
ion activities of Cu2+, Zn2+, Co2+, and Mn2+ ized by amino acid analysis (unpublished data); orites. Those that are buried in the accu- 
were computed fmm metal ions-NTA equili- and (v) had a DEAE elution profile similar to 
briums as described by W. G. Sunda, D. W. that of metallothioneins that have been charac- mulation zone reappear in the ablation 
Engel, and R. M. Thuonle [Environ. Sci. Tech- terized in other species of crab (10). Final confu- zone (2) at a rate yAb, where Ab repre- 
nol. 12,409 (1978)l. Computed free ion activities mation of this ligand as metalloth~onein, howev- 
~;!$,; add~Omge.~$concentrations are: Cu, er, awaits amino acid analysis. sents the rate of ice loss-in the case of 

Zn, 10- '0.3~;  Co, 15. Survival [mean t standard error (S.E.)] for five the ~ l l ~ ~  m ill^ region, loss is mainly by 10-lo 'M; and Mn, 10-'.'M. replicates each at the seven {Cu2+} data points: 
12. Gravid females of the mud crab were collected x = 72.3 t 8.9 percent; F = 1.18; d.f. = 6.28; evaporative sublimation. These meteor- 

near Beaufort, North Carolina. They were kept P = 0.25. Duration: x = 10.6 * 0.16; F = 1.25; 
in tanks of running seawater and transferred to d.f. = 6.28; P = 0.25. ites are joined by direct falls at rate f. 
culture bowls when their eggs were ready to 16. A.R. D. Stebbing,Aquat. Toxicol. 1,227(1981); Finally, ablation zones usually show 
hatch. Newly hatched larvae were then reared at J .  Mar. Biol. Assoc. U. K. 61, 35 (1981). 
27.5"C in 8-cm (diameter) culture bowls contain- 17. R. B. Laughlin, Jr., J.  ~ g ,  H. E. Guard, Science compre~~ive flow, such that the area 
ing 50 ml of metal-buffered seawater with ten 211, 705 (1981); B. M. Sanders and J. D. Cost- between three or more points on the ice 
zoeae per bowl. There were five replicates for low, J. Therm. Biol. 6, 357 (1981). 
each {Cu2+}. Larvae were transferred to clean 18. Our seven data points were fitted by a deriva- surface becomes smaller with time. This 
bowls with fresh media and fed newly hatched tive-free nonlinear regression program, in affectS the meteorite concentration (MI, Artemia nauplii daily. BMDP Statistical Software, W. J. Dixon, Ed. 

13. Lyophilized Rhithropanopeus harrisii larvae (Univ. of California Press, Los Angeles, 1981). which is expressed in mass of meteorites 
were rehydrated and homogenized in 0.2M tris- p. 305. This program also calculates~asymptotic 
HCI, pH 7.4, with an acid-washed Teflon pestle standard deviations of parameter estimates. For per unit area. Let is represent the sum of 
tissue grinder. The homogenate was centrifuged copper-thionein: Y,.. = 101.4 2 7.4 pmolekg; the two horizontal strain rates at the 
at 100,00Og, and the resulting supernatant was A = 50.8 t 4.2 pmolelkg; k = 1.6 x lo-" t 
filtered by centrifugation through a 0.2-pm ny- 9.83 x 10-I2M; n = 2.12; r 2  (coefficient of de- surface; then by adding the three effects, 
Ion filter. A 100-pl portion of the filtered cytosol termination) = 0.9804. For cytosolic copper: the time-rate of surface is was chromatographed on a HPLC gel perme- Y,, = 176.8 2 18.4 pmole/kg; A = 74.6 2 10.1 
ation column (Toyo Soda TSK SW 3000) at 1 k = 1.78 x 10-'I 2 1.267 x 10-llM, 
mumin with 0.25M tris-HCI, pH 7.4. Fractions kzl$ = 0.%13. dM 
(1 ml) were collected, and copper concentra- 19. Supported by the Office of Health and Environ- - = ?Ab + f - isM (1) 
tions were determined by atomic absorption mental Research, Ecological Division of the 

dt 
spectrophotometry (Perkin-Elmer 5000) with a Department of Energy and the Ocean Assess- since the strain rate is is on average graphite furnace (HGA 500). The coefficient of ment Division, National Ocean Services, 
variation was 7.56 percent for copper-thionein. NOAA. We thank D. Brown, S. George, D. negative, all three terms contribute to 

