
TECHNICAL COMMENTS 

Spatial Learning in Mutant Mice 

A. J. Silva et al. (1, 2 )  and S. G. N. Grant 
et al. (3) found that two types of mutant 
mice showed learning impairment, relative 
to wild-type mice (the control group), on 
an experimental task. These researchers 
argue that such mutant mice suffer from a 
memory deficit that is specific to spatial 
learning. Silva et al. state that their work 
"demonstrates that a mutation in a known 
gene is linked to a specific mammalian 
learning deficit, and indicates that single 
genetic changes can have a selective but 
drastic impact on learning and memory" (1, 
p. 210). Grant et al. state that "[mlutations 
in the fyn gene in mice result in an impair- 
ment of both LTP [long-term potentiation] 
and spatial learning" (3, p. 1908). Howev- 
er, these interpretations in terms of a mem- 
ory deficit are still open to question in view 
of the data presented in the two articles. 

Two versions of the Morris water task 
were used by both groups of researchers 
(1-3) to measure behavioral differences be- ~, 

tween mutant and wild-type (control 
group) mice. In the "hidden-platform 
task," a fixed platform was submerged in a 
round tank of water that was rendered 
opaque; the task of the mice was to swim to 
the platform repeatedly and thus learn its 
location. In the "visible-platform task," the 
mice swam to a submerged platform, posi- 
tioned in random locations. marked with a 
flag above water. Success in learning in 
both tasks was assessed bv measuring the 
time it took for mice to re&h the platyorm. 

In the studv bv Silva et al. (1). mice were , , ~ , , 

first tested on the visible-platform task. 
Mutant mice (4) "initially took longer than 
the wild-type mice to reach the platform," 
but "they were able to overcome this deficit 
by training" (1, p. 207). Silva et al. tenta- 
tively attribute this initial deficit to a 
'<. jumping response" by the mutant mice 
that led to fatigue on the first day of 
training (1, p. 207). On  day 2 the mutant 
mice "did not show the jumping response 
and hence were not fatigued before the 
trials." This explanation is contradicted by 
figure 1B of the research article by Silva et 
al. (1, p. 207) and by their statistical 
analysis (1, p. 21 1). The mutant mice had 
large and significantly higher escape laten- 
cies (the time required to reach the plat- 
form) even on the first block of the second 
day, when they no longer showed a jumping 
response. The acquisition curve shows no 
sudden shift on day 2. As the poorer per- 
formance of the mutant mice occurred be- 

alent to the hidden-platform task except 
that it "does not require a spatial map"; (3, 
p. 1906). If so, then nonmemory factors 
could also be responsible for deficits in per- 
formance in the hidden-platform task. 

In the hidden-platform task in the study 
by Silva et al., the mutant mice again 
showed a large deficit in performance at the 
outset of training that could not be a result 
of s~atial  or other memorv. This deficit 
remained nearly constant ihroughout the 
experiment as shown by the statistical anal- 
ysis performed by Silva et al. (1). This 
revealed a main effect, that of genotype, 
which was highly significant. However, 
"[tlhe interaction between genotype and 
trial block was not significant" (1, p. 2 11). 
This means that no reliable difference in 
the rate of learning between the mutant u 

and control mice could be detected in the 
hidden-platform experiment. Only such a 
difference in rate could provide evidence for 
a possible difference in memory between 
the two genotypes in this experiment. 

Further experiments by Silva et al. 
showed that the mutant and control mice 
relied on different strategies to find the 
hidden platform (1, p. 209) 

This may mean that the mutant mice are im- 
paired in learning the spatial relations between 
distal cues and the escape platform (true im- 
paired spatial learning). However, [maybe] the 
mice are impaired in another process (or pro- 
cesses), such as the ability to see and attend to 
distal cues, or to make an association between 
the distal environment and the escape platform. 
In order to exclude these latter possibilities, we 
tested the mice in a water-filled plus (+) maze. 
. . . The plus maze is a four-armed (+) Plexiglas 
maze filled with opaque water. A n  escape plat- 
form is placed in one arm of the maze with its top 
1 cm below the surface of the water. . . . Because 
the maze is clear the animal can use prominent 
distal cues in the room to locate the platform. 

