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THE GREENLAND ICE SHEET
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II. Station 2-50, 4 August 1953, during a 3-day
blizzard., The pit, lying to the left of the wannigan, is
covered by a tarpaulin supported by a Iramework of timbers.
Glaciclogical measurements were made 1n covered plts during
storms with but minor interruption of schedule (Fig. lg).
The ability to navigate and work regardless of weather was
egsgential, especially in planning and keeping up to the

1955 time table.
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PREFACE

This thesis presents the results of 19 months of field work in
Greenland during 1952, 1953, 1954, and 1955 while the writer was a staff
member of the Snow Ice and Permafrost Research Establishment (SIPRE);
it will be published by SIPRE as Research Paper 70,

A primary question about ice masses of the world today concerns
their material balance, i, e., are they in balance with present-day climate
or not? In order to answer this question it is necessary to know current
rates of accumulation and ablation. A major part of this study is the
determination of the amount and distribution of accumulation on the
Greenland ice sheet. But the basic purpose has been to extend our knowl-
edge of the overall physical environment of the ice sheet~-the accumulation
picture is only a part of this. Improvement in our knowledge of the Green-
land ice sheet contributes to understanding the nature of ice sheets in
general, including extinct ones of the Pleistocene.

During the course of 4 years field work in northwest and central
Greenland I have become indebted to many individuals and several organi-
zations. Without the aid of men of the North Atlantic Constructors (NAC)
it would have been very difficult to outfit the expeditions. Especially
in 1955, Mr. Wm. E. Perkins contributed generously of his time and
opened NAC shops to us when Vofficial channels™ were jammed. The
Transportation Arctic Group, Northeast Air Command and First
Engineer Arctic Task Force provided the bulk of logistic support from
Thule, Greenland. The 6614th Air Transport Group carried out 4 perfect
air drops to the 1955 expedition. These were free-drops (i. e., without
parachutes) with aircraft flying within 20 feet of the snow surface;,
during each free-drop pass, at altitudes on the ice sheet exceeding
10, 000 ft above sea level. From the receiving end the drops were 100%
successful and beautiful to watch. Grateful acknowledgment is extended
to the men and officers of these organizations.

Special acknowledgment is due to Mr. J. Peter Johnson (now at
St Lawrence University, Cantong N. Y, ), the writer's co~worker through-
out the 140 day field season of 1953,

Invaluable assistance, under extreme environmental conditions;
was rendered by Mr, George R. Toney (U. S. Weather Bureau) and
Mr. Stephen W. Miller (Stanford Research Institute) in 1953, and by
Mr. Dale Beranek (Trans Arctic Group) in 1954,

Mr. James A. Bender and Mr. Richard H, Ragle (both of SIPRE)
were assistant party leaders during the first and second halves, respec-
tively, of the 1954 field season. Without their aid the work would have
been more difficult, less enjoyable, and far less productive. Mr. Ragle
also provided valuable assistance in preparation of glaciological and
altimetry data from the 1954 season and was assistant party leader in 1955,
Ragle was an indispensable man in 1955; he designed and built the gyro-
navigation system (based on a surplus aircraft, vacuum-type gyroscope),
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and in Thule he played the major role in constructing our two wannigans,
from runners up, largely from material drawn from the dunnage heaps.
These details, so often overlooked in planning or in final acknowledg-
ments, are the difference between results or excuses at the close of the
operation,

Special thanks go to Mr., B, W. Gardner, Jr., Associate Chief,
Animal Products Division of the Quartermaster Food and Container
Institute, for providing the 1955 expedition with 1500 lbs of light-weight
test-items of frozen and dehydrated foods, This contribution made it
possible to operate at 4. 7 1b food~cargo per man day as opposed to 10 1b
per man day which is standard for Army sled trains; thus, it increased
our range of travel and permitted greater independence from time con=-
suming air drops,

Mr, A. N. Brunson of Brunson Instrument Company provided a
newly designed Sun Compass for us to test and use in 1955, This sun
compass constituted an essential part of our navigation system.

The personnel of the 1955 expedition contributed invaluably to the
final success of the operation. KEach man was extremely well qualified
in his specialty and assisted in the routine work which is so abundant on
a small mobile group. Grateful appreciation is extended to: Robert W,
Christie;, Mo D. (expedition physician), James B. Holston, B. A. (expe=
dition radioman), Richard H. Ragle, M. S. (glaciologist and assistant
leader of the expedition), Alan C, Skinrood, M. S. (Mechanical Engineer--
expedition mechanic), and George Wallerstein, Ph, D, (Astrophysicist--
expedition navigator).

I take this opportunity to express my sincere gratitude to Dr. Henri
Bader, Chief Scientist of SIPRE, for granting me complete freedom in
planning and complete support in carrying out this study, The support has
varied all the way from allowing modifications of vehicles for the specific
purpose of a glaciological expedition to defraying expenses of drafting and
photography in the thesis,

I gratefully acknowledge discussions with Mr. Don L. Anderson and
Drs, W. Barclay Kamb and Robert P. Sharp of the California Institute of
Technology, In particular, the discussions with Mr. Anderson on densi-
fication of snow were very helpful. Special thanks are due to Professor
Sharp for his sustained interest and encouragement and for reading and
criticizing the manuscript in its several stages.

Mr. and Mzrs., John T. Crowell opened their home in Thule, Green-
land to extend warm and friendly hospitality in 1952 and 1953 which I shall
never forget,

Finally, the acknowledgments would be grossly incomplete without
mention of my wife Ruth Gronlid Benson. I am everlastingly grateful for
her patience, encouragement, and understanding during this nearly eight
yvear affair with the Greenland ice sheet. In particular, her reams of
letters during 24 long months of separation were indispensable.
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ABSTRACT

The Greenland ice sheet is treated as a monomineralic rock for-
mation, primarily metamorphic, but with a sedimentary veneer of snow
and firn, This sedimentary member is perennial above the firn line,
and the classical methods of stratigraphy and sedimentation can be
profitably applied to it.

During a 4-year period 146 pit studies and 288 supplementary
Rammsonde profiles were made along 1100 miles of over-snow traverse
(Fig. 1) Temperature, density, ram hardness, and grain size were
measured in the strata exposed in each pit.

Stratification of snow results from variations in the conditions
of deposition and is emphasized by subsequent diagenesis. Summer
layers are coarser-grained and have generally lower density and hard-~
ness values than winter layers; they may also show evidence of surface
melt. The onset of fall is usually identified by an abrupt increase in
density and hardness accompanied by a decrease in grain size. This
stratigraphic discontinuity is used as the annual reference plane,

Strata in the upper 10 to 20 meters compose a succession of annual
sequences which are preserved in recognizable form for at least several
decades. Correlation of annual layers between pits, spaced 10 to 25
miles apart along the traverse of Figure 1y gives a picture of annual ac-
cumulation during the past 5 to 20 years for western Greenland between
69 and 77°N. The control established by these data, together with infor-
mation from earlier expeditions (primarily those of Koch-Wegener and
DeQuervain) and from permanent coastal meteorological stations, have
been used to make a map showing the distribution of gross annual accumu=~
lation, essentially the equivalent of annual precipitation, for the entire
ice sheet (Fig., 30). In general, the accumulation contours follow the
north-south trend of the coast lines, with extremes of less than 10 cm
HO in the northeast and more than 90 cm H»O per year in the south; the
average for the ice sheet is 34 cm H»O per year. The zone of maximum
precipitation lies close to the coast in two regions, one on the east coast
between Angmagssalik and Scoresbysund, the other on the west coast
between Upernavik and Thule,

In addition to the existence of a useful stratigraphic record four
diagenetic facies are recognized on the ice sheet,

(1) The ablation facies extends from the outer edge, or terminus,
of the glacier to the firn line. The firn line is the highest elevation to
which the annual snow cover recedes during the melt season.

(2) The soaked facies becomes wet throughout during the melting
season and extends from the firn line to the saturation line, i. e., the
uppermost limit of complete wetting. The saturation line is the highest
altitude at which the 0°C isothermal surface penetrates to the melt
surface of the previous summer,




(3) The percolation facies is subjected to localized percolation
of melt water from the surface without becoming wet throughout, Per-
colation can occur in snow and firn of sub-freezing temperatures with
only the pipe~like percolation channels being at the melting point. A
network of ice glands, lenses; and layers forms when refreezing occurs,
This facies extends from the saturation line to the upper limit of surface
melting, the dry-snow line., Negligible soaking and percolation occur
above the dry-snow line,

(4) The dry-snow facies includes all of the glacier lying above
the dry-snow line; and negligible melting occurs in it.

The saturation line can be identified by discontinuities in tempera-
ture, density, and ram hardness data, and it may also be located by
examination of melt evidence in strata exposed on pit walls, It is as
sharply defined as the firn line; but the dry-snow line, although deter-
mined by the same methods, is an ill-defined transition zone 10- to 20~
miles wide,

The facies represent a response to climate, therefore changes
in the location of facies boundaries may be used as indicators of secular
climatic change. Since facies are not restricted to the Greenland ice
sheet, they provide the basis for a general classification of glaciers.
This "facies classification” is areal in nature and gives a greater resolu-
tion of characteristics than Ahlmann's "geophysical classification. " In
particular, the "facies classification™ permits subdividion of large
glaciers which span the entire range of environments from temperate
to polar. Ahlmann's useful distinction between temperate and polar
glaciers takes on new meaning in the light of glacier facies. Thus, a
temperate glacier exhibits only the two facies below the saturation line
whereas one or both of the facies above the saturation line are present on
polar glacierss An attempt has been made to map the distribution of
facies on the Greenland ice sheet (Fig. 48).

The distribution of mean annual temperature on the ice sheet may
be approximated by gradients with respect to altitude and latitude of
1°C/100 m and 1°C per degree latitude respectively, The altitude gradient
is controlled by strong outgoing radiation, producing deep inversions and
katabatic winds. The katabatic winds are warmed adiabatically as they
descend along the surface of the ice sheet, and this is the primary con=
trol determining the temperature gradient along the snow surface, The
latitude gradient is based on temperature measurements made above
2000 m on the ice sheet; and on average values from meteorological
stations spanning 20° of latitude on the west coast, A contour map of
isotherms based on these gradients compares well with temperature
values obtained from pits on the ice sheet. (Fig. 40).

The densification of snow and firn is discussed for the case where
melting is negligible, The assumption is that accumulation remains
constant at a given location and, under this assumption, the depth-density
curve is invariant with time as stated by Sorge's law. As a layer is
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buried it moves through a pressure gradient under steady~state condie
tions, and it is assumed that the decrease in pore space with increasing
load is simply proportional to the pore space, i.e.y

dv _
"a*&‘ - al’n(V = Vi) (8)
where 1
v = 5 = specific volume of firn (p = firn density),
v, = specific volume of ice = 1, 09 cm.3/g3;
Z
o= S‘ pdz = load at depth z below the snow surface
o
and

m = a constant which depends on the mechanism of densification.

The depth~density equation obtained from equation 8 is
1

mp,

[K - (€ + 1n €)] (14)

7 =

where
K=€¢ +Ine€e_,
o o}

ps:= P
€ = 1p = void ratio for snow of density p, and
Pi= Po
Eo :———-p——-—-—- = void ratio for snow of density P s
o
Py = density of snow when ¢ = 0,

The consequences of the assumption in equation 8 compare favor-
ably with observation. A fundamental change in the mechanism of densifi~
cation is recognized within 10 m of the snow surface. The concept of a
fcritical density” is introduced. Before the density of snow attains the
critical value it is compacted primarily by packing of the grains. The
critical density represents the maximum value obtainable by packing and
further compaction must proceed by other mechanisms. The rate of
change of volume with increasing load decreases by a factor of 4 when
the critical density is exceeded. The same equations hold in the case
where melt is not negligible but the rates of densification are higher,

Bauer's (1955) estimate for the balance of the ice sheet is revised,
Two corrections are applied: (1) the average annual accumulation value
of 31 cm H,O originally estimated by Loewe (1936) is revised to 34 cm
H>O as a result of this study; (2) the relative areas of ablation and ac-
cumulation zones in Greenland north of 76°N are more accurately defined.
The net result is a slightly positive balance which is interpreted to mean
that the Greenland ice sheet is essentially in equilibrium with present day
climate,
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CHAPTER I
INTRCDUCTION

The primary objective of this study is to demonstrate
that the methods of stratigraphy and sedimentation can be
successfully applied to the study of snow and firn. Such
stratigraphic investigations differ from those of other
rock formations primarily in technique. The parameters
used in interpretation consist of measured variations in
density, hardness, grain size, and (when present) observa-
tionsg of melt and wind evidence. Thisg approach has proved
fruitful in determining the prevailing climatologlical con-
ditions on the Greenland ice sheet.

The term "ice sheet" is defined in Ahlmannts (1948)
clagsification of glaciers, which is summarized with
special reference to the Greenland Ice Sheet in Appendix I.
The emphasis on the stratigraphlic nature of the ice sheet

s 1 & . 1 /\ 2 & & - 3 3
in this study has le d to a more guantitative classific

W

tion of giaciers than has been possible before.
Determination of annual accumulation, one of the most

important results obtained from Sﬁaw stratigraphy on the

ice sheet, depends on the abllity to identify annual units

in the strata, In Sorge's (1933, 1935) classical study he

[¢]

found that annual units could be ldentified at Eismitte
(Fig. 1) by measuring firn density, winter layers wer
slightly denser than summer layers. Fortunately, Elsmitte

was located where annual units are thick (about 1 meter)
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and where density differences between summer and winter
strata are pronounced. Sorge!s research program, done

at a single station, did not include correlation of seversal
year's strata on a regional scale,

Koch and Wegener (1930) correlated the "Jungschneedecke"
across Greenland during the summer of 1913 (Fig. 1). Their
"Jungschneedecke" consisted of a layer of fine grained snow
and firn which was underlain by a coarse gralilned low-density
layer. They assumed that the Jungschneedecke represented the

is the best recorded

e

accumulation since fall of 1912. Their
example of stratigraphic correlation In snow of the Greenland
ice sheet.

In the present study the Greenland ice sheet has been
treated as a monomineralic rock formationﬁ% primarily meta-
morpnic, but with a sedimentary veneer. In terms of areal
exposure, this 1s Tthe most extensive Tormation in Greenland,

2 (675,000 mi

4

covering 1,726,400 knm ) or about 80% of the
total surface area (including islands). The metamorphic
member c@mgigté of glacler ice which has been metamcrphosed
through flowage caused by unbalanced stresses. Herein,

attention is confined to the sedimentary member which is

perennial above the firn line, has a maximum thickness of

%

The term "Greenland ilce sheet" is a suitable formation
name without addition of the "formation." This is convenient
because 1t does not entall new terminoclogy. The Greenland
ice sheet 1s often referred to as the "Greenland ice cap! or
"inland ice.®
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about 90 meters, and consists of snow and firn.
The sedimentary member of the CGreenland ice sheet is
especially important vecause of 1ts intimate relationship

h climate. The annual climatic cycle produces recog-

C‘i‘

wi

=

nizable annual seguences of strata, and the interpretation
and correlation of these units forms an important part of

his study. It is important to note that measurement of

[l

water eguivalent of annual layers on the ice sheet is the
only satisfactory method of determining the amount of pre-

cipitation in Greenland. Precipitation gages at meteoro-
L

&

o

logical stations along the coast are strongly influenced
by local conditions of exposure, and give readings which
are invariably too low and only for a single point loca-
tion. In contrast to this situation the ice sheet is an
infinite set of automatically recording precipitation
gages, It 1sg only necessary lor one to learn how to read
the records.

Correlation of annual stratigraphlc units from the
edge of the ice sheet to the high-altitude, interior
regions led to the development of the concept of diagenetilc
facles on glaclers. In 1952, regional differences were
recognized in physical properties of the upper snow layers
which were clearly related to the decrease in temperature

1titude. However, the 1952 data were not sufficlent

)

.
U

e

w

=

to permit recognition of the facies (nor, for that matter
could detailed correlation be done between all of the 7 pits

which were spaced about 50 miles apart). Subsequent field
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work has clariflied the plcture and the combined results
from 1952, 1953, and 1954 (Benson, 1959) permitted inter-
pretation and correlation of 17 years of snow and firn
strata and established the concept of dilagenetic facles on
the ice sheetb,.

Essentially the research has taken on two main aspects:

o

first, the recognition of annual stratigraphic units, in-
. & 2

" N

volving detailed analysis at each station; an

P

1 second, the
comparison of gross variations in properties between facles.

Both aspects of the study combine In defining a guantita-

[}

tive classification of glaciers based on the existence of
facies on the lce sheet.

Sedimentation on the ice sheet may be compared with
underwater transportation and deposition in a basin. On
the ice sheet there is a "dome or highland of deposition”
rather than a basin. Masses of air transport a load of

water vapor which condenges, crystallizes, and is precipi-

(o]

tated as the alr cools on ascending the slope of the ice

sheet. After, or during, a snowfall, winds transport snow

o

,

grains by saltation and in suspension along tThe surface,
To some extent this smooths local irregularities in the
original distribution of the snow. At this point, the
blowing and drifting snow 1ls an aeolian sediment and
surface features of wind erosion and deposition, such as

sastrugl, barchans, and ripple marks are observed (Fig. 7).
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Post-depositional, i.e., diagenetic, changes trans-
form the snow into firn. The diagenetic environment ex-
tends downward for an unspecified depth, but includes
mogst of the sedimentary member. The firn layers record
gspecific metecrological conditions or events, sguch as
warm spells which produce various degrees of melting, and
windstorms or blizgards which produce hard wind siabs.

In general, meteorology, sedimentation, and diagenesis
are so closely inter-related on the ice sheet, that the
stratigraphy provides a climatic record.

Presentation of the data, gathered over a four~year
period, from 434 test sites, along 1100 miles of traverse,
posed a problem which has been partially solved by assem-
bling the data from 79 representative pit stations on
10 data sheets (in a pocket at the end of this thesis),
The data sheets comprise the "spinal column'® of this work;
however, to avold constant reference to them, special
points have been abstracted into flgures throughout the
text. This approach has necessitated some redrafting but
the writer hopes 1t has made the results of this study more

accessible to the reader,

%The term "metamorphism®™ was used by Bader et al. (1939)
to desgcribe the phenomena called "diagenesis® in the present
vaper. According to accepted usage, 1t 18 preferable to
refler To post-depositional changes in sedimentary layers as
"diagenetic changes.” Metamorphilc processes occur in glaciler
ilce of the metamorphic member of the Greenland ice sheet
and will not be congidered in thisg paper,
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CHAPTER II

METHODS OF INVESTIGATION

Region of Investlgation

shown in

w

The overall region of investigation 1
Figure 1. Pit stations are indicated by circled points,
and the tick-marks indicate ram hardness tesgts. During
1952, 1953, and 1954 the work was confined to northwestern
Greenland between Thule and Station 4-0 (Fig. 2). The
density of stations is greatest in this area and one or more
pit studies were made during each year of the project at
many of the stations. The major objective during the first
three yvears was a detailed study of the strata deposited
between 1937 and 1954 (Benson, 1959). During 1955, strati-
graphic control was extended, along the traverse shown in
Figure 1, and the combined results of the four field seasons
are presented herein.

The peninsular reglon on the west coast of Greenland
between 76 and 79°N enters the discussion several times and
it is convenient to introduce the following terminology:

(a) Thule Peningula lies between Melville and Ingelfield

Bays, and produces a ridge on the ice sheet which is well
defined tor over 150 miles,

{b) Ingelfield Peninsula lies between Ingelfield Bay

and the Kane Basin, it also produces a well defined ridge on

the ice sheet.
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The ridge crests of Thule and Ingelfield peninsulas meet
at about 52°W (Figs. 1 and 2).

8

The entire traverse, shown in Figures 1 and 2, 1s

%)

subdivided into seven trall segments. These are labeled with
numbers as follows: 00, 0, 1, la, 2, 4, and 5. Any point

on the traverse may be located by two numbers: the first
refers to one of the trall-segments, the second to the

number of miles along the trail-segment from its origin., A

total of U434 test sites were occupied (146 pit studies, and

(o]
[ay

288 Rammsonde profiles measured at points between pit
d

stations), each test site is located by two numbers as
described above,

Two points of access to the 1lce sheet were used. One
was camp "NUTO" on Nuntarssuaq, the other was camp "TUTO"

. g

located 12 miles from Thule Ailr Base. The trails from these

origin points converge at Station 1-0. Station 1-0 1s known
as "Station Morris'" and was called "point Alpha' prior to
May 1955. Stations along the trail from TUTO to Morris are
numbered "0-n," where n has any value from 0 to 60. Stations
between NUTO and Morris are numbered "00-n," where n has any
value between O and 30.

The trail between 1-0 and 2-0 is 60 miles long and
has remained constant during the four years considered here.
It is labeled '"segment 1." The 20 mile trail labeled "la"
originating at Station 1-50 was covered in 1955 only.

The trail between 2-0 and 4-0 (segment "2") is 250

miles long and has varied slightly in detail as shown in



-G

Figure 2. Work extended to 2-125 in 1852, to 2-200 in 195
to 2-100 in 1954 and to 2-250 (i.e., 4-0

)
The north-south segment is labeled 4 and the southern

[aV]

cast-west segment is number 5. There 1s no traill seg-

ment number 3.

3

Operations and Logistics

3,

Operational and logistical problems have been both cum-

bersome and complex, IT is beyond the scope of thig thesil
to discuss the detalls. A full treatment of this part o

&

the program is in preparation and some aspects of 1t have

¥y

enso

=
3
=
joN
sy
jay]
g
!«—1
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S
-
O
L

been described (Benson 1955b, 1955¢;

-

Only the order of magnitude and general nature of the prob

lem will be stated here.

The total one-way length of traverse was 1,100 miles

(Fig. 1), but the tobtal vehicle mileage recorded, during

.
3

our fileld seasons, was 12,860. Weasels (M29c Cargo

9]
I

h
Carriers), modified for arctic use, together with cargo
sleds and wannigans (built by the members of the expedi-

tions}, provided transportation and living quarters (sec

D

Frontispiece). Resupply in the field was provided by air-
craft based at Thule and Sondrestromfjord Alr Bases. The
major logistic burdens of fuel, food, trail markersg, and
technical eguipment, exceeded 100,000 1bs of cargo. Most
of this was free-dropped (i.e., without parachutes) from

low-flying aircraft (about 20 feet above the snow surface)

8

@



Pits 3-6 m deep were dug in areas undisturbed by foot
or vehicle traffic (Fig. 3). Extreme care was taken to

e

avold disturbance of the seciion exposed on the test

Y

wall (Fig. U4). Pits were always covered at night and

during stormy or windy days (Fig. 4d and Frontispiece IT).
Without cover, 4-m pits have been completely filled with
drift snow In less tThan 10 hours. Work can proceed satis-
factorily in a covered pilt during storms.

Stratigrs pmsc control was exltended below the pit floors

A

by core drilling at most stations (Fig. 4r)., The 3-in diam-
p & & /

eter hand auger, developed by the Arctic Construction
Laboratory and modified by SIPRE, was used. The maximum

e
S
@
o
C«‘»
"
3
N
o
5
o
=
o
]
=

core, The Tollowing measure-

ments were made at Test stations.

A temperature profile was measured at 10-cm intervals
on the pit wall with Weston bimetallic thermometers, This
was done concurrently with the excavation to avold signi-

flcant disturbance of natural thermal conditions., Additional
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|____REFERENCE
SURFACE
BOARD

(SUPPORT
FOR TAPE
MEASURE)

STEEL TAPE
" MEASURE

PLATFORM USED AS
RELAY POINT WHEN
EXCAVATING THE
DEEPEST PART OF THE
PIT.

s
it
o
/\//TEST WALL
~_—]

M
BELOW SURFACE

CORE HOLE

Figure 3.--Sketch of a typical test pit. Pits were
dug in places undisturbed by foot or vehicle traffic.
Waste snow was not thrown over the test wall and no one
walked within several feet of its edge. Test walls, lo-
cated on the south side to avoid direct sunshine, were
made clean and vertical. A board on the snow surface
served as a mount for the steel tape measure and also as
a radiation shield for thermometers in the snow (see also
Figs. 4a and h).
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temperature measurements were obtained from the bottom of
the core holes. The thermal effect of an open pit on the
surrounding snow ig indicated in Figure 33 by curves 3 and
33 from Station 2-50. The test pit of 4 August was left
open and revisited 17 days later (21 August); it had been
completely filled by driftTing snow. The snow that filled
the pilt was at the temperature of the snow surface, and

since August is one of the warmer months, heat was added

to the surrounding firn.

