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DEPTH-TIME-TEMPERATURE RELATIONSHIPS OF ICE 
CRYSTAL GROWTH IN POLAR GLACIERS 

by 

Anthony· J. Gow 

INTRODUCTION 

The transfonnation of fim to glacier ice occurs via tw_o principal processes: densification 
and recrystallization. Recrystallization is involved with changes in the granular and crystalline 
structure of the fim as it densities. A major consequence of the latter process is the progressive 
increase in---size of crystals with increasing depth in the fim layer. Recent studies by Gow (1969a) 
at the South Pole and by Stephenson (1967) at Southice, Antarctica, indicate that this growth of 
crystals in polar firn is essentially analogous to isothermal grain growth in metallic and ceramic 
sinters, that is: 

where: 

D2 the mean cross-sectional area (in mm2
) _of firn crystals 

the age of the !irn (in years) 

og the mean crystal cross section extrapolated to zero age. 

Gow and Stephenson also demonstrated that the temperature dependence of the crystal growth 
rate (k = [D2 - D~ t) could be expressed in an equation of the fonn: 

k = k 0 exp (-EIRT) 

where: 

t = the fim temperature (essentially constant below 10m) expressed in degrees Kelvin. 

HQwever, apart from the investigations of Gow and Stephenson in Antarctica, the only other 
reasonably detailed data to any appreciable depth in polar firn are those obtained by Schytt (1958) 
to 100m depth at Maudheim, Antarctica, and by Fuchs (1959) and Nak.aya and Kuroiwa (1967) to 
depths of 46 m and 26 m, respectively, at Site 2, Greenland. In order to obtain better documentation 
of the time-temperature dependence of crystal growth in polar firn, additional investigations were 
conducted at Byrd and Plateau Stations in Antarctica and at Camp Century and I~e Lehmann 
Station in Greenland. At both Byrd Station and Camp Century samples were obtained to some depth 
below the firn-ice transition. This permitted crystal growth relationships in the firn to be exten
ded without break into the underlying glacial ice.* Laboratory investigations of grain growth in 
polycrystalline ice appear to be limited to the observations of J ellinek and Gouda (1969) who found 
that growth relations in ice are very similar to those observed in metals. 

* When the interconnected pores in firn pinch o!f and form individual bubbles the Cirn is said to have trans· 
formed into bubbly glacier ice; this transformation occurs at densities of about 0.82 - 0.84 g cm-1

• 
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SAMPLING 

The locations, elevations, 10-m snow temperatures and mean annual snow accumulation rates 
of all sampling sites are given in Table I. 

Table I. Study areas. 

Annual Mean annual 
Study Elevation accum~l ati,.sn temp 
area Location (m) (gem yr ) (°C) 

79" 59's 

Byrd 120° 01'W 1510 15.7 -28 

79° 15' s 

Plateau 40030'E 3624 2.5 -57 

7?0 ll'N 

Camp Century 61° lO'W 1886 36.7 -24 

7?0 57'N 

Inge Le bmann 39" ll'W 2407 10.0 -30 

Byrd Station 

Samples at this location were obtained from hand-augered holes and from a mechanically drilled 
hole that penetrated ultimately to a depth of 309 m. (Details of the major physical properties of 
the cores from these holes are described by Gow, 1969b, 1970.) ·The Cirn-ice transition was ob
served to occur at approximately 65' m depth. All samples at this and the other three looations were 
selecte~ randomly and without specific regard to visible grain siz~ or stratigraphic structure of 
the snow. 

Plateau Station 

These samples were obtained from cores from a thermally drilled hole that reached a depth of 
72 m (Koerner and Kane 1967). The density of the firn at this depth was 0.71 g em··~ the transi-
tion to bubbly glacial ice at this location is estimated to occur at a depth of about 160m. 