14. This metal:binding ligand (i) bound zinc, copper, Manahan, and G. Roesijadi for reviewing earlier 
and cadmlum; (ii) was induced by elevated drafts of this manuscript; R. Burr1 and T. Mar- increasing M. For ice flow, expressions 
{cu2+};, (iii) had a low absorption at 280 nm, shall for technical assistance; and D. Bradley for obtained for is(x) and t (x),  where is 
suggesting a lack of aromatlc ammo acids; (iv) statistical assistance. 
co-migrated (HPLC) with a scorpion-fish metal- horizontal position along the flow line. 
lothionein that had previously been character- 7 March 1983; revised 27 May 1983 Then this equation is solved for M(x), 

our objective. 
Assume that the glacier has been 

steady-that is, its geometry and veloci- 
Catch a Falling Star: Meteorites and Old Ice ty have not changed with time. Then the 

shape of the glacier, the rates of accumu- 
Abstract. A model for the process of meteorite concentration in blue ice regions of lation or ablation at the surface, and ice 

the Antarctic ice sheet is proposed based on data from near the Allan Hills and the movement are related to one another by 
assumptions that both meteorite influx and glacial flow have been constant. The continuity. In our case we need consider 
meteorite influx is calculated to be 60 x kilogram per square kilometer per only the ablation zone 
year, and the age of the exposed ice to be 0 to 600,000 years, varying with distance - 
from the Allan Hills. These results are in line with other estimates of influx rate and Z- dr = - [ (z:, + Ab) dr (2) 
with measurements of the terrestrial ages of the meteorites, providing support for the dt 
assumption of steady flow and meteorite influx. This may be the oldest sequence of where x represents distance from the 
ice in stratigraphic order yet discovered, and the results imply that this part of the lower end of the glacier (the snout), Z(x) 
east Antarctic ice sheet has been approximately steady during this time interval. ice thickness, and & the strain rate for 

flow-line spreading (positive) or conver- 
There are places on the Antarctic ice or age since we take both f and A, as gence (negative) - in map view. Both the 

sheet where meteorites are found in large constant in both time and position. Thus - velocity, dxldt, and the lateral spreading, 
numbers. Ordinarily meteorites become the meteorites are uniformly distributed i,, are expressed as means through the 
buried in the snow, incorporated in the inside the ice sheet along the flow line ice thickness, but Eq. 1 calls for surface 
ice, carried to the edge of the continent leading to the ablation zone. values. The surface velocity, drldt,, and 
(I), and discharged into the sea. In spe- Three mechanisms concentrate mete- surface spreading, i,,, are larger 
cia1 places, however, the ice does not 
reach the sea but evaporates or other- 
wise ablates at the surface, and the mete- . , 
orites are exposed. These collect at the h , 
ablating surface where they are joined by 
direct falls. Compressive ice flow, char- Fig. 1. Profile of a n  ice sheet ?TI 

acteristic of ablation zones, further con- and mechanisms for cOncen- snow accumulati-,. 
centrates meteorites. tration of meteorites. (A) Me- 

teorites fall into the snow ac- 
Steady-state meteorite fall rate and cumulation zone and are trans- 

steady-state glacial flow are assumed. ported to  the ablation zone by 
Meteorites that fall onto the accumula- ice flow; (B) meteorites fall 

tion zone (Fig. 1) attain a concentration ~ ~ ~ c ~ $  ''~'':~~~c~~~ 
inside the ice given by y = flA,, where f -crowdsM meteorites togeth- 
represents the meteorite infall rate (mass er. Vertical exaggeration, ap- 
per unit area per unit time) and A, the proximately xSO. 

ic 
snow accumulation rate expressed in 
meters of ice equivalent per year. This 
concentration does not depend on depth 
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Our model assumes constant accumu- 
Equilibrium llne 

x- 
600,000 $3 
400,000 g 
200,000 $g 

100 
Kilometers 

than the mean values by a factor 4 (3),  
which is usually in the range 1.2 to 1.5. 
Let us substitute 

It is not necessary to consider flow in the 
snow accumulation zone of  the glacier, 
and this is convenient because there are 
few data for that region. 

The expression in Eq. 3 is applicable 
to places like the Allan Hills meteorite 
area, where the glacier ends on land. In 
places like the Yamato Mountains, 
where meteorites have also been concen- 
trated (2), some o f  the ice continues out 
to sea. In such cases the origin o f  x 
would be defined for a site where the ice - 
flux Z dxldt can be specified and includ- 
ed in the equation o f  continuity. 

The strain rate is is the sum o f  the 
lateral spreading, i,,, and the velocity 
gradient along the flow line 

This is used with Eqs. 2 and 3 to elimi- 
nate time ( t )  and solve for M(x). 

