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Devon Island Ice Cap: ( 

Stratigraphy and Paleoclin 

The Canadian Arctic ice caps continue to lose m 

response to the unusual warmth of the past 100 3 

R.M.K 

Knowledge of polar paleoclimate has 
been advanced considerably in the last 
decade by the study of oxygen-18 varia- 
tions (1, 2) and, to a lesser extent, varia- 
tions of elemental and microparticle con- 
centrations in ice cores from Greenland 
and Antarctica (3, 4). So far, however, 
not much attention has been paid to the 
relationship between the stratigraphy of 
the ice and climate. Some encourage- 
ment for such an approach was given by 
a study of the textural variations of the 
ice in a core from the Meighen Ice Cap, 
Northwest Territories, Canada (5). This 
study allowed conclusions to be drawn 
about the ice cap's dynamic history and 
the changing climate associated with its 
growth. Hibler and Langway (6) inferred 
climatic change from a statistical analy- 
sis of melt features in a core from central 
Greenland. To explore further the pa- 
leoclimatic variations in the Canadian 
Arctic, the climate-stratigraphy ap- 
proach has been used in a study of a se- 
ries of three cores from the top of the De- 
von Island ice cap (Fig. 1), at an eleva- 
tion of 1800 meters above sea level, 
where accumulation is 220 kilograms per 
square meter per year in the form of firn, 
and melting occurs in about nine sum- 
mers out of ten. Two of these cores were 
20 m apart and penetrated to bedrock 299 
m below the surface. The third, 300 m 
from the other two, was from the surface 

to a depth of 230 m. I 
of 12-m surface cores 
tions in the Queen El 
considered (Fig. 1). 
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so only the varying amount of sporadic 
melt features remains as evidence of 
changing summer climate. In general, 
the number and thickness of ice layers 
are proportional to the degree of melting 
[hence they are found to increase with 

,ore decreasing elevation on the ice cap (7)]. 
Ice layers are recognizable in the Devon 

nate Island ice cap cores to a depth of 150 m, 
but below this microfractures formed by 
the drilling process obscure the stratigra- 

ass in phy. The irregular and often massive na- 

years. ture of sporadic percolation, particularly 
in heavy melt years, complicates any at- 
tempt to relate these melt features to cli- 

.oerner mate. Thus, the resolution of a melt 
event in any one core may be greater 
than 3 years. The horizontal distribution 
of sporadic melt features is also very ir- 
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R = 5 0.9S, x 100 (1) 
Sfpf + 0.9S5 

where Si and Sf are the measured cross- 
sectional areas of ice and firn, 0.9 is the 
density of ice (g cm-3), and pf is the den- 
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Fig. 1. Queen Elizabeth Islands, Northwest Territories, Canada. The dashed line demarcates 
the area analyzed for open water. 

sity of firn (g cm-3). Below 100 m the firn 
has developed by compaction into ice 
with a density of 0.9 g cm-3, so that Eq. 1 
reduces to 

R = - Si x l00 (2) 
Si + Sf 

The results are shown in Fig. 2, where 
the time scale has been calculated from 
measurements of the thickness of several 
annual layers at each of 19 sections in the 
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core between the surface and 220 m. 
Seventeen of these sections were divided 
into annual layers on the basis of season- 
al variations of dust content (8) and one 
on the basis of seasonal variations of the 
electrolytic conductivity of the melted 
firn. The accumulation rate in the surface 
section is known from annual measure- 
ments of the mass balance-that is, the 
amount of snow that falls on the ice cap 
minus the amount of snow and ice that 
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time scale on the right ordinate was 
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melts, divided by the area of the ice cap 
and expressed as water equivalent. From 
a knowledge of both the time scale and 
the vertical strain rate with depth (9), it 
has been calculated that the accumula- 
tion rate has been fairly constant over 
the period of time considered in this ar- 
ticle (10). This is fortunate as varying ac- 
cumulation would cause the ice per- 
centage to vary (increasing the accumu- 
lation rate and holding the amount of an- 
nual melt constant would decrease the 
ice percentage), which would complicate 
any climatic interpretation of ice lay- 
ering. 