Just because the animals can use prominent 
distal cues, they do not necessarily do so. 
The introduction of the Plexiglas maze 
could have provided proximal cues that 
were inconspicuous to human observers. 
Silva et al. present no control or transfer 
test data about what cues the mice might 
actually have used. Thus, the plus maze 
experiment may be irrelevant. 

Silva et al. reject the hypothesis that the 
mutant and control mice differed in their 
performance in the plus maze on the 
grounds that it was not statistically signifi- 
cant (P = 0.326). 

fore learning had taken place, one can infer ~ d w e v e r ,  the plus maze experiment 
that the mutant mice suffered from deficits leaves unresolved the question of whether 
that were not related to memory. These there is some intermediate impairment in a 
deficits manifested themselves in the visi- nonmemory process that is sufficient to 
ble-platform task, which is held to be equiv- produce the differences observed in the plus 

maze task. The performance of the mutant 
mice was 25% worse in this task, which, 
while not significant, is still the best esti- 
mate available. How the scores on the vlus 
maze task translate into choice of the solu- 
tion strategy used by the mice in the hidden 
platform task is unknown. 

The results from the plus maze task do 
not exclude the possibility of nonmemory 
disabilities, nor do they indicate them; the 
~ l u s  maze task is too insensitive an instru- 
ment to do either. The scores of the mutant 
mice would have had to be at least twice as 
high as those of the control group to reach 
anv level of statistical significance. Also. it 
is not clear why only f;ve mice per group 
were used in this task as against 12 in the 
hidden-platform experiment. 

In the visible-platform task, the mutant 
mice (1, p. 207) showed a clear nonmemory 
deficit, even though the visual cues toward 
which thev had to learn to navigate were " 

nearer than in the plus maze. Unless they 
were hyperopic, it would be unlikely that the 
mutant mice were unimpaired in the plus 
maze if or when such cues were more distant. 

Grant et al. published a related study 
(3). In the main experiment, all the mice 
were trained for 7 days, with four trials per 
day (plus four more trials after the first 
transfer test) during which the animals 
would unlearn. Wild-type mice showed an 
eventual reduction in the time taken to 
find the hidden platform. This reduction 
did not occur with fyn mutant mice (3, p. 
1905). To show that this difference was a 
result of a s~ecific deficit in s~a t i a l  learn- 
ing in the mutants, Grant et al. performed 
a visible-platform (control) experiment. 
The results of this task were similar to 
those obtained in the same task in the 
study by Silva et al. (1). The wild-type 
mice at first performed with a latency of 
escape one-half that of the fyn mice; the 
latter improved so that they performed as 
well as the wild-type mice by day 6. 

Grant et al. appear to regard the initial 
impairment of the mutant mice in this task 
as genuine and not an artifact of order: "In 
fact, both the fyn- and CamKII- mice 
show an initial impairment in the single- 
cue association task . . ." (3, p. 1908). If 
so, the control experiment reveals strong 
nonmemory factors. However, because the 
same mice were used in the main and 
control experiments without a counterbal- 
anced design (3), one cannot exclude order 
effects as a possible cause of the initial 
difference in latencies in the performances 
on the visible-platform task or any other 
difference found in performances between 
the hidden and visible-platform tasks. 

