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The Percolation Phase 
Transition in Sea Ice 

K. M. Golden," S. F. Ackley, V. I. Lytle 

Sea ice exhibits a marked transition in its fluid transport properties at a critical 
brine volume fraction p ,  of about 5 percent, or temperature T, of about -5°C 
for salinity of 5 parts per thousand. For temperatures warmer than T,, brine 
carrying heat and nutrients can move through the ice, whereas for colder 
temperatures the ice is impermeable. This transition plays a key role in the 
geophysics, biology, and remote sensing of sea ice. Percolation theory can be 
used to understand this critical behavior of transport in sea ice. The similarity 
of sea ice microstructure to compressed powders is used to theoretically predict 
p ,  of about 5 percent. 

Sea ice is a complex, composite inaterial 
co~lsisting of pure ice with brine and air 
inclusions. whose size and geoinetly depend 
on the ice cl-ystal structure. as well as the 
tenlperature and bulk salinity. It is distin- 
guished from many other porous composites, 
such as sandstones or bone, in that its micro- 
structure and bulk material properties vary 
dranlatically over a small temperature range. 
For brine volume ftactions p below a critical 
value p, - 5%; colum~lar sea ice is effective- 
ly impermeable to fluid transpost, whereas 
forp above y, (>5%); brine or sea water can 
move through the ice. The relation of brine 
volume to temperature T and salinity S ( I )  
implies pc corresponds to a critical tempera- 
ture Tc ;= -5°C for S = 5 ppt; we refer to this 
critical behavior as the "law of fives." Per- 
haps the most direct observations of this are 
that the time rate of change of sea ice salinity 
clSldt due to gravity drainage vanishes for 
brine volumes below 5% (2, 3) and that the 
permeability of thin sea ice decreases by 
more than two orders of magnitude as the 
surface temperature is lowered, in a small 
critical region arouild -5°C (4). 

Brine transpoit is fiindamental to such pro- 
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cesses as sea ice production tlu-ough f?eezing of 
flooded ice surfaces; sea ice heat fluxes, and 
nutsient replenishment for sea ice algal c o ~ m -  
nities. as well as being an iillportant factor for 
remote sensing. However, the basic tra~lsitio~l 
controlling brine transport has received little 
attention. Percolation theo~y (5, 6 )  has been 
developed to analyze the properties of materials 
where connectedness of a given component 
determines the bulk behavior. We show that it 
provides a natural fraine~vork to understand the 
critical behavior of sea ice. In particular, we 
apply a conlpressed powder percolation inodel 
to sea ice microstluchire that explains the law 
of fives; the obse~ved behavior (4) of the fluid 
pelmeability in the critical temperature regime. 
as well as data 011 surface flooding collected 
recently 011 sea ice in the Weddell Sea and East 
Antarctic regions. 

It was observed in the Arctic (7) that a mow 
storm and its resultant loading on a sea ice layer 
can induce a coinplete upward flushi~lg of the 
brine networl<, In the Antarctic, it was obsel-ired 
that the fieezing of a surface slush layer. with 
resultant brine drainage, induced convectio11 
within the ice, \vhereby rejected dense brine is 
replaced by nutrient-rich sea water fro111 the 
upper ocean (8), fileling autumn blooms of 
algae in second-year ice (9). Duiillg the autunm 
freeze-up, this process provided about 70% of 
the salt flux into the upper ocean and increased 
the total heat flux through the overlying ice and 
snow cover. The proliferation and growth of sea 
ice organisills is favored by penneable ice: 
which allows nutrient replenishment (1 0, 1 I). 
For remote sensing, surface flooding and sub- 

sequent freezmg can affect micro~vave back- 
scatter f?om sea ice (12, 13). and connectedness 
of the brine inclusions affects the pe~mittivit) of 
sea ice (14, 15). As yet another example. ~t was 
obse~ved in the k c t i c  that there was about a 
20-day time lag between the start of the spring 
sno\v melt and the occurrence of freshwater 
input into the nuxed layer (1 6, 17). Presumably, 
pait of t h ~ s  lag was the time it took for the ice 
sheet to walm to above the critical temperatuse 
to allow drainage out of the ice (16). 