Camp Century 

Camp Century samples were obtained from an inclined shaft that was excavated to a depth 
of 100 m. A description of the shaft is given by Kovacs et al. (1969) together with results of 
studies of some of the mechanical properties of the snow and ice at this location. The fim was 
observed to transform into ice at a depth of around 68 m. 

In1e Lehmann 

Inge Lehmann was situated approximately 20 km southwest of the abandoned British station, 
Northice. Samples were obtained from a 60-m-deep core hole drilled during Project Blue Ice (Len
ton 1968). The density of the bottom core measured 0.83 g cm-J indicating that the bottom of 
this hole had just penetrated the firn-ice transition. 
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GRAIN-CRYSTAL RELATIONS 

Snow grains are frequently composed of more than one crystal. The distinction between grains 
and crystals (illustrated in Fig. 1) is most readily observed when a thin section of snow is examined 
between crossed polaroids. Different crystals in the same grain will exhibit different birefringence 
colors because of variations in crystal orientation. Crystals tend to maintain simple outlines at 
all depths in the firn but grains do not, mainly because of the growth of intragranular bonds. Ob
servations by Gow (1969a), Stephenson (1967) and Schytt (1958) also indicate that crystals actually 
grow at the expense of the grains until grains (as distinctive entities of the firn structure) become 
very difficult to distinguish below about 10 m depth. Only the crystal-size variations of the fim · 

were investigated in the present study. 

Figure 1. Thin-section photographs illustrating the crystalline nature of firn grains at 9 m 
depth, Camp Century, Greenland. Section was placed between crossed polaroids (b) to re-

veal crystal structure of the grains shown under ordinary light conditions (a). 7 x magnification. 

·ANALYTIQAL TECHNIQUES 

Thin sections 

In fim as in other bonded aggregates, e.g. sedimentary rocks and metallic and ceramic sinters, 
the only feasible method of investigating crystal size variations is to prepare thin or polished 
sections. In the case of porous snow, prior impregnation of the samples with a filler is necessary, 
mainly to facilitate the mounting of samples on glass slides, but also to prevent disruption of the 
original structure during sectioning. Water-saturated aniline was used as a filler and sectioning 
was accomplished with the aid of a microtome (Leitz Wetzlar sledge type). Full details of the 
technique are given by Gow (1969a). Sections were sliced to a thickness of approximately one-hal! 
the average crystal diameter. A Bausch and Lomb extension camera fitted with polarizers was 
used to obtain photomicrographs. Photographic detail is greatly enhanced if the temperature is 
raised to about -7°C to allow all interstitial aniline to melt. 
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Crystal size measurements 

Crystal size determinations of bonded aggregates generally involve measurements of either 
the diameters or cross-sectional areas of crystals. Of the several methods applied to the study of 
glacier crystals the most popular appear to be either the method of least circle diameter originally 
employed by Seligman (1949) on ice rubbings, or the method involving computations of cross-sec
tional areas of crystals from measurements of their largest and shortest axes (Ahlmann and Droes
sler 1949, Schytt 1958, Stephenson 1967). Unfortunately, thin sections seldom intersect crystals 
at their maximum diameter with the result that the average crystal size as measured will be less 
than the true size. The problem is compounded further by the lack of knowledge concerning the 
actual size distribution of crystals in a sample, and by variations in the shapes of the crystals. 
In an attempt to overcome these objections Gow (1969a) elected to restrict crystal size measure
ments at the Sout~ Pole to the 50 largest crystals in each of the thin sections. With the exception 
of the fine-grained samples from the top 2 m of snow these 50 largest crystals comprised at least 
25% of the total number of crystals in a section. The same teclmique of selecting crystals was 
used in the present study. Cross-sectional areas of crystals were computed from measurements of 
the lengths and breadths of crystals made on large prints of the photomicrographs. 

