20Ne/22Ne ratio of 
11 i 3 is compatible with either solar or 
planetary sources. The abundances of 
36Ar (5.1 i 0.3 X 10-l3 cm3 STP) and 
38Ar are substantially above blank level 
with 36Ari38Ar approximately 5, in agree- 
ment with all known (noncosmogenic) 
solar system sources. An upper limit of 
4 x 10-l5 cm3 STP is obtained for 84Kr. 
The abundance of 13'Xe (- cm3 
STP) is above the average 1400°C blank 
by a factor of 3, and the signal at mass 
132 in the 1400°C extraction was larger 
by an order of magnitude than that ob- 
served in the 1500°C extraction (which 
included any gases liberated by the melt- 
ing nickel foil). We therefore have some 
degree of confidence that the xenon data 
represent a measure of the gas indigenous 
to the sample. 

Figure 3 compares noble gas elemental 
abundances in these particles with those 
of other solar system reservoirs. The 
lighter gases are distributed with a solar- 
like pattern, characteristic of that ob- 
served in the lunar soil and gas-rich me- 
teorites and distinctly different from that 
characteristic of the terrestrial atmo- 
sphere and trapped noble gases in carbo- 
naceous chondrites, usually referred to 
as planetary. In view of current esti- 
mates of the solar wind flux (11), the so- 
lar wind exposure time required at l AU 
to accumulate the observed neon and ar- 
gon is of the order of 15 to 45 years if we 
assume the absence of saturation effects. 

Since the 21Ne/20Ne ratio is solar with no 
obvious cosmogenic 21Ne, an upper limit 
for the cosmic-ray exposure age of 130 x 
lo6 years can be set if we assume the 
upper error extremity and a production 
rate of 4 x cm3 of 21Ne per gram 
per lo6 years (12). 

The 132Xe concentration of - cm3 
STP per gram and the elemental pattern 
shown in Fig. 3 suggests a substantial 
contribution from planetary sources. 
The 132XeimNe ratio observed in the par- 
ticles is 2.3 x compared with a val- 
ue for bulk lunar soil (1.4-pm fraction) of 
1.8 x (9) and the (planetary) value 
of about 2 x observed in the Mur- 
ray and Renazzo meteorites (13). The 
corresponding value for the terrestrial at- 
mosphere is 1.6 x It is unlikely 
that the heavy noble gas abundance pat- 
tern can be explained as representing a 
mixture of terrestrial and solar gases 
since the upper limit for the 84Xe/132Xe 
ratio of 4 is less than either the solar val- 
ue of about 10 (14) or the terrestrial value 
of 27.8. The observed isotopic compo- 
sition of xenon is as follows: 128Xei 
132Xe = 0.1 i 0.1, 129Xei132Xe = 1.0 & 

0.1, 130Xei132Xe = 0.1 % 0.1, '31Xei132Xe 
= 0.9 k 0.2, 134Xe/132Xe = 0.4 i 0.1, 
and 136Xe/132Xe = 0.3 i 0.1. This iso- 
topic structure, as uncertain as it is, sug- 
gests the absence of any drastically large 
isotopic anomalies, but it is not suffi- 
ciently precise to resolve isotopically the 
difference between solar, terrestrial, or 
planetary sources. If the xenon measure- 
ment is correct, the concentration is con- 
siderably higher than that found in bulk 
meteorites [for example, Murray, with 
one of the highest planetary xenon con- 
centrations (15), contains only 1 x 

.> Spectrometer blanks 
o 1400°C blanks 

0 0 5 1 0  1 5  2 0 

(36137) 

Fig. 2. Three-isotope graph of the signals at 
masses 36 and 38 divided by the signal mass 
37. Procedural blanks define an approximate 
mixing line between the spectrometer blank 
and atmospheric argon. The sample measure- 
ment shows no significant enrichments in the 
signal at mass 38 relative to the signals at 
masses 36 and 37, an indication that the en- 
richments in mass 36 seen in Fig. 1 are most 
likely due to solar wind argon (see text). 

I a 

4He 2oNe 3 6 ~ r  8 4 ~ r  1 3 2 ~ e  

Fig. 3. Noble gas abundance pattern, normal- 
ized to 3@Ar, for the stratospheric dust sample. 
Planetary gas (carbonaceous chondrites and 
terrestrial atmosphere) and solar gas (lunar 
soil 10084 and the gas-rich meteorite Pe- 
syanoe) are shown for comparison. The 4He 
content was measured by Rajan et al. (2) on a 
different set of particles. 
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cm3 STP of 132Xe per gram]. The implied 
xenon concentration in the particles ap- 
proaches that found in the planetary gas- 
rich acid residues of carbonaceous chon- 
drites, for example, 3 x cm3 STP of 
132Xe per gram in the 3C1 Allende resi- 
due (16). 

