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Measurements of 84Kr/36Ar ratios in Greenland ice show that gravitational separation in 
the firn layer is responsible for the enrichments relative to atmospheric ratios. The 
84Kr/36Ar ratio is enriched by 12.8 per mil and is 24 times the '*0/160 enrichment in 
trapped 0,, as predicted for gravitational fractionation. Because gravitational enrich- 
ment depends on firn thickness, which in turn depends on annual mean temperature, 
noble gas ratios provide a method for determining paleotemperatures and ancient firn 
thicknesses in polar ice caps. The gravitational effects are modulated by about 10 to 
15 percent by atmospheric concentration changes caused by temperature effects on 
oceanic gas solubilities. The availability of five noble gases should make it possible to 
deconvolute the solubility and gravitational enrichments for calibration of j80 paleo- 
temperatures throughout the polar ice sheets. 

I n  1985, Horibe e t  nl. ( 1 )  discovered tha t  , , 

0, trapped in  Greenland ice is enriched in  
''0 by -0.6 per mil relative to  atmospher- 
ic 0,. Craig e t  al. ( 2 )  showed that  this 
effect could be the  possible result of mo- 
lecular eravitational fractionation in  the  " 
~~nconso l ida ted  firn layer above the  ice, in  
which gravitational thermodynamic equi- 
librium is maintained in  what is essentially 
a thick columnar sieve that  Drevents con- 
vective mixing of the  entrained air. 15N 
and 1 8 0  enrichments in  air trapped i n  the  
upper 100 m of Greenland ice were found 
to  be consistent wi th  the  predicted gravi- 
tational effects in  the  firn column (2) .  
Because t h e  magnitude of the  gravitation- 
al effect is a rneasure of the  thickness of 
t h e  firn layer, measurements of noble gas 
ratios can  be used to  establish a historv of 
paleothicknesses of firn layers and their 
mean accumulation temperatures i n  polar 
ice caps. 

Firn thickness in  the  present-day polar 
ice caps is correlated with ambient firn 
accumulation temperature (Fig. 1 )  (3); this 
correlation reflects the  strong temperature 
denendence of the rate of firn-to-ice tran- 
sition by pressure sintering. Thus, if accu- 
rate measurements of gravitational separa- 
tion effects can be made with the  use of 
gases trapped in  polar ice, they will provide 
a new parameter for the  study of past cli- 
matic changes. In  this report, we present 
measurements of a noble gas pair with a 
large mass difference, 8fKr and 36Ar, and 
show that gravitational separation is indeed 
the  dominant fractionation process. 

Gravitational equilibrium for isotope 

and perfect-gas ratios is described by the  
Gibbs equation (4): 

where g is the  gravitational acceleration a t  
6 j 0 N .  Z is the  thickness of the firn laver. R+ 
is the gas constant, T is the (isothermal) 
temperatiire of the  column ( in  kelvin), AM 
= (M,  - M) is the  mass difference between 
two isotopes (in atomic mass units), R(Z) is 
the  isotope ratio N,IN, and Re is the  corre- 
sponding ratio in  the  free atmosphere a t  the  
surface. T o  first order, the  isotope ratio 
enrichment S (per mil) is given by 

with Z in  meters (5). Equilibrium gravita- 
tional separation thus depends only o n  the  
mass difference AM between components, 
rather than o n  the fractional mass differ- 
ence (AM/M) that governs fractionation by 
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Fig. 1. Plot of observed values of frn thickness at 
Arctic (circles) and Antarctic (squares) polar-ice 

Isotope Laboratorj, Scripps Institution of Oceanography. 'Ites versus temperatures at a depth of m,  
Unversitv of Caiforna at San Dieao La J o a .  CA 92093. Data are from Paterson [(3), p. 151. The firn tern- 
USA. peratures are approximate mean annual surface 
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kinetic processes such as effusion (6) .  
W e  chose 8'Kr and 36Ar for analysis 

because of their large AM (48 amu), their 
atmospheric ratio (1  : 48),  which is attrac- 
tive for precision mass spectrometry, and 
because both are noble gases. W e  iised a 
noble gas machine with a n  effective radius 
of 54 cm (7) equipped with a n  in-line Daly 
multiplier followed by a normal Faraday 
collector. T h e  ice samvles, from a shallow 

L .  

core a t  the  Dye 3 Greenland station, were 
drilled by our laboratory and the  Polar Ice 
Core Operations (PICO) group in 1988 and 
stripped of gases shortly afterward in our 
laboratory. 