RESULTS AND DISCUSSION 

Crystal-size distributions of representative samples from both the Antarctic and Greenland 
localities are shown in Figures 2 and 3. In a typical series of measurements of 50 crystals at 
4 m depth at Camp Century the mean crystal area was 0.53 mm 2 and the standard deviation was 
0.13 mm 2

• At 65 m depth the mean crystal cross section had increased to 2.41 mm2 and the stan
dard deviation was 0.66 mm:z. 
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Figure 2 • . Some representative curves of crystal-size distribution as 
a function of depth in Antarctic firn and ice. 
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a function of depth in Greenland firn and ice. 

5 

Plots of crystal size versus depth are given in Figures 4 and 5. Fully tabulated data inclu
ding the estimated ages of samples at each location are given in Appendix A. The characteristics 
of each profile are now described. 

At Byrd Station a total of 1700 crystals from 34 separate levels were analyzed. A plot of the 
data in Figure 4 shows a somewhat greater growth rate above 5 m (0.11 mm 2 m-1

) than below. An 

essentially linear increase in crystal size at a rate of approximately 0.05 mm 2 m-1 occurs below 
5 m. The mean size of firn crystals varied from 0.31 mm 2 at 0.5 m to 3. 74 mm 2 at 61 m. At a depth 
of 65 m the firn transforms into ice. Crystal-size data from between 65 m and 308 m have already 
been published by Gow (1970) and values from 65 m and 71 m are included in Figure 4a (plotted as 
open circles) to show that crystal growth in firn proceeds without any abrupt discontinuity into the 
underlying ice. 

A total of 1950 crystal cross sections were measured in the Plateau Station profile. The rate 
of crystal growth in the top 5 m is comparable to that at Byrd Station but below 5 m it diminishes 
more than five-fold from 0.08 mm 2 m-1 to 0.015 mm 2 m-1

• This is more than three times smaller than 
the growth rate observed at Byrd Station over the same depth interval and it clearly demonstrates 
the effect on crystal growth of the very low firn temperatures at Plateau Station. 

Crystal growth at Camp Century was investigated at 47 levels between the surface and 100 m 
and a total of 2350 crystal cross sections were measured. Mean crystal size was observed to in
crease from 0.12 mm 2 at 0.2 m to 0.86 mm 2 at 7 m. This rate of growth of approximately 0.10 mm 2 

m-1 is comparable to that at the two Antarctic locations. Between 7 m and 100m the size of crystals 
increased approximately linearly at the rate of 0.03 mm 2 m-1

• The mean crystal cross section at 
the firn-ice transition (68 m) measured 3.04 mm 2

• No discontinuity in growth rate was observed at 
the transition. The mean crystal size at 100m was 4.16 mm 2

• 
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A total of 1000 crystal area determinations were made on the lnge Lehmann Station profile but 
a lack of samples prevented any analysis of crystal growth in the top 5 m. Below 5 m the mean 
size of crystals increased at the rate of 0.06 mm 2 m-1 which is very similar to that observed at 
Byrd Station. The average size of crystals at the firn-ice transition (60 m) measured 3.19 mm 2

• 

The generally enhanced rate of growth of crystals in the top few meters can be ascribed most 
probably to the effects of sustained temperat_ure gradients in the snowpack. These temperature 
gradients occur as a result of seasonal fluctuations of temperature at the snow surface but they 
dampen out rapidly between 4 and 10m. Below 10 m the temperature of the firn remains virtually 
constant. This temperature approximates very closely the mean annual air temperature measured 
at the snow surface and the growth of firn crystals under these conditions comes very close to sim
ulating the process of grain growth in isothermally sintered aggregates in metals and ceramic ma
terials (Burke and Turnbull 1952; Burke 1958). 

