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SUMMARY 

The formation of lake ice in a temperate continental climate was 
studied during the winter of 1956-1957 at Post Pond, Lyme, New 
Hampshire. In the thirty-six blocks of ice studied, four textures and 
three structures were observed. The textures, tabular, columnar, 
granular, and crenulate, are discussed in terms of relative growth 
velocity. The structures were Fo rel striations, Tyndall figures, and 
bubbles. Strain shadows, a structural feature, were also observed. 
The average crystal area increased with increasing ice thickness. 
Generally the rate of increase was greater toward the center of the lake. 
However, within. a pronounced bubble layer, which was continuous 
through a horizontal plane in the lake-ice sheet, the average crystal 
area ceased to enlarge. 

The lake-ice sheet grew both from the top and bottom with individual 
crystals growing most rapidly in the direction of their a-axes. Downward 
growth was by crystals which had the plane of their a-axes approximately 
vertically oriented. These crystals grew rapidly, eliminating those 
crystals whose a-axes were less favorably oriented. The upward ice 
growth was caused by water flowing on the original upper ice surface 
and freezing. An exception to the above statement was found in . the part 
of the lake which froze first. Here individual crystal areas were 
larger at the surface and there was no observable accretion of ice on 
the upper surface. Fabric diagrams from two sample blocks outside the 
anomalous area, show a change of optic axis or i entation from a high 
percentage of c-axes vertical near the surface to a high percentage hori
zontal at the bottom. 



FORMATION OF LAKE ICE IN A TEMPERATE CLIMATE 

by 

Richard H. Ragle 

DESCRIPTION OF THE LAKE 

Post Pond is located about li miles north of the town of Lyme, New Hampshire, 
and 14 miles north of Hanover, New Hampshire (Fig. la). It occupies a depression 
bounded on the east by State Route 10 and the western slope of Ac-orn Hill; on the west 
by the steep rock flank of Post Hill; on the south by a ridge of glacier-carved bedrock 
knobs and morainal debris; and on the north by a sand, clay, and swamp area through 
which the lake both receives and discharges water (Fig. lb). 

The landscape is c-omposed of rolling hills and valleys. The hills, which are early 
Paleozoic metasediments, are covered with a thin veneer of glacial till. Glacial out
wash also partially fills the valleys. Elevations vary from 317m at the top of Post 
Hill and 418 mat the top of Acorn Hill, to 130m at the lake level- a total relief of 
288 m. Streams flow into the lake on the northeast side through Trout Brook, and on 
the southeast and south through a number of smaller brooks. Drainage from the lake 
flows north for about 3i miles through Clay Brook on the north end of the lake and then 
curves slightly westward into the Connecticut River. The lake depression was proba
bly formed as a kettle hole in an outwash-filled valley. Both the subcircular outline of 
the lake (Fig. 1 b) and geomorphic and glacial geologic evidence support such an origin. 

A plane table survey of Post Pond was made during the winter of 1957. Bathy
metric information was provided by Dr. D. L. Abell,~:CDepartment of Zoology, Dart
mouth College, and subsequently modified by soundings made by the author. From this 
information the morphometric parameters presented in Table I were calculated. 

To the limnologist, Post Pond is a lake rather than a pond because "the limnetic 
and profunda! zones are relatively large compared with the littoral zone. The reverse 
is true o£ ponds" (Odum, 1953). The presence of thermal stratification is also a basic 
characteristic of a lake. Therefore, because Post Pond is stratified and circulates 
twice a year, it is termed a dimictic lake, and because it is rich in nutrients it is 
term.ed a eutrophic lake. Thermal stratification and bottom temperatures above 4C 
during the summer months further identify it as a second-class lake characteristic of 
a temperate continental climate having cold winters and warm summers (Hutchinson, 
195 7). -

CLIMATE OF THE LAKE 

Two _thermographs recorded temperatures at Post Pond from 12 February to 
10 March 1957 and from 30 December 1957 to 14 April 1958. These measurements 
and subsequent observations of snowfall and wind showed that the yearly temperature 
and preci'pitation data from the New England Power Company (elev. 117m), Wilder, 
Vermont, and from the Dartmouth College Observatory (elev. 183 m), Hanover, New 
Hampshire, would give a close approximation of the climate of the lake (elev. 130m). 
Table II lists data obtained from these stations. Figure 2 shows precipitation and temp
erature for these two recording stations for a 12-month period from July 1956 through 
June 1957. It should be noted that January 1957 was an unusually cold month. Supple
mentary data in Appendix A show temperature means and daily maximum and minimum 
air temperatures for Post Pond, t snowfall and t he amount of sriow on the ground in the 
winter months of 1956-1957 , and wind direction and velocity for Hanover, New Hampsh ire. 

*Now with the Department of Parks Management, Sacramento State College, 
Sacramento, California. 

t These data were supplied to the author by D . W. Sears and C. M. Sears, Jr., 
Lyme, New Hampshi re . 
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Figure Ia. Map locating Post Pond, Lyme,N.H., 
Hanover, N.H. and Wilder, Vt. 

figure lb. Air Photo of Post Pond, 
Lyme, N.H. showing influent 
and effluent streams and the 
development of the shoreline. 
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Table I. Morphometry of Post Pond, 1957. 