Percolation theoiy (5, 6) has been used to 
successfi~lly model a broad array of disordered 
materials and processes. The simplest form of 
the lattice percolation illode1 (6) is defined as 
follo\vs. Consider the d-din~e~lsional integer lat- 
tice Z' and the square (or cubic) network of 
bonds joining nearest neighbor lattice sites. To 
each bond: with probability y ;  0 5 p 5 1: we 
assign a 1; meaning it is open, and with prob- 
abilit) 1 - y  we assigu a 0. meaning it is closed. 
Grou~s  of coiulected oDen bonds are called 
open clusters, and the size of a cluster is just the 
number of open bonds it co~ltains. In the per- 
colation model, there is a critical probabilit) yc, 
0 < p, < 1: called the percolation threshold: at 
\vhich the average cluster size ~ ( p )  diverges 
and an infinite cluster appears. so that the open 
bonds percolate. 111 two dimensions, pc = 0.5; 
in three dimensions,pc ;= 0.25. Fory > y,, the 
infinite cluster density P,(p) exhibits power 
law behavior near the threshold, P,(p) - (p  - 
pc)" where p is the percolation critical expo- 
nent, p 5 1. This model deals only with the 
geometrical aspects of connectedness in disor- 
dered media. yet we are interested in the trans- 
port properties as well Then we cons~der a 
random resistor netrvork, where the bonds are 
assigned the coilductivities 1 and h 2 0 with 
probabilities y and 1 - y .  With h = 0; for y < 
y,,, the effective conductivit) u(p) = 0; where- 
as near the threshold withp > pc. o(p) exhibits 
power law behavior u(p) - (y y , ) ' ,  where t is 
the conductivity critical exponent. kith 1 5 t 5 

2 in d = 2.3 (18). Aualogously. we may con- 
sider a random pipe network \vith effective 
fluid pelmeability ~ ( p )  exhibiting similar be- 
havior ~ ( p )  - (y - y,)", where e is the perme- 
ability critical exponent, with e = t .  Critical 
exponents for lattice models are generally be- 
lieved to exhibit universality, meaning that they 
depend o111y on dimension and not on the type 
of lattice, although continumn models can ex- 
hibit non~iniversal behavior: with exponent val- 
ues different from the lattice case. t > 2 in d = 

3, ande  # t .  
If the above lattice inodel is applied to sea 

ice: \vhere the open bonds represent brine and 
the closed bonds represent ice, then yc would be 
about 25% in d = 3, which is much larger than 
the obsel-ired 5%. Even continuum models. 
such as ellipsoidal brine incl~isions raildon~ly 
distributed in an ice host (a commonly used 
model for sea ice): exhibit critical volume fiac- 
tions in the 20 to 40% range (19). Instead. 
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consider the critical behavior of composites 
made up of conducting particles suspended in 
an insulating matrix (20) and the problem of 
finding microstructures that reduce pc. For 
some flexible polymer composites designed to 
be highly conducting, it was found that by 
compacting powders of large polymer particles 
with much smaller metal particles, low critical 
volume fractions of the (more expensive) metal 
particles are required to significantly lower the 
resistance of the composite (21, 22). The result- 
ing microstructure of such compressed powders 
is remarkably similar to the cellular microstruc- 
ture of columnar sea ice (Fig. 1). The key 
parameter in predicting the conduction thresh- 
old for compressed powders is the ratio 5 = 
R,IR, of the radii of the large polymer particles 
to the smaller metal particles (22,23). For large 
5, p, is not very sensitive to the exact value of 
5. For example, a range of 44 to 17 for 5 gives 
only a range of 3 to 7% forp,. Using photomi- 
crographs of sea ice microstructure and typical 
brine inclusion sizes (3), we measured the cor- 
responding parameter for sea ice, obtaining an 
average of 5 - 24. Applying the compressed 
powder percolation model (23) yields a critical 
brine volume for columnar sea ice of about 5%. 
This result will vary with ice crystal structure. 
For example, the slightly higher values of pc 
(lower 6 )  observed in (4) are caused by the 
more random distributions of brine inclusions 
in granular ice as compared to columnar ice. 
The compressed powder model explains why 
sea ice exhibits such low values for p,, as 
compared to the 20 to 40% range that might be 
expected, and provides reasonable estimates for 
p,, which depends only on the geometry of the 
two phases. Observations show, however, that 
fluid transport then proceeds primarily through 

large-diameter brine channels (3, 8, 9). Dynarn- 
ic models will likely be needed for analysis of 

fluxes resulted in ice basal melt rates of up to 3 
crntday (average was 1 cmlday), which could 

brine-channel formation beyond the initial on- 
set of percolation atpc, although it is interesting 
to note the existence of the "independent cross- 
ings" of a sample in standard percolation mod- 
els (24). They have large separations in com- 
parison to the microstructural (or lattice spac- 
ing) scale for p near pc and play much the same 
role for transport as the brine channels. 