There are two prominent features in 
the Devon Island profile in Fig. 2. First, 
there is an unusually high percentage of 
ice between the surface and 40 m, which 
reaches a broad peak between 5 and 20 
m. Second, the increment between 40 
and 95 m has very few ice layers. The 
most ice-free part of the whole profile oc- 
curs in the lower part of this increment, 
which was probably deposited during the 
Little Ice Age, dated here between 1680 
and 1730. 

Physical Implications 

What does this mean in terms of cli- 
matic change? The period of melt at the 
drill-site elevation on the ice cap varies 
in length each year from zero to 1 or 2 
weeks. At first sight, this might be taken 
to mean that the profile reflects the ef- 
fects of weather over a meaninglessly 
short period of time each year. There- 
fore, to determine how representative 
ice layering in the core is of summer con- 
ditions in general, the amount of ice 
formed each year in firn deposited from 
1961 to 1974 at several points between 
1600 and 1800 m above sea level has 
been plotted against mass balance values 
for the northwest side of the ice cap for 
the same years (Fig. 3). As in this case 
we are considering annual and not long- 
period variations of melting, the annual 
ice percentage is not used since it is af- 
fected by varying annual accumulation. 
A 200-m elevation interval has been used 
to increase the number of sampling 
points and derive a meaningful average. 
There is a very high correlation between 
the mass balance and ice layer thickness 
in Fig. 3 (correlation coefficient r = .95). 

f Accumulation variations from year to 
year have very little influence on the 
mass balance fluctuations of the Devon 
Island ice cap (7). This means that melt- 

I ing is the chief determinant of the mass 
balance. The high degree of correlation 
between mass balance and ice layer 
thickness between 1600 m and 1800 m 
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Fig. 3. Mass balance plotted against ice layer 
thickness (1600 to 1800 m above sea level) on 
the Devon Island ice cap. 

above sea level indicates that the melt- 
ing/elevation gradient is very similar 
from year to year. 

The important point here is that the ice 
percentage profile gives a good idea of 
the past mass balance of the ice cap. 
From the regression equation for mass 
balance plotted against ice layer thick- 
ness (Fig. 3), it is calculated that the 
mass balance is zero when ice forms 7.1 
percent of the stratigraphy (in terms of 
water equivalent). The mean ice-layer 
percentage for the profile below 40 m is 
very close to this value, suggesting that 
the ice cap mass balance, at least on the 
northwest side, was close to zero be- 
tween about 1300 and 1860. This is not 
the case between the surface and 40 m, 
where high amounts of ice give good evi- 
dence for the unusual warmth of summer 
conditions in this century, especially 
since 1925. This indicates that the north- 
west side of the ice cap has had a nega- 
tive balance for the past 100 years. Since 
1961, measurements show that the ice 
cap has lost an average of 59 kg m-2 

year-'; averaged over the entire north- 
west side of the ice cap, this indicates a 
surface lowering of about 0.06 m year-1. 

Heavy ice cap melting since the 1920's 
is also evident in the stratigraphy of the 
Ellesmere and Axel Heiberg ice caps (11, 
12). Profiles from these ice caps have 
been analyzed in the same manner as the 
Devon pits and cores. They show a good 
agreement with the Devon Island profile 
(Fig. 2). All three profiles show in detail 
(not shown in Fig. 2) that there was a 
large increase in the amount of melting 
beginning in the mid-1920's. Melting rose 
to a peak in the 1930's, diminished dur- 
ing the 1940's, and increased again in the 
1950's and 1960's. 

There has been an apparent decrease 
in the ice layering in the last 14 years, but 
the surface section has to be considered 
with caution. Over the 15 years during 
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which measurements have been made, it 
has become clear that unusually warm 
years, such as 1962 and 1969, have dra- 
matic effects on the mass balance and the 
development of ice layers in the firn 
zone. Meltwater from the summers of 
1962 and 1969 penetrated several years 
of accumulation and raised the ice per- 
centage over a depth increment greater 
than 2 m. It is possible that the occur- 
rence of warm summers like these may 
be one of the chief factors influencing the 
amount of melting in the firn zone. Thus, 
a cold period may be chiefly character- 
ized by an absence of such summers and 
a warm period by an increasing occur- 
rence of them. As far as the uppermost 5 
m of the profile is concerned, a warm 
summer in the next year or two could in- 
crease the ice percentage there by deep 
percolation into the surface layers now 
at the top of the present profile and eradi- 
cate our present "cooling" trend. This is 
particularly true of the Ellesmere profile, 
which ends 4 years short of a complete 5- 
m increment. 