Area (A) 
Maximum depth (z ) 

m 
Mean d,.epth (z) 
Ratio z : z 

m 
Volume (V) 
Shore line (L) 
Development of shore line (DL) 

Development of volume (DV) 

Maximum length (£) 
~:cMaximum breadth (b ) 

m 
Mean breadth (b) 

464,000 mZ 
12.00 m 

6.81 
0.57 

3, 162,000 ml 
2995 m 
1. 24 

1. 78 

975 m 
841 m 

476 m 

>:c The maximum distance from shore to shore, cutting the line defining 
length at right angles. 

A cool temperate climate is defined as one north p_f latitude 40° N and having 
1 to 5 months with mean annual temperatures below 6C. · The annual range in temp
erature may be as much as 31C, but the annual precipitation for areas modified by 
their proximity to the marine border states must be more than 76 em. These pre
requisites are, for the most part, met in the Lyme -Hanover area. 

Ice did not begin to form on Post Pond until after the middle of November 1956. 

3 

In areas A, the northern third of G, and H (Fig. 4), thin, discontinuous lake-ice sheets 
began to extend a short distance out onto the lake at night. During the day, growth 
ceased and melting frequently took place along the outer boundary. If a breeze occurred, 
the continuous sheets would undulate and break up into large pans. On 28 November 1956, 
temperatures dropped well below OC and remained there long enough to allow the entire 
lake to freeze over and initiate downward ice growth. Except for short periods during 
the day, air temperatures remained below OC for the next 4i months (139 days), and the 
lake remained frozen over until 16 April 1957. 

Figure 3 compares the measured accumulation of ice and ice plus snow-ice with a 
calculated curve based on the square root of the sum of the accumulated degree days 
below OC from 28 November to 16 April. The equation used for the calculation, modi
fied from Stephan 1 s equation (Ingersol, et al. , 1948)~ is 

where 

T=k~ 

T is the thickness of the ice in em, 

Bt is the degree days below OC, and 

k is a constant depending upon the thermal properties of ice. In this case 

k = l. 18 X W 2 (.~;;~ y. 
The computed curve assumes that the air and ice surface temperatures are identical at 
all times, a condition not usually encountered on a tempe rate lake. It is ~ell known that 
a snow blanket influences activity at the ice-water interface, but whether actual melting 
takes place or accretion temporarily ceases is not known. Figure 3 indicates thinning 
of the ice prior to 20 January 1957. It is assumed that this occurred after the period of 
rapid growth which is believed to have caused the formation of a pronounced and wide
spread bubble layer recognized at a depth of about 20 em below the ice surface (Fig. 8) 



Table II. Climatological data for Hanover, New Hampshire (A), and Wilder, 
Vermont (o) showing average annual temperature, precipitation and freeze 
dates dur ing the ten years from 1948 to 1957. Symbols refer to Figure 2. 

Temp. (C) Tot. precip. (em} Freeze-Date 

Departure Departure Last spring First fall No. days 
Annual from long- from long- minimum minimum between 

Year mean term mean Annual term mean below -4C below -4C dates 

A 0 A 0 A 0 A 0 A 0 A 0 A 0 

1948 6.7 5.2 0.2 92.76 96. 14 2.4 8.92 4-22 4-27 10-4 10-4 188 183 
(-5 .. 0) ( -5. 6) (-4.4) (-4.4) 

1949 8.4 6.8 1.9 81. 56 78. 79 -15.01 -8.43 4-1 4-29 10-25 10-25 207 179 
(-6. 1) ( -6 . 7) (- 6. 1) (-7. 8) 

1950 6.6 5.7 0. 1 81. 87 -8.33 4-25 5-9 10-16 160 
(-5. 0) (- 5. 6) (-4.4) 

1951 7.3 7.3 0.8 110. 57 105.26 20.24 18.03 3-27 3-28 10-28 10-30 215 216 
(-8. 3) (-7. 2) (-4.4) (-4.4) 

1952 7 . 7 7.6 1.2 90. 50 84.96 0. 18 -2.26 3-30 4-16 10-20 10-21 204 
(-6. 7) (-4. 4) (-4.4) ( -4. 4) 

1953 8 . 7 8 . 4 2 . 2 90.48 87. 12 0 . 15 -0. 10 3-22 3-22 10-14 10-14 206 206 
(-5. 0) (- 5. 0) (-5.6) (-4. 4) 

1954 7. 1 6.9 0.6 119.22 106.96 28 . 70 19.74 4-5 4-5 11-10 11-10 216 219 
(-13. 3)(-12. 2) (-8.9) (- 8. 9) 

1955 7.3 7.2 0.8 95. 53 88.82 5.21 l. 60 3 - 30 4-9 11-21 11-21 236 226 
(- 6. 7) (- 6. 7) (- 6. 7) (- 6. 7) 