The results are plotted in Fig. 2, and 
relevant parameters are listed in (4). The 
calculated maximum meteorite concen- 
tration is (0.14 x lo6 years)f (5) .  As o f  
1981, 623.7 kg o f  meteorites have been 
found in a 75 km2 area near the Allan 
Hills (8.3 kg/km2),  suggesting average 
value for the meteorite infall rate o f  
about 60 x kg o f  meteorites per 

Fig. 2. As a function of distance from 
the lower end of the ice sheet, (A) 
meteorite concentration (with an infall 
rate of 60 x kg/krnZ per year) and 
(B) age of the exposed ice. 

square kilometer per year. More small 
meteorites no doubt will be found, but 
they will not affect this calculation signif- 
icantly. Fewer meteorites have been 
found at greater distances from the Allan 
Hills, as the model predicts, but they 
have not yet been systematically collect- 
ed. 

During the last 200 years, estimates o f  
infall rate (6-8) have been based on num- 
bers o f  observed falls, which are associ- 
ated with recovery o f  specimens. These 
estimates may be revised upward by 
factors that depend on seasonal ( X  1.5) 
and diurnal ( x 2 )  variations in recovery 
rates (7), diurnal variation in meteoroid 
influx rate ( ~ 2 )  (9), and various sociolog- 
ical ( x 2 )  and geographic ( ~ 7 )  factors 
(10). Existing estimates based on num- 
bers o f  falls therefore differ by a factor o f  
84 (1.5 x 2 x 2 x 2 x 7 ) ,  depending on 
which correction factors are chosen. The 
Antarctic collections have the advan- 
tages o f  independence from observed fall 
statistics and from questions o f  the mag- 
nitude o f  correction factors due to sea- 
sonal and diurnal variations, as well as 
virtual independence from the problem 
of  incomplete recovery. Antarctic mete- 
orite data also represent an integration of  
the rate o f  fall over a much greater time 
period. 

Limitations on our method are mainly 
due to uncertainties in the ice flow model 
and inherent statistics in meteorite infall 
rate. The ice flow model suffers from a 
lack o f  sufficient field data. 

Kilometers 
400 300 200 100 0 

Fig. 3 .  Profile of the ice sheet 
near the Allan Hills showing 
ice Bow trajectories (solid 
lines) and isochrones or time 
lines. Vertical exaggeration, 
about x 100. 

lation and ablation rates and steady gla- 
cial flow while in the model o f  Nishio 
and others (11) the ice sheet is proposed 
to have thinned by a large amount. They 
studied crystal size and orientation o f  ice 
near the snout and assumed that retro- 
grade metamorphic effects were negligi- 
ble and hence that ice had traveled to a 
maximum depth of  only 500 m.  From this 
they calculate the ice to be only 20,000 
years old and suggest large past changes 
in ice sheet size and perhaps meteorite 
influx in order to explain the observed 
meteorite concentration and the terres- 
trial ages, which are discussed later. W e  
do not agree with this interpretation. The 
bubbles in the ice are arranged in planes 
(1 1) and seem to be formed by exsolution 
from the ice. Air is fully or mostly dis- 
solved in ice at a depth o f  1100 m (12), 
and the Allan Hills ice must have trav- 
eled deeply as we have modeled it. 

Ice trajectories and isochrones are 
shown in Fig. 3. The isochrones show 
the age of  ice, and therefore the terrestri- 
al age o f  the contained meteorites, and 
these ages become greater as the ice and 
meteorites are carried toward the snout. 
At any site in the ablation zone, a range 
o f  terrestrial ages for the meteorites is 
expected: the oldest ages belong to mete- 
orites that traveled long distances in the 
glacier, and younger ages are associated 
with direct falls onto the blue ice. The 
older meteorites appear at the surface 
nearer the snout and are rarer because 
less old ice is being exposed than young 
ice. Measured terrestrial ages o f  Allan 
Hills meteorites are in the range o f  0 to 
700,000 years (13), which is in approxi- 
mate agreement with ages in Fig. 3. This 
agreement supports the approximately 
steady flow concept, at least for as long 
as the oldest measured terrestrial age 
(14). 

The ablation zone exposes, in strati- 
graphic order, ice ranging in age from 0 
to 600,000 years. The maximum age o f  
the ice, and the meteorites, is very sensi- 
tive to the variation with depth o f  ice 
velocity that is used in the calculation. 
This is not known for this area, and a 
model like that used for Byrd Station, 
West Antarctica (15), is used. However, 
even for the most conservative model o f  
no variation with depth (all motion by 
bottom sliding), the age near the glacial 
snout is 200,000 years-still very old. 