Recent work (13, 14) has drawn atten- 
tion to a cooling trend beginning in the 
mid-1960's in the Canadian Arctic. Our 
results do not yield statistically signifi- 
cant evidence for such a trend (15). The 
mass balance and ice layer values in 
Table 1 show that while there was a short 
period of cold summers in the mid- 
1960's, they cannot yet be considered as 
the beginning of a cooling trend. 

So far the ice percentage profile has 
been related only to conditions on the ice 
cap itself. It remains to be determined 
whether the profile reflects changing 
conditions in areas distant from Devon 
Island and possibly in the entire Queen 

Table 1. Open water around the Queen Eliza- 
beth Islands and mass balance and ice lay- 
ering (thickness of features between 1600 and 
1800 m above sea level) on the Devon Island 
ice cap. 

Percent- Thick- Mass 
age of ness Mass 

Year age of ness balance total of ice (k m-2 
open features ar 
water (mm) year- 

1961 58.6 55.0 -197 
1962 69.8 80.0 -359 
1963 52.7 4.4 44 
1964 33.9 9.8 125 
1965 35.3 0.8 64 
1966 46.2 54.0 -135 
1967 20.0 25 
1968 34.9 0.0 5 
1969 41.3 92.0 -332 
1970 36.7 16.0 39 
1971 50.4 49.0 -69 
1972 21.2 0.3 102 
1973 56.5 61.0 -95 
1974 40.5 33.0 -77 
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Fig. 4. Maximum percentage of open water 
between the Queen Elizabeth Islands plotted 
against ice layer thickness (1600 to 1800 m 
above sea level) on the Devon Island ice cap. 

Elizabeth Islands area. To do this, the 
amount of ice formed each year in the 
firn zone between 1600 and 1800 m above 
sea level has been related to the maxi- 
mum area of open water formed each 
summer in the Queen Elizabeth Chan- 
nels, Si(n), expressed as a percentage of 
the total area of the channels, Si(t), as 
shown in Fig. 1. These data have been 
extracted from (16) and from recent un- 
published maps (17); they are shown in 
Table 1 and plotted in Fig. 4. There is a 
reasonably good correlation between 
percentage of open water and ice layer 
thickness (r = .66; P < .01), with signif- 
icantly large residuals for 1963 and 1969. 
The correlation improves (r = .73) if we 
consider the lagged effect of the amount 
of open water in the preceding year, 
Si(n- 1) according to 

Si(L) Si(n) 
- 0.5 [Si(n - 1) 

- 
Si] 

for all Si(n - 1) 
- Si (3) 

where Si is the mean area of open water 
between 1961 and 1974. This relationship 
was derived by attempting various sys- 
tems of weighting. The various weight- 
ings showed that a cold summer has less 
effect than a warm one on the following 
summer's sea-ice breakup pattern. 

Of the two large residuals emerging 
from the unweighted association be- 
tween open water and ice layering, one 
(1963) is substantially reduced by the 
weighting procedure of Eq. 3, but the 
other (1969) remains. Apparently the re- 
gression analysis has allowed us to deter- 
mine which summers on Devon Island 
were dominiated by local conditions. The 
local nature of the Devon Island ice cap 
summer conditions in 1969, and to a less- 
er extent in 1963, is confirmed by the 
stratigraphy of a series of eight cores tak- 
en between the surface and a depth of 12 
m at the tops of six ice caps on Devon, 