1956 6.7 6. 1 0.2 94.92 87.53 4.60 0.30 4-2 4-2 11-10 11-11 222 223 
(- 8. 9) ( -11. 1) (-8. 3) (-12. 2) 

1957 7.8 7. 1 1.3 81. 58 73 . 53 -8. 74 --13. 70 4-16 4-16 11-11 11-11 209 209 
( -6 . 7) ( -7. ? ) ( -8. 9) (- 8. 9) 
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Figure 2. Climatological data. 
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Figure 3. Rate of growth of the ice-sheet from 
measurements compared to a calculated curve. 

and probably coincident with (or shortly after) the snowfall on· 16 January 1957. It is 
possible, however, that this apparent thinning may be due to an error in determining 
thickness for that day, inasmuch as the figure was an average of thicknesses taken 
approximately 100 m on either side of the usual location for checking thickness. 

METHODS OF STUDY 

Ice blocks were harvested twice, during 20 January 1957 and 16-18 February 1957. 
Thirty-six blocks were cut, trimmed, and stored in a freeze locker where ice rubbings 
were made at different depths in the blocks, and thin sections were prepared for petro
graphic analysis. Sampling was restricted as much as possible to those areas which 
had a bottom slope of 1: 12 or greater, or 1:18 or less, based on the bathymetric data 
available. Areas of intermediate slope were ignored in order to accentuate sample dif
ferences if the bottom gradient was to prove a factor in the ice fabrics. Using a ran
dom number table, three points were determined on each of three bottom contours -
2, 5, and 10 m - within each of the two gradient areas, making a total of 18 sample. 
locations. Each sample location is indicated on Figure 4 by two numbers printed within 
a circle. The first digit of each number represents either the first harvesting (100 
series) or the second harvesting (200 series). The last two digits represent the number 
of the block. Detailed information on each of the 36 blocks is given in Appendix B. 

Sampling techniques in the field were those used by E. W. Marshall, whom the 
author aided in harvesting ice from lakes in the Upper Peninsula of Michigan during the 
winter of 1954-1955. A hole large enough to accommodate the ice saw was chiseled 
through the ice, and the depth of the water was measured with a sounding line. Two 
vertical cuts were made at right angles for a distance of 40 to 50 em. Care was taken 
to cut the sides vertically so that the block would not become wedged. The procedure 
was repeated by chiseling a second hole diagonally across from the first, resulting in a 
regular block of ice 40 to 50 em square. The block was then easily lifted from the water 
with a pair of ice tongs modified to prevent the block from canting during removal from 
the lake-ice sheet. 

While the block was still oriented in the hole, a true-north arrow was carved in the 
top face so that all thin sections could be oriented in the same direction on the universal 
stage. However, unfortunately, many of the arrows sublimated from the bl<;:>cks during 



6 

5m 
I 

FORMATION OF LAKE ICE IN A TEMPERATE CLIMATE 

G. 

LEGEND 

(iii\ Sample locations with block 

~ numbers for I"' and 2"'sampling. 

o Locations with steep gradient. 
x Locations with shallow gradient. 

· · . Areas not considered for 

. :. · . sample locations. 

A, 8, Areas discussed in the text. 
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Scale• 
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Figure 4. Bathymetric map of Post Pond. 
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INITIAL ICE SKIM 

. -----on -----r---on----

Quiet water undergoi119 rapid freezing Agitated Quiet water underQOing slOw freez.ing 
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! i 
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---------------+<1 +-----------
~r;.;.- . 

ICE SHEET 

Figure 5. Texture classification chart. 

a period when the temperature in the laboratory rose above -lOC and before the blocks 
were sealed in plastic bags. The block was trimmed to about 30 em on a side and 
identified by the location number printed on paper by grease pencil, moistened and 
placed on the side of the block to freeze. The depth of the water and the position of 
any bubble layers in the block were recorded, and the amounts of snow, snow-ice, 
slush, and clear lake ice measured. A flag with the location number was tied to a 
1. 6 x 30 em dowel mounted on a 15 x 15 x 5 em wooden block and left in the open hole 
to freeze, thus marking the location for future reference. The block then was placed 
in a cardboard box numbered with the location and transported to the laboratory. 

Laboratory techniClues were developed from the descriptions by Seligman (1949, 
1950), Bader (1951), Rigsby (1951), Marshall (personal communication), and Langway 
(personal communication). Conventional field and laboratory equipment was used 
except for a pair of ice tongs designed by the author. A total of 517 rubbings were made 
on the 36 blocks of ice. Of these, 144 were used to determine average areas, while the 
remainder were used to acquire information on textures and structures. Rubbings first 
were made at more or less regular intervals, but later particular intervals were chosen 
in order to study interesting structures. 