Plots of crystal size versus depth are very useful in helping to characterize crystal structure 
changes in a glacier. However, depth is not a significant variable from the point of view of inves
tigating crystal growth rates or growth mechanisms. A much more meaningful set of data is likely 
to be obtained if we substitute the depth of a sample with its age. The age of a sample (as deter
mined by the time that has elapsed since it was deposited at the surface) can be obtained in several 
ways. At Byrd Station and Camp Century the depth-age relationships were determined by strati
graphic methods that actually involved the identification in pit walls and cores of annual incre
ments of snow, layer by layer. The Byrd Station dating is contained in Gow (1969b) and the Camp 
Century data were obtained from Mock (1968 and personal communication). Stratigraphic studies 
were not conducted at Inge Lehmann Station and results of detailed studies at Plateau Station have 
yet to be published. However, data on accumulation r_ates at both these locations have been ob
tained by other methods, and this information, in conjunction with depth-density data, was used to 
estimate the ages of samples. To determine the age of a sample at any particular depth by this 
method we simply divide the snow load at that depth (obtained by integrating the depth-density pro
file) by the appropriate value of the annual accumulation rate. The values or accumulation rate 
used were 10 g cm-2 yr-1 at Inge Lehmann Station (Mock and Weeks 1968) and 2.5 g cm-2 yr-1 at 
Plateau Station (Koerner and Kane 1967, Picciotto et al. 1968). 

When crystal growth data are analyzed in terms of the ages of samples it is found (see Fig. 
6 and 7) that crystal size increases linearly with the age of the firn, i.e. the size of a crystal is 
directly proportional to its age. This growth relation, which holds for all four locations, can be 
expressed in the form: 

where: 

D2 the mean crystal cross section (in mm 2
) in a sample of age t years 

D~ the extrapolated mean crystal cross section at time zero 

k a constant for each particular location. 

These data confirm the crystal growth relations observed at the South Pole (Gow 1969a) and at South
ice (Stephenson 1967). The above relationship is identical with that established for isothermal 
grain growth in metals, where the immediate cause of grain growth is now generally attributed to 
the interfacial free energy of the grain boundaries. The very similar growth relations and textures 
(discussed more fully in a subsequent section of this paper) observed in the present studies indi
cate that essentially the same driving force is predominant in the growth of polar firn crystals. 
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It is also clear, from an examination of the crystal size - age plots, that crystal growth rates 
are strongly temperature dependent, with growth rates diminishing markedly as the temperature of 
the firn decreases. Growth is particularly slow at Plateau Station where the temperature (-57°C) 
is within a degree or two of the lowest firn temperatures ever recorded in Antarctica. A compari
son of growth rates at the other three locations shows a 10-fold increase at Inge Lehmann ( -30°C) 
over that at Plateau Station, a 17-fold increase in growth rate at Byrd Station (-28°C) and a 23-
fold increase at Camp Century (-24°C). Strangely enough, the growth rate at Plateau Station 
(0.0007 mm 2 yr-1

) was somewhat greater than that anticipated, at least on the basis of the observed 
rate of growth of firn crystals at South Pole Station (0.0006 mm2 yr-1

) where the temperature is 
approximately 6° warmer. The reason for this discrepancy is not immediately apparent. The most 
likely explanation is that our ·estimates of the accumulation rates, used to determine depth-age 
relationships, have not remained constant. For example it would require only a small change in 
accumulation rate at Plateau Station to significantly affect the depth-age relationships and hence 
the crystal growth rate. 

The temperature dependence of the observed rates of growth of firn crystals can be expressed 
quite satisfactorily in an equation of the Arrhenius type: 

k = k 0 exp (-EIRT) 

where: 

k the observed rate of growth of firn crystals (k = (D 2 - vg)/t) 

T the i sothennal temperature of the firn in degrees Kelvin 

k 0 a constant 

E,R = the activation energy of the growth process and the gas content, respectively. 

A plot of the growth rates versus the logarithms of the reciprocal temperatures is presented in Fig
ure 8 and the apparent activation energy obtained from the slope of the straight line is 10.6 kcal 
mole-1 (44,470 Joules mole-1

). This is somewhat lower than the generally accepted value for self
diffusion in ice (14 kcal mole-1

) but the difference in values can probably be attributed to the fact 
that crystal growth in firn is stress-assisted. Stresses in firn arise from the building up of the 
snow load. These stresses cause grains and crystals to defonn with a resultant release of energy 
that would supplement the surface energy stored in the boundaries of grains and crystals. The 
effect of such additional sources of energy would be to reduce the apparent energy of activation to 
something less than that of self diffusion. 