Table 1 lists the  measured ratio enrich- 
ments in the  ice. Both 8"N and 8'" are 
essentially constant (at  0.24 and 0.54 per 
mil, respectively) in the approximate ratio 
expected for either fractionation process, 
showing the inability to  distinguish be- 
tween the  two processes by N and 0 iso- 
topes or by N2, 02, and A r  concentrations 
(6).  T h e  8fKr/36Ar enrichments relative to 
free air have a mean value of 12.85 per mil, 
with a standard deviation of the  mean (o,,) 
of 1-0.3 per mil for all measurements. "Kr/ 
36Ar enrichments are clearlv rnm~ch ereater 
than predicted for effiisional fractiGation 
(5.9 ner mil) and are much closer to. , . 
though somewhat less than, the  calculated 
gravitational effect of 13.5 per mil (6) .  
However, the best test for distinguishing 
the two processes is the  relation between 
Ai8'KrIi6Ar) and S180 because this ratio is 
in'depeLdent' of depth. Figure 2 shows this 
relation together with the predicted slopes 
of 24 for gravitational fractionation and 
10.9 for effusional fractionation (6); these 
data confirm that gravitational equilibrium 
is the primary separation process in  the  firn 
co lu~nn .  

T h e  data in Fig. 2 define a n  "effective 
depth" (Zeff) for the observed gravitational 

FI80 (per mil) 

Fig. 2. Measurements of (84Kr/36Ar) versus '80 in 
the Dye 3  ice core. The square marks the mean 
values. The solid line with a slope of 24 is the 
calculated relation for gravitatonal fractionaton. 
with horizontal bars marking the expected f~rn- 
thickness increments ( ~ n  meters) along the gravi- 
tatona enrchment locus. The dashed line shows 
the expected reaton for effusional fractionaton. 
scaled to the mean IEO value (6). 
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Table 1. Isotopic enrichments In the Dye 3 Greenland ice core (65.2"N, 43.8"W). Nc is the number of 
ice-air comparisons (7): -, sample lost. 

Z A /  8l5N 8' 80 A(84Kr/36Ar) 
(m) (per ml) (per mil) (per m )  (per mil) (per m )  N, l(WAr)/G'&O 

72.05 
84.23 
94.84* 
94.84 
94.84 

109.35 
122.28 
122.38 
149.03 
Mean 
Alr (I): 
Alr (2) 
Air (3) 

*The 94 84-m e4Kr:56Ar ratos were measured on the Daly multplier (versus a others on the Farada), collector). The 
smaller values of u, for the Daly measurements reflect the greater signa/noise ratio relative to samples measured on the 
Faraday collector, t A r  samples processed through the ice extracton procedure. 

enrichments, which is calculated from Eq. 1 
to be 57.3 m for h(84Kr/i6Ar) and 58.1 m 
for 8'". T h e  estimated firn thickness a t  
Dye 3 is 65 to 70 m (3). T h e  firn-ice 
transition can also be established by the loss 
of helium from core samples during the  
pumping out of air in the  on-site He  Sam- 
pling system. Our  measurements showed H e  
losses of 99.5, 89, and 82% at core depths of 
49, 64, and 73.5 In, respectively, and con- 
stant H e  concentration at 83 m and below; 
these data fix the  firn-ice boundary a t  77 i- 
3 m. Thus, the effective depth of 57 m is 20 
m less than the  actual transition, or 74% of 
the  true depth. W e  have proposed two 
mechanisms for this effect (2).  First, there 
are transient mixing effects in the  surficial 
firn layer caused by barometric pressure 