A certain amount of metamorphism may have occurred in the ice blocks during a 
refrigeration failure in the laboratory which was not immediately detected. The failure 
resulted in the temperature rising from -lOC to -ZC over a 6-day period before the 
blocks were sealed in plastic bags. As a check, bottom rubbings were made on three 
blocks from which rubbings had been made previously; no crystal change could be detect
ed. It is assumed, therefore, that no appreciable change occurred in the remainder of 
the blocks. 

ICE TEXTURES 

Figure 5 presents a classification chart for the four ice textures recognized at 
Post Pond. The chart in general follows the classification of ice covers proposed by 
Wilson, Zumberge, and Marshall (1954) except that the term ••tabular ice•• is substituted 
for their ••flagstone ice 11

• The word tabular seems more in keeping with the general 
three-dimensional relationship described here. 

The four textural terms are used in the following sense: 

1. Tabular -composed of oblate crystals, i.e., crystals better developed in 
two spatial directions (horizontal) than in the third (vertical). 

2. Columnar- composed of crystals better developed in the vertical direction 
than in the horizontal. 
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3. Granular - composed of equidimensional (Tyrrell, 1929) or equiaxial 
crystals (Zingg, 1935) .· 

4. Crenulate - composed of peculiar, irregular, interlocking crystals so 
inter grown that the dimensions are nearly indistinguishable. 

Horizontal rubbings demonstrating each of these textures are shown in Plate I. 

It is believed that the granular crystals probably result from the higher temperature 
of spontaneous freezing (tsfL the crystals forming slowly close to shore where nucle
ating agents are abundant, while the tabular crystals result from lower tsf values and 
grow rapidly. Crenulate crystals appears to form in agitated water around influent and 
effluent streams and in some instances in masses in "quiet" water between large tabular 
ice aggregates (Pl. I, fig. 1). Grain boundaries in crenulate-textured ice frequently 
appear discontinuous and are not easily distinguishable on the rubbings. When viewed 
under polarized light, the grains appear intergrown and smaller than their tabular 
neighbors, and show a marked undulatory extinction (Pl. II, fig. 3). Columnar crystals 
grow in quiet deep water in the center of the lake or more: usually in a zone just beneath 
the other three textures (Fig. 5 and Pl. IliA). Once the lake-ic z sheet has formed in a 
temperate climate, a snow cover normally accumulates and tends to depress the ice~ 
sheet surface. Eventually the accumulating load will cause the lake ice to fracture, and 
fresh water will ascend through the fracture pattern, mix with the deposited snow, and 
form a slush. This slush often freezes and forms what is known as snow-ice. Snow-ice 
can usually be identified by its cloudy appearance. However, it is conceivable that, in
asmuch as slush floats in water, a water- snow mixture will have a thin layer of clear 
water in contact with the pre-existing ice surface. When this layer of water freezes, 
and perhaps anneals to the older underlying ice, it becomes difficult to identify the top 
of the original ice. At Post Pond, the boundary between the older lake ice and the new 
snow-ice complex may be located from ice rubbings if care is taken. This is illustrated 
in Plate IV. The newly formed crystals above the boundary appear elongated and con-
tain random bubbles, whereas the thin original granular texture exists below the boundary. 
Difficulty in locating the boundary is increased each time the cycle of snow-ice formation 
is repeated. During the winter of 1956-1957 two cycles were observed, one just before 
the January harvest and one just after it. 

Other factors which possibly account for changes in ice textures over a period of 
time are: (1) large diurnal temperature fluctuations which may cause grain boundary 
migration; and (2) stresses caused by the expansion of ice during formation which may 
result in localized melting and refreezing. 

CRYSTAL SIZE 

To obtain the average crystal area from ice rubbings, three groups of 100 crystals 
were outlined in India ink and numbered 1, 2, and 3 for reference (Pl. I, fig. 3). This 
was done on the top and bottom of the block and for each section cut through the block. 
If any rubbing did not contain 300 crystals, then 200, 100, or as many as were present 
were used to compute an average value. The perimeter of each group was then traced 
onto a sheet of acetate and its area determined by planimetry. The area of each group 
of 100 crystals was usually measured three times. After this, the mean areas for the 
three groups were averaged for a final value of the mean area of 100 crystals. The 
average areas of crystals from 144 ice rubbings were computed using this technique. 

The average crystal area in square centimeters is plotted against ice thickness in 
centimeters in Figures 6 and 7. The following general relations are apparent: 

1) The initial average grain size at the surface of the lake increases with dis
tance from the shore. This may be due partly to the proximity of the shore and to the 
presence of a plentiful supply of nuclei. In general small crystals will grow from water 
having many nuclei. 

2) During thickening of the ice sheet, the crystals growing in shallow water do 
not increase in cross sectional area as rapidly as do crystals growing in the deeper 
water. 
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3) Exceptions to statement (2) occur in area A (Fig. 4) where the surface has 
more than one texture (Pl. I, fig. 1). The initial ice skim in this area is a combination 
of hexagonal plates, spicules, and crenulate ice. The average grain size begins large 
and grows larger very rapidly. 