Grant et al. say (3, p. 1906) the visible- 
platform results demonstrate "that fyn- 
mice can learn some tasks" presumably in 
contrast to their inabilitv to learn in the 
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hidden-platform task, thus showing that 
their deficit in spatial learning is specific. 
However, in the hidden-platform task, the 
control group showed no significant learn- 
ing for 20 trials and the mutants showed u 

none for 28 trials, at which point the 
training exoeriment was terminated. In - & 

many tasks, mice learn after a much larger 
number of trials. The auestionable ratio- 
nale for this early termination at 28 trials 
appears in note 29 of the research article by 
Grant et al.: "We used a training procedure 
that avoided overtraining the mice, be- 
cause, in pilot experiments, overtraining 
masked the fyn- learning defect." Thus, it 
seems that with a lareer number of trials. - 
the mutant mice do learn the hidden- 
~latform task. albeit more slowlv than the 
kild-type mice. This resembles ;he pattern 
that emerges in the visible-platform task, 
which was run for 48 trials. 

In summary, we find no evidence that 
the mutant mice in either set of studies 
(1-3) suffered from a specific impairment in 
spatial memory. The interpretable evidence 
shows instead that nonmemory deficits 
played an important role in the perform- 
ance of the mutant mice. Nevertheless, 
these are important experiments. The mu- 
tant mice, in spite of gross derangement of 
long-term potentiation, were clearly capa- 
ble of learning. These are pioneering stud- 
ies in disrupting targeted genes in order to 
elucidate the physiological bases of learning 
and behavior. 

J. Anthony Deutsch 
Department of Psychology, 

University of California, Sun Diego, 
La Jolla, C A  9209341 09 
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Responses: The criticisms by Deutsch focus 
on the evaluation of performance variables 
that may be important in determining 
whether mutant mice are impaired (as com- 
pared with wild-type litter mates) in spatial 
learning performance. The criticisms relate 
to two issues; first, the use of latencies (the 
time taken to escape to a platform) to 
evaluate performance, and second, the sta- 
tistical analysis and interpretation of the 
plus maze experiments. 

The Morris water task is a learning task 
that is frequently used to assess spatial leam- 

ing performance in rodents. However, to 
interpret performance in this task, several 
measures must be used. The major thrust of 
Deutsch's criticism with regard to the use of 
the Morris water task is based on the Dre- 
sumption that success in learning was eval- 
uated bv measuring the time it took for mice 
to reach the p1atf;rm. On the contrary, we 
conducted several tests-which provided 
multiple measures of spatial learning perfor- 
mance-to compare wild-type and mutant 
mice. Escape times, or latencies, during 
acquisition phases of the hidden platform 
task were not the only measures we relied on 
because they do not address the issue of 
soecial selectivitv in the task. 

Our experieice with the hidden plat- 
form task (gained during the testing of at 
least 30 different strains of mice in the last 
6 vears) has indicated that latencies are not , , 

a good measure of the spatial learning strat- 
egies of mice in the Morris water task. 
Similarly, others have shown that latencies 
decrease as a function of training in rats 
with hippocampal lesions during acquisi- 
tion training despite the fact that the rats 
showed im~airment on other, better mea- 
sures of spatial selectivity that have been 
derived from probe trial, or transfer tests 
(1 ) .  Stated simply, animals incapable of 
using a spatial strategy will revert to some 
other type of strategy to escape to the 
platform. 

Deutsch discusses the latency curves in 
our report and argues that we cannot con- 
clude that the mutant mice are im~aired in 
spatial learning because no reliable differ- 
ence was detected in the rate of learning - 
between the mutant and control mice. 
However, conclusions with regard to spatial 
learning were not based only on the rate of 
learning in the hidden platform task, but on 
the results of probe trials and data acquired 
by assessing the behavior of mice when the 
platform was moved to new sites. In the- 
trial the differential latency (the difference 
between the time taken to reach the or i~i -  - 
nal site and a new, randomly located, site) 
provides important information. First, each 
animal serves as an internal control for 
swim speed. Second, the trial measures 
further the selectivity of the animal's search 
with procedures identical to those used 
during task acquisition (except for the lo- 
cation of the platform). 