Even though the elemental and isotop- 
ic structure of the noble gases indicates 
an extraterrestrial origin, the earth's up- 
per atmosphere is a potential source for 
noble gases that should not be over- 
looked. Because of the high (> 10 kmi 
sec) velocity of incidence, the process of 
deceleration is a mechanism for low-en- 
ergy implantation of upper atmospheric 
gases. Above 400 km, strong fractiona- 
tion effects dominate the elemental and 
isotopic composition of the atmosphere 
(17), which might, in principle, provide 
the observed anomalies. Other data in- 
dicate, however, that atmospheric mix- 
ing preserves the sea-level isotopic com- 
position at altitudes below about 200 km, 
and in the region where most of the de- 
celeration occurs (- 90 km) atmospheric 
isotopic ratios are demonstrably terres- 
trial (18). Moreover, it is difficult to gen- 
erate the observed elemental pattern as 
well as the nonterrestrial 40Ari36Ar by 
any such fractionation and still preserve 
a normal 36Ari38Ar ratio of - 5. Even so, 
in the worst case, if a particle sweeps out 
and retains twice its mass in upper atmo- 
spheric gases, it still falls short by a fac- 
tor of 2 of implanting the observed quan- 
tity of neon. Such an efficient implanta- 
tion could, of course, not exist in reality 
since the resulting unlikely particle 
would have increased in mass by a factor 
of 3 and be nearly pure nitrogen. In sum- 
mary, elemental and isotopic abundance 
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o 1 0 0 8 4  (1.4 urn) (9) 
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data suggest that the noble gases are in- 
deed of extraterrestrial origin and repre- 
sent a mixture of solar and planetary 
components. 

B. HUDSON, G. J. FLYNN 
P. FRAUNDORF, C. M. HOHENBERG 

J. SHIRCK* 
McDonnell Center for the Space 
Sciences, Washington University, 
St .  Louis, Missouri 63130 
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Solar Cycle Signal in Earth Rotation: Nonstationary Behavior 

Abstract. Following the discovery of the 11-year solar cycle signal in earth rota- 
tion, linear techniques were employed to investigate the amplitude and phase of the 
difference between ephemeris time and universal time (AT) as a function of time. The 
amplitude is nonstationary. This difference was related to A(LOD), the difference 
between the length of  day and its nominal value. The 11-year term in A(L0D) was 0.8 
millisecond at the close of the 18th century and decreased below noise level from 
1840 to 1860. From 1875 to 1925, A(L0D) was about 0.16 millisecond, and it de- 
creased to about 0.08 millisecond by the 1950's. Except for anomalous behavior from 
1797 to 1838, AT lags sunspot numbers by 3.0 r 0.4 years. Since AT lags A(L0D) by 
2.7 years, the result is that A(L0D) is approximately in phase with sunspot numbers. 

Currie ( I )  examined the time discrep- 
ancy between ephemeris time and uni- 
versal time, AT = ET - UT,  from 1764 
to 1978 compiled from four sources (2)  
and discovered the 11-year solar cycle 
signal in the record. Two-channel maxi- 
mum entropy spectrum analysis (MESA) 
( 3 , 4 )  between AT and sunspot numbers, 
R, (5) ,  over different time spans sug- 
gested that the amplitude was non- 
stationary in time. In order to elucidate 
the time domain structure of the signal, a 
one-channel MESA of the entire AT rec- 
ord, linear prediction error smoothing, 
and band-pass filtering were employed. 
The analysis demonstrates that the signal 
is nonstationary and also shows that AT 
lags R,, except for the interval 1797 to 
1838. Since most salient results are pre- 
sented in the time domain, an important 
side benefit of the analysis is that readers 
inexperienced in frequency-domain sig- 
nal processing can visually assess the 
evidence. 

A high-pass, zero phase shift filter 
with 2N + 1 ( N  = 10) weights, whose 
frequency response is shown in Fig. la ,  
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Fig. 1. (a) Frequency "response of 2N + 1 
( N  = 10) high- ass filter amlied to AT and R, 
series from i76;1 to 1978. ( b j ~ ~ e c t r u m  of high: 
pass filtered AT series. (c) Frequency re- 
sponse of 2N + 1 ( N  = 68) band-pass filter 
applied to high-pass filtered extended AT se- 
ries. (d) Spectrum of band-pass filtered AT se- 
ries. 

was convolved with the AT and R, rec- 
ords. The response of the filter is unity 
for periods less than 15 years. The high- 
pass filtered series are plotted in Fig. 2, a 
and b. Fluctuations in AT are in the gen- 
eral range -2 to 2 seconds, and much of 
this power is ascribed (6)  to hydromag- 
netic dynamo fluctuations in the earth's 
core (annual values of AT are given to an 
accuracy of 0.01 second). 

Single-channel MESA (7)  can be con- 
ceptually grasped by considering a com- 
mon circumstance in the physical sci- 
ences. An observed input time series is 
passed through a "black box" that modi- 
fies the frequency and phase character- 
istics of the input to produce an output 
series. In the frequency domain the spec- 
trum of the output series divided by that 
of the input equals the transfer function 
of the black box. In MESA the black box 
is termed a prediction error filter (PEF), 
and the filter is designed to reduce an ar- 
bitrary input series into an output ran- 
dom noise sequence whose spectrum is a 
constant. The spectrum of the input is 
thus proportional to a constant divided 
by the transfer function of the PEF. 

In MESA the resolution of a sinusoidal 
signal is quite sensitive to the signal-to- 
noise ratio (SNR) and the length of the 
time series relative to the period of the 
sinusoid. As the SNR decreases the 
length (the order or the number of 
weights in the filter) of the PEF must be 
increased; as the record length decreases 
the PEF must also be increased (8) .  
Single-channel MESA was applied to the 
AT series in Fig. 2a for increasing order 
of the PEF. The 11-year term became 
well resolved for a PEF of order 15, and 
the spectrum is depicted in Fig. lb. For a 
longer PEF the peak bifurcates. Cohen 
and Lintz (9) suggested that the nominal 
11-year term in the R, record consists of 
several discrete frequency components. 
Such a model is not tenable for AT be- 
cause objections (10) to a discrete multi- 
frequency Chandler wobble apply equal- 
ly to the 11-year term in earth rotation 
(11). 

The next task was to design a band- 
pass filter centered at 10.8 years whose 
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