Comparison of the electrical conductivity 

have melted the ice in a short period. The 
persistence of the ice depended on flooding of 
the surface and the subseqent freezing of this 
slushy snowbrine mixture to form snow ice, 
which replaced the ice melting on the bottom 
(26). The surface flooding was controlled by 
upward brine percolation. Temperature 
profiles measured hourly during a 5-day 
drift camp over Maud Rise at about 4"E 
longitude and 65"s latitude (Fig. 3) indi- 
cated that while most of the sea ice layer 

of compressed powders and the fluid perme- 
ability of sea ice (Fig. 2) shows that near the 
critical temperature, sea ice permeability dis- 
plays the same characteristic behavior exhib- 

remained above the critical temperature for 
percolation, the top 5 cm or so of the sea ice 

ited, in general, by transport coefficients of 
composite media near a percolation threshold 
(19, 20). The data in (Fig. 2B) are thus best fit 
not with a straight line as in (4) but with an 
"S" curve that captures the actual behavior of 
K(T) in the critical regime near the percola- 
tion threshold TcPerc.  

Compressed powders with low p, exhibit 
large, nonuniversal values of t ranging be- 
tween 2 and 7 (20). A rough estimate for the 
fluid permeability critical exponent e for sea 
ice based on the data in (Fig. 2B) is about 2.5, 
although there is significant uncertainty in 

was impermeable, except during the typi- 
cally warm storms. Sufficient loading led to 
surface flooding, which subsequently froze. 
This cyclic process occurred twice during 
the 5-day drift. The impermeable layer, 
defined by temperatures below a critical 
temperature of about 5.3"C, disappeared 
with the onset of the first storm during day 
216 of the year (4 August 1994). For about 
a day, the entire ice sheet was permeable, 
and by noon of the next day, we observed a 
thick layer of slushy snow consisting of 30 
to 50% liquid brine. Subsequently, a cold 

this estimate (but e is probably between 2 and 
4). Much more experimental work needs to 
be done to determine the actual range of e and 
its dependence on the type of sea ice and on 
other factors. 

- 
'L 10 t Electrical conductivity 

Data collected on Antarctic sea ice directly 
demonstrate the significance of the percolation 
threshold. During the winter ANZFLUX exper- 
iment (25) in the Eastern Weddell Sea, we 
encountered a thin ice pack, typically 20 to 60 
cm thick. Unusually large vertical oceanic heat 

I - . . B Sea ice Nickel volume fractlon (%) 
B 

Temperature ( T) 

-= 

- - 
E - 
- 
E - ... - -6.- 
Q 
E 2 -7. 
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Fig. 2. Comparison of (A) the electrical conduc- 
tivity of compressed powders of large polyeth- 
ylene particles of radius R, and small nickel 

articles of radius R,, where 5 = RJR, = 16 
data points from (22)], and (0) the fluid per- P 

meability K(T) of thin young sea ice as a func- 
tion of surface temperature [data points from 
(4)]. The transport properties of both materials 
exhibit critical behavior characteristic of a per- 
colation transition. We have also indicated a 
second transition for K(T) at the melting point 
TcmeIt, where log K(T) must increase rapidly. 

Fluid pe;bi7i 
of sea ice 

Tc*" Tcv" 

I 

Fig. 1. 
radius 

-7 -6 -5 -4 -3 -2 -1 

Comparison of the microstructures of 
R, and small metal particles of radius 

(A) compressed powder of large polymer particles of 
R, (22) and (0)  sea ice (29). 
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period set in, the slush froze, and the im- 
permeable cap returned as frozen slush. 
Then another storm moved in, with result- 
ant warming, flooding, and freezing. Late 
in the evening of day 219 during a warm 
storm, we observed large "boils" on the 
snow surface, which was apparently brine 
percolating up through the ice. 

A similar type of flooding event was ob- 
served during the winter HIHO HIHO experi- 
ment (27) in the East Antarctic sea ice pack 
at about 145"E and 65"s. Brine volumes 
were calculated using measured salinity 
and temperature profiles (Fig. 4). The ini- 
tial brine volume of the ice was near, yet 
below, the percolation threshold. As air 
temperatures increased, brine volume 

throughout the ice sheet was raised above 
the percolation threshold of pc - 5% (and 
in the upper 15 cm was even raised above a 
higher p, for granular ice), resulting in 
surface flooding of the snow, which cov- 
ered the sea ice. This saturated snow froze, 
forming snow ice. Ice and snow thickness 
measured before (day 230,18 August 1995) 
and after (day 236) the flooding indicate 
that 9.5 cm of snow ice had formed. These 
data demonstrate that an air temperature 
increase alone can cause the permeability 
phase transition. 