Deutsch states that nonspecific behav- 
ioral impairments in a-CAMKII mutants 
could have lead to increased latencies on 
the visible platform version of the task. We 
attributed these longer latencies. which 
occurred on the firs; day of training, to 
fatigue caused by "jumpiness." The fact 
that we said that the mutants were better 
habituated to the task by the second day is 
not in conflict with the data. It is true that 
their average latencies on the first block of 

trials were also longer on the second day. 
This might be expected if fatigue interfered 
with their using the information presented 
to them on the first day of training. The 
important point in this aspect of the study is 
that they caught up with the wild-type mice 
in their oerformance bv the second block of 
trails on'the second day. Thus, any perfor- 
mance factors that were oroblematic in the 
mutants were quickly overcome during the 
second day of visible platform training. The 
training in the hidden platform version of 
the task was accomplished in 3 days, and 
these same interfering factors should have 
been diminished by the second day. If such 
factors were a problem, a precipitous drop 
in latencies would again be expected in the 
mutants. This was not the case. In fact, to 
rule out this possibility, some animals were 
given an additional 2 days of training. 
Again, in the total 5 days of training, 
latencies on the hidden version remained 
different between the mutants and wild- 
types, which suggests that there was im- 
paired spatial learning in the former. This 
impairment was then further verified by 
 robe trial and random ~latform trial data. 

Last, Deutsch suggests that the addition- 
al use of the ~ l u s  maze to evaluate differ- 
ences in performance between wild-type 
and mutants may be irrelevant. Deutsch is 
correct that a transfer test was not per- 
formed with the plus maze. However, the 
Dosition of the maze was rotated between 
trials, and the start position varied such 
that it was unlikelv that the animals could 
have used intramaze cues. Our data analy- 
sis, with the use of a two-tailed t-test, 
yielded a P value of 0.652, which suggests 
that a statisticallv reliable difference be- 
tween the of the two geno- 
types on the plus maze was not observed. In 
support of this conclusion, we did a power 
analysis (2) of our data, based on an 80% 
chance of detecting a difference in the per- 
formance of wild-type and mutant mice in 
the plus maze. The analysis indicated that 
more than 170 animals would need to be 
tested for one to detect a difference. Regard- 
less of how the two genotypes are solving the 
plus maze task, a heroic effort would be 
required before these slight differences would 
register as statistically significant. 

In summarv. we used the Morris water , , 
task with at least the same degree of strin- 
gency that has been applied in other studies 
of the effects of lesions and pharmacological 
agents on spatial learning performance, and 
we showed differences in performance on 
this task between the mutant and wild-type 
mice on the basis of various measures of 
spatial selectivity. As indicated in our re- 
search article. the mutant mice have other 
behavioral defects, and we evaluated the 
impact of such impairments on spatial 
learning performance. We stand by our 
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conclusion that the a-CaMKII mutant 
mice are impaired in spatial learning. 

Alcino J. Silva 
Center for Learning and Memory, 

Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY 1 1724 
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Response: Deutsch generously notes that the 
studies of mice with targeted disruptions of 
the a-CAMKII (1) and fyn (2) genes are 
pioneering in attempting to elucidate the 
physiological bases of learning and behav- 
ior. However, he seems to misinterpret 
some of the results of these studies and 
attributes to us conclusions to which we do 
not subscribe. Specifically, Deutsch ad- 
dresses three issues in our paper (2) on fyn- 
mice. First, he states that "Success in learn- 
ing in both [hidden- and visible-platform] 
tasks was assessed by measuring the time it 
took for mice to reach the platform." This 
is not completely correct. Escape latencies 
in the hidden-platform version of the Mor- 
ris maze (3) are by themselves poor indica- 
tors of spatial learning. A better measure 
comes from the additional use of the transfer 
test, a variation of the Morris maze specifi- 
cally designed to measure spatial learning 
(3-6). We therefore also carried out this 
test. Here again, we found that wild-type 
mice had learned: they showed a significant 
spatial bias toward the quadrant of the pool 
where the platform was located during train- 
ing. By contrast, the fyn- mice showed no 
such bias, thus indicating impaired spatial 
leaming in this more specific task as well. 