4) The crystals from areas close to shore with a steep bottom gradient do not 
increase in siz e with depth as rapidly as do crystals over a shallow bottom gradient. A 
more extensive study of ice fabrics may help explain this phenomenon, for which there 
is no immediate explanation available at present. 

5) The overall environmental influences acting on all the ice from the January 
harvest (100 series) appear to b e about the same with the exception of nos. 109 and 115, 
whose curves deviate from the normal configuration. 

The general configuration of the curves in Figure 7 is the same as in Figure 6, 
except for an abrupt cha ng e in slope b etween a thickness of 15 em and 22 em. In the 
case of each curve in Figur e 7 and no. 109 in Figur e 6, this slope change occurs 2-3 em 
b e low the bubbl e layer in the ice. This, ther efore, may b e related to an insulating 
blanket of snow that fell 16 January 1957, and remained on top of the ice sheet for the 
remainder of the winter. Why othe r curves in Figure 6 are not affected cannot b e satis
factorily expl ained . Neither can the shape of no. 115, unless the change in the slope of 
the curves i ndicates that most of the crystals in these blocks are fina lly oriented with 
their preferred growth direction downward. In this cas e lateral crysta l growth would 
practically c ease. This would also explain the change in the slopes of Figure 7. More 
frequent sampling of the ice, and more complete meteorological observations would 
undoubtedly help resolve this problem. 

The average crystal areas at the top of the blocks were less for the second series 
than for the f i rst, with th e exc e ption of area A and block no. 203. This may b e explaine d 
by the freezing of water a bove the original surfa c e as previously mentioned, or the re -

. crystallization of the top grains in contact with the unfro z en water and slush. In 
Figu re 7, the 2m and 5 m curves in a ll areas except area A (nos. 210, 212, 213) have a 
closer r e l ations hip than in Figure 6. The curves for these depths trace a mor e similar 
path in Figure 7 than in Figure 6, where they diverge. On the other hand, the c urve s 
representing the 10m samples are similar in both figures. 

Area A is anomalous with respect to all other areas in the following ways: . 

l) The average crysta l area at the top of the ice-sheet is far g reater than 1n 
other parts of the lake. 

2) The average crystal area had increased by the tim e of the second harvest, 
while in all other sampled areas it had decreased. 

3) Upward accretion is absent. 

ICE STRUCTURES 

Structures noted in Post Pond ice were Tyndall figures, Forel striations, bubbles, 
and strain shadows spoken of previous! y in the discussion on c renulate -textured ice. 
Examples of these ice structures are shown in Plate II. 

Tyndall figures, caus ed by internal melting in the ice and flowerlike in shape 
(Naka ya, 19 56), and their traces, called Forel striations (B u chanan, 1908), are pro
duced by radiation. These structures lie in p arallel planes in the ice normal to the 
£_-axis direction and in the plane of the ~-axis, so that in ice rubbings they will indicate 
the positipn of the principle optic axis of. a crystal. 

Bubbles were present in varying degrees throughout the entire thickness of nearly 
all the ice blocks studied. The most interesting structure involving bubbles, however, 
was a distinct layer which occurred at the same relative distance from the top and 
bottom of most of the blocks. Preliminary investigations indicate that this bubble layer 
extended hor i zontally through the whole ice sheet, and suggest that one common event 
triggered the bubble-producing mechanism. 
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12 FORMATION OF LAKE ICE IN A TEMPERATE CLIMATE 

AVERAGE CRYSTAL AREA IN CM
2 

0o~r-.-.-.-~"o~-.~.-r=2r.o~-.-.-._,3.o~--.-~~4.o 

4 

24 

28 

32 o MEASURED POINTS 

Figure 8. Growth curve showing 
the effect of a bubble layer in ice. 

In metals bubbles are commonly 
produced during the rapid growth of 
dendrites. These bubbles migrate 
between the dendrite plates, become 
lodged, and eventually are included 
in the ingot. An analogous situation 
may occur in ice when the rate of 
downward growth exceeds the rate 
at which water can absorb oxygen at 
the ice-water interface. The result 
is that oxygen is forced out of solu
tion when supersaturation is reached, 
and is included in the rapidly grow
ing ice layer. 

In order to determine what 
changes, if any, might occur between 
the top and bottom of a bubbly ice 
layer, rubbings were made every 
0. 64 em through the bubble layer of 
block no. 209 (Pl. II, fig. 2). The 
layer was 4. 0 em thick, and the 
greatest number of bubbles per unit 
volume were concentrated in the top 

1. 6 em. · Figure 8 shows a plot of the growth curve for block no. 209. It indicates the 
top and bottom of the bubble layer, ' and the upper zone within which the number of bubbles 
was greater. Other blocks were similarly, but less extensively, checked. All showed 
the same general trend: that is, an arresting of the rate of increase of crystal size with 
increasing depth. Block no. 109, taken from the same location a month earlier, had the 
same bubble layer near its bottom surface. The layer formed, therefore, before the 
harvest on 20 January. 