Hardness

The Rammsonde penefrometer measures the resistance
of snow to the penetration of & cone. It was developed by
Haefeli (Bader et al., 1939, p. 128-132) and was slightly
modified at SIPRE followlng the 1952 field season., It 1s
used as the standard for hardness measurement in this work.
The Rammsonde has a distinet advantage over other hardness-
measuring instruments because relliable profiles can be
obtained from the surface to a depth of 4 m without dig-

t. Buch profiles, obtained at points between pit

e

ging a p
stationg, have proved useful in making stratigraphic cor-
relations from pit to pit.

The Canadian hardness gage was also used in 1952. It
did not add to the general stratigraphic plcture in pro-
portion to the time reguired for 1ts proper use, as five

measurements for each layer were required to obtain an

average value, It 1s also more subject to operator variance
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than the Rammsonde. Comparison of several hardness measur-
ing instruments in south Greenland (Schuster, 1954)

supports this conclusion.

Density, stratigraphy, and grain size

The standard SIPRE 500 cm3 snow-sampling tubes were
used for density measurements.

Stratifications in firn, as in other sediments, re-
flects differences in the environment of deposition and
diagenesis. Snow is unlike other sediments in that it
does not record variations in the source of supply. Dis-
continuities between firn layers are often abrupt and stand
out clearly when the test-wall is brushed (Fig. 4b). Brush-
ing was done before the tubes were placed, so that sampling
acrossg layer boundaries could be avoided as much as pos-
sible (Pig. 4a,d). The brushing technigue is not useful
below & m because of increased hardness. The procedure
is illustrated in Figures U4a through h.

Characteristics of individual snow and firn layers
vary in a manner that affects the accuracy attainable in
density measurements. The reproducible accuracy in homo-
geneous lce-free firn layers varied from + 0.003 to
+ 0.005 g/cm3. Layers affected by melt are more difficult
to sample, iced firn being the worst. Accuracy is pos-
sibly + 0.01 g/cm3 in such material. Throughout this work

the overall accuracy was of the order of + 0.005 g/cmB.
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Signifiéant variations in density between firn layers are
greater. Changes of 0.02 to 0.03 g/me are common and
3

abrupt changes of 0.10 g/cm” are not rare.

Grain size differences were determined by sieve
analyses made on selected layers (Figs. 17, 18). The
sieving was done in the pit bottoms where air temperature
was below -15°C. Photomicrographs of grains (magnifica-

tions of 9, 18 and 27 diameters) were taken as a rec-

ord (Fig. 19).

Photography

Common practice in geologic field work is to take
rock samples to the office or laboratory for subsequent
study. The handling of firn in a similar manner is pro-
hibitively expensive and inconvenient. Since photographs
of properly brushed pit walls do not always reveal suffi-
cilent detail, as i1s apparent in Figures 4a through h, two
techniques were developed to obtain photographic records
of stratigraphic features to supplement field notes.

Stratigraphic photo sections ("thin sections®). When

the denslty tubes have been completely removed from the
test wall, a slot remains (Figs. U4g and 4h). The walls of
this slot were made as smooth and vertical as possible;
horizontal cuts through them were avoided. A thin slice

8 to 10-cm thick was sawed from one side of the slot from

snow surface to base of the test wall. Such sectionsg have
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considerable strength and were carried out of the pits and
assembled in proper order on the snow surface even though
some layers were loosely bonded. They were trimmed with
a saw to a thickness of 1 to 2 cm (Fig. 5a,b) assembled
with top at left (observer facing sun), and finally cleaned
with a trowel and whiskbroom until nearly uniform in thick-
ness. Dowels were set at 1-m intervals along the final
assembly. An overall photograph was made of each "strati-
graphic section' (Fig. 5a) followed by a close-up photo
of each meter (Fig. 5d).

Strata of high and low density correlate well with
dark and light layers respectively on the photos (Fig. 8).
However, slight differences in the transmission of light
through firn layers cannot be correlated directly with
density because factors such as icing, grain size vari-
ations, and thickness of the section are also involved.
Nevertheless these photos provide a permanent record with
a wealth of detail.

Pit wall photography. The above technique is effec-

tive on clear days when direct sunlight is available, but
it does not work on cloudy days or during "whiteouts." If
photo records of stratigraphic features were desired on
such days, the technique shown in Figure 6a was used., When
bright sunlight is available, the upper meter of the test
wall may be photographed after brushing, taking full ad-

vantage of shadows (Fig. 6b). Details of deformed
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Figure 5S5a.--Slices, about 10 cm wide, sawed from slots in
the test walls (Figs. U4g and h) were carried to the snow sur-
face where thin sections were sawed from them.

Figure 5b.--Thin sections, trimmed with trowel and broom
to a final thickness of 1 to 2 cm, are assembled with top at
left and ready to be photographed.
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Figure 5c.~--Stratigraphi
Station 2-90 (1954}). Dowels
of section 1s at the left

on from top 4 m at
e

¢ sectl
indicate 1 meter intervals, top

Figure 5d.--Top meter of the section shown 1in Fig
Close up photos, such as this, taken of each meter at most
stations in 1954 and 1955 serve as detailed supplements to
the stratigraphic field notes. Brass clips fastened to the
meter SCLCK facilitate measurements on the photos. In these
photos the clips are at 10, 30, 50, 70, and 90 cm.

. 5e.
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Figure 6a.--Station 2-100 (1953) depth range 140 %o
177 cm., Stratigraphic detall photographed by inserting a
dark colored trowel behind the plt wall. The trowel, seen
through the snow, must be inserted very carefully to avoild
breaking the brittle snow.

Figure 6b.--The top 90 cm at Station 1-50 (1954). Photo-
graphed by making use of shadows. The 5 cm soft layer overlailn
by three closely spaced wind crusts at 45 cm was identified at
Stations 1-50, 2-0, 2-10, and 2-20, i.e., for 30 miles (see
1954 data sheets).
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Figure 6¢.--Close up of sbtrata exposed at Station 2-30

(1954)., The pit wall was exposed to the flame and smoke of
a blow torch to make details more U%Otogemicw The buried
surt

.,.A,

o
£

urface of 2 August 1953 has been brocken by a footprint at
he point marked by the arrow, un%fgk n layers have drifted
nt

t
into the footprint.
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strata (p. 27 ) can be made more photogenic by exposing
a cleanly-brushed section to the flame and smoke of a blow-
torch, because capillary absorption of the moisture so

produced differs within the strata (Fig. 6c¢c).

Elevation Measurements

In 1953 two separate records of elevation measure-
ments were kept: one by George Toney of the U. 8. Weather
Bureau, and one by Robert Zavadil in connection with his
gravity studies. Corrections for atmospheric pressure
changes were applied from records at Thule and at several
stations maintained on the ice sheet during the field
season.

In 1954 elevation differences between stations were
&recorded by a Paulin-system surveying altimeter with
readings made at l-mile intervals. The time scheduled was
1 mile in 10 minutes, thus, the 10-mile moves between
stations were completed in 1 hr and 40 min and the number
of barometric changes important to the elevation program
were reduced. Portions of the trall in 1954 were covered
four times and the entire trail was covered twice. The
records from 1953 and 1954 agree well with each other
(Benson, 1959).

In 1955 the altimetry program was carried on by read-
ing elevation differences between stations as in 1954 with

the added improvement of using two altimeters. The
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expedition vehicles were split into two groups of two
weasels each. One group recorded barometric varlations at
a pit station while the other group made altimeter read-
ings every mile enroute to the next station. The time
schedule required motion of both groups for about 2 of the

5 hours required for the 25-mile move between stations.
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CHAPTER TIT

STRATIGRAPHY AND ACCUMULATION

Introduction

Stratigraphic work in firn consists of identifying vari-
ations in a layered sequence, and extending recognizable
features laterally by correlation with other measured sec-
tions. The objectives are similar to those of stratigraphic
studies of other rock formations, but there are obvious dif-
ferences in ftechnique. Although differences between firn
layers are often easy to see or feel, it is necessary to
make measurements of density, hardness and grain size in
order to express them quantitatively. The walls of hand-
excavated pits constitute the "exposed sections.' The
primary objective is to determine the prevailing environ-
mental conditions on the ice sheet, and the identification
of annual units of accumulation is one of the more signi-
ficant results obtalned.

Stratigraphic relations were initially studied by
excavating pits each year at selected sites. It was found
that individual firn layers maintain their identity as
they are buried under the snowfall of succeeding years.
Also, 1t was ascertained that strata could be correlated
between adjacent pilts across traverses several hundred
miles long. Knowledge gained from such studies made it

possible to identify annual firn layers in pits dug in
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regions not pfeviously visited.

Stratigraphic interpretations were checked by using
certain artificially established surfaces. The simplest is
the location of buried surfaces disturbed by foot and
vehicle traffic (Fig. 6¢). 8uch surfaces are observed by
digging speclal pits at places known to have been previously
disturbed by traffic. The 1953 summer surface was marked
by spreading soot at certain locations. This works well
where melting is slight. Also, dated aluminum tags were
fastened 2 m above the snow surface on bamboo poles. In
1954 plywood boards about 30 ecm (1 ft) square were placed
on the snow surface, located between two poles near each
pit station. These boards ldentify precisely dated snow
surfaces.

Markers placed on a pole do not, in themselves, pro-
vide valid measurements of accumulation because of snow
settling around the pole. Pole-marker measurements have
been used only as a supplement in this work, and accumu-
lation measurements are not based on them alone.

Since planes between strata exposed in pit walls
represent buried snow surfaces, examination of the snow
surface and the processes which operate on it is useful.
The area under consideration is primarily a wind blown
desert of dry-snow throughout the year. Typical snow
surfaces are illustrated in Figures 7a-k.

Data from all stations are assembled on data



Figures 7a,b.--Snow ba rchans near Station 2-90, July 1954
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from right to left across
a smooth surface covered by 3 cm of new snow. The drifting is
ilied with snow

so slight that the right-hand track i1s nearly fill
after 3 hours while the left track is clean.

Figure T7g.--Drifting snow moving
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Flgure 71.--Blowlng snow at the tall end of a severe
The camp of four weasels 1s
T

blizzard (gusts over 70 mph).
shown after 12 hours at Station 00-20, 12 June 1954,
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Figure Tk.--Sastrugl at Station 2-0, 4 September
sastrugl are erosion-deposition features formed by wi
They are often very hard (Fig. 20) and have caused ser
damage to vehlicles and sleds. The surface shown here
typilcal of that present between Stations 1-30 and 2-30
following the blizzard of 2 September 1952 (see p
and 65 and Fig. 20).
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sheets and included in a pocket at the end of this thesis.

The location of each data sheet is indicated in Figure 55.
In the text the data sheets will be referred to by the
numbers assigned in Figure 55,

An example of the correlation between pit data and the
mosaic of thin-section photos is illustrated in Figure 8.
The reason for drawing sharp boundaries between firn layers

in the stratigraphic column and in the density profile is

clear from the photo mosaic in this figure.

Diagenesis without Melt

38

Diagenetic changes in snow and firn are accelerated
at higher temperatures. This behavior 1s related to poorly
known details of atomic structure in the surface iayers of
ice and how this structure is influenced by temperature.
Two related phenomena easily observed within 15 degrees of
the melting point are; (1) an increase in vapor pressure

£y

¥ %
with temperature, especially above -10°C, and (2) the

#
The format of the data sheets 1s explained in
Appendix IIT,

¥ N . 4

See Bader, et al. (1939}, p. 9, for a useful PB-T dia-
gram of the lce-water-vapor system. The following values are
listed for convenlent refevence:

Temperature (°C) Vapor pressure of ice (mm Hg)
0 4,58
-5 3,30
~-10 1.97
-15 1.26
-20 0.79
-25 0.48
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Figure 8.--Stratigraphic data and photo section
for Station 2-90, 20 July 1954, The usefulness of
stratigraphic photo sections as a supplement to descrip-
tive notes 1s clear in this figure. Strata of high and
low density generally correlate with dark and light
strata respectively on the photos (See pages 19 and 34).
Layer boundaries are usuvally well defined although not
always horizontal. The wavy layers near 350 cm depth
probably represent a buried snow surface similar to the
ones shown in Figures 7a, b, ¢, d, and k.
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oresence of a liguid-like film on ice surfaces, evidence
of which is greatest within five degrees of the melting
point and nearly absent below -15°C {Weyl, 1951; Nakaya
and Matsumoto, 1953).

In firn strata these phenomena give rise to vapor
transfer and sublimation, together with migration of near
surface molecules; the net results are changes in grain
size and shape, and in the bonds between grains. Such
changes are most pronounced in newly-fallen snow and in
layers of very fine-grained firn, because they have maxi-
mum surface area per unit mass (Bader, et al., 1939;

deQuervain, 1945).

Diagenegis with Melt

The extent of summer melting varies greatly over the

traverse, and the following concepts are useful:

When a given mass of snow is at 0°C and wet through-
out, it is said to be "water-saturated" or "soaked." When
soaked firn refreezes it becomes "iced firn." Iced firn

4 e

layers in the stratigraphic section indicate melt which
occurred on the snow surface (Fig. 9).

The following definition is useful: I the snow at a
particular location becomes soaked down to the level which

had been soaked during the previous summer, then that loca-

tion is subject to complete soaking.




*CCAT asndnyg JO 80BJINS MOUS 9Ua UWoJJ DaJINngses

J Do u sysdep TTV
wo 2TG our fA0C fJ0G syuadsp 4B UMOUR SJB S28NJ0 3Teu J9yUn *UCTARTODISA WOJLJ poaTngsd
wo g0G 2% SUST 80T [TBUS )gw cIsuung Q6T Ul JO POTJed 488WJIBM QU1 WOJLJ PerInsed wo T0¢
pue A6h ueemseq UJTJ POT QUL  CeJ9ART 4ToW Jsuume Q6T 9Ul JO TTBAS(--°dH 2anTIg
caeeh surs 8yl JuTInD JUTHEOE S0BIINE Lo potaed J9TTJIRS UR WOJLI POITNEdJ WO GLh 28 SUTBID
pspucq ssdagoo Jo Jsdel urtyl oyurl (0T ,wﬂmv uoTgeroodsd Ag pPouIO] SeM WO QZf 4B Sust
20T TTRUS BUL WO H3h O3 O2h 2® H6f6T JO JeLel UATI-PEOT 8UL JO T 5

rTeaed--°8hs 2JnITH
€GA6T T00T-g uoT3elS 48 UJT PIOI JO SJ484BT "6 24nIT4

AR S 8

go D

6

t_?)"'{"_“




-38~

Localized percolation

Melt water can percolate downward along restricted
"channels, " and move laterally along favorable layers.
This can occur in sgnow with Qegative temperatures, only
the percolation channels being at the melting point.
While active, the percolation channels appear slightly
slushy (Fig. 13}, they refreeze to form ice glands,
lenses, and layers (Fig. 10a,b).

Jce layers, lenses, and glands are described as fol-

lows:

(a) Ice layers extend over large areas parallel to

the strata with only minor interruptions.

(b) Ice lenses are lens-shaped layers which pinch

out laterally. They are parallel to the firn strata.

(¢) Ice glands are pipe-like vertically extending

masses which occasionally spread laterally to form lenses
and layvers. They are the frozen percolation channels
which feed lenses and layers.
Lenses and layers are "concordant structures” whereas
glands are "discordant.®

Percolation of moisture through snow and firn is
primarily a wetting process, and subsurface melting 1s
not an essential part of the mechanism. The fact that
melting 1s not required was demonstrated by pouring
gasoline on the surface of snow well below the freezing

temperature and after two minutes a vertical cut was made
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Figure 10. Ice Masses in Snow Stra

Fial

Figure 10a.--Ice gland formed during the summe
tion 1-0 and observed 5 m below The snow surfac
553 (see data sheet 3).
10b.-~This ice gland, with layers and lenses
formed at tation 2-70 during the heat wave of 11 to 14 July
1954 (Fig. 12). The zero point on the meter stick is at

the left and marks the 1 m depth in the pilt. The ice layer
at 110 cm, and the lens at 130 cm formed on depth hoar

layers {see Station 2-70, data sheet 5). Percolating melt-
water, originating at the snow surface during four warm days,
penetrated nearly two meters below the snow surface which at
this station includes two years accumulation. The ordinary
effect of a summer here 1g to produce only a crust of iced
firn like those shown in Figure Q.
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exposing a network of glands and lenses identical to those
formed by percolsting melt water (Fig. 11).

When the percolating liguid is water, the temperature
of the percolation "channels" is raised to the melting
point. However, temperatures several degrees below the
melting point have been measured between channels within

the percolation network.

Melt phenomena observed at Station 2-70, 12-15 July 1954

The entire process of surface melt, percolation, and
refreezing to form iced firn on the surface, and ice glands,
lenses, and lavers at depth, was observed at Station 2-70
during the exceptional "heat-wave'! of 12-15 July, 1954. The
heat-wave was accompanied by a slight drizzle (apparently
produced by the occlusion of a front over the area centered
at 2-0) up to altitudes of about 7C000Oft. Summer rains are
common at gea level in polar reglons but very rare at
altitudes above 6000 ft at 77°N latitude. Ailr temperature
records during this heat wave and the one of 10-15 August
1954 are summarized in Figure 12. Negligible melt oc-
curred above 7500 £t, but the effects of the heat wave,
and its precipitation, were recorded by the formation of
a wind slab (see p. 67 and Fig. 32c¢). The melt process
cbserved at 2-70 during the 12-15 July "heat wave" will be
described in some detail because it illustrates the general

mechanisnm.
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Figure 11l.--Percolation of gasoline in snow at -30°C at
Station 0-5, 27 March 1953. Percolation proceeds by a wetting
actlon and melting is not recguired. This was shown by pour-
ing gasoline on the snow surface and after two minutes a
vertical cut exposed the network of glands and lenses shown
here. The temperature profile measured in Tthe snow during
this test is listed below:

Temperature (°C)
o

Depth (cm) (to the nearest half degree)

(snow surface) 0 ~30.0
8 ~-29.5

19 -29.0

25 -28.0
CRP -26.5
40 -25,0

b -25.0

52 , ~-23.5

61 -23,0

68 -23.0
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13 July solely for the purpose of
observing melt action in the firn. The snow surface was
at 0°C, and damp. Sliightly damp slushy lenses, layers

and glands were observed on the pit walls (Fig. 13). They
were best developed at one corner of the pit near a large

e
AL

ice gland. The snow and firn near the active percolation
channels remained at subfreezing temperature,

On 15 July the percolation network had refrozen and
ice masses were exposed on The walls of the pit dug on
15 July for stratigraphic studies. The main ice lenses
and layers spread out Ifrom the large dce gland shown
in Figure 10b. Three temperature proflles measured in
the top 2 m of the 15 July plt are shown on data gheet 5

and in Figure 25. Profile No. 1, from the test wall, was

}_

not near a major lce gla ﬂd and shows the normal mid-July
decrease in temperature with depth. Profiles No. 2 and 3
shoﬁ the warming effect of the percolation network surround-
ing the ice gland of Figure 10Db.

The snow surface showed two Interesting features after
the heat wave:

(1) The top 3 to 5 cm consisted of a crust of iced
firn with a pock-marked surface (Fig. 14).

{2) Slight depressions, spaced several meters apart

fomnd

were everywhere (Fig. 14)., Such surface depressions are
provably located directly over major ice glands as

hypothesized by Sharp (1951). Ice glands represent ex-
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Figure 13.--Active percolation channels. The pit wall
shown was exposed on 13 July 1954 at Station 2-70. The
ambient snow temperature was -6 to -10°C (see data sheet 5
and Fig. 25), yet percolation channels caused the slushy
lenses shown here. Temperatures as low as -6°C were recorded
between the wet slush-lenses at 70 and 91 cm.



Figure 14.--Frozen melt crust at Station 2-70, 15 July

1954, The melt crust was 3 to 4 cm thick and resulted from
the mid-July heat wave (Fig. 12). The depressions spaced
about 1 to 2 m apart probably form over large lce giands
such ag illustrated in Fig. 10b. The spaclng of the large
ice glands 1s about the same as the spacing between depres-
sions. The glands and depressions both formed during

11-14 July 1954 (see p. 43).
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treme local densification and the snow surface is the
most likely place to expect an expression of this reduc-
tion in volume. This hypothesis was not checked by
digging beneath the depressions in search of ice glands,
but the spacing and arrangement of major glands is similar
to that of major surface depressions. Also, depressions
and glands formed simultaneously, at Station 2-70, dur-
ing the only time that the formation of either was actu-
ally observed. Furthermore, surface depressions, like
those of Figure 14, were seen only on this occasion in
the percolation facles and were never seen in the dry-

snow facies,.

Summary

It is important to distinguish between the two basic
types of melt which may be generally classed as "surface”
and "subsurface."

Surface melt features. Surface melt usually results

in layers of iced firn which consist of clusters of grains
bonded together by frozen meit water. They form continuous,
concordant strata which may be traced around the four walls
of a test pit and are excellent Stratigraphic horizons.
Small ice glands and lenses are often found directly be-
neath layers of iced firn (Fig. 9).

Subsurface melt features. Subsurface melt features

are produced by surface melting, percolation, and sub-
sequent refreezing of the melt water. They are relatively

clear ice masses with variable dimensions and during an
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exceptionally warm period, may penetrate the firn of several
previous years (Fig. 10b). The ice masses are usually so
irregular that they cannot be traced around the four walls
of a test pit. Individual ice lenses or layers are not

good stratigraphic marker beds; however, a zone of abundant
icing beneath a crust of 1ced firn constitutes a good
stratigraphic unit. In lenses of variable thickness, the
lower contacts are more nearly parallel To the strata.

The latter observation has also been made in Spitsbergen

(Ahlmann, 1948, p. 17).

Diagenetic Facies Defined on Glaclers

Even a cursory glance at the data sheets reveals re-
gional differences in the physical properties of the upper
firn layers (compare data sheets 1, 6, 7, and 10). The
differences are caused primarily by variations in the effect
of summer melt. A spectrum of melt action exists on the
ice sheet. It varies from the extreme of melting the
entire annual accumulation at some locations, to the com-
plete absence of melt at others. This spectrum may be
subdivided into four distinctive regions. Stratigraphic-
ally, these regions are facies. The ice sheet is thin in
relation to its areal extent, and the facles actually
represent lateral variations in the properties of a single
stratigraphic unit, even though altitude, rather than

distance, is used as a parameter in defining them.
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Regional differences apparent on the data sheets are
partly time-dependent as the observations span nearly 7
of the 12 months in a year. The concept of facies in-
cludes the element of Time because the boundaries are
established with respect to that time when maximum melt
conditions prevail. During winter at 77°N the environ-
ment of deposition and diagenegls varies little from the
edge of the ice sheet to the center. During summer, this
region shows wide variation in its diagenetic environment,
and these variations produce the facies.

Consider the diagenetic envirocnment of a single

annual layer of snow accumulatlon, spanning a range of
elevations from sea level to the crest of the ice sheet,

oo

during the peak of the melt season. Below the firn line,

'y

the snow cover is stripped away revealing bare glacler
ice (the metamorphic member). Complete soaking (see p.36 )
oceurs between the firn line and the upper 1limit of com-

plete socaking, the saturation line. Localized melt-water

percolation (see p. 38 } occurs between the saturation
line and the upper 1imit of surface melting, the dry-snow
line., The firn line, saturation line, and dry-snow line
are facies boundaries separating the ablation, soaked,
percolation, and dry-snow facles. Figure 15 is a diagramatic
sketch of these relations.

A guantitative classification of glaciers can be

established on the basis of diagenetic facies., This will
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DRY SNOW LINE

SATURATION LINE

FIRN LINE

SUMMER SURFACE

OF REFERENCE YEAR SUMMER SURFACE OF

THE PREVIOUS YEAR

- Oﬂ ',

B / =5 o,
177, 2 g °

4 GLACIER ICE

g,

Figure 15.--CGeneralized cross-section of glacier facies.
The snow cover 1is completely stripped away in the ablation
facies. The entire years accumulation is raised to the
melting point and wetted in the soaked facies. In the
percolation facies the annual increment of new snow is not
completely wetted nor raised to the melting point, and the
amount of percolation decreases with altitude becoming
negligible at the dry-snow line. Negligible melt occurs
in the dry-snow facies.
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be presented at the end of Chapter IV after demonstrating
how facles boundaries are defined by measurements of firn

temperature, ram hardness, and firn density.