The temperature range of crystal growth studies made so far in polar firn comes very close to 
spanning the entire range of temperatures of the dry snow facies (-60°C to -15°C). Slight extra
polation of both ends of the data curve in Figure 7 indicates that crystal growth rates in polar firn 
could be expected to extend over two orders of magnitude: from 0.0003 mm 2 yr-1 at -60°C to 0.03 
mm 2 yr-1 at -15°C. 

Information on isothermal crystal growth in firn is especially interesting because of the great 
length of time involved compared with laboratory observations on the analogous process in metals 
and ceramics. The size of crystals at the firn-ice transition (this corresponds to the final stage 
of sintering in powder compacts) was measured at all locations except Plateau Station. These 
data, together with estimates of the time needed to reach the transition depth, are included in 
Table II. At Camp Century, for example, the mean crystal cross section measured 2.5 mm 2 at the 
transition, in ice estimated to be about 125 years old. An extrapolation of the data from Plateau 
Station shows that the mean size of crystals at the firn-ice transition would be about 2.8 mm 2

, very 
similar to that at Camp Century. However, it is estimated that the entire transformation at Plateau 
Station could not be accomplished in less than 3500 years, which data once again demonstrate the 
extreme temperature sensitivity of physical property changes in polar snow. 
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Figure 8 • . Temperature dependence of ice crystal growth rates in the Antarctic and 
Greenland ice sheets. Data point tor the South Pole (S.P.) 

was obtained from Gow ( 1969a) • . 

Table II. Crystal powth rates (k) of polar firn and ice, determined 
according to relation D2 - D~ +let. 

Firn temperature k D2i* 

Location oc mm 2 yr;;;1 mm 2 

Plateau -57 0.0007 2.8 (3500) 

Inge Lehmann -30 0.007 3.8 (400) 

Byrd -28 0.012 4.0 (280) 

Camp Century -24 0.016 2.5 ( 125) 

* Values or mean crystal size at firn-ice transition. Numbers 
in parentheses are estimates or the time (in years) needed to 

reach the trans itioil. 

The changes occurring in the texture of the firn as it transfonns to ice are best observed in 
thin sections, preferably the same ones used to measure crystal size. An exceptionally instruc
tive sequence of photographs of fim microstructure was obtained at Camp Century, Greenland, 
where sampling extended some depth below the firn-ice t~ansition. 

'Ilhe changes in texture demonstrated in Figure 9 are concerned primarily with the formation 
and growth of intergranular bands, changes in the sizes and shapes of grains and crystals, and the 
gradual elimination of the intergranular pore space. Stabilization of the low density snow struc
ture near the surface begins with the elimination of sharply angular surfaces of grains (which 
facilitates closer packing of grains) and the growth of bonds at their contact points. The resultant 
structure can best be described as constituting a "string of beads" texture (illustrated in samples 
from between 0.2 and 4 m). Continuation of this process leads eventually to the establishment of 
a cellular or sponge-like structure (demonstrated in the section from 9 m depth) that conforms pre
cisely with Coble's definition of the "initial stage of sintering" (Coble, 1961). The structure at 
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Depth 0.2 m, age 0.1 yr, density 0.35 g cm=:s 0.5 m, 0.5 vr. 0.36 gem-s 

1 m, 1 yr, 0.37 gem-' 

4 m, 5 yr, 0.44 g em-• 6 m, 8 yr, U.48 g em-• 

Fi~ure 9. Thin-section photographs of the structure of firn and ice to 100m depth at Camp Century, 
Greenland (5 / magnification). Structure changes closely resemble those occurring in the fabrica

tion of a dense ceramic from a porous powder compact . . 
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Depth 9 m, age 12 yr, density 0.53 g em-s 9 m, 12 yr, 0.53 g cm-3 