17 



Ellesmere, and Axel Heiberg islands in 
1974 (Fig. 1). The strong melting of 1962 
was apparent in all of these cores. Simi- 
larly, the distinctly ice-free layers due to 
the very cold summers of 1964 and 1965 
were also common to all eight cores. 
However, the 1963 layer, which was ice- 
free in the Devon profile, showed ice lay- 
ers in several of the other seven cores. 
The extensive ice layering in the Devon 
core caused by the warm 1969 summer 
was not found in any of the seven cores 
from Ellesmere and Axel Heiberg is- 
lands. However, as we have only one 
strongly anomalous and one slightly 
anomalous local summer in 14 years, it 
seems safe to extrapolate the con- 
clusions drawn from our ice ratio profile 
to the Queen Elizabeth Islands in gener- 
al. (If 1969 and 1963 are excluded from 
the analysis, r improves to .93; see Fig. 
4.) The large ice caps on Ellesmere and 
Axel Heiberg islands must have reacted 
to the cold period in the 17th, 18th, and 
19th centuries and the warm period since 
in the same way as the Devon Island ice 
cap. Smaller ice caps probably reacted 
more strongly, growing substantially in 
the cold period and retreating and often 
disappearing (18) in the present warm 
one. 

Human Implications 

The effects of climatic change on hu- 
man activity in the Arctic are diverse. 
The indigenous population can be vari- 
ously affected according to the extent 
and direction of the change (19); a slight 
cooling can be beneficial to a marine- 
based economy, whereas a warming may 
not be. However, any part of the econo- 
my that relies on supplies imported from 
and bulk materials exported to the south 
is dependent on sea transport. In this re- 
spect the ice percentage profile, through 
its association with sea-ice distribution, 
leads to some interesting observations. 
We can see in part why the numerous at- 
tempts to forge a northwest passage 
failed, often tragically, in the 19th century. 
The various British naval expeditions 
made their strongest attempts in what 

the ice profile suggests were some of the 
coldest summers of the past seven cen- 
turies. It was not until the first decade of 
the 20th century that Roald Amundsen, 
admittedly with steam power and a ship 
of shallow draft, took advantage of the 
early part of the present climatic amelio- 
ration to complete the first sailing of the 
northwest passage. The Canadian S.S. 
St. Roche completed both the first west- 
to-east sailing and the first negotiation of 
the passage in a single summer during 
the even warmer 1940's. Dunbar (20) 
showed that because of ice conditions 
Baffin Bay was much less open between 
1817 and 1870 than between 1952 and 
1970. She also showed (21) that the 
spring retreat of ice in the Bering Sea 
was earlier in the 1960's than between 
1870 and 1900. The results of her studies 
complement those reported here. 

Our study provides no firm evidence 
for any present summer cooling trend 
(Table 1). However, studies in Green- 
land (1, 6) show a cooling trend there 
which is predicted to continue for a few 
decades. Particular attention should be 
given to the effect and nature of such cli- 
matic change on activities in the North 
American Arctic. 

Summary 

Valuable paleoclimatic information 
can be gained by studying the distribu- 
tion of melt layers in deep ice cores. A 
profile representing the percentage of ice 
in melt layers in a core drilled from the 
Devon Island ice cap plotted against 
both time and depth shows that the ice 
cap has experienced a period of very 
warm summers since 1925, following a 
period of colder summers between about 
1600 and 1925. The earlier period was 
coldest between 1680 and 1730. There is 
a high correlation between the melt-layer 
ice percentage and the mass balance of 
the ice cap. The relation between them 
suggests that the ice cap mass balance 
was zero (accumulation equaled abla- 
tion) during the colder period but is nega- 
tive in the present warmer one. There is 
no firm evidence of a present cooling 

trend in the summer conditions on the 
ice cap. A comparison with the melt-lay- 
er ice percentage in cores from the other 
major Canadian Arctic ice caps shows 
that the variation of summer conditions 
found for the Devon Island ice cap is rep- 
resentative for all the large ice caps for 
about 90 percent of the time. There is al- 
so a good correlation between melt-layer 
percentage and summer sea-ice condi- 
tions in the archipelago. This suggests 
that the search for the northwest passage 
was influenced by changing climate, with 
the 19th-century peak of the often tragic 
exploration coinciding with a period of 
very cold summers. 
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