Grain Size

The international classification of snow grain size
proposed by Schaefer, Klein, and deQuervain (1951) was
used in this study with a subdivision of the medium-grain
range (Fig. 16). Fine dust-like snow which drifts along
the surface (Fig. 7h,i) has grains less than 0.1 mm in
diameter, while grains in soaked layers often exceed
4 mm. By far the majority of measured grains in non-
soaked strata lie within the two Wentworth grades bounded
by 1/2 and 2 mm, or between +1 and -1 on the phi-scale of
Krumbein (1934); the median diameter is between 0.5 and
1.0 mm. Grain size distribution histograms using the sub-
divisions of Figure 16 are shown in Figure 17.

Most samples are well sorted, although not to the
extreme found in some beach deposits. They are comparable
to the St, Peter sandstone. Cumulative curves from
several sediments are compared in Figure 18, Detailed
analyses as shown in Figures 17 and 18 are not necessary
for routine stratigraphic observations.

Grains in firn strata which have not been exposed
to melt action areroften slightly angular and predomi-

nantly less than 1 mm (Fig. 19a). When surface melt and
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Grain Size Classification

Classification of Schaefer, Klein, and de Quervain (1951)

vfg very fine £ 0.5 (mm) a
g fine 0.5-1.0 b
mg medium 1.0-2.0 c
cg coarse 2.0-4,0 d
veg very coarse > 4,0 e

The numbers I through VI were used in this work with
the medium grain range subdivided as shown,

The () scale is defined as follows:

¢ = —1og2§ , or € = 2“@

where £ = diameter in mm (Krumbein, 1934).
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Figure 17.--Histograms of snow grain size arranged in
order of decreasing grain size from the coarest to finest
observed in non-socaked faciles.

Sample Station Depth (cm)
1 4-0 275-276
2 2--0 378
3 5-0 162
4 2-225 78-83
5 1-0 110
6 1-0 240
7 2-30 60
8 2-30 160
g 1-0 30
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Figure 18, --Cumulative curves. Curves 1 through 9
from the Greenland ice sheet were plotted from the data
of Pig. 17. Curves from the St. Peter Sandstone were ob-
tained by Thiel (1935) in the upper Mississippl Valley as
follows:

Curve Identification
A 0-10 ft. from top
B 30-40 ft. from top
C average of 72 samples

The other cruves were obtained from the following sources:

Beach gravel curve, Krumbein 1936g
Glacial till curve, Krumbein (1933
Loess curve, Krumbein and Sloss (1951)
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Figure 19

Photomicrographs of PFlrn Grains
(=] &

4 daa

The samples were scraped Irom the pit wall at Station
1-0, 1953 at the following depths: "a' from 120 em (typical
of the material from 57 to 120 cm); “"b™ and "c¢'" from depth
hoarlayer at 185 cm; "d" and "e" from 203 cm (see Fig. 22
and data sheet 3).

Figure 19a.-~-These grains were taken from strata de-
ogited during the 1952-53 winter and unaffected by the
953 gummer; they are predominantly less than 1 mm and
lightly angular.

[N el

Figure 19b,c.--The layers between 157 and 190 cm were
gubjected to surface melt and some sosking in 1952, as a
result The grains became large, well rounded, and bonded
into clusters. The grains shown are from a 1 cm layer of
very loosely bonded grains with depth hoar crystals. They
indicate melt-water soaking, refreezing,and subsequent
sublimation. Sharp irregular growth of depth hoar are
apparent on the rounded grains and several hexagonal cup-
shaped hoar crystals may be seen in c.

Figure 19d,e.--From 196 to 240 cm percolation took
place in 1952 and the upper layers were close to 0°C with-

out being soaked. The grains are rounded and bonded into
clusters, but their surfaces are gsmooth and this is inter-
preted to mean that sublimation was not as important here
as in the grains shown in b and ¢. Note that the scale in
e 1s twice that of the other photos, 18 diameters as
opposed to 9.
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Figure 19d Figure 19e
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soakling occur, grains become larger, more rounded, and
are often bonded into clusters. The dimensions of
clusters may exceed 5 mm and individual grains are mostly
larger than 2 mm with only about 10% less than 1 mm (Fig.
19b,¢). Grains exposed to temperatures within about five
degrees of melting, but not sosked, fall in the medium-~
size range, between 1 and 2 mm. Thelr appearance dif-
fers from that of soaked grains only in degree; they are
rounded and sometimes bonded together but both the indl-
vidual grains and the clusters are smaller than those of
soaked layers (Fig. 19d,e}.

Crystal growth by sublimation produces hexagonal cup-
shaped crystals (Filg. 19¢) and irregular growth of depth
hoar on individual grains or grain clusters (Fig. 19b,c).
Grains rounded by melt and refrozen, but not subjected to
gignificant crystal growth by sublimation, retain smooth

surfaces (Fig. 19d,e).

Degeription of Three Stratigraphic Features

In addition to the melt products described above,
other stratigraphic features, useful in correlation, are:

depth-hoar layers, wind slabs, and wind crusts.

Depth~hoar layers

Depth hoar . . . 1s the most coarse-grained type
of snow that can form without the presence of
the 1iguid phase. It has a porosity of 67 to 78
percent and consists mostly of well-developed,



clearly hemimorphic crystals with a base, a prism,
and pyramids. . . . Complete cup formations are often
2 ] i {1 LN P -

in evidence” (Bader et al., 1939, p. 16).

Some depth-hoar layers have vugs wilth dimensions of several
cm.
In addition to layers clearly recognized as depth hoar

other soft loosely-bonded layers consisting mostly of rounded

e

j ot
(v

grainsg exis

)

. These are classified as depth-hoar layers in

description of the stratigraphic sectlion, or simply as
coarse loosely-bonded layers. They most likely represent

1

depth-hoar layers in which the grains have become rounded
o Lo

M

oy
sublimation over a period of several years.

There is very 1little bonding between grains in a depth-
hoar layer. 1t consists of a loose skeleton structure of

P2l

collapse 4T

)

ice crystals which will ofte disturbed giving

Lol

the phenomenon called "Firnstoss" (see pp. 15

W0

rise to and
160). Depth-hoar layers, especilally thick ones, are excel-
lent stratigraphic horizons which can be correlated for

hundreds of miles.

Wind slabs consisgst of rounded, firmly-bonded, fine or
very-fine graing. Viewed from a little distance they appear
dull, lusterless, and chalky. Maximum values on the hardness
profiles are associsted with wind slabs and layers of ice
or iced firn. The density of wind slabs (even very hard

ones) is not exceptionally high. As an example, the ram
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Figure 2la.--Wind slab lensing out in pit wall at
on 4-250, 1955,

Stati

Figure 2lb.--Wind slab formed on snow surface at
Station 4-250, 2 July 1955. Several loose, low-density
layers alternate with finer gralned harder layers. This 1is
tyoical of summer strata. The wind sglab on the surface
varies from 2 cm at the right to a thin wind crust at the
left, and it was more than 5 cm thick to the right of this
photo. ‘
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or without new deposition, are widespread. Sometimes the
degree of induration of a hard layer, which can be cor-
related for 100 miles or more, varies laterally with bona
fide wind slabs representing local extremes. Individual
wind slabs at a given location are preserved for several
vears (see data sheet 4),.

The nature of depth-hoar lavers and wind slabs will
be discussed further in connection with the reference

datum within the annual seguence.

Wind crusts are thin (1 or 2 mm) layers of firmiy-
bonded, rounded, filne or very-fine grains. When the pit
wall 1s brushed with a whisk broom they stand out like
layers of stiff paper (Figs. U4b and 6b). They are
abundant, and to some extent this reduces their useful-
nessg as units for stratigraphic correlation. However,
certain prominent individual, or characteristic groups

of wind crusts have been usgeful in correlation. The three

@
[ON

wind crusts shown in Flgur b, with the loosely bonded
layer immediately below, were traced for 40 miles in 1954
(see Stations 1-50, 2-0, 2-10, 2-20, and 2-30 on data sheets

3 and 5).



650~

Principles of Stratigraphic Interpretation

de 3

Interpretation of firn strata is based more on recog-
nition of similar layered sequences rather than on the
positive identification of a specific layer, such as a
particular wind crust or lce stratum. The stratigraphic
seguence represents a response to change in environment
and, since these changes occur over an annual cycle, simi-
lar seguences are produced each year. Summer strata are
generally coarser-grained and have lower density and
hardness values than winter layers; they may also show
evidence of surface melt. Also, there is usually more
variability in summer layers, with coarse-grained, loose
layers alternating with finer-grained, higher density
layers or even wind slabs of variable thickness. Winter
layers are generally more homogenﬁug, with higher density
and Tiner grain size than summer layers. Typlcal summer
layers are seen in Figure 21b, and the differences between
summer and winter strata are most clearly seen in Figure 8,
To measure annual accumulation by integrating depth-density
proflles, a specific reference datum in this annual seguence
is needed. It should form within a short time interval and
must be recognizable In all facies. A part of the annual

sequence fulfills this purpose.
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Selection of a reference datum in the annual stratigraphic

sequence

The short "fall season” produces a unique record in
the firn. It is represented by a stratigraphic discon-
tinulty in the form of a coarse-gralned, low-density
layer~-often contailning depth-hoar crystals--overlain by
2 finer-grained, harder layer of higher density. In regions
where surface melt occurs, the discontinulty lies slightly
above the topmost evidence of surface melt. The discon-
tinulty at the base of the first year's snow 1s apparently
the base of the "Jungschneedecke! of Koch and Wegener (1930
pp. 371-372).

Time of formation and stratigraphic nature of the

discontinuity. The time of formation of the sequence

containing the discontinulty was determined by the exact
dating of specific layers, such as the one shown in
Figure 6c. In 1953 the low density layer formed during
middle and late August; and the discontinulty between 1t
and the overlying higher density layer was fully developed
by early September. Specifically, at 77°N latitude the
discontinuity forms becween 20 August and 10 September.
The discontinuity is easily recognized and may be
traced eontinuously over long traverses. In 1953, 1954,

and 1955, 1t was recorded at each of the 36, 68, and 27

[43]

tations, respectively, between 0-0 (TUTO) and 2-100.

n

Sometimes the upper layer is a wind r*lab (see Pig. 20,
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and Stations 1-50, 2-0, -30, -40, -50, -60, -70, -80,
-90, and 2-100 on data sheets 3 and 5); sometimes it

contal

I

s a series of thin, closely-spaced wind crusts

Fig. 6b; and data sheets 3 and 5 for Stations 1-50, 2-0,

—,

-10, and 2-20); but always 1t is harder and of higher
density than the layer below.

At some stations ice masses in the firn make it diffi-
cult to obtain accurate firn density measurements
(Stations 1-0 and 1-20 for the years 1948 to 1950 on data
sheet 3). In these cases the ram hardness profiles are
helpfulrin locating the discontinuity. Below the satu-~
ratlon line the discontinuity may be largely obscured by
melt water soaking and percolation by early July.

Mechanism of formation of the discontinulity. At the

end of August and during early September the temperature
gradlient in the upper firn layers is steep, i.e., O,3°C/cm
or more (Fig. 33; Station 1-0, curves 6,7, and 9;
Station 2-0, curves 4 and 5; Station 2-50, curves 4 and
5; Station 2-120, curve C). These temperature gradients
produce vapor pressure gradlents which cause upward diffusion
of water vapor and The possible loss of mass to the atmos-
phere,

By assuming an idealized situation with no movement of
alilr through the firn, Bader (1939) computed the amount of
molisture transferred by diffusion alone., His resgult was of

. . 2 o
the order of milligrams per cm™ per day for the temperature
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range 0 to -10°C. Because this is so small, he concluded
that movement of air through the snow is essential to
significant transport of moisture within or between layers.

Winds, especially very gusty ones, produce rapld
fluctuations of air pressure within the upper snow layers,
and increase the rate of vapor transfer. As a result,

1

material is redistributed within the upper layers, and some
material is removed. Actual removal of some water vapor
from the snow by wind was observed by Seligman (1936, p. 107).
It is also apparent from the low density of depth hoar layers
in pits (between 0.20 and 0.30 g/cmg) that moisture was
extracted during their formation.

A combination of strong wind and steep temperature
gradient in the fall would account for the formation of the

low density layer. It would also account for the observation

that this layer i1s fthickest in the ablatlon,socaked,and lower

ot

part of the percolation facies. (See data sheets, especlally
Numbers 1 through 6.). Temperatures in the near-surface
layers are highest in these facies. This results in maxi-
mum losses of mass by sublimation and evaporation, because
the difference in vapor pressure between two filrn levels
depends on the range of temperature involved as well as on
the temperature gradient. As an example, the temperature
range 0 to -10°C produces more than twice the difference in
vapor pressure produced by the range -10 to -20°C (2.61 as

compared with 1.18 mm Hg).
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Part of the upward migrating wabter vapor escapes to the
atmosphere, bubt the remainder is redeposited within the
upper layers. According to Bader's computation for the
case with no wind, these amounts are nearly equivalent. If
new or drift snow is being deposited on the surface, this
material will be indurated by the vapor depogited in it.
The condensing (by sublimation) vapor will Ffirst fill in the
cracks between grains, because vapor pressure is lowest there.

This strengthens grain bonds and in the extreme case forms a
<o

5

wind slab., This process was described as wind packing by
seligman who concluded:

", o o That wind-packing consists of the compacting
of snow grains by the condensation of water wvapour
among them when subjected to the action of a
moisture bearing wind. It is practically certain
that at any rate some of this moisture is derived
from the grains themselves. We can therefore
define wind-packing as a special form of firnifi-
cation accelerated by a welt wind. The mechanism
of the processes is probably one of wind-accelerated
diffusion which may or may not be influenced by the
ulesations or pressure variations of the wind"
%Seligman, 1936, p. 200).
It is suggested here that much of the moisture referred to as
coming "from the grains themselves,"” is indeed from the low

density layer below the wind slab,

i

The best example of wind-slab formation observed during

<

the course of this work occurred on the first and second of
September, 1952, On 3 September this wind slab covered the

ok

region 1-0 to 2-100, being most pronounced between 1-20
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and 2-20 (Fig. 20) s at 1-50 its formation involved the
alteration of much of the 1952 layer (this is the only
example of what one might call "wind erosion® of a signi-
ficant portion of the annual accumulation, see data sheet 47
The prevailing meteorological conditions satisfied Seligman's
requirements as seen in the following summary:
(1) Observations in the vicinity of 2-120:—-
Low clouds and light snowfall on 1 September turned into a
blizzard during the night which lasted throughout the day
of 2 September., Winds exceeded 40 mph, new snow wag com-
bined with blowing and drifting snow and the air temperature
remained near or above =5°C during the storm. On the
morning of 3 September the sky was clear and the air teumper-—
- 7 o - o . ;
ature was below -25°C (see Fig. 33, Station 2-120, curve C).

(2) Observations on the trail between 2-100 and 10—
The weather remained cool and clear until 5 September.

(3) Observations between 1-0 and 0=35t=-
Wet snow fell during the night of 5 Sevptember followed by
thv] few) £ 3’

warm weather (near 0°C) and rainfall on 6 September occurred
up to elevations of 4000 feetv.

Lvidence of surface melt from 5=6 September exists above
the wind slab of 1-2 September in the 1952 strata at some
stations., Wind slabs formed during summer are especially
prominent because they are overlain and underlain by coarser-
grained, lower density snow (Figs. 22 and 32c¢c).

Another example of wind-slab formation is associated

with the 15 July 1954 heat wave. The cooling period which

L R

%Th@ observed maximum wind effects in the vicinity of
2-0 are attributed to the location of this region near th
crest of the ridge forming Thule peninsula. In May 1955
the wind-blown surface between 1-30 and 2-10 (Figs. Tc, d, k)
caused broken runners on sleds.
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followed the heat wave (Fig. 12) produced a strong temperature
gradient in the freshly deposited snow. The thermal conditions
were similar to those which contribute to the fall discon-
tinuity. At Station 4—75, the heat wave resulted in alwind

18/O16 data support

slab (Fig. 32c and data sheet 7). The O
the inference that snow comprising this wind slab actually
- was deposited during the heat wave, because it has thé

highest § value in the 1954 summer layer (Fig. 32c).

Bxamples of stratigrapvhic interpretation

Application of the above principles is illustrated in
the following examples:

Four years data at Station 1-0, The four pits, presented

in Figure 22, were made.within 100 m of each other. In 1954
two pit studies were made, one before and one after the melt
season. The 19 August, 1954 profile extended only to 160 cm,
at which time the density and hardness profiles exceed those
of 3 June as indicatéd by the stippled areas.

The sequence of strata recorded in the 1952 pit is
preserved and easily identified in the pits of 1953 and 1954,
The 1951 summer sequence, together with the nearly homogeneous
interval down to the 1950 summer surface, was recognized with
especial ease in each of three years of observation. The
1954 profile shows more evidence of percolation from the 1953
summer than does the 1953 profile; although this could be

partly due to local variations in percolation, it is primarily
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because warm weather continued for several weeks at 1-0 after
the 1953 pit was completed.

Three years data at Station 0-35. The pit studies of

1953, 1954, and 1955 at 0-35 are assembled in Figure 2%. The
amount of melting at this station differs significantly from
that at 1-0. Station 0-35 is below the saturation line, thus
its entire annual accumulation increment is completely soaked
each year. Stratigraphic correlation is difficult on the
soaked facies because soaking of the firn produces rapid
diagénetic changes., Teatures are not preserved for several
years as shown in Figure 22.

Three years data at Station 1-50., The pit studies made

in 1953, 1954, and 1955 at 1-50 are shown on data sheet 4
together with the two 1955 pit studies from the trail segment
la (1la-10 and 1a-20). The latter trail segment made an angle
of 90° with the segment 1-0 to 2-0. Pits 1la-10 and 1a-20
were made in an attempt to check the hypothesis (pp.77-79)
that low accumulation on the lee-side of the ridge is caused
by a precipitation shadow produced by the ridge.

Four years data at Stations 2-3%30 and 2-70. Pit studies

nmade in 1952, 195%, 1954, and 1955 at Stations 2-30 and 2-70
are assembled in PFigures 24 and 25 respectively. IExcept for
the 1952 pits, (see Pig. 2) the pit studies at each station
were made within 50 m of each other. Individual strata are

correlated and the fall-datum of each year is indicated,



~-68-

data at Station 1~0. The four
pits were made within 100 m of each other on successive years;
each in an area undisturbed by the previous years study. In
1954 two studies were made, one before and one after the melt
season. The density and hardness values of the 19 August,
1954 pit exceed those of 3 June as indicated by the stippled
areas. Note that the strata between fall 1951 and summer 1950
are well preserved and easily identified in the first 3 pit
studies.

Figure 22.,--Four years
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Figure 23.--Three years data at Station 0-35., This
station lies in the soaked facles and stratigraphic details 6 MAY 1955
are not well preserved because of the amount of melt. How-
ever, the base of the first years accumulation is easily

identified (especially before the melt season begins) by RAM HARDNESS NUMBER (Kg)
the contact between the low density depth hoar layer and the 3503?0270200'50 'CTO 50 DENSITY (83
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Figure 24.,--Four years data at Station 2-30. The
four pits were made within 100 m of each other on successive
years except for the 1952 study which was about 3 miles
northwest of the others (see Fig. 2).
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Figure 25.-~Four years data at Station 2-70.
pilts were made within 100 m of each other on successive
vears except for the 1952 pit which was about 3 miles north-
west of the others (see Fig. 2).
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Stratigraphic Correlation

Data sheets

Stratigraphic interpretations made independently at
each of the 79 stations shown on the 10 data sheets have
been correlated with each other. The correlation lines are
intended to pass through the fall layers of each year.
Locations of specifically dated strats are indicated where

known. The data sheets are discussed in Appendix III.

Meagsurement of accumulation

The only reliable method of measuring snow accumulation,
in Terms of an equivalent amount of water, is to integrate
the depth-~density profile between dated depth intervals.

For example, the two pit studies at Station 1-0 in 1954 were
stratigraphically correlated by matching identifiable layers
at depths below 100 em (Fig. 22). Integration of the depth-
density profiles indicates a minimum increase of 10 cm HQO in
the upper 160 cm between 2 June and 19 August. This agrees
well with The minimum of 12 cm HgO obtained by direct measure-
ment of snow added on surface marker boards at 1-0 during

the same period of time. These are minimum values because
the snow overlying the board on 19 August had been soaked
and, as seen in Figure 22, sonme melt-water percolated down-
ward; therefore, a larger accumulation between June and
August might have been observed if the August pit had been

deeper. It must also be pointed out that several large ice
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messes were omitted from the integration of the August
density profile., It is difficult to estimate the water
equivalent of such masses because of their irregular shape
and distribution, but in this case their contribution is
about 3 to 5 cm Hzo.

The above results differ from those obtained by measuring
the displacement of the snow surface relative to markers on
poles. Such measurements are subject to error because the

1954) as illustrated in the following summary:

Height of marker above
snow surface (cm) at

Station 1-0 Date
200.0 21 September, 1953
121.5 2 June, 1954
9845 14 June, 1954
112.0 19 August, 1954

Relative Tto The pole markeru it is clear that: (1) The 9.5 cm
rise of the snow surfaceg amounting to 4.3 cm ﬁgog between

2 June and 19 August does not nmeasure accumulation accurately
because, as indicated above, an accumulation of at least

10 om H,0 occurred during this time. (2) The 13.5 cm

descent of the snow surface, between 14 June and 19 August,
does not represent ablation because net accumulation of at
least 5 cm HQO is indicated by the surface marker board during
this period. Densification apparently was sufficlent to cause

the snow surface to move downward, relative to the pole, in

gpite of net accumulation.
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Pole-marker measurements also give inconsistent results
at other stations as indicated in Figure 206. Net accumula-
tion was measured on surface marker boards over the entire
traverse during the vperiod between the two series of measure-
ments. Pole measurements indicate this above 1800 m (6000 £t);
but, below this altitude melt action produced enough densi-
fication and settling To nullify or exceed the relative rise

of Tthe surface caused by accumulation.

EBxamples of water-content analyses

The depth~density profille from each station has been
integrated to obtain a depth-load curve.; At a given station
the load, in cm of water egulvalent, at any depth may be
read directly from the depth-load curve of that station.
This makes 1t possible to determine the water eguivalent of
each 1ldentifled annual layer, together with the average
annual accumulation, at any statlion where the stratigraphy
can be interpreted. By assuming constant annval accumula-
tion at a given station one may use the observed depth-load
curve to construct an idealized depth-time curve. The
idealized depth-time curves for Stations 2-150, 2-225,

5-40, 5-90, and 5-180 all of 1955, are compared with data

points in Figure 27.

*
Typical depth-load curves are shown in Figure 45,
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Figure 26.--Displacement of the 1954 summer snow-
surface relative to markers placed on poles in 1953, The
"pre-melt" series of measurements was made between 14 June
and 5 July, and the "post-melt'" series between 15 and 18
August. Net accumulation occurred over the entire traverse
between measurements, but below 1830 m (6000 ft) summer
melt produced sufficient densification and settling to
nullify or exceed this upward displacement (relative to
poles in the snow) of the surface.

Two gqualifying statements are in order: 1) No marker
was placed at 2-10 in 1953. 2) Errors were possibly
introduced at 2-50 and 1-30 by the formation of large snow
drifts around parked vehicles. The drifts probably in-
fluenced the accumulation registered on the poles even
though the poles were not actually in the drifts. These
errors were not compensated in preparing this figure.



-76-~

[} P [}
I I ]

DEPTH BELOW SNOW SURFACE (m)
N
T

0 L [ l | | | L I ! I | [
1955 1954 1953 1952 1951 1950 _ I949  [948 (947 1946 1945 1944 (943
TIME (YEARS) ,

Figure 27.--Computed depth-time cuwves with data
points for several 1055 stations. The curves were computed
by assuming a constant rate of accumulation "A" cm HQO
per year.

Two curves are shown for Station 5-180; the upper one
was computed by neglecting ice masses, the lower one includes
estimates for the contribution of ice. The difference be-
tween depth-load curves with and without estimates for ice
is less than 1% at the other stations shown (see p. 142).

At Stations 2-225 and 5-180 the depth to some yearly
layers was not uneqguivocal and possible ranges are indi-
cated. At Stations 2-150, 2-225 and 5-40 i1t was necessary
to subtract 8, 5, and 6 cm Hs0 respectively from the com-
puted load values to adjust %or the incomplete first year:
the annual reference datum is the beginning of fall and
these stations were made on 31 May, 7 June, and 23 July

regspectively.