Second, Deutsch inaccurately attributes 
to us the conclusion that "mutant mice 
suffer from a memory deficit that is specific 
to spatial learning." Although we found 
that fyn- mice had a spatial learning defi- 
cit, we did not conclude that this defect is 
specific to spatial learning. Rather, we 
point out that fyn- mice initially showed 
longer escape latencies than did wild-type 

mice in the visible-platform test. This led 
us to emphasize that other (nonspatial) 
forms of learning may also have been im- 
paired (2, p. 1908). We wrote 

both the fyn- and CaMKII- mice show an 
initial impairment in the single-cue association 
task, a task that requires nonhippocampal re- 
gions. . . . This finding suggests either that the 
hippocampus can be involved in simple associa- 
tive leaming or that these kinases may be impor- 
tant for leaming processes that require regions 
other than the hippocampus. 

Thus, although fyn- mice eventually 
performed as well as wild-type controls in 
the visible-platform task, we considered 
this initial difference significant. 

We agree with Deutsch that without a 
counterbalanced ex~erimental desien we " 

cannot exclude the possibility that the ini- 
tially longer escape latencies in fyn- mice 
represent an order effect and not a real 
behavioral phenotype produced by the fyn 
mutation. However, an order effect would 
not explain the results of the transfer test, 
which indicated sienificant differences in 

u 

performance between mutant and wild-type 
mice. as the mice were ex~erimentallv na- 
ive before hidden-platform' training.  ore- 
over. Silva et al. (1. 2) observed a similar ~, , 

difference between mutant and wild-type 
mice in the visible-~latform task des~ite 
their using the reverse order of experiments 
(visible-platform training first). 

Third, Deutsch argues that, because 
fyn- mice learned the visible-platform task 
more slowly than wild-type mice, there is a 
defect in visual discrimination or motiva- 
tion, which casts into doubt whether the 
results in the hidden-platform task really 
reflect a memory deficit rather than a non- 
memory deficit. We disagree. While the 
fyn- mice showed a higher initial escape 
latency at the start of training in the visi- 
ble-platform task than did wild-type mice, 
they showed a significant improvement on 
the very first day of training after as few as 
three trials iP < 0.05. Duncan's mult i~le 
range test). By the sixth training trial, they 
performed as well as wild-type mice (Fig. 
1). Thus, the same fyn- mice that made no 
progress over 7 days of training on the 
hidden-platform task showed immediate 
learning within the first few trials when the 
platform was visible. Because the fyn- mice 
learned to perform as well as wild-type mice 
in the visible-platform task, they did not 
appear to have gross sensory, motor, or 
motivational abnormalities that would pre- 
clude learning. This suggests that the dif- 
ference we detected between the wild-tvne , . 
mice in the transfer tests (which followed 
training in the hidden-~latform configura- 
tion) was specific to learning, although not 
necessarily to spatial learning. 

Finally, Deutsch objects to the fact that 

we did not use the same number of training 
trials in the visible-platform task (48 trials; 
8 days of six consecutive trials each at 
30-second intertrial intervals) as in the 
hidden-platform task (28 trials; 7 days of 
four trials separated by 60-minute intertrial 
intervals). But why should one use the same 
training protocol (number of trials, inter- 
trial interval) for tests that explore distinct- 
ly different types of learning? Although the 
transfer test is a sensitive assay of hippo- 
campal-dependent spatial leaming (3, 4), 
even animals with hippocampal lesions 
(that normally show large deficits) can 
compensate and exhibit spatial learning 
when they are overtrained (4, 5). Over- 
training can mask a variety of learning 
deficits in other forms of learning as well. 