Table 2. Predicted gravltat~ona and solub~l~ty 
fractonaton effects for a qobal coollnq of 5°C 

waves. Second, there is a small upward ad- 
vection of air in the firn caused by compres- 
sion, which can be calculated from the firn 
density-depth relation. T h e  advective ve- 
locity is -50 cm yearp1 a t  the surface, 
decreasing to -1 cm yearp1 a t  65 In, while 
the  ratio of diffi~sive to advective fluxes 
increases from 0.16 a t  the  surface to 1 at 40 
m and to 24 a t  68 In. This advective flux 
may also reduce the  expected enrichlnent 
effect: a somewhat similar dinliniltion of a n  
isotope separation effect has been observed 
in the  "carrier diff~~sion" process in  the  flow 
of gases through porous sandstone (8). 
However, given the  high porosity in the  
uppermost firn layers, it is more likely that 
near-surface mixing by atrnospheric pres- 
sure waves is the  dominant effect. 

Gravitational signals in ice caps reflect 
the ratio enrichments relative to the atmo- 
spheric composition at the time of firn ac- 
cumm~lation, and because atlnosnheric ratios 

compared to the ~resent-gravitational-effect at are themselves affected by gloial tempera- 
Dye3. The A values (per mil) correspond to state 0 t,,re variations through &anges in the ace. 
(firn: Z,, = 57 m. T = -19°C; ocean + atmo- 
sphere = 53C, and state Z,, = 0o m,  = 

anic solubilities of gases, the solubility effects 
- 5 2 3 ~ :  ocean + atmosahere = 0°C). ~h~ mod~llate the gravitational effects relative to 
l,(Grav) values are the pr&icted presentSDye 3 present-day air to some extent. T h e  solubil- 
gravitational effects scaled to the observed 84Kr/  it^ effects are difficult to calculate because of 
3EAr ratlo by Eq. 1 l,,,(Grav) IS the state 1 grav- 
tatlonal enrlchment relatlve to the state 1 atmo- 
sphere, thus, l,(Grav) - l, ,(Grav) IS the change 
In gravtatlonal enrlchrnent assuming no changes 
In atmospherc ratlos. A,,,(Atm) IS the atmospher- 
c ratlo change from state 0 to state 1 calculated 
(Eq 3) for oceanlc solub~l~ty changes Z l ,  , IS the 
total ratlo enrchment In state 1 Ice reatve to the 
present state 0 atmosphere 

10 I I A,,, 
Ratio AM (Grav) (Grav) (Atrn) XA1/O 

horizolltal and vertical temueratilre gradients u 

in the atmosphere and the ocean and their 
variations with climatic change. For a first " 
approximation we ~ ~ s e d  a simple model of an  
atrnosuhere and ocean in isothermal eauilib- 
rium, in which the atmosphere is contained 
in a finite volume, VA, and partitioning of 
gases is scaled by the ratio of V, to the 
volume of seawater, V,. In  this system, the 
atmospheric content of a gas N for two sys- 
tem-temperatures To and Tl is given by 

where p is the Bunsen solubility coefficient 
(volume/volume), L7, = 800 liters per 

square centimeter of Earth's surface (the 
finite atmospheric volurne that would con- 
tain the atmospheric gases a t  P = 1 atm),  
I:, = 269 liters per square centimeter of 
Earth's surface (so that V,JVs = 3), and T+ 
= 273 K. Usine the  13 vaiues 19). we cal- , , 

culated the  cha&es I; atmospheric content 
resulting from a global temperature change 
from 5°C (state 0 )  to 0°C (state 1 )  (10): 
N,, -0.55 per mil; 02, -1.68 per mil; Ar ,  
-1.35 per mil; Kr, -3.9 per mil; and Xe, 
-10.6 per mil ( H e  and Ne, <@.I per mll). 