Distribution of Annusl Accumulation

Annual accumulation on Tthe ice sheet provides a
reasonable measurement of ftotal snowfall; in fact, the

results presented below, aside from uncorrected evaporative

B

losses, are essentially precipitation measurements.

e

Combined dats from the four-years of observation
reduced to water egquivalent are shown in Figure 28, The
snow surface of Fall 1955 is The reference datum. Data
stween 0-0 (TUTO) and 1-0 are from pits which penetrate

o~

a maximum of 2 to 4 years of firn; the variation in accumula-

tion is greatest over this part of the Trall because of

irregular topography. Positions 0-27 and 0-31 lie near

The minimum accumulation between 1-30 and 2-20 is

£

2-25 lies on the lee side of the Thule peninsula (Fig. 2).

oy Al N

8, GV@JOdewOﬂ is slight
he lce sheet where temper-
atures abovg OOC are encovﬁ tered. However, stratigraphic
measuremeubg of accumulation, even though reduced by
evaporation, exceed the pf“@lplﬁathl measurements made
at nearby meteorological stations with gtandard rain
gages (5p9 op. 83 and 84).
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Figure 28.--Summary of accumulation data obtained along
the traverses of this study. The snow surface of fall, 1955
is the reference datum and the "depth" to a given fall sur-
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depths, measured in the snow are given on the data sheets.
Data from the two stations between 00-0 and 1-0 (Data Sheet
2) were obtained in 1954 only and adjusted to the 1955 sur-
face (see Appendix 3 and the data sheets).
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The ridge is a topographic barrier to cyclonic storms which
move onto the ice sheet from lMelville Bay and points south.

The area south and east of the crest serves as a catchment

o

basin, while that to the northwest (the lee slope) lies in
precipitation shadow. Saturated alr masses are cooled as
they ascend the windward side of the ridge, producing pre=
cipitation. As they pass over the gentle crest of the ridge
and begin to descend they are no longer being cocled, hence
precipitation decreases., Further release of large amounts

of precipitation does not take place until the air mass moves
upward again on the north side of Inglefield Bay. As a
conseqguence of this, the coast of Melville Bay is characterized
by glaciers which flow into the sea, while the north side of

1

Thule peninsula is comparatively free of glaciers. The
Inglefield Land peninsula also has glaciers on its south side
but not on its north coast.

In 1955 the above interpretation of a precipitation
shadow caused by the ridge between 1-0 and 2-0 was checked
in the field. The check consisted of running the traverse
labeled "la" to the windward from 1-50. The values of
accumulation at la-10 and 12-20 are 36% and 49% higher tha
that recorded at 1-50 on the lee side of the ridge. Station
1la=10 is near the ridge crest while 1la-20 is definitely on
the windward side (see data sheet 4 and Figs. 2 and 28).

bt

A similar asccumulation decrease occurs on the lee gide of the

ridge between 00-0 and 1-0 (see data sheet 2 and Pig. 28).
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Accumulation~gltitude relationship

The variation in precipitation with altitude, as a
moisture bearing ailr mass ascends a slope, cannot be reduced
to a fixed level as can be done with air temperature and
pressure. Therefore, the usual precipitation map is. the
representation of actual isohyets (Conrad, 1944, pp. 182-183).
In gen@ralg% it appears that preci@itaﬁion increases with
altitude on the windward slope, up to a certain level, above
which it decreases as @hé air mass loses its water content.
Precipitation continues to decrease up to the crest of the
glope and on the lee side it decreases even more rapidly
downhill into a precipitation shadow. Many factors influence
the precipitation-altitude relation such as the temperature
and humidity of the air as it begins its ascent, the duration
and intensity of the storm, and the inclination of the slope.
The latter factor is especially important because steeper
slopes increase the amount of precipitation in addition to
providing steeper precipitation gradients. The altitude of
the zone of maximum precipitation varies seasonally, being
highest in summer and lowest in winter. According to
Henry (1919) it also varies slightly with latitude being
less than 1000 m in the tropics and sbout 1500 m in temperate

latitudes,

é\Bz‘ised on records from: Cglifornia coastal mountains
(Hamlin, 1904); India, Java, Hawaii, and mainland U.S.4.
(Henry, 1919); and Sierra-levada and southern California
mountains (Varney, 1925; ILee, 1941).
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Average annual accumulation values for stations on
south or west facing glopegyw which are windward slopes to
the storm winds, are plotted against altitude in Figure 29.
There is far less scatter among the points in this Figure
than in precipitation-altitude diagrams Ffor mountainous
areas (see Lee, 1941, p. 58). This is because of the uni-
formity of exposure on the smooth, gently sloping surface
of the ice sheet. Most meteorological stations in mountain
regions are located at population centers, and their exposure
to the moisture~bearing winds varies from station to station.
This variability in exposure produces such irregularities in
the data that Meyer (1941) doubted that an accurate precipi-
tation-altitude relation could be obtained from them. On
the ice sheet, in addition to uniform conditions of exposure,
gome uniformity also results from winds moving new snow along
the surface, which tends to smoothen local irregularities in
deposition from & single storm.

Pigure 29 indicates maximum zones of accumulation
at 2000 m at T70°N, and slightly above 1000 m at 77°N.
Accumulation decreasgses with altitude above these altitudes
at the rate of 3 cm HZO per 100 m at 77°N and slightly less
than this (about 2.7 cm H,0 per 100 n) at 70°N, It is

interesting to note that this is close to the value (1.7 to

e(Sta:%;io:as omitted are 0-27 and 0-31 because they lie
on the lee side of large nunataks and Stations la-10 and
1-10 through 2-20 inclusive, because of their location on
the crest or lee side of the Thule peninsula ridge.
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Figure 29.--Accumulation-altitude relationship on the
west slope of the (Greenland ice sheet. Points are from
south- or west-facing slopes, i.e., windward slopes %o
storm winds (see p. 81). Each point represents an average
of several years accumulation (see Fig. 28). Data from
meteorological records are anomalously low because of
incomplete gage-catch (p. 83). The Thule data are not
representative for the coast of Melville Bay at 76°N be-
cause Thule lies in a precipitation shadow. The sea level
accumulation value for south-facing slopes at 76-77°N is
estimated to be at least 30 em HQO per year.
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3 cm Hy0 per 100 m) reported by Lee (1941) above the zone

zones of maxirmum accumulation in Greenland than from above.
Schytt's (1955) measurements of the 1053-1954 accumulation
between 0-0 and 0~20 are compatible with the results of this
study and his average of 55 cm “20 ig Indicated in Figure 29.
His minimum accumulation of 28 cm EQO wag definitely in-
Pluenced by local topography on Thule Ramp (Schytt, 1955,

p. 18). An estimate for the minimum annual accumulation in

the TUTO area based on data sheet 1 and Schytiis work, is

@

b5 + 5 em HQO per year.

Average annual preciplitation values from meteorological
stations at Thule and Jakcbshavn, located near sea level at
the north and south extremes of the traverse, respectively,
and Upernavik, midway between the extremes, are also in-
dicated in Figure 29. However, it 1is necessary to gualifly
the use of these data on two points: (1) Measurements made

at a meteorological station relate to a gingle point and The

exact location and exposure of Tthe precipitation gage is
very important. For example, the Thule station 1s definitely

in the precipitation shadow of Thule peninsula. HMeasurement

N

of the water equivalent of yearly snow deposition over ex-

9]

tended traverses, Or snow-survey courses (Church, 1833, 1942),

enables one to recognize such local irregularities. (2) The
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percent of precipitation caught by standard, unshielded
precipitation gages decreases with increased wind speed
(Brooks, 193%8; Wilson, 1954). This is true regardless of
whether the precipitation is in the form of rain or snow,

but the lowest catch percentages, about 25%, occur in the
case of snow storms. Black (1954) found that precipitation
values recorded by the standard eight-inch precipitation gage
at Barrow, Alaska were 2 to 4 times lower than those obtained
by measuring the water eguivalent of snow on the tundra. In
general, precipitation in at least some, and perhaps many,
arctic regions is greater than recorded values indicate,

In Greenland, the two shortcomings of standard precipitation
gages (location at a single point, and incomplete catch) can
be eliminated by using the ice sheet as an infinite set of
automatically recording precipitation gages.

Accumulation contour map

e
A contour map of gross annual accumulsation based on

See Warnick (1953) for a discussion of recent experi-
mental work aimed at improving the efficiency of precipi-
tation gages by various types of shielding

"?t{" VX‘ e e -
An accumulation contour map published by Diamond (1958)
T

is erroneous because the published value (Bemson9 195% ) o

60 cm H,0 per year at 1-0 was quoted as 20. Alsoc the values
guoted for the 1955 "JELLO" traverse were preliminary estimates
prepared for internal use at SIPRE and not intended for
publication. Since 1t was not known that these estimates

were to be published the necessary corrections were notb

applied to them.
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all available data, is shown in Figure 30. In genersl, the

accumulation contours follow the north-south trend of the
coast lines. The zone of maximum precipitation lies close
to the coast in two locations, one on the east coast between
Angmagssalik and Scoresbysund, Tthe other on the west coast
between Upernavik and Thule.

The west coast swings from north-south to east-west to
form the north shore of Melville Bay at 76°N. Cyclonic
storms moving northward along the coast either ascend Thule
peninsula here, or are deflected westward to Devon and
Bllesmere Islands. Accordingly the ice sheet near the coas?t
between T4°30' and T76°30'N, and the east facing shores of the
Canadian Islands between 75 and 81°N receive relatively heavy
precipitation.

Storms from the Icelandic low pressure region meet

*

Mr, James A. Bender of SIPRE, using the methods
described herein, measured the accumulation at each of the
three HIRAN stations. Data from the British North Greenland
Bxpedition are based on 5 pits and 30 Rammsonde profiles
(Bull, 1958). The data of Xoch-Wegener were obtained by
using the same stratigraphic unit employed in this work, i.e.
the discontinuity between the high density snow and the
underlying softer snow., They also adjusted their data s0
that a full year's accumulation, from one fall level to the
next was measured. This was necessary because they were in
the area during June and July and therefore did not directly
observe a full yearfs accumulation. The correction was of
the same sort made in this work (see Fig. 26). DeQuervain's
data were not adjusted and as annual values are at least 5 cm
too low, therefore, 5 cm Hpo0 were added to his values before
entering them in Figure 30. Recorded precipitation from
coastal stations are listed; more than 50 years of record
were averaged at all stgtions except Thule, Alert, and
Brénlund Fjord which cover 8, 3, and 2 years respectively.
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Figure 30.--Contours of gross annual accumulation.
See Figure 1 for identity of data points. Data from this
study are based on averages of several years accumulation
(see Fig. 28). Data from Koch and Wegener (1930) were
based on the same stratigraphic unit used in this study.

Data from De Quervain and Mercanton (1925) have been adjusted

by adding 5 cm HoO to each value before entering it on the
map. Data from the British North Greenland Expedition
Bull (1958) are primarily based on Rammsonde profiles

(see p. 85). Average precipitation values at coastal sta-

tions are indicated (see p. 85).
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Greenland's highest mountaln barrier, over 3000 m altitude,
on the east coast between Angmagssalik and Scoresbysund.
This results in heavy preclplitation on the windward, 1.e.,
south and east-facing, slopes here and a precipitation
shadow to the north. Few data are available for this region
and the contours are based on: (1) The 90 cm HQO per year
precipitation recorded at Angmagssalik compared with 23 cm
measured 300 km north of Angmagssalik at 3000 m altitude on
the ice sheet, (2) numerous glaciers flowing into the sea
south of Scoresbysund compared to the dry, unglaciated
egiong to the north, (3) the assumption that the zone of
maximum precipitation lies below 2000 m here as 1t does on
the west side of the ice sheet (Fig. 29), and (4) the ana-
logous effect on precipitation exerted by Thule peninsula
in northwest Greenland.
Few data points are avallable on the ilce sheet south
66°N., Accumulation contours are exbtrapolated through
this region, based on precipitation records at Godthaab,

Ivigtut, and Angmagssalik and on the accumulation-altitude

elations observed (Fig. 29) farther north.

Independent Checks on the Stratigraphlc

Interpretations

Stratigraphic correlation in northwest Greenland was

£

[—

).

well established by 1954 (see Figs. 22 to 25 and Benson [1959

However, the work only included 100 miles of traverse in the
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dry-snow facies., Stratigraphy in the dry-snow facies must

be interpreted in the absence of melt evidence, whereas in

the percolation facies, traces of melt evidence are uselful in
correlation., During the 1955 expedition, strata were success—
fully correlated from the percolation facies at 77°N through
about 500 miles of the dry-snow facies and back into the
percolation facies at 71°N (see data sheets). This, in
itself, is considered a test of the method, but two indepen-

dent checks exist and are described below.

Correlation between stratigravhic and meteorological records

Data at 1-0 extended 14.4 m below the snow surface in
1954. This represents a period of 11 years (1943 to 1954).
The stratigraphic record shows that the degree of melt action
varied considerably from year to year during this period. If
the amount of summer melt can be related to summer warmth,
then meteorological records from coastal stations may provide
a useful check on stratigraphic interpretations, at stations
near enough to be subject to the same general weather pattern.
Thule is 70 miles from 1=0 and its meteorological records
are continuous from 1947 to date. A single parameter,
indicative of relative summer warmbh may be obtained by
summing degree days above freezing for each year. The calcu~
lations are based on average daily temperatures, i.e., if the

average Temperature on a particular day is 8°C, it is counted

(3

as 8 degree days above freezing. The results are plotted in

Figure 31.



-89~

500

400

300

200 -

DEGREE DAYS ABOVE FREEZING (C)

100527 T 48 11545 | 1950 [ 1951 [1952 [ 1953 1554

YEAR

Figure 31.--Degree days above freezing at Thule,
Greenland 1947-1954, Data from U.S. Weather Bureau and
USAF Air Weather Service.
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The years 1947 and 1951, which produced the least melt
at 1-0, are the coldest recorded at Thule. The heaviest
melt recorded between Thule and 2-150 occcurred in July 1954,
and this is the warmest year on the Thule record. The
moderately heavy melt during 1949, 1950, 1952, and 1953
correspond to years which are colder than 1954 but warmer
than 1947 or 1951.

A word of caution may be appropriate regarding the
correlation of warm years with abundance of melt evidence.

A few very warm days may produce heavy melt action in firn,
and such a brief "heat wave' may occur during an otherwise
cool summer. However, the general agreement between

Figure 31 and the record at 1-0 on data sheet 3 is satis-
fying; it agrees with the interpretations shown in Figures 22
to 25 and provides an independent check on the stratigraphic

methods.

-
016/916 Ratios in snow and firn lavers

« . . . N 18 -
Variations in the 07° content of waters from natural
sources are discussed by Apstein and Mayeda (195%). The
variation is temperature-dependent and it was expected that
differences between summer and winter precipitation on the
. o - . 18,16 . PR
ice sheet would be recorded in the 07 /0 ratios of Tirn
strata. During 1954 and 1955 a total of 300 samples were
A " . . o ) . . » K . 18 ~ i 6
teken for study of the general relationship between 07 /0
ratios and firn stratigraphy on the Greenland ice sheet

(Epstein and Benson [1959]). Tor the present it is sufficient
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to state two major results:
(1) The altitudinal effect: Snow deposited from a single

~
storm shows lower 018/010

ratios at higher altitudes.

"In terms of per mil variation per 1,000 ft
of altitude, it is approximately 1.8 in northern
Greenland, 1.7 on the west slope of the Sierra
Nevada in California, 1.6 in the Pasadena area,
California, and 0.6 on the Saskatchewan Glacier.
The last value may not be reliable becauge of incom-
plate sampling" (Epstein and Sharp, 1959, p. 91).

(2) The seasonal effect: Snow deposited in winter has less

18

0 than that deposited in summer. This produces an annual

variation in 018/016 ratios which was observed by sampling
every stratigraphic unit in the upper 4 meters at Stations 2-
225 (total of 47 samples) and 4-200 (total of 59 samples).
Samples through at least two yearly cycles were taken at
Stations: 1-0 (1954), 2-70 (1954), 2-100 (1954), la-20
(1955), 2-150 (1955), 4-75 (1955), and 5-40 (1955); and
samples across the fall discontinuity were taken at 12 of

the stations between 4-275 and 5-230.

Comparison between 018/'016 ratios and standard strati-
graphic measurements are shown in Figure 32 and at Station
1a-20 on data sheet 4. Confidence in the interpretation of
firn stratigraphy is gained by the agreement between the

three independent methods of approaching the problem presented

above.



-g2-

"H6 o3ed U0 paUTJSP ST 3T ‘J93BM UBSO0O UBSUW 03 SATQRBISJ OTled

o1%g1

910/g70 @u3 st 9

fsoTqea

0 U3TMm pededwod QGI-g uoTaelS a® eaep OoTydealdiaedans Uhmcc 19--*e2¢ 2Jan3Td

[ole) 4

0]:14

0S¢

obe
o4

00e

G61

082
092

ov2

256

[or44

002
osti

- 091

-
e ——
"
. g

1

£ael

(6} 4]

e

032!

=

(wd) 39V4HNS MONS MO138 HLd3d

00l

08

12s]

4 09

“"1__ —_—TLPL‘"'I o allla] Man

.\. ov

/ (074

_

[

3
T
%
i

4 o

0z- ¢ 0G GF OF S¢ O &2
J (¥ ALisnaa

Jo

0 & OI- Si- 02~ &2 0¢-

09
JYNLYEIdWNIL

||

0G 001 0§ 002 062 00E 0L

() YIBWNN SSINAUVH WY

(4 0904) w €222 NOILVAIT3
GG6l AV 1€
061-2 NOllvis



_93-

.:mmmmgcowmgﬂmmvmﬂuﬂqpmpmzcmmoocmmEOPm>ﬂpmﬂmp0ﬁpmgﬁo\aomspmﬁmmmOHpmg
@Ho\wﬁo U3TM D5aEdUCO Ggg-z UOTIEAS 4T B1ED OTUdBISTIRILS DIBPUEHS--*q2E Sandra

oovy
:\L . [0]: 14

8b6

ove
oeg

L.
Tt

o d o d e

L.J

6b6! ¢

— s 082
- 092
ov2
oz
00z
o8l
osl
ol

_lilnl_ 0G6l

s
y =y

S i e L

L

N,

ozl
ool
08
/ 09

{wd) FOY4HNS MONS MO138 HLd3a

T

" vS6l \\\ ov

- 4 02

T I I T _ L L7 0
| 0 & Ol- Gi~ 02 Ge- 0¢-

0s- G- Ob- Gg- oc- G2- O2- 66 06 & O¥ G& 0F G2 09
N , wo D¢  JUNLVHIAWIL

J (&“Ypavisnaa [ o_u, 1] ]
¢ ‘ 06 00I 05t 00Z 062 00E 0S¢
(6} ¥IANNN SSINAUVH Wvd

(44 02e8) w 9€GC NOILVA3T3
gG6l 3NNr 9
G22-2 NOILviS



-9h-

*epn3TaeL STU]

1% 4J 000JL MOToq S£9pPnjTa4TE 4B S0USPTAS® 4TdW 4J9T YOTUM 9aBM 3BaY £G6T AIng 4I-TT 9Ul
JuTanp pewaoJ sem 3T 2BU3 $35933ne SIYL °OT3ed Ho\mﬂo 189U3TY 8yl sey Jauwuns HGAT ayg
JUTIND POWIOJ QBIS PUIM dyj og¢ 2an3T4g ul .mOﬁpmg ﬂo\ 10 U3 ut a8ueyo adnJaqge ur yUiTm
TToM S99BTOJJI00 Paooada oTydead8lieals ayj ut gmMm mm £ TNUTQUOOSTP TTRJ 99Ul ‘“Jo3em
UBS00 UBAW JO 9BYJ] UBYUL JOMOT °¥0T JO %1 ST oTdwes ayj3 JO OTj3BJ Ho\mﬂo 1BY] Suesuwl

0T~ = m snyl °(£G61 ‘epaden pue utegsdg) UOTJTUTIOP £q JI93BM UBSDO mmme JOoJ 00°0 = w

.@Homm\wﬁomm OT4Bd 9Yjg ST Y oJdaUm
(paepuesgs)

paepuess u
Nw&m@smwmvm _ Amﬂmsmmvm @

el
Hq

000T = 000T X

il

sTdues

uoTaBIOX
oys £q J94EM UBSOO UBSW WOJJ SUOTJBTAID JO Swdd] UT passodadxse dJae e3ep SYJ °SOT3Bd

@Ho\wﬁo Uy3TMm pagedwod G)-f UOTIBGS 4% eiep OoTydeadT3eJls paerpuBlg--°0z2¢ 9JnITd
T 002
&H.; o8l
256! | \ 09l
o /
— obl o
H ' * m
—n e
, W o2t A
)@ \ e
—o ¢gel 00l
/7
: T 08 2
o NI — 09
L b S
: — vG6! ; / ob
Q $e
1 ° _.rU \Il\,m [or4
N T /] o
f f T _ ] 0 & Ol- G- 02- G&-0g~ ||
08~ G- ob- a9~ og- G2- 0¢- 6§ 0G GF OY GE OF & 09
W Ja  3HNLVHI4dW3L
. , _ ("Ye avisnaa | ow P
e 0S 001 041 002 052 00% %8
S , (B5) MIGWNN SSINGHVH WvY

{1 6106) W 6v.2 NOILVA3T3
g6l 3NNr L1
GL-t NOILVLS



~95-
CHAPTER IV

DIAGENETIC FACIES~-A CLASSIFICATION
OF GLACIERS

Diagenetic facies on glaciers are defined on page 47,
The purpose of this chapter is to demonstrate the differences
between these facies and to show that their boundaries can

be located by physical measurements.

Temnperature

Deasonal temperature variastion on the snow surface

Data. Air temperature measurements, made in a standard
meteorological instrument shelter for periods of at least
one year, are available from two locations on the ice sheet

(2-100 and 5-40) as follows:

Station Time interval Observer

2-100 (site II) 7 July 1953 - 31 May 1956 U.S.A.P. Air
Weather Service

*
5-40 (Prench Central 5 Sept 1949 - 15 Aug 1951 Expedition

Station) Polaires
Prancaise
5-40 (Eismitte) 1 Aug 1930 ~ 6 Aug 1931  Johannes Georgi

* .
(Not completely published as of June 1959).

Air temperatures measured in weather shelters are not

obtained at constant height above the snow surface because
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of accumulation of new snow and snow drifting. TFor example,
Georgi's thermometer varied in height from 1.20 to 2.2l n
above the snow surface. To obtain uniformity, Georgi devised
and built an instrument to measure the air temperature 10 cm
above the prevailing snow surface. These measurements began
in Pebruary. He estimated the temperature difference between
the shelter and a point 10 cm above the snow surface for the
months preceding PFebruary. The snow surface temperature
itself was estimated from the 10 cm values. The corrections
are small compared with the marked variation in air temper-
ature during a year but, Georgi points out that the estimates
of snow-~-surface temperatures are improved by applying them.*
Georgi's estimated monthly averages of snow-surface temper-
ature at Eismitte are listed with observed air temperature
data in Table I.

No data are available to adjust the U.S.A.F. data to
obtain snow-surface temperatures. However, it will be assumed
that negligible error is made if Georgi's corrections are
applied. The monthly averages for 2-100 are listed in
Table IT.

Analysis. Sorge (19%5, pp. 232-236) showed that the

snow-surface temperatures of Table I can be represented by

%Measurementsrby Nyberg (1938) indicate that the increase
of temperature with height, in the lst 10 cm above the snow
surface, is an order of magnitude greater than estimated by
Georgi (footnote added in proof reading).
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Table I

Monthly mean temperatures at Eismitte* (Oc)
(1930-1931)

Air temp

Alr temp Correction 10 cm over Temp of

in the in- according the snow Correc— the

strument to surface tion SNOW
lMonth shelter Georgi (rounded off) (estimated) surface
Aug -17.7 0k -17.7 0 -17.7
Sept -22,1 -0,5° -22.6 O -22.6
Oct -35.6 -1° ~36.,6 -0,1 ~36.,7
Nov -43.1 -1.5° ~-44.,6 -0.2 ~-44 .8
Dec ~-38.,8 -1,5° -40,3 ~0,2 ~40,5
Jan -41.,7 -2° -43.7 -0.3 -44.0
Feb ~47.5 =1.75° -49.0 -0.2 -49.2
Mar ~39.4 ~1,00° -40.4 -0.1 »—40.5
Apr -31,0 +0,12° ~-50.9 0 -50.9
May — -20.1 +0.85° ~19.5 +0.1 -19.2
June -15.3 +0.86° -14.4 +0.,1 -14.5
July -10.8 -0,12° -10.9 0] -10.9
4verage_sq o ~30.85 ~30.94

*
Eismitte of 1930-31 was the French Station Centrale of
1949-51 and Station 5-40 of this study.
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Table II

Alr temperature data for Station 2-100,
Greenland

Georgi's Temp at

Air temperature-°C
correc- snow

Month |1953 | 1954 | 1955 | 1956 | Average  tion surface
1 Jan | - |31.67)36.11]36.83| 34.8  -2.3  -37.1
2 Feb - 130,56} 31,11 35,67 32.4 -1.95 =34.4
3 March -~ [33.89|34.44|35,22| 34.5 ~1.10 -35.6
4 Apr - 23.89|30,67| 26,72 27.1 +0,12 ~27.0
5 May | - |16.1116.44]19.50| 17.3 +0.93  -16.4
6 June| ~- | 8.89 8,33 - 8.61% +0.96 - 7.6
7 July| - 6.11) 8,22, - T.16%  -0,12 - 7.3
8 Aug 8.3 T7.22{12,00{ - 9.17 0.0 - 9.2
9 Sept [20.00| ** |18,94| - 19.44%  _0,5 -19.9

10 Oct (28.89(25.56|18,22| - 24.20 -1.1 ~2545

11 Nov |35,00|27.78|31.72| =~ 31450 -1.7 ~-3342

12 Dec |41.67|38.33|36.78| - 38,90 -1.7 ~40.6

Average -22.5 =23,6 -23.8 -24 .4

*
Based on data from 2 years only.