January temperatures at Post Pond for the nine days before the first harvesting show 
a mean of -19. 7C, and an average minimum of -28. 8C. Both temperatures are below the 
January means by 7. SC and 9. 6C, re specti vel y. Because the ice was swept clear by 
wind, there was very little snow on the ice-sheet at the beginning of this period to act as 
an insulating blanket, and the nights were long and very cold. It is likely, therefore, 
that this persistent low temperature caused a rapid growth of the ice, the release of 
bubbles of gas from the water, and their incorporation into the ice-sheet. 

CRYSTAL FABRIC STUDIES 

In the cold room, 1 em .thick sections of ice were cut on a band saw from near the 
top, middle, and bottom of block no. 105 and mounted on 10 x 12 em glass slides. These 
sections were then melted to a thickness of about 0. 16 em and optic axis measurements 
were made on a Rigsby universal stage. After suitable corrections were made the optic 
axis for each crystal was plotted on the lower hemisphere of a Schmidt equal-area pro
jection and density contours were drawn. Each fabric diagram is in the horizontal plane. 
Figure 9 shows the fabric pattern from a vertical profile at location 105. The tick marks 
are oriented relative to each other; the geographical azimuth is unknown. 

A fabric diagram of the top surface of the lake -ice sheet was not prepared because 
the grain size was far too small to be measured accurately. Section B (3. 2 em from the 
top) shows a well-developed girdle in the horizontal plane as well as a pronounced 
clustering of £_-axes normal to this girdle. This orientation may result from any one of 
many small internal and external forces which influence ice during its initial formation 
and growth. Weather and water currents are two factors which must be considered. 
Section C (6. 4 em from the top) shows a slightly weaker pattern. High areas of concen
tration have lessened and any alignment has disappeared. Section D ( 14 em from the top), 
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Plotted on lower hemisphere 
of Schmidt equal-area net. 

Con tours 2%, 4%, 6%, 
1 Oo/o, 15% per 1% area . 

• over 15~ 

B1o% - l5;t lUt./(J6i> - lOA> 

SECTION B. 
96 Crystals. 

SECTION D. 
116 Crystals. 

Figure 9. Fabric diagram of block no. 10 5. 

Section B - 3. 2 em from the top; 
Section C - 6. 4 ern from the top; 
Section D - 14 ern from the top 

(botto m of the block). 
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SECTION C. 
65 Crystals. 
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BOTTOM 
/36 Crystals 

Plotted on lower hemisphere . 
of Schmidt equal-area net. · 

Contours 2 o/o, 4o/o, 6o/o, 
l Oo/o, l5o/o per 1 o/o area • 

• over 15.-L . 

• lU,v - 15 ,;~ k<<J6 ;~ - 10~:~ 

Figure l 0. Fabric diagram of the bottom of block no. l 09 showing incom
plete girdle and random dir ection of the optic axes in the horizontal plane. 

the bottom of the block, shows an incomplete girdl e of high concentration of optic axes 
and an almost complete loss of concentration in the vertical plane . The change in 
direction of the general alignment of the ~-axes in Sections B and D is approximately 
50°. Figure 10 shows the fabric of the bottom of block no. 109 ; again the optic axes 
are concentrated in an incomplete gir dl e in the horizontal plane. 

Other sections from the bottom of the lake-ice sheet showed the same general 
pattern except for block no. l 0 l. In this section the high concentration of optic axes 
occurred in an incomplete girdle 10° to 25° from the horizontal plane. More work 
needs to be done before any clear pattern will evolve . There are indications, however, 
that a pattern does exist . 

GROWTH OF AN ICE SHEET 

The difference between the temperature of spontaneous freezing (tsf) of distilled 
water and water as it occurs in nature is a function of the amounts of soluble and insolu
ble materials in the water which act as nuclei to promote freezing. The effectiveness of 
a soluble nucleating agent is determined by its atomic arrangement and resemblence to 
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the configuration of the. ice lattice, while the effectiveness of an insoluble agent is deter
mined by its having a plane with a geometrical pattern similar to the basal plane of an 
ice crystal, and an affinity for H 20 molecules. 

When the tsf is reached, a cluster of molecules arrives at a size which, due to 
favorable energy considerations, is capable of growing spontaneously. Initially an ice 
crystal will grow laterally with its c-axis vertical until a skim of ice covers the entire 
surface of the water; then growth isnecessarily downward. However, during formation 
of the initial ice skim the depth of supercooling, wind, fetch, and water-mixing play a 
part in upsetting the ideal freezing pattern. Fragmentation of the ice skim takes place 
and the c -axes become sub-vertical. N~w growth downward begins at the intersection of 
grain -boundaries or at the edge of steps which, . in the dislocation theory {Mason, 1950; 
Nakaya, 1956), are inherent to a growing crystal surface. Those crystals with their c
axes already sub-..vertical grow more rapidly than their neighbors with their c-axes -
vertical. The preferred a-axis growth direction will become dominant through a series 
of crystal terminations and by elimination of crystals with less favorable orientations 
{Pl. Ill, V). 