As a final example, consider the algal bloom 
observed in a porous sea ice layer at a depth of 
10 to 30 cm during the autumn of 1992 in the 
western Weddell Sea (9). From day 60 (29 

Fig. 3. Temperature contours in sea ice during the Maud Rise drift camp of the ANZFLUX 
experiment in the Eastern Weddell Sea (bottom), along with air temperatures (top). The black top 
layer represents ice which is effectively impermeable to fluid transport and is not present during 
warm storms, so that brine may percolate to the surface. Subsequent freezing of the slush layer is 
an important ice growth mechanism in the region. 

Fig. 4. Brine volume contours 
in sea ice during the HIHO 
HIHO experiment in the East 
Antarctic sea ice zone. An 
abrupt increase in air temper- 
ature late on day 231 result- 
ed in the entire sea ice layer 
having brine volumes above 

1 

the percolation threshold of g 
p, - 5%, rendering it perme- a 2 
able to brine transport. Brine 
then infiltrated the surface, 
and the resulting slush layer 

f 2 

later froze, forming snow ice. 
A 

February) to 81 of the year, standing stocks of 
pigments in the ice increased at a rate of 0.8 mg 
m-' day-', yet after day 81, the algal growth 
rate was reduced to one-tenth the earlier value. 
Day 81 is when the downward advancing crit- 
ical isotherm of Tc - -4°C passed through the 
bottom of the algal layer, effectively cutting off 
the community h m  significant nutrient replen- 
ishment, because ice above this isotherm was 
impermeable. The critical temperature higher 
than -5°C is understood by noting that the ice 
surrounding the algal layer was granular, and 
had a higher p,, yet a salinity of only about 5 
PPt . 

It has been demonstrated that sea ice ex- 
hibits a percolation transition at a critical 
temperature. Recently, it has been found that 
this type of behavior in composite materials 
is mathematically analogous to a phase tran- 
sition in statistical mechanics, like water at its 
freezing point or a ferromagnet at its Curie 
point (28). Thus, Tc may be viewed as a type 
of phase transition point, with sea ice at 
temperatures between Tc and -1.8"C (the 
freezing point for sea water) being a hybrid 
phase between liquid and solid. 

References and Notes 
1. G. Frankenstein and R Garner, J. Glaciol. 6. 943 

(1967). 
2. G. F. N. Cox and W. F. Weeks. Brine Drainage and 

Initial Salt Entrapment in Sodium Chloride Ice. CRREL 
Research Report 354 (Cold Regions Research and 
Engineering Laboratory. Hanover, NH. 1975). 

3. W. F. Weeks and 5. F. Ackley, The Growth, Structure 
and Pmperties of Sea Ice, CRREL Monograph 82-1 
(Cold Regions Research and Engineering Laboratory, 
Hanover. NH. 1982). 

4. N. Ono and T. Kasai, Ann. Claciol. 6, 298 (1985). 
5. S. R. Bmadbent and J. M. Hammersley. Proc. Cam- 

bridge Philac. Ssoc. 53. 629 (1957). 
6. D. Stauffer and A. Aharony. Introduction to Percola- 

tion Theory (Taylor & Francis, London, ed. 2. 1992). 
7. E. 1.-J. Hudier and R. C. Ingram,Atmos. Ocean 33,569 

(1 995). 
8. V. I. Lytle and 5. F. Ackley, J. Geophys. Res. 101.8853 

(1996). 
9. C. H. Fritsen. V. I. Lytle. 5. F. Ackley. C. W. Sullivan, 

Science 266, 782 (1994). 
10. C. 5. Dieckmann, M. A Lange. 5. F. Ackley, J. C. 

Jennings. Polar Biol. 11, 449 (1991). 
11. H. Eicken, ibid. 12. 3 (1992). 
12. A R. Hosseinmostafa et aL, J. Electromagn. Waves 

Appl. 9. 421 (1995). 
13. V. I. Lytle and K. M. Golden, Antarct. J. U.S. 30, 125 

(1995). 
14. K. M. Golden, in Wave Propagation in Complex Media, 

IMA Volumes in Mathematics and i t s  Applications, voL 
96, G. Papanicolaou. Ed. (Springer-Verlag, Berlin, 
1997). pp. 75-94. 