To optimize our detecting potential dif- 
ferences, we therefore conducted pilot ex- 
periments to determine a training protocol 
that was most likely to avoid overtraining. 
This was particularly important in our case, 
as we had found that LTP was reduced but 
not completely absent in fyn- mice, and 
the degree of reduction was dependent on 
the stimulation protocol used to induce 
LTP (3). We were thus concerned that this 
defect in LTP might lead to a subtle learn- 
ing deficit that would go undetected if ani- 
mals were overtrained. Our pilot studies also 
indicated that the time interval between 
training trials, rather than number of trials, 
was an important variable. We found that 
the performance of fyn- mice improved 
when training trials were closely spaced to- 
gether, perhaps because such spacing is less 
taxing on long-term memory. To optimize 
the detection of any learning defect that 
fyn- mice might have, we selected longer 
intertrial intervals and fewer trainine trials. - 

Deutsch concludes by saying that in 
both the fyn- and a-CaMKII mutant mice, 
despite "gross derangement of long-term 
potentiation, [the mice] were clearly capa- 

Trial number 

Fig. 1. Training in the visible-platform task on 
the first day of the 8-day training protocol. Mice 
were placed into the pool at random locations 
and escaped by swimming to a flagged plat- 
form, also at a random location. Both fyn- (0) 
and wild-type (A) mice showed immediate im- 
provement after the first trial and performed 
equally by the sixth trial. Error bars show mean 
and SEM. 
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ble of learning." Our results (2) and those 
of Silva et al. (1) do not suggest, as Deutsch 
implies, that there is a dissociation between 
LTP and learning, and that therefore these 
processes are not linked. The data (1-3) 
indicate that interference with LTP can 
impair spatial learning. We believe it is 
naive to think that deficits in LTP in the 
CAI region of the hippocampus will elim- 
inate spatial learning in an all-or-none fash- 
ion, because even rodents with hippocam- 
pal lesions or with a complete pharmaco- 
logical blockade of LTP can demonstrate 
some spatial learning, and in both the fyn- 
and a-CaMKII mutant mice, LTP in the 
CAI region is impaired but not completely 
abolished. 

We would simply emphasize that our 
initial behavioral studies of transgenic mice 
bearing specifically engineered mutations 
were not meant to be a definitive descrip- 
tion of the behavioral repertoire of these 
animals. Instead, they represent the first 
steps toward exploiting the power of target 
gene discruption in a combined molecular, 
physiological, and behavioral study of 
learning and memory. We believe that our 
studies (2), as well as those of Silva et al. 
( I ) ,  demonstrate the usefulness of gene 
targeting techniques for investigating the 
molecular components of the signaling 
pathways responsible for long-term potenti- 
ation as well as providing a new approach to 
the study of behavior. 
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Gravitational Separation in Polar Firn 

D. Raynaud et al. (1) describe the pro- 
cesses affecting the composition of trapped 
air in polar ice. They state (1, p. 927) 

It was recently shown that the composition of 
the air column sampled at different depth levels 
in the open porosity of the firn, before its 
enclosure as air bubbles in ice, essentially reflects 
diffusive and gravitational equilibrium with the 
atmosphere at the surface of the ice sheet. . . . 
In figure 2 of their article (1, p. 927), 
Raynaud et al. state that 

the air column tends to reach a state of diffusive 
equilibrium, in which the heaviest components 
become enriched as a result of gravitation at the 
bottom of the air column. . . . 
Raynaud et al. refer to a paper by Schwan- 
der et al. (2, p. 2836) as the authority for 
their position. I pointed out in the paper 
with the original theory and data for the 
effects of gravitational separation in polar 
firn (3), that an attribution such as that in 
(1, 2) of the heavy isotope enrichments in 
firn columns is premature. From observa- 
tions, one cannot distinguish enrichments 
by gravitational settling from the effects of 
effusion through partially sintered micro- 
pores. That is, the enrichment of a heavy 
species (i) relative to a lighter component is 
proportional to (M, - M ) ,  the atomic mass 
difference between the components, multi- 
plied by gZ/RT, where g is the gravitational 
acceleration, Z is the depth in a firn layer, 
R is the gas constant, and T is the absolute - 
temperature; while in effusion through po- 
rous barriers, the heavy component enrich- 
ment is proportional (for small enrich- 
ments) to [(M, - M)/2M,]F, where F is the 
fraction of gas lost in the actual fractionat- 