Though ice accretion normally is downward, upward accretion does occur when 
water, forced through cracks which form when a load of snow accumulates, freezes on 
top of the ice sheet. 
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TEXTURES - Plate IA. 

F igure 1. Ic e rubbing showing (a) tabular texture, and 
(b) c renulate texture. Rubbing made from block no. 212, 
area A, at a depth of 12.7 em. (xl). 

Figure 2. Ice rubbing showing columnar texture. 
Rubbing made from block no. l 02, area E, at a 
depthof2.5cm. (xl). 



TEXTURES - Plate IB. 

Figure 3. Ice rubbing of granular texture and three, 
numbered areas of 100 grains. Rubbing of the top of 
block no. 201, area F. (xl). 

Figure 4. Ice rubbing of crenulate texture. Note (a) 
Tyndall figures in large crystals, ,£-axes vertical, and 
(b) Forel striations in the small crystals, ,£-axes hori
zontal. Rubbing of the top of block no. 211, area A. 
(xl). 
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STRUCTURES - Plate IIA. 

Figure 1. Forel striations on the bottom rubbing 
of block no. 102, area E, depth 13.8 ern (xl). 

Figure 2. (a) Bubbles at a depth of 20 ern 
in block no. 209, area A. Note also the (b) 
Forel striations. (xO. 6). 
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STRUCTURES - Plate liB. 

Figure 3. Ice rubbing showing strain lines and 
''pinched" boundary of center crystal. Rubbing 
of block no. 211, area A, depth 5. 7 em from 
the top. (xl). 

Figure 4. Tyndall figures, taken from 
Nakaya (1956). (x2. 6). 

19 
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Plate III. 

A. 

B. 
A - Side rubbing of block no. 110 showing growth with the c -axis vertical through 

the block and also (a) granular crystals. Total thickness is 11 em. (xl). 

B - Side rubbing of block no. 216 showing crystal (a) cutting off the growth of 
crystal (b). Note the angle of the striations in each crystal. (xl). 
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Plate IV. 

A. 

B. 

c. 

A. Rubbing of 11 upward 11 accreting crystals. Distance above the original 
surface is not known. Rubbing of block no. 203, area E. (xl). 

B. Ice rubbing showing the contact between (a) 11 upward'' accreting ice and 
(b) original surface of the ice- sheet. Rubbing of no. 101, area F. (xl). 

C. Ice rubbing of block no. 101, area F, 2. 5 em below the surface and in 
the original columnar area. (xl). 

21 
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Plate V. 

Side rubbing of block no. 216, area F. Note the 
crystals which have horizontal .£_-axes at the top 
of the block persist with depth. (xO. 45). 



Year 

1954 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

APPENDIX A: Weather data. 

Mean annual Last spring First fall No. days 
temp C min below -4C min below -4C between dates 

Month 
1956 

Jul. 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

6.8 

7.2 

6.3 

6.7 

6. 7 

6.7 

7.6 

4-9 
( -4. 4) 

4-5 
( -4. 4) 

4~25 

(- 6. 7) 

4-16 
(-7. 8) 1

\ 

4-27 
(- 5. 0) 

4-23 
(-5.0) 

4-7 
( -4. 4) 

4-9 
(-4.4) 

Mean temp C 

19.4 
18.0 
13.6 

8. 1 
2.7 

- . ·3. 7 

Month 
1957 

Jan. 
.Feb. 
l~ar. 
Apr. 
May 
June 

11-7 
(-6. 1) 

10-23 
( -4. 4) 

10-11 
(-5. 6) 

10-21 
(- 5. 0) 

10-14 
(-7. 2) 

10-22 
(- 6. 7) 

11-7 
(- 6. 7) 

10-23 
(-4.4) 

Mean temp C 

-12.5 
4.6 

- 0. 1 
6.6 

12.7 
19.4 

Temperature range over the 12 -rrionth period: 31. 9C. 

1956 1957 

212 

201 

169 

188 

170 

182 

214 

197 

NOV. I DEC. I JAN. I FEB. I MAR. I 
31 

APRIL 
10 20 30 10 20 31 10 20 31 10 20 28 10 20 10 20 

DAILY MAXIMUM TEMPERATURE 

DAILY MINIMUM TEMPERATURE 

Figure A1. Daily maximum and minimum temperatures for 
Post Pond, November 1956-April 1957. (From data sup
plied by D. W. Sears and C. M. Sears, Jr., Lyme, N. H. 
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Figure AZ. Snowfall and amount of snow .on 
the ground, November 1956- March 195 7. 
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Figure A3. Wind· frequency and velocity 
means for November 1956-March 1957, 
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Sample 
no. Gradient 