~2m, 17 yr, 0.56 gem-s 

22 m, 32 yr, 0.62 g cm-5 22m, 32 yr, 0.62 g cm-3 

Figure 9 (Cont'd). The two photos at 9 m are of the same section. The right hand photo was taken 
between crossed polaroids to reveal the crystalline nature of the grain structure shown in the left

hand photograph. Grain-crystal relationships at 22 m are also demonstrated. 
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DePth 30 m, a1e 48 yr, density 0.67 R em-• 

40 m, 66 yr, 0.731 c• -• 40 m, 66 yr, 0. 73 g em-~~ 

54 m, 94 yr, 0. 79 gem-s 

Figure 9 (Cont' d). Thin section photographs of the structure of firn at Camp Century, Greenland. 
Note the sieve-like arrangement of pores in the section from 40 m. 
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Depth 65 m, age 118 yr, density 0.82 g em-• 68 m, 124 yr, 0.83 g em-• 

80 m, 152 yr, 0.86 g em-• 100 m, 198 yr, 0.88 g em-s 

Figure 9 (Cont'd). Firn-ice transition occurs at 68 m depth. Entrapped bubbles tend to be located 
at intersections of crystals . . Bubbles become smaller and rounder with increasing depth. Note 

etching of crystal boundaries in sections from 65 m and 80 m depth. 
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9 m is a relatively strongly bonded one. Rupture of intergranular bonds to facilitate closer pack
ing of grains is no longer possible, and all further changes in structure now occur as a result of 
viscoplastic deformation of the grains. 

Deformation of grains (occurring in response to the increase in pressure of the overlying snow 
load) causes material at the more highly stressed grain and crystal boundaries to migrate into the 
intervening pore spaces, thereby decreasing both the permeability and the porosity of the firn. This 
is accompanied by a progressive change in the appearance of the pores that leads ultimately to 
the formation of a texture that in thin section looks more sieve-like than cellular, i.e. the texture 
now has the appearance of a crystalline sheet of ice perforated by tubular wonn-like pores. Most 
of the pores are still interconnected over distances of several grain dimensions and the overall 
texture closely resembles that of the ''intermediate stage of sintering.'' This stage is terminated 
only when the last of the interconnected pores become pinched off at 65-70 m to form individual 
bubbles. 

The bulk density of the firn at this stage of the process is 0.83 g em-•; it still contains 10% 
of air by volume but it is no longer permeable. It is by definition bubbly glacier ice. The texture 
of this ice can best be described as a mosaic of equidimensional crystals in which the pores 
(bubbles) are now confined substantially to the intersecting corners of the crystals. The texture 
conforms precisely with the structure of powder compacts in the ''final stage of sintering.'' Further 
increase in density of the ice can only occur at the expense of the existing bubbles. This takes 
place by compression of the air trapped in the bubbles which get smaller and become more spherical. 
This structure is demonstrated in the photomicrograph from 100 m in Figure 9. Note that the crys
tals continue to grow and that most of the bubbles are now located within the crystals. Air bubbles 
can persist to considerable depths in the ice, but only at very great depths in Antarctica (in excess 
of 1100 m) does the ice actually become bubble-free (Gow et al., 1968). This disappearance of 
bubbles has been attributed to pressure-induced diffusion of the gas molecules into the ice lattice 
(Miller, 1969). In essence, the ice at this stage can be said to represent the fully sintered form of 
snow. 
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APPENDIX A: CRYSTAL SIZE AS A FUNCTION OF DEPTH AND AGE 
IN THE ANTARCTIC AND GREENLAND ICE SHEETS 

Byrd Station, Antarctica 

Mean crystal Mean crystal 

Depth (m) Age (yr) cross section (mm 2
) Depth (m) Age (yr) cross section (mm 2

) 