A possible complication would arise i f  
the ice is folded or overthrust; in that 
case the simple stratigraphic succession 
would be disturbed. W e  observed tilarge 
number o f  dust bands during a visit to 
the region. These have not yet been 
closely analyzed, but they are probably 
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windblown dust or perhaps tephra layers 
from nearby volcanoes and must origi- 
nate in the snow accumulation zone. 
They dip upglacier as expected and oc- 
cur close to, as well as at least 30 km 
from, the ice front. Some bands show 
small-scale concentration variations, 
which may be expected from deposition 
around sastrugi ("snow dunes") or with- 
in ripple troughs. Because of this and 
because they contain only very fine ma- 
terial in nearly uniform bands they are 
not considered to be Thule-Baffin mo- 
raines. The dust bands that crop out can 
be traced, and no offsets or folds were 
found. The bands are exposed farther 
down-glacier in valleys in the ice sur- 
face, as expected from faster flow be- 
tween obstacles in the glacial bed. The 
continuity and form of the dust bands 
support our simple model for ice flow 
and indicate that the ice is in stratigraph- 
ic order. 

The calculations suggest that this part 
of the ice sheet has been approximately 
steady for some 600,000 years, during a 
time when other glaciers waxed and 
waned dramatically. There is also proba- 
bly a long stratigraphic record of ice 
exposed near the Allan Hills. What this 
ice and its contained air and impurities 
will reveal about past changes in climate, 
ice sheet flow, atmospheric composition, 
and volcanic activity is yet to be deter- 
mined. Such a record is without parallel 
and is intermediate in character between 
the more detailed but shorter term ice 
core records and the coarser sea floor 
and palynologic records. 
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Eccentric Ringlet in the Maxwell Gap at 1.45 Saturn Radii: 
Multi-Instrument Voyager Observations 

Abstract. The Voyager spacecraft observed a narrow, eccentric ringlet in the 
Maxwell gap (1.45 Saturn radii) in Saturn's rings. Intercomparison of the Voyager 
imaging, photopolarimeter, ultraviolet spectrometer, and radio science observations 
yields results not available from individual observations. The width of the ringlet 
varies from about 30 to about 100 kilometers, its edges are sharp on a radial scale 
< 1 kilometer, and its opacity exhibits a double peak near the center. The shape and 
width of the ringlet are consistent with a set of uniformly precessing, confocal 
ellipses with foci at Saturn's center of mass. The ringlet precesses as a unit at a rate 
consistent with the known dynamical oblateness of Saturn; the lack of differential 
precession across the ringlet yields a ringlet mass of about 5 x 1 0 ' ~  grams. The ratio 
of surface mass density to particle cross-sectional area is about jive times smaller 
than values obtained elsewhere in the Saturn ring system, indicating a relatively 
larger fraction of small particles. Also, comparison of the measured transmission of 
the ringlet at radio, visible, and ultraviolet wavelengths indicates that about half of 
the total extinction is due to particles smaller than 1 centimeter in radius, in contrast 
even with nearby regions of the C ring. However, the color and brightness of the 
ringlet material are not measurably different from those of nearby C ring particles. 
We  find this ringlet is similar to several of the rings of Uranus. 

Images of Saturn's rings obtained by 
the Voyager cameras showed several 
eccentric features, including an elliptical 
ringlet in an otherwise clear gap at about 
1.45 Saturn radii (1, 2) which is now 
called the Maxwell gap. In addition, we 
now have occultation studies of this fea- 
ture at several wavelengths. Voyager 1 
carried out a microwave occultation with 
the dual-frequency spacecraft transmit- 
ter as a source and reception on the 
ground (3); on Voyager 2, the star 6- 
Scorpii was observed by the ultraviolet 
spectrometer (UVS) (4) and the photopo- 
larimeter (PPS) (5) as it was occulted by 
the rings. We briefly discuss these obser- 
vations and draw conclusions regarding 
(i) the size of the ring particles, (ii) the 
distribution of material within the ring- 
let, and (iii) the total mass. Derived 
quantities are compared with other ring 
features. 

The most detailed Voyager images of 
ring C had resolution of about 5 to 7 km 
per line pair (1, 2). The photometric 
brightness and the optical depth from the 

stellar occultation determine that the 
particle visible reflectivity is 0.26. This is 
indistinguishable from the surrounding 
material; we find no significant differ- 
ence in particle color or particle albedo 
between this feature and surrounding C 
ring, in contrast with earlier reports (6). 

The radio occultation experiment mea- 
sured the rings' optical depth at wave- 
lengths of 3.6 and 13 cm (3). Previous 
results have been limited to a resolution 
of about 15 km (the Fresnel zone size at 
the ring). It is now possible to partially 
remove the diffraction effects for select- 
ed parts of the rings by applying an 
inverse Fresnel transform to the signal 
(7). The improved resolution is on the 
order of 1 km, although the data shown 
below have been smoothed to 10 km 
resolution. 

On Voyager 2, the UVS and PPS in- 
struments simultaneously observed the 
occultation of 6-Scorpii (HD 143275, 
B0.5 IV) by the rings. The UVS mea- 
sured the extinction due to the ring at 
1125 A with a spatial resolution of about 
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