Table 2 colnnares the gravitational and u 

soh~bility effects o n  various ratios for a 
global cooling of 5°C from state 0 to state 1. 
T h e  firn parameters (Zeii and T )  are the  
present Dye 3 values (57 m and 1 9 ° C )  for 
state 0, and 100 m and  -52°C for state 1 
11 1 ). T h e  at~nosnher ic  effect of increased 
solution in  t h e  ocean, h, , ,(Atm), is 
-10% of the  state 1 gravitational enrich- 
ment ,  h l l1(Grav) ,  for all ratios except 
20Ne/36Ar and  1i2Xe/36Ar, for which the  
atmospheric changes are -16.5% of the  
gravitational effects. While  the  total 
changes in  O, /Ar  and N,/Ar ratios are 
essen;ially unlkeasurable, ;he Kr/Ar and 
Xe/Ar state 1 versus state 0 enrichments,  
Zh,,,, are 10.4 and  17 per mil. It is appar- 
en t  tha t  for the  simple model used here,  
lneasurernents of the  total  state 1 Kr and 
Xe enrichments in  a n  ice sample (Zh,, ,) ,  
together with t h e  known ratios of Kr to  Xe u 

gravitational enrichment effects (which 
are indeuendent of flrn denth  and temner- 
ature) and the  mean p ratios, can  be used 
to calculate vreciselv the  state 1 firn 
thickness and surface ice-sheet tempera- 
ture. Of course, the  actual global svstern is " 

much Inore complex than  our simple mod- 
el, but the  availabilitv of four noble gas 

u 

pairs provides a rich matrix of data that  
can  be used to  model the  eravitational and - 
solubility effects in  conjunction wi th  mod- 
els of global temperature variations that  
incorporate temperature changes of polar 
ice cap surfaces as related to  mean global 
temperatures. 
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firn. The effusional enrchment ratio for two isotopes 
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R/Rj = (I - FL)O-' 

where F IS the fraction of component N lost by 
effus~on through a molecular leak Because effu- 
s~onal enrichment depends on the fractional gas 
loss, the expected gravitational and effus~ona en- 
r~chments cannot be compared unless FL 1s specl- 
fed We used the mean 'eO/'60 enrchment in the 
ice samples to calculate a fictive value of 1 7933 for 
FL(O,) and then scaled the F values for other com- 
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(1 91 %for N, and 1 69% for jGAri were then used to 
calculate the other effusional ratio enrichments, 
scaled to FL(02) The effusonal and gravitational en- 
richments (Z = 60 m. T = 2 0 ° C )  for the varous 
ratios are as follows. 

Component WEfl YGrav) 
p e r m )  (per ml) 

S'5N 0 33 0 28 
SleO 0 54 0 56 
SdCAr 0 87 112  
S(02/N2) 1 24 1 1 1  
S(Ar!N,) 3 14 3 35 
S(e4Kr/3SAr) 5.90 13.50 
S('5LXe/3SAr) 8.18 26.85 

The gravitational a i d  effusional ratio enrichments 
are ndistngushable within limits of analytical ac- 
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eAKr!3GAr and '52Xe!3SAr pairs, for wh~ch the grav- 
itational enrichments are 2.3 and 3.3 tlmes the 
calculated effus~onal effects, respective1)y More- 
over, the predicted ratio of eAKr/3SAr to ' 60 / 'G0  
enrichments is 24.1 for gravitational separation ver- 
sus only 10.9 for effusion. Note that the efiusional 
enrichment ratio is constant over the range of Fig. 2 
because, to f~rst order the ratio is simply a(36/ 
32)[a(84/36) - l]/[a(34/32) - I ]  = 10.9. (Here, the 
mass numbers are used only as labels for the indi- 
vidual fractionation factors.) 
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River Meandering as a Self-organization Process 
Hans-Henrik Stalum 

Simulations of freely meandering rivers and empirical data show that the meandering 
process self-organizes the river morphology, or planform, into a critical state character- 
ized by fractal geometry. The meandering process oscillates in space and time between 
a state in which the river planform is ordered and one in which it is chaotic. Clusters of 
river cutoffs tend to cause a transition between these two states and to force the system 
into stationary fluctuations around the critical state. 