** Average of 1953 and 1955 data was used for Sept 1954,
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the first two terms of a Fourier series, i.e.:

2
f(t) = E (Pn cos nt + q  sin nt)
n=o0 ?
=P+ P, cos t + qy sin t + p, cos 2t + dp sin 2t (1)

Fquation 1 may be rewritten as a series involving cosine terms
only,

£(t) =P  +a cos(t-A;) + a, cos(2t-4,) (2)

1

where the constants between eguations 1 and 2 are related as

follows:
— P2 2 = -1 .(_1...1:
a; = ll + dq ’ Al = tan Pl
o 2 2 _ -1 9
a2 = PZ + q2 ’ A2 = tan Pz

The data from Station 2-100 (Table II) can also be repre-
sented by equations 1 and 2.

Values of the constants in equation 2 for the data of
Tables I and II are summarized in Table III.

The phase angles are expressed in terms of angular degrees
with 30 degrees set equal to 1 month and t = O on 15 July,

so the phase angles in Table III give maximum values for the
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Table III

Values of constants in equation 2

5-40 5-~40% 2-100 2-100
Sorge's Sorge's Average of
values values 3 years 1954 values
corrected data only
P, °¢ -31.0 =31.0 -24 .4 -23.2
P, °C 17.46 17.46 16.1 15.40
q; °C - 1.63 - 1.63 - 0.552 - 0.948
P, °C 2.6 2.6 2.47 2.68
4y °C - 1,6 - 1.6 - 0,197 - 0.317
aq °C 17.54 17.54 16,11 15.41
2y °C 3,03 3.05 2.48 2.70
Ay ~6°15" ~5°20" -1°58! ~3.52°
Ay ~-27°50! ~31°351 ~-4°34" ~-6.,75°
%Numerical errors are present in Sorge's values 25y

A, and A these are slight and do not affect his results,

2’
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year and half-year waves as follows:

Date of maximum value

otation Year wave Half-year wave
5-40 10 July 1 July
2-100 (3 yr average) 13 July 13 July
2-100 1954 data 12 July 12 July

In general the annual temperature variation on the snow
surface has the same phase throughout the north-south extent
of the region considered in this paper, i.e., 70° to 77°N.

It reaches its meximum within + 2 days of 12 July. The
existing data suggest that the maximum occurs slightly
earlier in the south than in the north. The maximum deviation
from mean annual temperature is nearly the same over the |
region but, according to the available data, it is about 10%

greater at TO°N than at 77°N latitude.

seasonal temverature variation below the snow surface

Data. The temperature profiles of Figure 33 show the
seasonal temperature variation below the snow surface at
Stations 1-0, 2-0, 2-50, 2-100, 2-120, and 2-200 in north
Greenland. Simiiar curves for Station 5-40 (Eismitte of
1930~1931) were presented by Sorge (1935).

It may be seen that profiles measured at the same station
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Figure 33.--Temperature profiles at Stations 1-0,
2-0, 2-50, 2-100, and 2-120.
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- —— ; 1000
Station
1 24 May 1955
2 9 July 1954
3 4 Aug 1953,
2-50 L 21 Aug = 1953)
La 21 Aug 1953
5 18 Sept 1953
1 g March 1954€
_ 2 28 May 1955
2-100 3 "7 Juiy 195K
4 26 Aug 1953
a A 1 July 1952
2-120% B 30 Aug 1952
C 3 Sept 1952

@prom measurements by L. H. Nobles.

Curve 4 was measured in undisturbed snow 50 m from the

pit of 4 August; 4a was measured 1 m from the test wall of
the 4 August pit.

CCurve 2 based on observations in the winter by G. E.
Frankenstein and the mean annual value at the deep pit.

d

Survey area pit B.

1952.

(See Figs. 1 and 2).

Curve A measured by H. Bader within 1 mile of the 1954
Curves B and C were obtalned at 2-120,
The elevations are nearly equal at these locations
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in different years, but at about the same time of year are

remarkably similar. For example, the curves measured on 17
August 1952, 19 August 1953, and 18 August 1954, at station
1-0 are practically indistinguishable below 160 cm., It is
assumed that this annual reproducibility of temperature
profiles implies that the ice sheet climate is sufficiently
constant to permit comparison between temperéture profiles,
~measured in four differeht years, as if they were all from
the same year. Thus, af Station 2-0 (Fig. 33) the measure-
ments made at nearly tﬁe same time of month in.May, 19553
Juhe, 1954; July, 1953; August, 1952; and September, 1953,
illustrate a part of the annual cycle.

To evaluate temperature as a variable on the ice sheet
its distribution at a given timé must be known. As a parameter
in defining facies temperatures should be measured in the
-upper 3 to 5 m during the peak of the melt season. It has
not been possible to obtain simultaneous measurements over a
large area of the ice sheet,but temperature profiles obtained
in August are available for most of the north (77°N) and
south (70°N) legs of the traverse, i.e., 0-0 to 4-0 and 5-0
to 5-230 (Figs. 34a, b). These curves illustrate the alti-
tudinal variation in firn temperature, during late summer,
in the most familiar form, i.e., temperature plotted against
depth. However, to locate facies boundaries it is useful to
represent the abové data as isotherms in the top 4 té 5 m

of firn with altitude as the abscissa. Table IV and
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Table IV

Location of isotherms during peak of the melt season atb:
(&) 77.0+0.3°N and (B) 70.4+0.7°N

Elevation Depth below snow surface (cm) .

Station (m) Date 0°C -5°C -10°¢ | -15°¢C -20°C -25°C -3
A

2-200 2442 15-8-53 | - - - - - - 80 184 304 - -
2-180 2387 15-8-53 | - - - - 0 100 200 - - - -
2-160 2313 14-8-53 | - - - - 20 120 215 - - - -
2-140 2228 14-8-53 | - - - - | 24 120 219 - - - -
2-120 2142 11-3-53 - - - - 35 ) 1ﬁ0 230 - - - -
2-120 213 30-8-52 | - - - - - 35 140 290 - - - -
2-100 1690 26-8-53 - (o;* - (10)| 25 §45§ 170 330 - - - -
2-30 1887 23-8-52 | - éo - (30)] 60 (70 170 - - - - -
2-0 1704 21-8-52 | - 5) 50 100 212 370 - - - -
1-0 1302 17-8-52 | - (30) 100 | 184 320 - - - - - -
1-0 1302 18-8-54 | - (35% 100 184 - - ~ - - - -
0-35 o1l 16-7-53 {180 (220
0-35 914 19-8-54 {170
B .
5-0 3123 18-7-55 | - - - 13 70 130 230 420
5-20 3072 20-7-55 | - - - - 85 150 270
5-40 3005 23-7-55 | - - ~ 6 (5 75 165 (170) 290
5-65 2882 2-8-55 | - - 4 30 £25 100 205 380
SN = A R 2%8

- Of‘ o — — —— - J
5-140 2466 10-8-55 | - - - (1o§ 60 165 340
5-150 2407 12-8-55 | - 0 - (10)]| 50 (70 180 340
5-160 2342 13-8-55 - 0 2 glo 10-80 %85 190 - (foo)
5-170 228; 14-8-5@ ~ 0 - 10)!| 50 85 15/205 - (400)
5-180 2206 15-8-55 | - 0 - §15 §o (85)] 220
5-190 2146 16-8-55 | - (5 - 25)| 65 100; 230
5-200 2012 17-8-55 | - 510) - 30)| 80 110 255
5-210 1963 18-8-55 | - 10; - 40 50/195 115) | 0/300
5-220 1861 19-8-55 - (20 - 50)[40/160 (180)| 355
5-230 1746 20-8-55 | - (30) - 90){30/155 265 13
French (-5.8°C) 1
Camp VI 1598 28-8-50 | - - 500 800 Looo

*

Extrapolated values indicate depths at peak of melt
season (see p. 107), all extrapolated values are enclosed
in parentheses. The extrapolated values are plotted in
Figure 35 and the unadjusted values are plotted in Figure 38,
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Figure 35.--Isotherms in the upper 5 m on the west slope
of the Greenland ice sheet during the peak of the melt season.
Data points are from Table IV.

a. 77.0+0.3°N Latitude
b. 70.440.7°N Latitude
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Figures 35a, b, summarize the data in this form. The main
goal of this representation 1s to show the maximum penetration
of isotherms during the melt season. Clearly, the top 1-2 m
of some temperature profiles are measurably influenced by the
fall cooling wave. 1In such cases a reasonable estimate of
temperatures during the peak of the melt season may be ob-
tained by extrapolation as shown in Figure 34b. The amount
of melt evidence in the upper layers, together with tThe shape
of July profiles, is used to gulde the extrapolation. All
extrapolations are indicated in Table IV,

Analysis. Sorge (1935, pp. 236-203) carried out a
detailed mathematical analysis of the annual temperature
variation with depth at Eismitte (Station 5-40). He assumed
that heat is transferred in the snow and firn purely by

conduction and used the function:

._Z,{_Tr__
£(z,t) = Re Y1 cos<?ﬂ- —Il>, (3)

- o T “4 Tq

where
E'S
RO 18 the amplitude of temperature on the snow surface.
T is Period (in our problem the period i1s 1 year for the

year wave and one-half year for the half-year wave).

¥*
Sorge uses the term "halbamplitude' for Ry but from the

equation he means "amplitude" which is the half range. The
use of "halbamplitude! for amplitude and "amplitude" for
range is inconsistent in his paper. The term "amplitude”
means half range except on pages 237, 240, 246, 257, and 259.
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a is the thermal diffusivity of firn.

’n
RZ = Roe Ta gives the amplitude of the temperature
variation at the depth z.

The term "z %% " gives the phase angle at the depth z.

The temperature variation on the snow surface is
expressed as the sum of two cosine terms. Therefore the
temperature function at any depth may be obtained by sub-
stituting each of these Surface functions separately into
equation 3 and adding the results. This can be done as
soon as values for a, the thermal diffusivity, are known.
Sorge (1935, pp. 237-239) points out that it is not correct
to compute a by making a least squares analysis of the
observed temperature variations, because the snow surface
is not constant, as it always receives new accumulation, and
the value of a itself is not constant over the depth range
considered, A functional relationship between a and firn-
density was experimentally determined, and values of a
obtained from it were used to compute the temperature vari-
ations with depth. The computed and observed temperatures
agreed closely; this fact was interpreted as additional proof
of the relation between o« and . The density profiles from
Stations 2-100 and 5-40 are so close that negligible error

. . *
is made if Sorgels values of o are used in analyzin the
)

*
This type of analysis does not give the complete picture
because heat is also transferred in the upper layers by
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annual temperature depth relations at 2-100,

Computed annual temperature variations at the snow
~surface and at several depths below the snow surface are
plotted in Figure 36.

| Maximum computed deviations from the mean annual value
in the top 16 m of firn at Stations 5-40 and 2-100, presented
in Table V, show two features immediately:

(a) The firn temperature 10 m below snow surface is
never more than 0.3°C from the mean annual value.

(b) If the mean annual temperature is -20°C or greater,
the snow surface will be occasionally exposed to melting
temperatures for a period of at least one month.

The occurrence of melting on the snow surface has been
neglected in the analysis. Therefore, the analysis may give
positive temperatures for the snow surface at some locations.
A1l positive values must be considered to be 0°C. They cause
the actual mean annual temperature to be higher than computed.

Temperature values obtained at depths shallower than
10 m deviate from the mean annual value by more than 0,3°C,
However, a correction for the deviaﬁion from mean value at
a given date and depth can be computed from equation 3. This
is done in Appendix II; no depbths less than 3 m were used in

an attempt to minimize the effects of convection (see pp. 118-119),

convection, The effects of this are discussed on pages 118-119,
but first an analysis of temperature variations below the
snow surface will be carried out using equation 3,
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Table I); and Station 2-100 (Table II).
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Table V

Maximum theoretical deviation (°C) from

mean annual temperature

Depth below snow surface (m) Statzi;N5-4O StatzZ;N2—100
0 20.59 18.59
1 12,73 11,51
2 8.00 7.28
3 5.13 4,66
4 3¢33 3,03
5 2,20 2,00
6 1.46 1.34
7 0,983 0.899
8 0.667 0.609
9 0.464 0.414

10 0.310 0.284
11 0.216 0.198
12 0.143 0.132
13 0,102 0.094
14 0,071 0.065
15 0,048 0,044
16 0.034 0,031
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Distribution of mean annual temverature on the ice sheed

The data of Appendix II, plotted against altitude in
Pigure 37 suggest the possibility of mapping the distribution
of mean annual temperature on the ice sheet, because they
indicate the rate of change of temperature with altitude and
latitude.

Altitude gradient. The altitude gradients in Figure 37

can be related to processes in the atmosphere* by assuming
that the air in contact with the snow surface has the same
temperature as the snow. The altitude gradient is nearly
1°C/100 m at 70° and 77°W; this is essentially the magnitude
of the dry-adiabatic rate of temperature change for vertically

moving air. It is important to note that these gradients

the surface of the ice sheet (or a parallel surface 10 m
below the snow surface) and are not to be confused with the
meteorological "lapse-rate" which refers only to the vertical
temperature gradient (g%) in the free atmosphere. The lapse
rate is not generally applicable t0 air temperature measure-
ments made at different elevations along the surface of the
earth, because horizontal variations in air masseS‘may be
encountered. This is especially true in Greenland because
the lapse rate over the entire ice sheet is usually positive

as a result of strong inversions; whereas the rate of change

*
A summary of the meteorological concepts and terms
involved in this discussion is given in Appendix I.
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Figure 37.--Mean annual temperature plotted against
altitude on the west slope of the Greenland ice sheet.
The error in temperature values varies from + 0.5 to 1.0°C
(Appendix II). The absolute altitude values are known to
within about + 30 m, but the relative error between stations
is less than this. The altitude gradient at 77 and 70°N is
approximately 1°C/100 m whereas the altitude and latitude
effects nearly cancel each other on the north-south leg
between Stations 4-0 and 5-0. The dashed lines indicate
a + 1°C range around the gradient at 77 and TO°N.

3500
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of temperature along the surface (Fig. 37) is close to or
even greater than the dry-adiabatic rate.

In continental arctic regions and especially over snow
surfaces, strong inversions are commonly formed as the ground
is cooled by net outgoing radiation (Wexler, 193%36). Typical
inversions in polar continental air often extend 1 or 2 km
abdve the earth's surface and are in turn overlain by a
nearly isothermal layer; the normal negative lapse rate is
generally not found below 2 km in winter., The result of this
temperature distribution is an extremely stable stratification
of air. A high density layer (with negligible vertical
motion within it) about 500 m thick, covers the ice sheetd
and flows under the influence of gravity. This is the origin
of the commonly observed katabatic winds.

The west slope of the ice sheet between T70° and T7°N is
subject to winds from all directions, but two predominate;
(1) katabatic winds from the southeast, and (2) cyclonic
storm winds from the southwest. The katabatic winds are
warmed according to the dry adiabatic rate as they descend
along the surface of the ice sheet. The storm winds, composed
of saturated air masses, cool at a rate considerably less
than dry adiabatic as they rise along the surface of the ice
sheet., If the gradients in Figure 37 are caused primarily by
the movement of air over the snow surface, the implication is
that the prevailing winds are katabatic. This agrees with

observation, but does not lend support to the concept of a
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glacial anticyclone.* It merely states that cyclonic storm

winds, which nourish the ice sheet, do not significantly up-
set the thermal regimen of the upper firn layers. Instead,

they produce minor perturbations in the thermal eguilibrium

controlled by the nearly constant drainage of cocld ailr from

the interior, the katabatic winds.

The above discussion 1s based on the assumption that
temperature gradients along the snow surface are controlled
entirely by adiabatic processes in the alr moving over the
surface. The effects of radiation are assumed constant over
the region considered, and the analysis 1s not applilcable
in the soaked facies because of abundant melt.

Three factors in addition to the ascent of molsture-
laden storm winds on the ice sheet, will cause the vertlcal
temperature gradient recorded at a constant depth below the
snow surface to deviate from the dry-adiabatic rate:

(1) More efficient cooling of the snow surface by radiation
occurs at higher elevations because the water vapor content
of the air is lowest there. This tends to make the gradient
along the snow surface larger than adlabatic. (2) Relatively

more melt occurs at the lower of any two positions considered.

*Hobb's theory of the "glacial anticyclone' was based
largely on the observed drainage of cold air radiating out-
ward from the highest elevations. This 1s not adequate basis
for his anticyclone theory. An excellent review of the
meteorological data on CGreenland and a critical appraisal of
the glacial anticyclone theory may be found in Dorsey (1945),
Matthes (1946), and Matthes and Belmont (1950).
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This also makes the gradient along the snow surface larger
than adiabatic, (3) The air of katabatic winds has greater
ability to absorb moisture from the snow at the lower of any
two elevations because its temperature is higher. This
produces relatively more cooling by latent heat transfer at
the lower elevation and tends to make the gradient less than
adiabatic. However, the rate at which moisture is removed
depends on wind speed; and, of two positions at the same
elevation, the one with most wind aétion will have the lower
snow temperature because of the greater heat loss in the

des ication process.

Deviations from the dry-adiabatic gradient observed
during late summer at 77°N (Fig. 342) may be evaluated in the
light of the meteorological processes outlined above. Of the
data in Pigure 34a, those at 3 m depth are least dependent
on local, short-duration meteorological perturbations; and,
if only these values are used, the vertical temperature
gradient between Stations 1-0 and 2-200 is 0.91°C/100 m.

The gradient varies from one trail segment to the next as shown
in Table VI,

The maximum deviations from the adiabatic gradient occur
in the trail segments which terminate at 2-0; and they are
attributed mainly to the wind action on the ridge crest
(v. 65 ). Between positions 1-0 and 2-0 there is a signi-
ficant difference in the amount of summer melting, and the

maximum gradient is observed in this segment of the trail.
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Table VI

Rate of temperature decrease with elevation along
the surface, from measurements at 3 m below
snow surface during summer at TT7°N

Elevatioh

difference Gradient
Location " (m) AT(°C) °¢/100 m
1-0 to 2-200 11%% 10.4 0.91
1-0 to 2-0 402 BB 0.82
2=0 to 2-100 286 1.5 0.52
2=100 to 2=200 451 5.6 1.24

This may be accounted for if the firn temperatures at 1-0 are
higher than their "adiabatic value" because of melt action,
while those at 2-0 are lower because of des ication. Between
2=0 and 2-100, the difference in melt evidence is not great
and the minimum gradient observed over this interval may be
entirely due to des ication at 2-0.

The overall gradient, from 1-0 to 2-200, is slightly
less than adiabatic in late summer (0,91°C/100 m), but
slightly greater when mean annual values are conéidered
(1.,05°C/100 m). Although these departures from the adiabatic
gradient are not large, they are in the right direction
because: (1) thermal control exercised by katabatic wind is
weakest in summer, (2) heat loss by radiation is maximum during
the winter, and (3) penetration onto the ice sheet by moisture-

laden storm winds, with gradients only half as great as the
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dry adiabatic, is most frequent in summer. This probably
occurs because the high pressure area over the interior
moves farther south in winter, tending to let only the very
large storms penetrate deeply.

Vertical air temperature gradients measured during June
and July, 1912 in south (66 to 67°N latitude) Greenland
(DeQuervain and Mercanton, 1925, pp. 15%-156) were greater
than dry-adiabatic during times of strong outgoing radiation,
approaching the dry—adiabatic while f8hn (katabatic) winds
prevailed, and less than héif of the dry-adiabatic gradient
during stormy or overcast days. These observations, combined
with the observed gradient of mean annual temperature in the
firn which is greater than the dry-adiabatic gradient,
indicate that strong cooling by radiation is a prevailing
mean annual condition which is accompanied by deep inversions
and produces the katabatic winds.

Jome uncertainty exists in the mean annual temperaturé
values‘obtained by applying equation 3 to measurements,
because convection was not considered. Air moves through the
upper layers of the snow pack, and the associated convection
is several times/moré effective in transporting heat than is
conduction‘(éey, 1951)., The effects of conveétion decrease
with depth and wére minimized, in preparing Appendix II, by
using no data from less than 3 m below the snow surface, All
temperatures computéé in Appendix II are probably within =

degree of the value at 10 m, according to check-points existing
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at stations where 10 m data are available.

Figure 38 compares observed isotherms (uncorrected data
of Table IV) with those computed from equation 3 using an
assumed altitude gradient of 1°C/100 m. It is clear that the
fall cooling cycle has progressed more’rapidly than indicated
by the conduction model. The O and-5°C isotherms have been
completely removed from the snow by mid August and the -10°C
isotherm is well above its computed position. The difference
between measured and computed values is attributed to con-
vection and decreases with depth as expected.

Sorge (1935, p. 246) observed that maximum temperatures
occurred earlier than computed down to 7 m below the snow
surface, being 10-14 days early at 6-7 m. He attributed this
deviation to convection caused by air circulation in the
tunnel connecting the Eismitte living quarters with the
glaciology pit. The presence of the tunnel undoubtedly
influenced his measurements, but, air circulation through
the porous snow alone causes noticeable convection as illus-
trated by Figure 38,

Latitude gradient. The latitude gradient may be obtained

from two independent sets of data. First, from measurements
on the ice sheet itself (Fig. 37) and second, from sea-level
meteorological stations on the west coast of Greenland. Mean
annual temperatures on the ice sheet are known with greatest

accuracy at Stations 2-100 and 5-40. They indicate the



DEPTH BELOW SNOW SURFACE (m)

~-120-

T T
L
/”
. , ]
y;
L } J
! 7!
/ ?
r L. D
L o ¢
2~ '
8° f ¢
D SEQ % ¢
L o o Qoéb RS ) B .
i Ty P L0 g
o Y
T 0 ’
fen ~ 3 S o o
Lo \;f" ’ ,\ © 0o
3 ~ o}m S & e 2 g
P r &
L ) >
; W ]
F g o’
L &£
4l /
5 | VA L1
o] 500 IOOO ISOO ZOOO 2500

ALTITUDE ABOVE SEA LEVEL (m)

Figure 38.--Isotherms computed from equation 3 for
15 July, 1 August, 15 August, and 1 September using an
assumed altitude gradient of 1°C/100 m. Data points are
cbserved values from Table IV. Eguation 3 1s based on the
assumption that all heat is transferred through the snow by
conduction. However, 1t is clear that the fall cooling
cycle has progressed more rapldly than predicted by the
conduction model. The O and -5°C isotherms have been com-
pletely removed from the snow by mid-August and the -10°C
isotherm is well ahead of its computed position. The
difference between measured and computed values is attri-
buted to convectlon and decreases with depth as should be
expected (see page 118). The depth range (see data sheets)
of each temperature value 1is indicated by the vertical ex-
tent of the 1ine enclosing the data point.
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following values:

71°N latitude; -28,0°C at 3000 m,
77°N latitude;  ~24.5°C at 2000 m.

If the altitude gradient of 1°G/100 m is used, the resulting
latitude gradient is 1.08°C per degree latitude.

Meteorological records from Ivigtut, Godthaab, Jakobshavn,
and Upernavik are nearly continuous from about 1875 to
present. These stations, together with those recently estab-
lished at Thule (1946) and Alert, (Ellesmere Island, 1950)
provide information over a range of 21.5 degrees of latitude.
They are all less than 32 m above sea level and may be regarded
as equal in altitude for the present discussion. Records from
these stations are summarized in Table VII and Figures 39a and b.
The average air temperature has increased especially since
about 1920. Therefore, values shown for Thule and Alert
(since 1946) correlate with the upper limit of data points
obtained farther south (Fig. 39b).