0.5 1 0.31 22.5 82 1. 73 

1.0 2 0.40 24.5 91 1.58 
2.3 5 0.53 27 102 1.97 

3.5 9 0.88 28 106 2.09 
6 17 0.81 30 115 2.02 

7 20 0.83 33 127 2.13 
7.5 22 0.93 34 132 1.78 
8.5 26 0.62 35 137 2.51 
9 28 0.93 37 146 2.59 

10 32 0.91 40 159 3.16 
10.5 34 1.56 42 169 2.13 

12 40 0.97 44 178 2.43 
13.5 46 1.27 46 187 2.35 
14 48 1.23 49 201 2.92 
16 56 1.00 61 262 3.74 
17.5 61 1.33 66 286 3.11 
19 68 1.58 71 317 4.20 
21 76 1.52 80 362 4.62 
21.5 78 1.9.3 90 419 5.03 

Plateau Station, Antarctica 

Mean crystal Mean crystal 
Depth (m) Age (yr) cross section (mm 2

) Depth (m) Age (yr) cross section (mm 2
) 

0.5 8 0.46 32.5 650 1.03 
1. 13 0.34 38.5 800 1.31 
1.5 20 0.40 40 838 1.14 
3 40 0.57 41.5 882 1.12 
4 54 0.55 43 920 1.36 
5 69 0.70 44.5 960 1.47 
8.5 120 0.41 46 1000 1.25 

10 135 o.59 48 1052 1.41 
11 168 0.68 49 1085 1.52 
12 184 0.66 51 1135 1.15 
14 224 0.67 52.5 1176 1.41 
17 280 0.57 55.5 1261 1.65 
18 320 0.76 56.5 1293 l.S6 
20.5 360 0.83 58.5 1346 1.41 
23 421 0.61 60 1390 1.63 
25 461 0.83 62 1446'· 1.27 
26 494 0.99 63 1476 1.52 
28 540 0.55 64.5 1516 1.51 
29.5 580 1.02 66 1560 1.59 
31 610 0.88 7.1 1702 1.44 

17 
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Camp Century, Greenland 

Mean crystal Mean crystal 
Depth (m) Age (yr) cross section (mm 2

) Depth (m) Age (yr) cross section (mm 2
) 

0.2 0.1 0.12 32 51 1.74 
0.5 0.5 0.15 34 54 1.35 
1.0 1 0.33 36 58 1.60 
1.4 2 0.32 38 62 1.48 
2 :3 0.24 40 66 1.69 
3 3 0.33 42 70 2.04 
4 5 0.53 44 74 1 • .63 
5 7 0.83 46 78 1.39 
6 8 0.74 48 81 1.42 
7 10 0.86 50 85 1.91 
8 11 0.69 52 89 2.15 
9 12 0.88 54 94 2.01 

10 13 0.87 56 98 . 2.11 
11 15 0.79 58 102 2.45 
12 17 1.11 60 107 2.76 
15 21 1.28 65 118 2.41 
18 25 1.07 68 124 3.04 
19 27 1.14 70 129 2.34 
20 29 1.02 75 140 2.72 
22 32 0.84 80 152 2.80 
24 36 0.97 85 164 2.42 
26 40 1.06 90 175 3.09 
28: 45 1.65 100 198 4.16 
30 48 1.06 

Inge Lehmann Station, Greenland 

Mean crystal Mean crystal 
Depth (m) Age (yr) cross section (mm 2

) Depth (m) Age (yr) cross section (mm 2
) 

5.5 20 0.77 37.5 220 2.29 
6 23 0.99 40 242 2.92 
8 3.2. 1.19 41 248 2.53 

12 53 1.42 45 278 2.83 
18.5 92 1.84 47.5 298 3.84 
20 113 1.41 49 311 3.39 
23 120 1.87 52 337 3.69 
24 126 1.96 54 354 3.36 
29.5 164 2.29 57 378 3.37 
34.5 200 2.55 60 404 3.19 
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