101 
201 

102 
202 

103 
203 

104 
204 

105 
205 

106 
206 

107 
207 

108 
208 

109 
209 

110 
210 

111 
211 

112 
212 

113 
213 

114 
214 

115 
215 

116 
216 

117 
217 

118 
218 

Shallow 

Shallow 

Shallow 

Steep 

Steep 

Shallow 

Shallow 

Shallow 

Steep 

Steep 

Steep 

Steep 

Steep 

Shallow 

Shallow 

Shallow 

Steep 

Steep 

T - Tabular 
G -Granular 

Co - Columnar 
Cr - Crenulate 

Harvest date 
J.a.n Feb 

20 
16 

20 
16 

20 
16 

20 
16 

21 
17 

21 
18 

21 
18 

21 
18 

21 
17 

21 
17 

24 
17 

24 
17 

24 
18 

22 
17 

22 
16 

22 
17 

22 
16 

22 
16 

C - Granular in an 
indistinguishable matrix 

Depth of 
water (m) 

4.27 
4.27 

9. 75 
9.76 

5.88 
5.88 

2.35 
2.35 

10.67 
10. 73 

8.80 
8.84 

1. 22 
1. 52 

3. 97 (?) 
3. 97 (?) 

10.21 
10.24 

8_. 29 
8.31 

6. 10 
6.09 

10.06 
10.06 

5.80 
5. 19 

2. 74 
2. 74 

5.49 
5.49 

10.52 
10.50 

2. 74 
2.74 

1. 98 
1. 98 

Distance from 
shore (m) 

14.2 

93.6 

30.5 

30.0 

175.2 

91.2 

7.4 

8.2 

200.4 

111.6 

106.8 

222.0 

50 . 4 

6.5 

13.9 

121. 9 

15.8 

45.6 

APPENDIX B: Sample data. 

Position relative 
to first sample 

1. 22m S 

1. 22m S 

1. 52 m SW 

1. 83 m WSW 

2.44 m S 

2.44 m SE 

2.44 m W 

3. 05 m W 

1. 98 m S 

2. 74 m SSE 

3. 05 m S 

2.13m(?) 

2. 13m SSE 

1. 83 m SW 

1. 52 m SW 

2. 44 m S 

2.44 m SSW 

2. 74 m S 

Snow 
(em) 

11.4 

Snow-ice 
(em) 

5.3(?) 11.4 

26. 7 
6. 3 5. 1 

8. 9 5. 1 
7.6 15.3 

6.3 
5. 1 

3.2 
6.3 

2.5 
5. 1 

2.5 
6.3 

8.9 
6.3 

3.8 
4.5 

5. 1 

6.3 

5. 1 

6.3 

7.6 

11.4 
5. 7 

7.6 

1. 3* 
5. 1 

14.0 
21.6 

7.0 
13.3 

8.9 

17. 1 

11. 4 
16.5 

8.9 

3.8 

12. 7 

10.2 

10.2 
14.0 

10.8 

13.3 

5. 1 
12. 7 

8.3 
13. 3 

*Water and snow 
**Frozen granules 

*Individual crystals indistinguishable 

.Slush 
(em) 

2.5 

5. 1 

1.9 

6.3 

6.3 

3.8 

14.0 

1.6 

1.3 

2.5 

0.6** 

Snow-ice 
(em) 

12. 7 

3.2 

3.8 

3.2 

2.5 

2.5 

19. 1 

3.8 

11. 4 

2.5 

13.3 

10.8 

2.5 

14.0 

15.9 

2.5 
1.3 

5. 1 

8. 1 

Ice 
(em) 

12. 1 
24. 1 

15.9 
31. 1 

12.7 
23.5 

12. 7 
20.3 

14.0 
26.7 

15.3 
30.5 

13.3 
26. 7 

12. 7 
22.9 

21.0 
33.1 

14.6 
32.4 

15.3 
28.0 

15. 3 
28.6 

12.7 
25.4 

14.0 
24. 1 

16.5 
24.8 

16.8 
33. 7 

11.4 
22.9 

10.5 
22.9 

Total thickness Texture 
(em) 'l'op Subsurface 

36.2 
40.8 (?) 

38.3 
42.5 

35.6 
46.4 

38. 1 
47.0 

33.0 
46. 7 

26.6 
44.5 

34.9 
50. 1 

40.6 
45.7 

39.2 
46.5 

31. 1 
41.3 

28.6 
47.0 

26. 1 
43.8 

27.0 
39.4 

28.0 
41.2 

32.4 
45. 7 

32.0 
50. 7 

24. 1 
45.2 

28.8 
41.3 

G 
G 

G 
G 

G 
G 

Co 
Co 

Co 
Co 

Co 
Co 

G Co 
G Co 

G-Co Co 
G-Co Co 

G Co 
G Co 

G Co 
G Co 

G Co 
G Co 

G-Co Co 
G-Co Co 

T-Cr Co(?) 
T-Cr-G(?) Co(?) 

T-Cr 
T-Cr 

T-Cr 
T 

T-Cr 
T-Cr 

M 
G 

G 
G 

G-Co 
G-Co 

G 
G 

c 
c 

Co 
(?) 

Co 
Co 

Co(?) 
Co(") 

Co 
Co 

Co 
Co 

Co 
Co 

Co 
Co 

* 
* 
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the surface to a high pe r centage horizontal a t the 
bottom. 
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