The latitude gradient, expressed in °C per degree latitude,
is 0.8 from Ivigtut to Upernavik, 1.4 from Upernavik to Thule,
and 1.0 from Thule to Alert. The gradient measured north of
Upernavik is closest to that observed on the ice sheet. This
is probably because the sea north of Upernavik is covered by
ice and snow during the major portion of the year, thus making
the environment more continental than it is farther south,

Summary. A simplified model of the distribution of mean
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Figure 39a.--Mean annual temperature plotted against
time for stations on the west coast of Greenland (Data from
Table VII).
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Table VII).
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annual temperature (i.e., the temperature measured 10 m below
snow surface at any time of year) may be summarized as follows:

(1) The altitude gradient is based on the agsumption
that the prevailing meteorological environment of the ice
sheet is a strong cooling by radiation, producing a temper-
ature inversion and nearly steady drainage of dense air by
katabatic winds., The air is warmed as it descends along the
ice sheet at the dry-adiabatic rate of about 1°C per 100 m.
This process in the air controls the altitude gradient of
temperature, measured 10 m below the snow surface, above the
saturation line.

(2) The latitude gradient of temperature is based on the
measurements at Stations 2-100 and 5-40 and, as pointed out
on page 121, this gives a latitude gradient of 1,08°C per
degree latitude., An isotherm map of mean annual temperatures,
constructed with these gradients, is presented in Figure 40,
with data points indicated.

At least two qualifications* concerning the temperature
distribution model are in order. ZFirst, deviations from the
altitude gradient are to be expected where mean annual temper-
ature is higher than about -15°C because of downward perco-
lating melt water. Such areas include the entire soaked
facies and possibly the lowest extreme of the percolation

facies. Data are not available to show the variastion in the

%These gqualifications are more significant south of
69°N than they are farther north.
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Figure U40.--Isotherms of mean annual temperature
computed from the altitude gradient of 1°C/100 m and the
latitude gradient of 1°C per degree latitude (see p. 124).
Data points are from Appendix II, except for the value at
Northice (Bull, 195%6) and the one for HIRAN Station 29

(Bader, 1956).
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altitude gradient of temperature across the saturation line,
and no attempt was made to correct for this in constructing
Figure 40.

The latitude gradient may be 0.1 to 0,2 units too high
south of 69°N latitude because, the proximity of open water
on either side of the ice sheet in this region tends to make
the climate more maritime than it is farther north. Sea-level
stations indicate that the latitude gradient is lower in
south than in north Greenland (Fig. 39b) but, in the absence
of data from the ice sheet itself no attempt was made o

correct for this in Figure 40,

Faeclieg in terms of temperature data

Snow and Tirn are soaked to the depth of the 0°C iso-
therm. This soaked layer includes the entire annual increment
of accumulation at altitudes below 1070 + m {about 3500 £t) at
77°N, and below 1550 + m (about 5100 ft) at 70°N (Figs. %5a, b).
By definition, these positions locate the saturation line.

In terms of temperature the dry-snow line is not as
sharply defined as the saturation line or the firn line. It
is the uppermost limit of observable melt, yet, traces of melt
are found at least once in about 20 years high in the dry-snow
facies. For sake of definition, the dry-snow line is placed
at the highest altitude where the average -5°C isotherm inter-
sects the snow surface; therefore, it is always above the

~25°C isotherm of Figure 40, It lies at about 2150 + m (7050ft)
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at 77°N latitude and 3000 + m (9850 ft) at 70°N latitude.

Hardness

Ram hardness number

The ram hardness number "R" represents the resistance to
penetration which a given snow layer offers to the cone of the

enetrometer ag 1t moves through that laver. The mechanlsm
& (74

5

oo

of this penetration is complex, and involves both compresgsional
and shearing stresses. These detalls are ignored and R ig
regarded simply asg a resisting force, and, for convenlence,

it 18 presented ag kg-force on the data sheets. The corre-
L)

"ram hardness”)

lation between density and Rammsonde (or
profiles is generally good (see data sheets).

A QTS”USgleﬁ cf equations used to evaluate R 1s given
by Haefelil (Bader, et al., 1939, p. 128-132). He outlines
"three different ways" of computing R. These "fthree different
ways" actually involve a single approach to the problem, and
effects produced by bouncing of the hammer are ignored.
Haefeli's equations 30 and 31 are equations 6 and 7 below.

R is computed by eguating the work done on the snow, as

)

the cone moves through 1t, to the energy given up by the

2
._J
q

ling hammer and the descending penetrometer. LI we ignore
all impacts after the first one, 1.e., neglect the effects of

bouncing, we have:

P
Ry
paN—

RAz = Mgha + (M + mig Az
oy 5 J



where

M

m

h

where €

Mor convenience

the collision between hammer and penetrometer

elastic; if € = O it is completely inelastic.

are:
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Az = the amount of penetration produced

by one fall of the hammer,
mass of hammer,
mass of penetrometer,

height of fall of hammer,
acceleration of gravity, and,

the fraction of energy still in the
system after the first impact.

(M - em)® + Mn(l +€)?

(M + m)°

the coefficient of restitution,

TE5 1,

we set:

Mg = P = the weight of the hammer, and
ng Q = the weight of the penetrometer.
Then,
L _ (2 -€0)? +PQ(1 +e)?, and
(2 + Q)°
. Ph -~
19 VR g
R=<=a+P+Q (5)
" The value of R is dependent upon the value of € . If € = 1,

is completely

These extremes



(a) 4if € = 1, then a = 1 and
R_ zﬁiﬁ{»(Pm&»Q} (6)

(o)

To simplify and standardize the application of the Rammsonde

it is assumed that € £ 1 and equation 6 is used exclusively.

Countinulty of strata

The reproducibility of ram hardness profiles where
strata are continuous has been observed repeatedly in
Greenland (Benson, 1959) and was clearly demonstrated by
Haefeli (Bader, et al., 1939), Thus, once the physical
properties of firn layers are recorded in pits, the Rammsonde
may be used to determine lateral continuity of strata in a

particular region.,

Integrated ram hardenss profiles

The direct comparison of profiles is useful in corre-
lating individual strata between pit stations. However, one
may observe significant differences in the range of hardness
values between the different regions (see the data sheets).
It is desirable to examine the nature of the variation in

hardness between the facies, but, the direct comparison of
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many profiles from a large area would clearly be cumbersome
for this purpose. It is necessary to reduce the data on each
profile to a few significant values which can be more easily
compared. One such reduction is effected by integrating the
profiles. |
The ram hardness number 1s expressed in units of force.

When it is integrated over a depth interval the resulting
guantity is the work done on the snow as the penetromeler
moves through the stated interval@% In practice, this inte-
gration is performed by multiplying each depth increment, Az
by its hardness number, R and adding these values from z = O,
at the snow surface, to any desired depth. The intervalg 4z
do not approach zero, nor does the number of intervals increase
indefinitely; yet, it is convenient to regard the summation

Z
as anT”integral" and to examine ‘I‘Rdz as a function of z.

o

The total work done by the penetrometer in moving from the

snow surface to a stated depth Zi may be written as

For convenience the wvalues zi are taken at l-m intervals.

The ram hardness number is expressed in units of Kg-
force. Thus, Tthe integrated Rammsonde profile has units of
Kg—-f cm. These are converted into joules by the following
relations:

1 Joule = 10.2 Xg-f cm

1 Kg~f cm = 0,098 Joule
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The maximum depth of ram profiles from the snow Surface
is 4 m. Therefore, a maximum of four values (Rl, Rz, R35
and R4) may be obtained from each profile and they are
cunmulative values by definition.

The use of overlapping profiles at pit stations is
Justified to eliminate discontinuities at a single deep-pit
(Benson, 1959). However, such composite profiles cannot be
used to compute the four R values because, by definition,
these values measure the work required to penetrate from
the snow surface to a given depth. TFurthermore, one often
desires to use ram profiles made at locations where there
is no pit. If these are to be compared with pit-station
ram profiles it is essential that all of the measurements
be made in the same way.

Integrated ram data for six 1953 stations are presented
in Pigure 41, The measurements were made during the melt
season. At otation 0-20, the very low values in the upper
2 m, together with the rapid increase below 3 m are typical
features of the soaked facies., The low initial values are
due to the weakness of water-goaked firn. The rapid increase
below 5 m results from the abundance of ice layers, lenses,
and glands at depth. Ram profiles in the soaked facies
often cannot be carried as deep as 4 m, because R4 generally
exceeds 5000 joules. The spread in R values between
Station 1-0 and the other stations in the percolation

facies (2=0, 2=50, and 2-100) is caused by the relatively
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greater amount of iced firn and icy layers at 1-0. Sta-

tion 1-0 1s near the lower end of the percolation facies.

%

ion in-

®
ot

The R values decrease rapidly with increased eleva

a

Eo

that R, does

0}

land from 1-0. As an example, it may be noted

2,

not exceed 3000 joules after position 1-15 has been passed.
Station 2-200 is the only example shown of the dry-snow

facles, but it 1s representative.

Temperature dependency of ram hardness

The R values of each station in 1953, 1954, and 1955
are plottéd in Figure 42. The R values are progressively
greater from 1953 to 1955, This is a btemperature effect.
The 10653 expedition "SOLO" crossed the saturation line
in mid-July, in 1954 "CRYSTAL" crossed it in late May,

and in 1955 "JELLO" crossed it in mid-May. The strength

1

O
o
e

e is dependent upon temperature (Butkovitch, 1954),

the ram resistance of

i

and this may be expected to affec
a snow pack.

The temperature variatiocn of Rl in the percolation and
dry-snow facies 1s shown in Figure 43. The percola
facles is subdivided into an upper and lower part. The
greater varlation at lower altitudes in the percolation
facles reflects the lncrease in melt action. At tempera-
tures near the melting point the ram-resistance 1s low, but

at temperatures below the melting polint the increase in ram-~

resistance is roughly proportional to the amount of melt-



INTEGRATED RAM PROFILES 1953 INTEGRATED RAM  PROFILES 1954
10%0 T — I0XIOF- g
i i 1
I i i ] £
LA ~__SATURATION LINE b r Ry oo ]
—~ 5 ﬂ R . : — 5 A2
ﬁ :: 4 : \ 1 & L [ Rs N
— I
3 /}':\1 |~ _DRY-SNOWLINE - g’ L p |
{;)’ o— :1 Ry ! ‘.: ,,,,,,,,,,,,, = 2 Rz //\ FaN
g / A \ \\ B A/ \/\V %
= i 1
a i | | “-‘
© | =z
£ \ bR WA e g |W AN
Voo I l < - V
<§t N - - L ]
o A i Ly = j\ i
g o5 H ~ N U — - E osAaR
l& X : ! : o) L v |
% : Do & ]
Lt i Ry 1 ! é I
= I L S
T 0T Y ‘ e 7 £ o2
AN N = e
i | |
ol g b e e ey [o 3 | I SN WU SV DU SR S S S
00 ©30 -0 30 (-0 (2-50) {2-100) (2-150) (2-200) (0-0) (0-30) (FO) (IIB30) (2-0) (2-50) (2-100)
LOCATION ON TRAIL LOCATION ON TRAIL
INTEGRATED RAM  PROFILES 1955
10310 -
- ‘\\\ B -
5 — B o
9 N
= e — N R /\
w0 — ™ A A\ 2
a2
ul Vs Ny
g \V/\ //\ \ﬁ\/\;HW\AAAA“JN»ffV\f\waﬁ”/W/\Vﬁiij:/“u”ff\ﬁuNVAVVA?/ XAVV\NN”W/NVK\/
<II { /\ F‘:Z_/\\/ A e _
2 [ / W M\/\
" o5 — i - i NANIAN A/\/\/VA//\/\,W\J\N/\\/\/\\/‘\/\
g8 | N AL AN A YTV
w / 1
= o2 vf\\/\/VAWAW\/\/A : ' /\/N -
\p A
oJ"l.‘l»‘l‘.1‘...1,..‘|.l,‘l.H‘r”x|><“|;,‘i‘.‘t».rs,.ul.‘,lx».>ll,>!,,,;.,,1\,..l‘-wl\-!.ux.i,,
(0-0) (0-30) (1-0) (1-30) (2-0) (2-50) (2-100)  (2-150)  (2-200) “-0) (@-501  (4-100)  (4-BB0)  (4-200)  (4-250) (4-300) (4-350) (4-400)(5-0) {5-50) (5-100)  (5-150)  (5-200) (5-230)

LOCATION ON TRAL

Figure 42.--Integrated ram hardness values plotted against position on the trail for the years
1053, 1954, and 1955, Ry represents the work done by the Rammsonde in penetrating from the snow
surface to a depth of 1 m; similarly, Ro represents the work to penetrate from the snow surface to
a depth of 2 m, ete. (see p. 130). In 1953 the measurements were made during the peak of the melt
season and the saturation line stands out clearly because soaked snow 1s easier to penetrate than
non-soaked snow. In 1954 and 1955 the saturation line was traversed prior to the melt season so
no discontinuity was observed (see p. 137). The increase in Ry values from 1853 through 1955 is
a temperature effect (see p. 133 and Fig. 43). ‘
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bonding between grains. The variation, as well as the range,
of R, in the dry-snow facies is low because the snow and firn

rarely attain temperatures as high as =5°C, and melt-bonding

between graing is minimal, The values of RQ~1 and Rgmgg 1e€os
the work required to penetrate the second and third meters
respectively, when plotted against their minimum temperatures
show results similar to those of Figure 4% but with more
scatter of the data points.

Where significant soaking occurs the variation of Kl
valueg with temperature must be considered separately. For
example, at 0-35 the top meter of firn has 3 very different
physical manifestations, 1t may consist of:

(1) New snow prior to the melt season {(at this time

he top meter of snow may be nearly identical from the edge

ot

f the ice sheet to the dry-snow line);
o P

o]

(2) Completely wetted snow during the height of the
melt season (at this time Rl has its minimum value and the
difference between soaked and non-soaked facies is readily
apparent); and,

(3) TIced firn in the fall and early winter (at this

time the value of R, is extremely high).

1
Temperature coefficients for R within a given facies

are easiest to recognize in the first meter, i.e., in the

Rl values. The rate of increase in the value of Rl with the

minimum temperature in the top meter may be summarized as

follows:
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Temperature coefficient for R,

Kg-f cm/°C Joule/°C
Dry-snow facies 30 3
Upper% percolation facies 170 17
Lower\ percolation facles 320 31

pra

Above or below 6000 £t (1830 m) at 77°N lat.

FPacles in terms of hardness data

In 1953 the measurements were made durlng the melt
season and The discontinuity in Rl near 0-40 locates the

£

saturation line (Fig. 42a). The low values on the left were
obtained in the soaked facies while the upper melter was wet.
The higher values on the right are from the percolation
facies. Therefore, between 0-0 and 1-0, the saturation

line may be placed at an altitude of about 1050 m (3500 ft)

in agreement with the analysls of the isotherms in Figure 35a.
From ram data, the saturation line may be located without

digging pits. In 1954 and 1955 the measurements were made

o

efore melting had occurred, and, accordingly, there 1s no
discontinuity between the soaked and percolatlon facies.
The dry-snow line 1s not uﬁiqueiy determined by Rammsonde

data. In general, the values R, are lowest in the dry-

e

snow facies, but the limiting values at the facles margin
are temperature dependent. For example, in August 1953 the

RQ value was less than 2000 joules above the dry-snow
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;_mE

ine. In May 1955 the Rq value wasg less than 3000 joules

above the dry-snow line (Fig. 42).
Density

Variation in density as a stratigraphic parameter was
discussed in Chapter III. Here atvtention is focused on
the gross changes in density with depth and, especially
With differences between the depth-density curves of dif-

ferent facies,

Depth-density data

Average density values for each meter are plotted
against depth in Figure U44. Data are from Greenland, with
the exception of those from the Upper Seward Glacler, Yukon
Territory, Canada (Sharp, 1951), and from the Snow Dome of
Mt., Olympus. The latter glaciers are temperate and the
data are from the soaked facles of each.

The data from 2-100 and from Eismitte (Sorge, 1935,
0. 134) show that the slope of the depth-density curve
decreases below a depth of 8 to 10 m. These statlions lie
in the upper extreme of the percolation facles. In the socaked
facies the change in rate of densification occurs at shallower
depths (at about 4-5 m in the Seward Glacier). It is also
clear from Figure Ui that the range of firn density decreases

o

as we move upward from the soaked through the dry-snow facles

ha e

and that the rate of increase of density with depth 1s greater
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0.70
080
050
040 Snow Dome, Mt Olympus, Washington
Upper Seward Glacier, Yukon (Sharp, [95)
030 |- ® § ©-35 Elevetion 874 m —
- ® o 1-0 " 1310 m
020 @ 2-100 # 1982 m Greenland —
- & 2-200 ? 2442 m -
0.0 [~ ® {«, 4-0 ! 1516 m -
— -
0 i | | | I ] ! I ! J ¢ | L | 1 | ! | : | ! | | { i | L 1 L
o} 2 4 6 8 {e] 12 i4 16 18 20 22 24 28 28

DEPTH BELOW SNOW SURFACE (m)

Figure 44, --Depth-density curves. Each point reore-
sents the average density over a depth interval of 1 m.
Data are averages of 2 years measurements from snow surface
to 4 m at 0-37, to 6 m at 1-0, and to 10 m at 2-100: all
other points are based on single observations., Curves in
this figure were computed from equation 14, The values of
constants (see also egquation ¢ and Fig. 40) are as follows:

Depthy

Station range Cs Vo K "
Seward Glacier||{0< z <z, 0.475 2.12 0.859 37,5X10mu
and )
ME. Olymous z<z <oo 0,640 1,56  -0.405 12.0x107
Greenland: i
0-35 0<z<z, 0.390 2.56 1.651 37.5x10°
1-0 O<z<z, 0.395 2.53  1.599 16.0x107,
7 <7 <0 0.695 1.4 -0,820 4,3x%10
2-100 0<z<z 0.378  2.65 1.779 16,&)3&10"?L
z42<e0  0.500 2,00 0.652  4.,3x107"
2-200 (19 -
Foeo él(;gég} O<z<z_  0.330 3.03  2.357 18.0x107"
T +*
z, is defined on p. 157 .

)
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in the socaked facies than in non-soaked facies.

Summer melting of firn increases the rate of densifi-~
cation, and the difference in amount of melt above and below
the saturation line is expressed by a grouping of the depth-
density curves. Data from a 1000-mile traverse in the perco-

y=snow facies all lie within the range defined

lation and dr
by the 1=0 and 4-0 curves. Station 0-35, only 2% miles

from 1-0, has significantly higher density values and a

ks

¢
e
|3
ot
oy
D

greater rate of densification with depth; it lies
soaked facies,

The decrease in density with elevation observed in the
non-soaked facies results in part from the corresponding de-
crease in temperature. Melt is negligible at high elevations
and the primary cause of densification is the load of snow
which is added annuslly. But, because the strength of ice
increases as temperature decreases the colder firn is more
able to resist the compressive stresses of the overburden.

This reduces the rate of densificetion.

Depth-~load data

If firn density could be expressed as a function of

¥

depth, i.e., € =@ (2) one could obtain the load at any depth
z
"Z" by integrating €(z) from snow surface; 6’::j.€dz, Without
¢
knowing € (z) the integration may be approximeted by a summation.

This hat bheen done for all stations and the results are sum-—

marized in PFigure 45.
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Figure U5.--Depth-load curves. Curves from the soaked

facies lie between those shown for Snow Dome, Mt. Olympus,
Washington and Station 0-35, of this study.

Curves 0-20 and 0=35a are based on measurements of

July 1953 when the firn was completely soaked. Curve 0-35b
is from data obtained before melting occurred in the Spring

of 1954,

All curves from the percolation facies lie within the

region bounded by the curves 1-0 and 2-0.

A1l curves from the dry-snow facies lie within the

region bounded by the curves 4-0 and 5-0.

The curve for pure ice represents the limiting case.
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A tentative grouping of curves according to facies is
indicated but more data are obviously desirable in the soaked
facies. Ixcept for the data from Seward Glacier and Mt Olympus
the contribution of ice masses in the firn was neglected in
computing the depth-load curves of Figure 45, This was done
because the irregular and discontinuous shapes of the ice
masses make it difficult to get an exact measure of their
water eguivalent. Depth-load curves which include estimates
of the water eguivalent of ice masses have been computed and

they differ from the curves of Figure 45 as follows:

Average excess of load
values with estimate of the
water eguivalent of ice
masses over those without

Station Depth range (m) such estimates
0=35 0-6 7%
1-0 0-14 4%
2=-0 O=14 2%
stations above
6000' elev at 0-14 (max) less than 1%
TT7°H lat

2=20 to 2-200

The inclusion of estimates for the water equivalent of
ice masses increases the differences between facies shown in

Figure 45. It also removes the 2-0 curve from its apparently
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anomalous position on the lower boundary of the percolation

facies and places it between the curves for 2-50 and 2-100.

The differences between curves bounding the facies are:

Difference between load curves
bounding the facies at depth of
5 m below snow surface

Without estimates With estimates
for water eguiva- for water equi=-
“lent of ice masses valent of ice
Facies (Fig. 45) masses
Soaked and percolation 11% 1.6%
Percolation and dry-snow 2.5% 4%

The gaps between groups of curves are significant because
curves measured in pits dug within 100 m of each other in cone
éecuﬁive years are reproducible to within an error of about 1%,
Table VIII summarizes the reproducibility of depth-load curves
from the four stations which had pits deeper than 4 m in both
195% and 1954, The average difference is 0.63%%.

The load at a depth of 5 m below snow surface is shown

%The des icating effect of wind in summer and fall may
gccount Tor the fact that firn density and hardness values
(neglecting ice layers) at 2-0 are lower than those measured
at higher and lower altitudes in the percolation facies;
in fact they are the lowest recorded in any deep pit of the
percolation facies (see Figs. 42a and 45), This could be due
to the extraction of sufficient moisture from the snow to
offset some of the densification produced by summer melting.
The minimum accumulation in the 2-0 region allows the fall
cooling process to affect a greater part of the annual layer
here (perhaps the entire layer) than at positions with more
accumulation. '



V-

Table VIII

Reproducibility of depth-load curves at the stations which had
pits deeper than 4 m in both 195% and 1954. The 1954 pits were
dug within 100 m of the 1953 pits at each station

Station Depth Load

(m) (2/cn?) % Difference
1953 1954

1-0 4 166.88 166.15 C.43 )

2.0 - 4 155.06 155.76 0.45

250 4 159.15 160.24 0.68

2--100 4 159,86% 161.7% 1.16%

1-0 6 264,06 264,97 0.34

2=0 6 243,073 245,383 0.96

250 6 250,03 247,48 1.02 >Average of 12

2=-100 6 250,41% 251,02 0.24% | meagsure-
ments = 0.63%

1-0 8 n.d. 362,96 —

2-0 3 338,49 3%9.75 0.37

2-50 8 351,12 346,07 1.44

21007 8 350,32 350,76 0.,13%%

1-0 10 n,d. 470,18 —

2-0 10 n.d. 444,04 ——

2=50 10 n.d. 450,38 o

2=100 10 453 .5%% 455,08 Q.34%

n.d. Lo data

"The 1953 data at 2-100 included 13 cm of fresh snow
(average density = 0,21 g/em?) which caused its top 13 cm to
contain 1.28 cm less water than that of 1954 (see data sheets).
The value 1.28 g/cm?2 was added to the first 1% cm of 1953 data
to adjust for this.
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for each station in Figure 46. At some stations a range of
load value is indicated; the lower value represents the load
computed by omitting ice masses, and the upper value includes
an estimate for the contribution of ice masses to the load.
The difference between load values computed with and without
estimates for the ice masses is negligible where only one
value is shown.

Facies boundaries are indicated in Pigure 46, The
saturation line was clearly crossed in the north near Station
0-35, It was not crossed in the south although it lies wvery
cloge to Station 5-230., The firn line is separated from the
saturation line on the Thule peninsula by nearly 40 miles
because of the gradual increase in elevation there. In the
vicinity of Disko Island the firn line and saturation line
are much closer to each other because of the steeper surface
slope, They probably are within 5 miles of each other.

The dry-snow line shows more clearly in the north because
the traverse crosses normal to it. In the south the traverse
ran nearly parallel to the dry-snow line in the vicinity of
5-0, If a westward course had been teken at Station 4-325,
the transition between the dry-snow and percolation facies

would have looked like it does between 2=100 and 2-200.