T h e  lneailderine river svsteln is charac- " 

terized by recurrent river planforin pat- 
terns, repeated wi th  little variation from 
one  river to the  next  irrespective of their 
lnagnltude and  from one  scale to  another 
within each river. This  consistency sug- 
gests that  a higher level of processes forins 
by self-organization from the  physical pro- 
cesses of deposition and erosion operating 
i n  the  system. These physical processes 
may be described by cotltinuuln fluid me- 
chanics. Al though rneandering dynamics 
can  be siillulated from lnodels based o n  
continuuin mechanics, such inodels reveal 
little about the  holistic, spatiotetnporal 
properties of the  tneandering process, for 
example, the  hierarchical, fractal geome- 
try of the  river planforin. [Self-affine frac- 
tal scaling of rneandering river planforrns 
was first suggested in  (1 )  and has been 
analyzed in  ( 2 ,  3) . ]  It has therefore been 
suggested that meandering needs to  be 
understood in terins of chaotic dvnaillics 
and self-organization (4-6). In  this report, 
I use a fluid lnechanical model developed 
by Parker, Hoa~ard ,  and co-workers (7,  8 )  
to explore the  dynarnical properties of me- 
andering by simulation. 

Meandering is caused by the operation 
of two opposing processes (4 ) ,  a:llich are 
linked by a coinplex feedback that is partly 
under local geollletrical control: lateral 1111- 
gration acts to increase sinuosity, whereas 
cutoffs ( the  forination of oxbow: lakes) act 
to  decrease it. Lateral migration results from 
bend erosion and deposition (4 ,  9) .  Cutoffs 
arise from a local geometry (Kinoshita 
shape), which is created by the lateral mi- 
gration process ( 4 ,  10, 11  ). 

Department of Earth Sciences, University of Cambridge, 
Cambr~dge CB2 3EQ, UK. 

T h e  state of the systein 1s conveniently 
measured by the dirnensionless paraineter 
sinuosity 

~vhere  L is the  leneth of the  river alone its - 
course between two points and P is the  
shortest length between the  same points. 
T h e  quantities L and P are measured in  
units of average width, ec;. W h e n  the  river is 
straight, sinuosity has a minimum value of 
1. In  principle, n o  maximum value exists. 
Sinuosity is related to the  information con- 
tent and symmetry of the system (5). Ox-  
bov, lakes have a finite length range, with a 
lnininluln value of -7 and a max i rn~~in  of 
-4Ceu. 

In  the siinulations (Fig. 1, A and B), the  
river typically formed two coexisting do- 
mains, one with ~ o n s i s t e n t l ~  high sinuosity 
(mean s - 3.5) and one with consistentlv 
low sinuosity (mean s - 2.7). Because a 
straieht line is the  most ordered state the  " 
river can take (zero entropy, perfect axial 
symmetry), the  low:-sinuosity regions repre- 
sent a distinctly Inore ordered state than the  
high-sinuosity regions (weak versus strong 
asyinnletry). 

T h e  low-sinuosity domains in  Fig. 1, A 
and B, fortned as a result of a clustering of 
cutoff events. Each cutoff has a tendency to 
trigger other cutoffs in ~ t s  vicinity by caus- 
ing accelerated local change, and this inay 
generate a cluster of cutoffs in  space and 
time. Similarly, in  n a t ~ ~ r a l  rivers, successive 
cutoffs occur only rarely with the same 
spacing or a t  regular intervals, a i d  so clus- 
ters are formed. 

W h e n  the simulated river was locally 
straightened by cutoffs, the  dynanlics died 
down to create a window of slow change 
that persisted for awhile, before a gradual 
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