15. K. M. Golden et aL, IEEE Trans. Geosci. Remote Sens. 
36. 1655 (1998). 

16. M. C. McPhee, personal communication. 
17. G. A Maykut and M. C. McPhee.J. Geophys. Res. 100, 

24691 (1995). 
18. K. Golden. Phys. Rev. Lett. 65, 2923 (1990). 
19. 5. DeBondt, L Froyen. A. Deruyttere, J. Mater. Sci. 27, 

1983 (1992). 
20. D. S. Mclachlan. M. Blaukiewiu, R. E. Newnham, 

1. Am. Ceram. Soc. 73,2187 (1990). 
21. R. P. Kusy and D. T. Tumer. Nature 229, 58 (1971). 
22. A. Malliaris and D. T. Tumer, J. Appl. Phys. 42, 614 

(1971). 
23. R. P. Kusy, ibid. 48. 5301 (1977). An approximate 

formula for the critical volume fraction for perco- 
lation of the small metal spheres in a compressed 

18 DECEMBER 1998 VOL 282 SCIENCE www.scienc 



R E P O R T S  

powder is given by p, = [ l  4 < b / ( 4  x , ) ] ' ,  where 
6 is a reciprocal planar packing factor, and x, is a 
crit ical surface area fraction of the larger particles, 
which must be covered for percolation by the 
smaller particles. Values based on microstructural 
analysis giving good agreement w i th  conductivity 
experiments are x, = 0.42 and $ = 1.27, which we 
have also used as a reasonable approximation for 
sea ice. 

24. j. T. Chayes and L. Chayes, Commun. Math. Phys. 
105, 133 (1986). 

25. M. G. McPhee et a/., Bull. Am. Meteorol. Soc. 77, 
1221 (1996). 

26. S. F. Ackley, V. I. Lytle, K. M. Golden, M. N. Darling, 
G. A. Kuehn, Antarctic]. U.S. 30, 133 (1995). 

27. V. I. Lytle, R. Massom, N. Bindoff, A. P. Worby, I. 
Allison, 1. Geophys. Res., in press. 

28. K. M. Golden, Phys. Rev. Lett. 78, 3935 (1997). 
29. S. A. Arcone, A, j. Cow, S. McGrew,]. Ceophys. Res. 

91, 14281 (1986). 
30. We thankthe participants of the ANZFLUX and HlHO 

HlHO experiments and the crews of the R.V. 

Evidence for Extreme Climatic 
Warmth from Late Cretaceous 

Arctic Vertebrates 
J. A. Tarduno,* D. B. Brinkman, P. R. Renne, R. D. Cottrell, 

H. Scher, P. Castillo 

A Late Cretaceous (92 to  86 million years ago) vertebrate assemblage from the 
high Canadian Arctic (Axel Heiberg Island) implies that polar climates were 
warm (mean annual temperature exceeding 14°C) ratherthan near freezing. The 
assemblage includes large (2.4 meters long) champsosaurs, which are extinct 
crocodilelike reptiles. Magmatism at six large igneous provinces at this time 
suggests that volcanic carbon dioxide emissions helped cause the global 
warmth. 

The Cretaceous is commonly considered to 
have been ice-free with high atmospheric 
CO, levels (1-3), but some isotopic and pa- 
leofloral evidence has implied that polar tem- 
peratures were near freezing (4-6). Here we 
describe a fossil vertebrate assemblage from 
the high Canadian Arctic that supports a Late 
Cretaceous [92 to 86 million years ago (Ma)] 
thermal maximum. 

The Cretaceous of the Canadian Arctic is 
represented by sedimentaiy and volcanic rocks 
of the Sverdrup Basin (7), which are exception- 
ally well exposed on westein Axel Heiberg 
Island (Fig. 1). The youngest rocks in the area 
are Late Cretaceous to Eocene sedimentary 
rocks of the Eureka Sound Group. Shallow 
marine to continental shale, siltstone, and sand- 
stone are underlain by Late Cretaceous marine 
shale of the Kanguk Formation. On much of 
western Axel Heiberg Island, the Kanguk For- 
mation unconformably overlies subaerially 
erupted flood basalts of the Cretaceous Strand 
Fiord Formation. These lams are pai-t of a large 
magmatic pulse: or large igneous province, that 
may include large parts of Ellesmere Island and 
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the Arctic Ocean basin (8). 
Near Expedition Fiord (79"23.5'N, 92" 