Facies in terms of density data

The density data form the most complete basis for sub-

division of the ice sheet, and glaciers in general, into facies.
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Temperature and hardness data will also locate the saturation
line but the dry-snow line is more subtle, and is best defined,
at present, in terms of density. The relation between density
and facies is summarized as follows:

(a) Pirn density decreases from soaked to dry-snow

facies as shown in Iigure 44 and in the following summary:

Facies Average density in the upper 5 m
(g/cm?)
Doaked facies Greater than 0,500
Percolation facies 0.430 to 0,390
Dry-snow facies Less than 0.375

(b) The load at a given depth decreases from soaked to

dry-snow facies as shown in Figure 45 and in the following

summary:
Facies Load 5 m below snow surface
(g/cm?
Soaked faciles 240-300 and above
Percolation facies 200-225
Dry-snow facies 175=-200

Glacier Pacies~-g Classification of Glaciers

17

The definition of boundaries between diagenetic facies,

in terms of the measurements described above, provides the
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basis for a quantitative classification of glaciers. This
"facies classification" does not reguire that Ahlmann's useful
distinction between temperate and polar glaciers be abandoned.
A temperate glacier exhibits only the two facies below the
saturation line, whereas one or both of the facies above the
saturation line are present on polar glaciers. However, the
congideration of glacier facies goes beyond Ahlmenn's classi-
fication in that it permits quantitative subdivision of large
glaciers which span the entire range of environments from
temperate to high-polar.

If the strata could be observed from top to bottom, in
a glacier with all facies present, we would find that:
(1) all of the material had been soaked, at one time or another,

below the saturation line, (2) layers which had and had not

the dry-snow line, and (%) no soaked layers would be observed
above the dry-snow line (Fig. 15).

Some glaciers exhibit all facies whereas others have
only those at one end of the spectrum. Data from ice shelves
in the Ross Sea area (Wade, 1945) and from the Weddell Sea
area at Maudheim (Schytt, 1954) indicate that the firn line
and the saturation line lie below sea level; in these areas
the glaciers exhibit only the percolation and dry-snow facies.
At the opposite extreme, the saturation line lies gbove the
highest point on temperate glaciers which exhibit only the

sosked and ablation facies.
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The main advantages of this classification are: (1) it
extends and refines Ahlmenn's geophysical classification with-
out abandoning its major point, (2) the use of the facies
concept is familiar to all geologists and glaciologists and
emphasizes the fact that glaciers are rock units, and (3) the
classification is quantitative and areal in extent, with the
facies boundaries defined by simple physical measurements.

Characteristics of the glacier facies may be summarized
as follows:

(1) The ablation facies extends from the edge, or snout,

of the glacier to the firn line. The firn line is the highest
elevation to which the snow cover recedes during the melt
season.

(2) The soaked facies becomes wet throughout during the

melting season and extends from the firn line to the uppermost

limit of complete wetting, the saturation line. The saturation

line is the highest altitude at which the 0°C isotherm pene-
trates to the melt surface of the previous summer.

(3) The percolation Tacies is subjected to localized

percolation of melt water from the surface without becoming
wet throughout. Percolation can occur in snow and firn of
sub=-freezing temperatures with only the pipe-like percolation
channels being at the melting point. A network of ice glands,

lenses, and layers forms when refreezing occurs. This facies

extends from the saturstion line to the drv-snow line.

Negligible soaking and percolation occur above the dry-snow line.
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(4) The dry-snow facies includes all of the glacier

lying above the dry-snow line.

The saturation line gives rise to discontinuities in
temperature, density, and Rammsonde data, and may also be
located by examination of melt evidence in firn strata. It

18 as

harply defined as the firn line; but the dry-snow line,

&

although determined by the same methods, is a 10~ to 20-mile
wide zone of transition in Greenland.

Location of the facies boundaries, i.e., the firn line,
saturation line, and dry-snow line, will change with changes
in climate; therefore, tThey may serve as long-term climatic
indicators. The altitude of facies boundaries depends on
latitude and on meteorological factors similar to those which
govern the altitude of the snow line (Matthes, 1942, pp. 157-
161). On glaciers the snow line is the firn line, herein
defined as a facies boundary. In particular, the altitude
of the firn line and of the saturation line but not of the
dry-snow line, is dependent on the amount of annual accumu-
lation. This follows directly from definition because, the
complete stripping away or the complete sosking of an annual
layer depends among other things, on its thickness, whereas
the presence or absence of detectable melt does not.

The variation of facies boundaries with altitude and
latitude on the west slope of the Greenland ice sheet is shown
in Figure 47. The descent of the firn line and the saturation

e
i

line at 75°N is due to the increase in accumulstion on the
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Figure 47.--The variation of facies boundaries with
altitude and latitude on the west slope of the Greenland

ice sheet.

The descent of the firn line and saturation
line at 75°N is due to the increase in accumulation on the
south slope of Thule Peninsula (Fig. 30).
side of Thule Peninsula these lines rise again.
snow line is independent of accumulation.

On the north
The dry-
Data points

obtained during this study except for the firn line ob-

servations at:

66°16'N
6G°L2'N
72°30'N
TL°30'N

Mint Julep (Schuster, 1954)
Heuberger (1954)

Koch and Wegener (1930)
Belknap (1934)

8%
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south slope of Thule peninsula. On the north slope of this
peningula these lines rise again. The dry-snow line has a
constant slope of 1.15 m/km, and crosses the 3000 m elevation
at 70°N latitude., The distribution of diagenetic facies on

the Greenland ice sheet is shown in Figure 48.



DIAGENETIC FACIES

O8N  THE

EENLAND ICE SHEET

DRY-SNOW | FACIES

PERCOLATION FACIES

{SOAKED | FACIES

ABLATION FAGIES

Figure 48,--Distribution of facies on the Greenland
ice sheet. The location of facies boundaries is most
certain along the west side of the crest between 66 and
79°N. Away from this region, the dry-snow line may be
extrapolated with the greatest confidence because it is
independent of accumulation. The dry-snow line on this
map was drawn along the intersection between a plane,
sloping 1.15 m/km to the north, and the surface of the
ice sheet. Iocation of the firn line and saturation line
in south and east Greenland is highly speculative.




CHAPTER V

DENSIFICATION OF SNOW AND FIRN

load~-Volume RHelsgtionghip

The depth-density curve is linear over the depth range
of 10 to 50 m, but non-linear above and below. This hasg made
it difficult to derive a simple functional relationshipn be-
tween depth and density. As stated by Landauer (1959}%

" . 8o far we have not been able to express this relation-
3]

ship in any simple yelt accurate way. Actually, there is no

N

a priori reason why depth should be a significant varliable.
Compressive stressgses on the firn increase with depth, but
because the firn density is not constant, we cannot replace
the load at a given depth by the depth itselfl. In an attempt
to get an analytic expression for tThe phenomenon of densifica-

-

tion, load rather than depth is used as the independent
variable. In place of firn density as the dependent vari-
able, its reciprocal (specific volume) is used, with the
assumption that 1t approaches the value for pure ice (1.09
cmS/g) as a limit. The use of volume rather than density
enables us to think directly in terms of angeg in volume
produced by changes in applied stress.

s:»
1L

To obtain a first appr mation some gimpl:

ot
}...I
w
v
0
)
=
5
o

ticns are made. First, where melt is negligible 1

Also see the discussions in SIPRE Technical Report 20
and Research Report 26.
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that the only cause of densification is the load of overlying
snow and firn. It is further assumed that this load is applied
at a constant rate of M"A" g/cm2 per year and that an equal
amount of material is lost each year by flow at depth within
the metamorphic member of the ice sheet. Thus, within the
sedimentary member of the ice sheet a steady-state system
exists with firn moving downward as it becomes densified,
while the depth-density curve remains invariant with time as
stated by Sorge's law (Bader, 1954) and as shown in Table VIII.
Along with these assumptions the existence of a vertical
pressure gradient i1s recognized in the ice sheet, Within the
metamorphic member unbalanced horizontal components of stress
result in flow; however, this aspect of the problem is neg-

lected here. It is alsc assumed that the ice composing the

v

firn grains remains at constant density;% and as a direct
result of this the observed volume changes in firn are solely
due to the elimination of pore space. The rate at which pore
space may be eliminated with increase in load, under the
asgumed steady-state conditions, must be related in some
manner to the amount of pore space present; the simplest
possible relation between these quantities is a linear one.

The implications of this simplest of assumptions, expressed

*This assumption is reasonable because the maximum
pressure at the base of the ilce sheet does not exceed 300
atmospheres and this produces a total density increase of
the order of 0.005 g/cmJ,



in eguation 8§, are investigated below:

av. B [l
o = -m{v - vy ) Lo

i

where (
G = load

o

Vv o= = = gpecilic volume of firn

O
@

v, = specific volume of ice (1.09 em~/g)

(v - vi} = the volume of pore space in the
firn, and

.. H

the parameter "m’ depends on the mechanism of compaction.

Ty

Equation & may readily be solved for v in terms of O
to obtain:

mg

= e 7 o 7 - { G )
Vo= v, A (VO wi) e (9)
where v 1s the specilfic volume when § = 0. Depth-

O

iy

density data for Station 2-100, and several other stations
expregsed in terms of specific volume and load are compared

o

with eguation

=

in Figure 49. The dabta of station 2-100

will be discusgsed in detall because thev are the nost

o

complete.

“Points A (0.82 g/bmé at 60 m depth) and B (0.50 g;/cm3
at 100 m) from Maudheim (Schytt, 1954, p. 238) alsoc appear to
be compatible with eguation 9 falling near the curves drawn
for 1-0 and 2-100. The range of density values recorded at
Maudheim suggests that they should it the facies described
here somewhere between 1-0 and 2-100, i.e., midway in the
percolation facies.
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At station 2-100, the change in rate ol densification,
apparent at a depth of 10 meters below snow surface in
Tigure 44, is more pronounced in Figure 49. TFor convenience,
the depth at which this discontinuilty occurs is called the
"eritical depth,", z,, and the load, density, specific volune,
porosity, void ratio, and temperature values measured at this
depth will be referred to as the critical values, CTC, GE, v,

o’
n , E

c? and T , respectively.

e’ et

-

The slope of the load-volume curve 1s given by equation

8 both above and belOW‘ZC but, the parameter "m" above z, is

nearly 4 times greater than it is below. Specifically, the

constants used for equation 9 at Station 2-100, in Figure 49

are:
(g 2 , 2, 3
Ioad values (g/cm™) m (em®/g) v, (em=/g)
0 < O <U55 16.0 x 107" 2.65
il
hss < 0 £ oo h,3 x 107 2.00

S )

The abrupt change in rate of densli

0]

ication seen in th

2.700 data is also present in data from other stations shown

o

in Figure 49. It is clear in the data from Upper Seward
lacier (Sharp, 1951), even though they violate the original
assumption that melt is negligible. The beginning of the
change shows at 1-0.
It is proposed that the main reason for the abrupt
change in rate of densification is a change in The basic

mechaniasm of densification. It is assumed that in the
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1954, p. 238).



complete absence of melt, densgification proceeds, above z_,
primarily by packing of the ice grains comprising snow. The
minimum porosity that can be attained experimentally by this
mechanism alone is about 40% (i.e., snow density of about
0.55 g/omg}, This lies between the values for loosest

(47.6%) and closest (206.0%) theoretical packing of spheres.

", . . it is Tfound experimentally that assemblages of

spheres, or even sand particles, will have porosities
averaging about 40 per cent in spite of careful
efforts to induce closer packing, and even though

the predominant array in the assemblage 1is rhompbo-
hedral with a porosity of only 26 per cent”

(Muskat, M. The Flow of Homogeneous Fluids Through
Porous Media. McGraw-Hill, 1937, page 13).

This agreegs well with the critical values on load-volume
curves meagured where melting is slight or absent. The ob-
served values of critical porosity at 2-100, 2-200, and 1-0
range between 36.7 and 43.3% as shown in Table IX.

An extreme example of tThe packing process is commonly
obgerved in the sudden caliapse% of depth-hoar and other
"soft layers'" of relatively low density. Such layers are

.

common: in the upper 7 m {see data sheets and Figs. 6a, b,

and 8). They constitute flaws which are first to deform under

2,

w 2
The actual collapse of soft layers is freguently ob-
erved when one walks in an undisturbed area, and when pit
digging beging. Sometimes the effect ig spectacular.

During an airdrop at 2-120 on 29 August, 1952, a barrel
roke out of its parachute harness and penetrated more than
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the compregsive stress of the overburden. The density profiles
on dabta sheet 5 clearly shows the effect of this; the solt
layers, common above 7 m, have been practically eliminated
below 10 m.

When the critical density 1s reached compaction by grain
packing is no longer possible and the loss of this mechanism

2.3

of dengification ig signified by a marked reduction in the
rate of densification (Fig. 49). Compaction beyond the
critical density brings other mechanisms into predominance;
grains chanée slze and shape by growing together to relieve
stress, and ag load increases plastic deformation of the
grains also increases. DBasically, densification is the elim-
ination of pore space. As pore space is eliminated There is
also a reduction in the amaunt of intercommunicating pore
space, and therefore in permeability. When all pores are
isolated, the measur” able air permeability vanishes and

snow or firn becomeg glacler ice by definition.

2 m below the snow surface. A sudden settling of weak layers
spread from the point of impact and was accompanied by a
startling sound. Similar examples, not started by man, were
recorded by Sorge (1933, p. 340) . . .

"Several times we heard and felt a kind of earth-
quake: on 2 October, 1930, at 01.20 a.m.; on 19 February
1031, at 06.55 a.,m. (Middle Greenland Time). We called
it "Firnstoss" (Firnpush or Firncrash). It consisted
of & noise approaching rapidly; then followed a large
crash; and then %the noige ran away. Our mercury baro-
meter, which had been hung in a separate ice cave at a
depth of 6 to 8 feet, was caught and got nearly broken.
The layers were compregsed by one inch."



~161-

=

he distinction between material above and below the
critical point is based on a change in the primary mechanism
densification, which reflects a structural change, and
produces the discontinuity in the load-volume curves. On
the other hand, the transition from snow, or firn, To glacier
ice is gradual and the distinction between the two materials
is based solely on the loss of measur able air permeability.
It appears that changes occur in most physical properties
at the critical density. Because of this, Anderson and
Benson (1959) use the critical density as a physical distinction
between "old snéw“ and "firn" since there is no such dis-

-

. . . : . . dv
tinction at present. The steady-state relationship between‘gg
and v at Station 2-100 is plotted in Figure 51.

The critical values vary from one locatbtion to the next

as shown in Table IX and Figure 50. The data appear to

satisfy the following equation:

[£2]
*?"

Co = Cor * ecl (10)
4
where Pci = 0.50 g/em”,
co = 0-13 g/cn”,
§ = 0,07 ¢™F, and
T = critical temperature (a

negative quantity).
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This empirical equaticn provides a quantitative description
of the relation between critical temperatures and densities
defined here, and has some interesting implications. First,
ag T approaches the melting point, GC approaches 1Ts maxi-
mum valiue, GCO. Secondly, as TC decreases without limit
the value of E?C also decreases, but approaches a lower

1 Thus, 1t appears that the minimum critical
dengity is about 0.50 g;/cm3 regardless of how low the Temp-

erature may be.

T T T T
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Figure 50.--Critical density vs critica emperature,
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Table IX

Critical values observed on Seward Glascier

and in Greenland

. - Ne
Stetion| z, (m) Vi cm§/£ PC:g/cm) vorosity % TC(“Q)
seward 4 5 4+ .5 1.35-1.40| 0.715-0.74| 22.0 to 19.3| O to =2
Glacier®
0-35 5 to 46 1.54=1.67| 0.60=0,65 34,6 to 29,1(=9 + 3
1=0 10 1.73=-1,78 0.56-0,58 38,9 to 36.7|=16 + 0.5
2100 10 1.82-1.861 0,54=0,55 41.1 to 40.0|=24 + 0,5
2=200 10 1.88-1,92| 0.52=~0.53 A4%,% to 42.2|=30 + 0.5

.%. ) s
Trom Sharp (1951).
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It must be noted that, although Figure 50 shows the
obgerved relationship between critical density and temper-
ature, the relation between these variables is not simple
because temperature changes have many ramifications. A
very important temperature-dependent factor is the amount
of melt water, which is especially notable on Seward Glacier
and at 0-~35, of minor importance at 1-0, negligible at 2-100,
and completely absent at 2-200. Average grain size decreases
from left to right in Figure 50 and this is primarily a
temperature effect. Strength of ice increases with decreasing
temperature and decreases the rate of densification. The
rate of accumulation is roughly an inverse function of
temperature. The latter two factors combine to make the age
of the material at the critical density increase from left
to right. These factors are all involved in the abscissa
"TC” which is the most significant critical value to cor-
relate with critical density.

Even though melting occurs the discontinuity at the
critical point still reflects the same change in densifi-
cation process. The presence of "free water" in the snow
permits closer packing than can be obtained by packing dry
snow. For example, if dry snow can be compacted to a minimum
vorosity of 39% it would be expected that 39% free water added
to the snow would lead to complete densification (i.e., the
Tinal product when froéen would be impermeable ice). Actually,

in such a case, complete densification reguires only about 29%
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free water (Anderson and Benson, 1959) because the presence
of water in the snow has allowed tighter packing, partly by

lubrication of the grains. As

&

result of this, locations
on glaciers where melt occurs have lower values of critical
porosity than locations where no melt occurs. However, this
effect is merely superimposed on the primary mechanism of
dengsification by packing above Zos

Assume that the minimum critical porosity obtained by

acking dry snow is n_ %. Then the reduction of pore space
© co I

caused by melt action at any location will be given by

_ Nt
(nCO nc}/" 9

where n, ig the critical porosity at the given location.
It Do = 41% then an estimate of the reduction of pore space
by melt water at the critical depth at stations shown in

Figure 50 is:

Seward Glacier 19 to 22%
0-35 Greenland 6 to 12%
1-0 " 2 to 4%
e-100 " 0 to 1%
2-200 o

On this basis the following estimates are made of the

reduction of pore space by melt action in the various faciles:



i
L
2
e |

§

Reduction of pore space by

Facies melt action at z,
Ablation approaches 100%
Soaked 6 to 25%
Percolation 1 to 4%
Dry=snow less than 1%

Depth=-Density Relationshin

An explicit relationship between depth and density may
(]

be obtained from equation 8 after making the following sub-

gtitutions:

Voom e 9 AV = = ===

z
o = 6 dz , end dg = Cdz.

Then equation 8 becomes

%g _ mQB L L )2 mc2 G~ ¢ = mﬁzn (11)

wnere n = porosity = mwszw«~@
i
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Bguation 11 may be integrated to obtain the depth-density

relationship as follows:

Gi‘"e

%% _ mcz o (11)
Z ' P
Log, -0, - _.4ae (12)
Ci C1 e C2ce, -e)

Integration of the right hand side of ecuation 12 may be
& )

carried out by expanding it into partisl fractions to obtain:
1\ 0

C
R -—W'i“ll’lw(}:"“:m(im

Z Iﬂci : b e, (13

HZguation 1% may be put in the following symmetric form by

adding the constant term S

Cie

z = - = + In ——— (13a)

When the limits of integration are subsitubed in eguation 1%a
- i

we obbtain:

P [K - (€+ 1ne)| , (14)
me.
1



where K = 4 In =~ = €+ 1IN €
? o
o) Co ©

€ = —=—— = yoid ratio for firn of

density € , and

€ = = void ratio for firn of
o} GO

density eoa

o ke

Curveg obtained by plotting eguation 14 are shown in Figure 52,

It is of interest to examine the nature of the depth-

2

. ) ; . . d !
density curve as revealed by the derivatives Eg and Qm% .

dz

The first derivative is given by eguation 11 which
states that the change in density with depth is proportional
to the product of porosity and the square of the density.

The gecond derivative is:

a% a2 €
dzz az fi

2 ) 5
= |26 - 2 2 - £ (15)

Several interesting points about the curvature of the depth-

density curve revealed by equation 15 are summarized below:

(a) —% =20 when 6 = eifg 0,61 g/cmB,

M
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2
(b) a€ > 0 when e ¢ 2 €. ana
d22 5 i
2
a-e ] 2
(C> df“Z < 0 when (3 > 3 Pl o

The point of inflection at 6): % ei is independent of the
value of the parameter "m," but is a direct conseguence of the
functional relationship assumed in ecguation 8.
The overall curvature of the depth-density curve is
slight; therefore, the existence of a point of inflection
e 2 e o T < ™ !" £ 11 ). £ ¥
at =3\ demands that the curve be nearly linear for some
) o 0 £ 2 £ s r s o
distance on either side of e::fre., The point of inflection

3~ A
. ; o . C s 2
with the second derivative being positive for<?< 3 ?. and

i
negative for§>>«%’€iy shows clearly in Figure 52,

A physical reason for the existence of a point of
inflection is that <the model does not allow negative den-
sities, Thus, from a purely mathematical point of view, the
depth-density curve obtained from the steady=-state assumption
expressed in equation & is asymptotic to zero density as =z
approaches ( -o00 ), and asymptotic to the density of pure
ice as z approaches ( +0Q); with 2 = 0 at the snow surface.
This depth=density curve explicitly includes a nearly linear
relation between depth and density in the depth range

10 < 2z < 50 m, and this agrees well with observation.
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CHAPTER VI

CLIMATOLOGICAL IMPLICATIONS

Introduction

Knowledge of weather and climaﬁe in the polar regions
is fragmentary. During the past 10 years significant increases
in arctic me%eorological data for the western hemisphere have
resulted chiefly through the efforts of the late Charles J.
Hubbard; yet, the overall picture is not complete. Many
phenomena of arcitic climatology are hemispherical in extent,
but Greenland constitutes a special problem because of its
extensive ice cover (see Hare, 1951, pp. 961-063%). dome

o

climatological results of this study have been presented
above, il.e., the distributions of gross annual accumulation

o, 40), and diagenetic

(Fig. 30), mean annual temverature (Iig
facies (Pig. 48). The purpose of this chapter is to discuss
1,

geveral implications which were not directly involved in the

above discussion.

02
L4

It is significant that as late as 1950 the erroneous

@

"glacial anticyclone theory" was still prevalent {(in the U.S.)
to the extent that Matthes (1946) and Matthes and Belmont
(1950) devoted papers to its refutation. After extensive

review of recent meteorological data from Greenland Natthes

concluded:
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"that there is no evidence of a virtually per-
manent 'glacial anticyclone! centered over the
Greenland ice sheet. On the contrary, there is
consistent evidence from all parts of Greenland
that the weather over the ice sheet is controlled
by alternating cyclonic and anticyclonic move-
ments, Cyclonic activity is most intense in
southern Greenland and weakest in northern Green—
land. The entire ice sheet is supplied with snow
brought by rising maritime air masses, not by air
descending from the upper trosphere" (lMatthes,
1946, p. 324).

The results. of the present study are completely compatible
with Matthes' conclusions; and they contribute gquantitative
information on the amount and distribution of precivitation

Bs i

for part of the ice sheet.

Katabatic Winds and Accumulation

If a staunch proponent of the glacial anticyclone were
found today, he might argue that "the maximum accumulation
shown at low elevations, near the margin of the ice sheet
(Fig. 28), is due to katabatic winds which sweep the snow
outward from the interior." This is not a valid argument
because, although the katabatic winds prevail (p. 114 ),
they are weaker and cause much less drifting of snow than do
the storm winds., This is known by direct observation of the
drifts which form around objects, such as huts or piles of
barrels, in the course of a year. Such drifts are always
lined up with the storm winds which come from the southwest
and erosion-deposition features from the prevailing katabatic

winds are merely superimposed on them. Thus, the distribution
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~of accumulation shown in Figure 28 exists in spite of, not
because of, the katabatic winds.

Rather than adding to the net accumulation at a given
point, the katabatic winds may actually detract from it. The
ability of the air to hold moisture increases markedly as it
moves from the cool, dry interior toward the warmer coastal
areas., As an example, saturated air at 0°C contains 3.5
times more water by weight than saturated air at -15°C.

Thus, katabatic winds, originating over the interior high-
lands of the ice sheet, absorb moisture as they descend,
especially in summer months, and leave the shores of Greenland
with a net increase in water vapor. This is similar to the
process which acts over the United States as outlined by
Holzman (1937, p. 38):

"The principal amount of moisture returned

to the atmosphere by continental evaporation is

absorbed by continental, or dry, air masses tha

are generslly incapable of immediately releasing

their moisture and that pass off continental
areas with large gains in moisture."

-

Therefore, degsert regions like Inglefield Land are dry not
only bvecause they lie in precipitation shadows, but also
because much of what they do receive is '"blotted up" and

carried off by the katabatic winds.