u 

ing process. The observed isotopic enrich- 
ments in 15N and ''0 at the base of a 75-& 
column of firn are consistent with either 
gravitational separation or with an effusive 
loss of approximately 2% of the gas (3). For 
large mass differences, the expected enrich- 
ments diverge for the two processes, but for 
isotopic species the enrichment factors are 
indistinguishable for these processes (3). 

Raynaud et al. (1) and Schwander et al. 
(2) base their attribution of the enrichment ~, 

process on their analyses of gases within the 
firn column above the nascent ice (2, p. 
2836), in which 15N/14N, 180/160, and 
O,/N, enrichments were measured in two 
sets of samples from five depths, and the 
measured ratio enrichments were compared 
with those predicted by gravitational set- 
tling. However, good agreement was found 
with only one set of N isotope results. The 
second set of N data, and both sets of 0 
isotope data, were systematically more en- 
riched at all depths than the predicted 

values: 0 2 / N 2  ratios (predicted to be en- 
riched by 0 to 1.4 per mil from the surface 
to 75 m) actually clustered at "-6 per mil" 
in one set and ranged from 0 to 4 per mil, 
below 60 m, in the second set. If one 
assumes that the fractional loss of gas by 
effusion varies from 0 to 2% down the depth 
of the firn (a reasonable postulate given 
that air is actually removed from the firn), 
then gravitational or effusional fraction- 
ation equally predict the isotopic N and 0 
enrichments. 

Raynaud et al. (1) follow Schwander et 
al. (2, p. 2832), who write the equation for 
their model of the flux of air out of the firn 
column to the atmosphere as the sum of 
chemical and gravitational free energy con- 
tributions (after J. Willard Gibbs); howev- 
er, there is an advective loss of air upward 
through the firn (3) as a result of its com- 
paction with depth and its decreasing po- 
rosity. Thus it is a priori possible that 
effusion through the compacting firn is the 
process that is responsible for the isotopic 
enrichments observed (1, 2, 3). The nega- 
tive O,/N, ratio enrichments (2) are an- 
other matter: they cannot be explained by 
either process because both gravitational 
and effusional enrichments favor the heavi- 
er species. It has been shown (3) that these 
negative enrichments are a result of differ- - 
ential capillary flow during gas loss from firn 
either in situ or from stored samoles, a 

& .  

process that is dependent on molecular 
volumes for fractionation of chemical spe- 
cies, but not isotopes. Indeed, the relative 
losses of 0 , ,  Ar, and N, based on experi- 
mental calibration, are observed (3, 4) to 
be in the expected order (5) and are almost 
exactly the negative values measured in (3). 
Therefore the O,/N, ratios used by Raynaud 
et al. cannot be used to support the gravita- 
tional theory. As noted above, the isotopic 
data are not sufficient to distinguish two 
physically plausible (though perhaps not 
equally aesthetic) physical processes. 

The onlv discriminant for these two 
processes is the use of two species of the 
quasi-isotopic inert gases with a large mass 
difference. This has now been done by 
measurement of 84Kr/36Ar ratios, species 
that differ in atomic weight by fully 48 
atomic mass units. For this large mass 
difference, the predicted enrichments in 
Greenland ice are 12 per mil for gravity, 
but only 6 per mil for effusion. The first 
data (6) for ice at 70 to 150 m have a mean 
value of 13.4 per mil, with a standard 
deviation of 3 per mil (n = 5). This is the 
only set of measurements that support the 
postulate that gravity is responsible for the 
isotopic enrichments observed in recent 
ice cores (3). 
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