10.9'W), sedimentary rocks record the transi- 
tion between the Strand Fiord lavas and Kan- 
gulc shale. The uppermost flow of the Strand 
Fiord Formation is overlain by 0.6 m of 
weathered basalt and soil (Fig. 1). The soil is 
overlain by approximately 3.0 m of shale and 
siltstone, which may represent a bay or estu- 
ary. We found well-preserved vertebrate fos- 
sils in several of the thin siltstone horizons in 
this sequence. Although disarticulated: relat- 
ed bones were in close proximity, suggesting 
limited transport. 

Recent magnetostratigraphic study (9) at 
Strand Fiord (Fig. 1) suggests that the base of 
the Kanguk Formation is older than 83.5 Ma 
(geomagnetic chon 33R) (10). Atmnonites of 
the Scaplzites depress~rs Zone indicate that the 
Kanguk Formation 194 m above its base at 
Glacier Fiord (11) is of late Coniacian age 
(-86.0 to 87.0 Ma). Ammonites suggest that 
the basal Kanguk Formation is late early Turo- 
nian in age (-92.0 to 91.0 Ma) on Amund 
Ringes Island (7). 40Ar!3% incremental heat- 
ing (12) of a whole-rock sample from the upper 
lava flows at Strand Fiord (9) has yielded an 
1 1-step plateau (Fig. 2). These data indicate an 
age of 95.3 t 0.2 Ma near the Cenomanian- 
Turonian boundaqr (13). U P b  zircon analyses 
of gabbroic intrusions on nor-th\irestern Elles- 
mere Island, thought to be pai-t of the same 
magmatic event as that represented by the 
Strand Fiord Formation, yield an age of 92.0 
I 1.0 PYIa (early Turonian) (14). Together 
these data indicate that the vertebrate fossil 
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assemblage is Turonian to Coniacian (-92 
to 86 Ma) in age. 

The fossils represent a diverse assemblage 
of nonmarine aquatic and semiaquatic verte- 
brates (Fig. 3): including fish, turtles: and 
champsosaurs. At least two types of fish are 
represented by scales similar to those described 
as Holostean A and Holostean B from Upper 
Cretaceous nonmarine sediments ( l j ) ,  Turtles 
and champsosaurs offer several advantages 
over other fossils used as climatic indicators, 
such as the latest Cretaceous dinosaurs of the 
Noi-th Slope, Alaska, because they are free from 
ambiguities posed by possible migration and 
warm-bloodedness (16, 17). Turtles are repre- 
sented by costals and peripherals that are com- 
parable to shell elements of generalized aquatic 
cryptodires. Extant aquatic nonmai-ine hlrtles 
are ectotheimic reptiles and have a clin~atically 
limited distribution. The length and warmth of 
summers limit tui-tle distributions, primalily by 
affecting the suwival of eggs and hatchlings. 
The cold-adapted hrtles Clzelydrn serperztina 
and Clzryse~nj~s picta provide a conservative 
estimate of the growing season required (18). 
Viable populations of these taxa are restricted 
to areas where the growing season has at least 
100 frost-free days per year (19). 

PYIaxim~un temperatures during the warmest 
month of the year also provide a measure of the 
climatic requirements of these cold-adapted tur- 
tles. Naturally occun-ing viable populations of 
CJzelydi~a serpentina and Clziysewzj>s picta do 
not occur in areas with a waim-month average 
maximum temperature of less than 25°C (18, 
19). This measure corresponds to a warm- 
month mean temperature of 17.5"C and a mean 
annual temperature of 2.5"C. Thus, by analogy, 
the turtles in the Late Cretaceous Axel Heiberg 
locality indicate that the mean annual tempera- 
ture was at least 2"C, the warm-month average 
maxim~un temperature was at least 25"C, and 
the climate was frost-free for more than 100 
days per year. 

The Axel Heiberg vertebrate assemblage 
differs from others known from the Upper Cre- 
taceous of Arctic North Amei-ica in the abun- 
dance of semiaquatic reptiles (20) and in the 
presence of champsosaurs. Champsosaurs: 
which are thought to have been active semia- 
quatic predators (21), are represented by a tibia, 
a mandible, an ulna, femurs, iibs, gastralia, 
ischia, and centra (Fig. 3). The mandible frag- 
ment indicates that the snout was long and 
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