Consider a column of unit cross-section exbtending Ifrom
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snow surface to the depth of 10 m. By definition, Q is the
amount of heat required to raise the temperature of tThis
column of firn to the melting point. The maximum and minimum
o o o - . s et ] - .
values of Q, Qmax’ and Qmin’ occur during winter and summer
respectively. Q, sometimes called '"cold content," is computed

by summing increments AQ over depth increments Az (taken to be

20 cm each for convenience). Then
AQ = mcT

where

2z
m = the mass in zgrams of the 20 e’ volume

T the average temperature, and

it

¢ = 0.5 cal/m°C

A summary of data obtained in the ftop 5 m in late
summer is shown in Figure 53. Except for the spacing between
curves of the sosked and non-soaked facies, the cold content
increases fairly smoothly with elevation. The environmental
difference existing between points lying well above the firn

line is shown by the fact that the curve for anx at 1-0 (not
W

shown) is about the same as that shown for § at 2=-200,

min
Thus, the amount of heat required to melt the upper layers of
snow at 2=200 in summer 1s the same as that required at 1-0 in

winter. Values of Qmin ( to 10 n) for several positions are:
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1500

SNOW SURFACE (M)

Figure 53.--"Cold content" in the top
peak of the melt season at 77°N. The cold con
fined as the amount of heat (in calories) reqg
a unit column of snow to the melting point.
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Position Qmin,Caloria
Seward Glaéier 0.0 x 1070
0=-35 1.0 to 2.0 »
1=0 3.5 »
2-100 4.7 »
2=200 6.0 Y

Q

bin BAY prove useful as a climatic index for glaciers, being

zero for a truly temperate glacier.
The amount of heat exchanged annually between the top
10 m of firn and the atmosphere is denoted by AH. If heat

exchanges associated with phase transformations are ignored,

Mi=Q - Q.
* Qmax len

At 77°N lat AH remains essentially constant, within 10%,
even though measured in different temperature ranges at

different altitudes as summarized below:

Date @, calories A, calories
1-0 3 March, 1954 4856
1382
1-0 17 August, 1952 BATA
2-100 Feb-iarch, 1954 6285
1543

N

2=-100 26 August, 1953 474
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The 10% difference between AH at 1-0 and 2-100 is in the
right direction to indicate more melt at 1-0, and suffi-

cient to completely melt a 5 cm layer of snow of density

i)

0.40 gm/cmg, This i1s not an unreasonable estimate for the

difference in melting between 1-0 and 2-100,

The Balance of the Greenland Ice Sheet

Bauer (1955) discussed the present-day balance of the
Greenland‘ice sheet and came to the conclusion that it was
in negative balance, 1.e., more material is being lost than
gaihed, Bauver's estimate 1s based on the following:

(1) 'The assumption was made that The firn line separates
the regilons of accumulation and ablation. He then estimated
the firn line for each of the USAF World Aeronautical Charts.

(2) Loewe's (1936) estimates were acceptbed for the
mean ablation (110 cm HEO per year) and for the mean accumu-
lation (31 cm HEO per year) for the entire ice sheet.

(3) An estimate was made of the total discharge of
lcebergs from glaclers.

Bauer used a firn line 4000 £t (1220 m) for the Smith
Sound and Humbolt Glacier maps. This is definitely too high

4

because pits at 4000 ft in this area are well above the firn
line; indeed, they are above the saturation line. It is also
known that the firn line does not separate the regions of

ablation and accumulation in Greenland because of the formation
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of superimposed ice (Schuster, 1954; Schytt, 1955, pp. 52=57).
Thus the stated figure for total ablation ares is too high.
Bauer's ablation area is reduced by 32,000 km2 if the
average altitude of the firn line is placed at 3000 £t (915 m)
north of 76°N, except on the south slopes of Thule and Ingle=-
field peninsulags where it is known to lie at about 2300 ft
(700 m). The amount of area transferred from the ablation

to the accumulation area on each of the wmaps involved is asg

follows:

World Aeronautical Chart Aresa kmz

#20  Smith Sound 1%,000

| 19,000 west slope
#19 Humbolt Glacier 6,000

# 8 Robeson Channel 0,000

# 9 Independence Fjord 3,500

. 13,000 east slope
#18 Germanias Land 9,500

Total 32,000

The average accumulation value of 31 cm HzO for the
entire ice sheet 1s too low. Planimetric measurements of the
areas between accumulation contour lines on the 1:5,000,000
map of Figure 30 give an overall average accumulation value

From the work reported herein, no commenis can be made

about Bauver's estimate for the amount of discharge of ice-
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bergs by glaciers. His value is accepted as being the best
available estimate. ILoewe's estimate of average gross ablation
is also accepted here in the absence of sufficient data to
apply a correction. His quoted value of 110 cm EEO per year
refers to net ablation; therefore, the addition of 3 cm HEO

per year to gross accumulation, as determined above, reduces
his net ablation by the same amount to give 107 cm HZO per
year. The three% attempts to determine the balance of the
Greenland ice sheet are summarized in Table XTI,

I would estimate, as did Loewe (19%6) that the Greenland
ice sheet is in balance with present-day climate, or that it
is so close to being in balance that our present methods of
measuring the variables involved cannot show significant

deviations one way or the other.

%Eased on observations from his 1912 expedition,
DeQuervain concluded that the balance of the ice sheet was
pogsitive. IHe dealt with the west slope only so he did not
estimate the magnitude of tThe positive balance but generalized
that the ice sheet was maintaining itself at present and was
not strictly a relic of the past.
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Table LI

Balance of the Greenland ice sheet

Loewe Bauver Fresent
(1936) (1955) study
Area:
Accumulation zone (kmz) 1,380,000 1,439,800 1,471,800
Ablation zone (zm?) 270,000 286,600 254,600

Total ice sheet (km ) 1,650,000 1,726,400 1,726,400

Average Annual Rates:

Accumulation fEn H,O/year) 31 31 34
Ablation em HQO/year) 110 110 107

Net Values:

Accumulation (km§ H O/yed“\ 425 446 500
Ablation (m” T Q/year) 295 315 272
brcess of accumu}atlon over

ablation (kmd H O/year) 130 131 228
Discharge of 1cebergu Trom

glaciers  (kmJ H O/yoaﬂ 150 215 215

Balance {kmj H?O/year) =20 -84 +13
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APPENDIX T
STRATIGRAPHY, METECROLOGY AND GLACILOLOGY

This appendix presents certain terms and concepts from
stratigraphy, metecorology, and glaciology used in this paper.
However, it also indlcates specific applications of these

ields to studies of the Greenland ice sheet.

H

Stratigraphy

Formation

"The formation is fthe fundamental unit in the
local classification of rocks. Like other
categories of rock units, the formation i1s a
genetic unit, defined by objectlive criterila
observalble in the local stratigraphic column.
Formations should be established with bound-
aries that may be readlly traced in the field
and represented on geologic maps to best ex-
press the geologic development and structure or
the area.

"Tn most cases, formations should be dis-
tinguished as much as possible on the basis of
lithologlc unity-~dominantly shale or dominantly
sandstone, for instance--or repeated inter-
lamination of tTwo or more lithologlies, as shale
and limestone. Occasionally, however, a forma-
tion may contaln a great variety of rock types,
and such heterogeneity may itself distinguish
the unit from more homogenecus units above and
below.

A formation 1s-.a genetic unit and represents
a response to an environment, or a series of
related environments, and such environments
must be limited geographically as well as
temporally. Therefore, there are limits to
the geographic extent of formations, and the
same name should be applied only over the ares
in which the lithology maintalins a degree of
unity.
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"Formation names are binomial, usually consist-

ing of a geographic name followed by a descrip-

tive lithologic term (St. Louils limestone), the

latter being uncapitalized" (Krumbein and Sloss,

1951, p. 27)

LYD4, D o

In view of the above statements the Greenland ice sheet

(also the Antarctic ice sheet, the Vatnajokull ice cap, and
most other glaciers) is unigue as a formation in several re-
spects. 1Its boundaries are unmistak ably traced in the fileld.
Lithologically, it 1is monomineralic; perhaps its closest
competitor for purity is the 8t. Peter sandstone which, in
size, however, is only a fraction of the ice sheet. From
the genetic standpoint it most certainly represents a re-

sponse to an environment.

Diagenesis. The term "diagenesis” 1s used here in

reference to the processes involved in transforming snow
(the loose sediment) into firn (the sedimentary rock). The
diagenetic environment 1s defined as follows:

"The diagenetic environment is the environ-

ment of post-depogitional change. It extends

an indefinite distance downward from the deposi-
tional interface. The nature of the diagenetic
environment and the rapidity of the post-
depositional changes depend upon the medium

of deposition and the kind of sediment being
deposited” (Krumbein and Sloss, 1951, o. 213).

On the ice sheet the deposiftional interface is the
gnow surface and the diagenetic environment extends down-
ward from it for an unspecifled distance, but includes

most of The sedimentary member.
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Facies
"itSedimentary facies' is defined as any
areally restricted part of a definite strati-
graphic unit which exhibits characters sig-
nificantly different from those of other parts
of the unit" (Moore, 1949, p. 32).

Facles in the Greenland ice sheet are based on dif-

ferences in extent of melt action, and are produced by

diagenetic processes.

Meteorology

Adiabatic processes. If a parcel of air is raised or

lowered in the free atmosphere, 1t will expand or be com-
pressed. No significant error is introduced by consider-
ing this process to be purely adiabatic. If the air ig dr
(not saturated with water vapor) its rate of temperature
change will be approximately 1°C/100m (0.98°C/100m), re-
gardless of whether the movement is upward or downward.
This 1s called the "adiabatic rate” or 'dry-adiabatic rate.”
If the element of air is saturated with water vapor its
cooling rate on ascent will be less than adiabatic because
heat 1is added to the air by condensation of water vapor.
It may be half of the dry adiabatic rate of cooling. Descent
of the air mass, on the other hand, will always produce the
dry-adiabatic rate of warming regardless of the original

molsture content.

ot
g
i

Lapse rate. The term "lapse rate” is applied to

observed variation in air temperature with elevation. It
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pertalns to vertical temperature gradients in the free at-

plicable to air tem-

mosphere only. It is not generally ap
perature measurements made at different elevations along
the surface of the earth, because horizontal variations in
alr masses may be encountered. The normal lapse rate is
about -0.65°C/100m, the negative sign indicating that tem-

perature decreases with increasing elevation. If the lapse

happens to coinclde with the adiabatic rate of tempera-

"3
ot
[

a
ture change for dry ailr, the air is said to have a '"dry
adlabatic lapse rate.” In continental Arctic regions and
especlally over snow surfaces, strong "inversions' (i.e.,
Temperature increasing with height) are common (Wexler,
19036)., Lapse rates less than adiabatic and especially those
occurring in inversions are called "stable lapse rates.”
They result in the most stable stratification of alr, verti-
cal motions being strongly inhibited.

Inversions. At night, when short-wave solar radiation

is absent, the snow surface radiates like a black body for
all wave lengths. The atmosphere radiates with black body
intensity only 1in certain bands of the spectrum, which are
mainly due to water vapor.. Also, the alr loses energy both
upward and downward but the snow surface radiates upward
only. As a result of these conditions the snow surface
will be in equilibrium with the air above when its tempera-
ture 1s lower than that of the air. This is

cause of inversions.
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In the high latitudes of Greenland the process is ef-
fective even in summer because the sun never rises high

above the horizon and much of its short wave energy is re-

2l

flected by the snow surface. (Even though snow acts like

2

a black body for terrestrial long wave radiation, 1t has

a high albedo for solar radiation.) Polar maritime air

s shown

I

shows normal lapse rates; however, Wexler (1936) h
how 1t 1s transformed into polar continental air as it moves
ocver a snow-covered continent. Therefore, an inversion

will develop over the ice sheet regardless of the source

of the air mass.

Glaciology

5!

Firn line. The firn line is defined as "the highes

ot

level to which the fresh snow cover on a glaclier's surface
retreats during the melting season' (Matthes, 1942, p. 161).

Glacier classification. The classification of glaciers

proposed by Ahlmann (1948) has been well received. It is
a three-fold classification: (a) morphological, (b) dy-

geophysical. Of these, the "morphological

3
o)
=]
Lo
Q
©
o
Q_x
O
p—

classification’” is the most guantitative. Greenland may
be discussed according to these classifications as follows:

-,

Morphological: In Ahlmann's morphological clas-

gification the Greenland and Antarctic ice sheets are in-

cluded under the heading:
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pg
s

. laciers extending in continuous sheets,
the ice moving outwards in all directions:
(1) Continental glacier or inland ice,
covering a very large area' {(Ahlmann,
1948, p. 61).
Recently Bauer (1955) constructed the normal-area distribu-
tion curve, according to Ahlmann's convention, for the
Greenland ice sheet. He found that it fits very well in
the Ahlimann classgification, and adds that this is the first
clagsification which successfully includes the Greenland
ice sheet,

Dynamic: An attempt to discuss Greenland's ice
sheet according to an overall dynamic classification would
be complex. The span of latitude is nearly 23°, 75% of
which 1s above the Arctic Circle. This results in wide
variation between local regimens and the rate of flow

varies from fast 1in the south to slow in the north.

Geophysical: Ahlmannt's geophysical classifi-

cation divides glaciers into two broad groups, temperate
and polar; the latter 1s further subdivided into high-polar
and sub-polar. The most recent statement of this classi~
fication follows:

"I. Temperate glaclers consist of crystalline
ice formed by falrly rapid recrystallization of
the annual surplus of solid precipitation due

to great quantities of fluld water. Through-

out these glaciers the temperatures correspond

to the melting-point of the ice, except 1n

winter time, when the top layer 1sg frozen to a
depth of not more than a couple of meters. The
glaclers of Scandinavia and the Alps are included
in this group.
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"IT. Polar glacilers consist, at least in their
higher and upper parts, of hard crystalline firn
formed by slow recrystallization of the annual
surplus of accumulated solid precipitation. The
temperature of the glacier is negative even in
summer down to a certain depth. These polar
glaciers can be subdivided into:

(a) High-polar glaciers, which consist, at

least in theilr accumulation areas, of crystal-
line firn with temperatures below freezing-
point to a considerable depth. Even in summer
the temperature in the accumulation area is so
low that as a rule there is no melting accom-
panied by formation of water.

(b) Sub-polar glaciers, which in their accumu-
lation areas consglst of crystalline firn down

to a depth of scme 10 to 20 m. In the summer
the temperature allows surface melting accompanied
by the formation of fluld water' (Ahlmann, 1048,
p. 66).

Ahlmann considers that most of the Antarctic together

P

with the interior portions of the Greenland ice sheet are

high-polar types. He recognizes more diversity in Green-
land than in the Antarctic.

"At lower levels, where both the winter and

the summer temperatures are higher than at
fEismiltte', the (Oreenland inland ice is of
sub-polar nature, and 1ts outlet glaciers

are temperate, at least in the lower latitudesg”
(Anlmann, 1948, p. 67).

IT truly temperate ocutlet glaciers exist in Greenland
they are most likely limited to the extreme south.

Pl

Snow and ice as rock units. The concept of

snow and

ice as rock units certainly is not new (Gr@ut, 1932;
Seligman, 1936; Bader, et al, 1939; Flint, 1047). Grout
mentions lce as one of the few examples of monomineralic
deposits which attaln the necessary dimensions to be
properly classed as rocks. According to rock-type the

following classification may be used.
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1. BSnow--gediment

2. Firn--sedimentary rock

3. Glacier ice--sedimentary and/or metamorphic
rock
j 3 P P B I s £ N p I
4, Lake ice--~crystalligzation from melt i gneous "
rocks

5, Sea ice--crystallization from solution

The difference between firn (also called neve) and
glacier ice 1s best expressed in terms of permeability. Firn
hag intercommunicating pore spaces, while glaclier ice is
impermeable, 1.e., the pore spaces are sealed from each other.
The transformation from firn to glacler lce occurs at density
values of 0.82 to 0.84 g/cmge (Perutz and Seligman, 1030;
Schytt, 1954),

Temperate glaclierg have recelved consliderable treat-
ment in the sense of being bona fide metamorphic rocks.
However, firn as a stratified sedimentary rock hag recelived
little formal treatment. Ahlmann (1935, 1036, 1940, 1949)

»

emphasized the importance of such studies and ploneered 1

b}

the fleld.
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APPENDIY IX

MEAN ANNUAL TEMPERATURE

Obgerved tempe?aﬁure data are corrected To mean annual
values in this appendix by use of eguation 3. These com-
putations do not take convection inbto account. However,
the effects of convectlon were minimized by excluding all
measurements made in the upper 3 meters of snow (see pages
118-119).

At some stations a range of temperabure values ig
listed for a given depth and date. The actual temperature
should lie within the indicated range.

In some cases, two values of the temperature correc-
tion are listed., This is done mostly where tTemperature

data were obtalined curing August when differences belween

(9)
S

computed temperature corrections are greatest (Fig. 3

e

The error in mean annual temperature values is between

Ly

+ 0.5 and + 1.0.
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Mean
Depth Observed Correc- annual
{(cm) Date temp. tion temp. Average
Station 1-0
300 18-8-52  -14.5 -3.75 -18.2 W
300 18-7-53 -16.0 -2.0 -18 -18.2
300 3-6-54  -20.5 +2.,25 -18.2
li¥ele 20-7-53 -17.0 0 -17 17.6
100 L.6-5L  -20,5 +2.35 -18.2 | —+0-°
500 22-7-53 -18.0 +0.8 -17.2 17 ¢
500 L-b-5l4  ~20.0 +1.9 -18.1 Bl &—1790j0°5
600 22-7-53  -18.3 +1.0 -17.3 } 7.7
600 Lop-54  -19.5 +1.3 ~-18.2 b
700 7-6-54  -18.5 +0.8 -17.3
800 7-6-54  -18.0 +0.35 ~17.6 17.3
900 7-6-54 -17.5 +0.,15 -17.3 b
1000 7-6-54  ~17.0 +0,03 ~-17.0
1100 7-6-54  -16.5 -0.06 -16.6 166
1200 7-6-54  -16.5 -0.08 ~16.6 [ TP
Station 1-10
300 15-6-54 -21,0 +1.3 -19.7
Station 1-20
300 16-6-54  -21.5 +1.2 -20.3
Station 1-30
300 17-6-54  -22.0 +1.1 -20.,9
Station 1-40
300 18-6-54 -22.5 +1.0 -21.5
Station 1-5H0
300 19-6-54  -23,0 +0.85 22,2
(300) 19-5-55  -27.0 +3.0 -24, 02
i (-26) +3.0 (~23.0)
Station 1a-10
300 19-5-55  -27.0 +3.0 24,0
Station 1a-20
300 20-5-55  -25.5 +3.0 -22.5
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Mearn
Depth Observed Correc- annual
(cm) Date temp. tion Ttemp. Average
Station 2-0
300 21-8-52  -18.0 -3.9 -21.9
300 27-7-53  =20.0 -2.5 -22.5 } -22.5
300 20-6-54  -24.,0 +0.75 -23.2
100 27-7-53  -22.0 0 ~22.0 | . ¢
Loo 20-6-50  -25.0 +1.75 -23.2 -©
> -2
500 27-7-53  -23.0 +0.6 -22.4 1 .5 g
500 20-6-54  -25.0 +1.7 -23.3 :
600 27-7-53  -24.0 +0.95 -23.0 1 o5 3
600 20-6-54  -25.0 +1.35 -23.6 .
1132 2lh-6-54  -22.6 -0,2 -22.8 | -22.8
1675 h-6-54 -23.0 -0.3 ~23.0 | -23.0 J
Station 2-10
300 25-6-54  -24.0 +0.25 -23.8 6
koo 25-6-54  -25,0 +1.50 -23.5 e
650 05.6-54  -23,0 +1.1 ~-21.9b
Station 2-20
300 26-6-54 -24.,0 +0.2 -23.8
100 26-6-54  -25.5 +1.4 24,1 23,9
500 26-6-54  -25.5 +1.55 ~24.,0 e
900 26-6-54  ~24,0 +0.25 -23.8
Station 2-30
300 28-6-54 -2l 5 -0.05 ~ol 6 )
Loo 28-6-54 -25.5 +1.35 24,2
500 28-6-54  -26.0 +1.50 =2l 5 L oy o
600 28-6-54  ~25.75  +1.30 -2 . =
1100 1-7-54 23,75  +0.02 -23.8
1500 1-7-54 23.5 -0.03 -23.5 |
Station 2-40
300 herosl 24,5 -0,70 -23.,8
li¥ele) Lo7-54  -25,0 +1.,0 ~24,0 § -23,7
800 5-7-54 24,0 +0.55 -23.4



Mean
Depth Observed Correc- annual
{cm) Date temp. tion temp. Average

Station 2-50

W

300 6-8-53 -20.5 -3.1 -23.6

300 21-8-53  -19.5 -3.9 -oh L ol 1

300 18-9-53  -1G.,0 I -23.7 -1

300 9-7-5L  -23.5 ~1.15 -2h.6

(300) oll.5.55  -27.5 +2.75  (=24.8)@

oo 6-8-53  -22.5 -0.8 -23.3 -

100 0-7-5L  -25.0  +0.8 _ol.p [TE3.7 ¢ -23.5

900 7-8-53  -p3.2 +0. U5 -22.8 558

1000 10-7-51 -23 +0.2 -22.8 .8
Station 2-60

300 11-7-54 -23.5 -1.3 -24.8

HOO 11-7-54 25,0 +0.5 -24.5

500 11-7-54  -25.0 +1.2 -2398 24,0

800 12-7-54 2”,0 +1.1 -23.9

1000 12-7-54  -23.25  40.2 ~23.,05
Station 2-70

300 oh-8-52  -10 -4.0 -23 )

300 oL-8-52  -18.5 1.0 -22.5 (.23.6

300 16-7-54  -23.5 -1.8 -25.3

400 16-7-54 -25.0 +0.4 -2L.6 5 -23.8

500 16-7-54  -25.5 +1.0 -2l s tooh

600 16-7-54  -25.0 +1.0 -2, 0

800 16-7-54  -2i.5 +0.6 ~-23.90 -

1400 16-7-54  -23.25  -0.05 -23.3 2
Station 2-80

300 19-7-54  -23.0 ~-2,0 -25.0 |

800 19-7-54  -23.75  +0.65 23,1
Station 2-90

300 20-7-54  -22.5 -2.] 246 ] oy ¢

700 21-7-54  -25.5 +0.9 _ol 6 2h.6
Station 2-100

o
300 26-8-53 -19.2 ~4.2 -23.4 ;
300 7-7-54 24,0 ~-0.95 -2 .o l_oh
300 23-7-5 -



'\z\,a
Dept Observed Correc- annual
{cm) temp. tlon temp. Average.
Station 2-100 (cont)
li¥ele; ~21.2 -1.85 -23,0
100 _ol.2 0.1 oLz [ Te3.T
500 ~-22.5 0.4 -22.9 23
10m -24.,3 ~24
+0.2
35.45
37.55 -2l 4 ol h
47.5
Station
300 -21.75  -3.1 -24,8 _oll g
(Loo) (-24.0) -0.85 -2, g8 ve
Station B
300 -21.5 -3.25 ~24.,8 ol
(Loo) (-24.0) -1.0 -25.0 o
Station 2-120
300 (-21.5)  -3.5 {(-25.0)
300 30-8-52  -2.,0 -, 25 -2l 2 b ool
300 30-8-52  -20.5 -, e ol 8
300 -25 -0.25 -25,2
Station 2-125
300 -29 +2.4 -26,6 o
(400) -29 +2.4 -26 .64 .
Station 2-150
300 -29.75  +2.4 -27.4 ~27 .4
Station 2-175
300 -30.75  +2.3 -28.4  -28.4
Station 2-200
300 15-8-53 -25. -3.0 -28.6 (-28.7)
Loo 16-8-53  -27.0 -1.8 28.8 [poedel
300 4-6-55 -32.0 +2.1 -29.,9 e
Loo 4-6-55  -31.5 +2.3 -2, 2 [ TE7e0
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-30.2

2

~30.0
-30.5
-30.

55

~

+0.25
+1.50

H

B

Station 4-150

-30.25
-31.00

-30.75
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Mean
Depth Obsgerved Correc- annual
(cm) Date Temp. tion temp. Average
Station 4-200
300 27 ~6-55 -30, 25 +0.1 ~30.2
Loo 27-6-55  -31.5 +1.4 -30.1 ~-30.3
800 28-6-55 -31.2 +0.55 -30.6
Station 4-225
300 30-6-55 -29.5 -0.25 -29.8 _50.8
i¥ele) 30-6-55 -31.0 +1.25 -29.8 e
Station 4-250
300 2-7-55 -29.5 -0.5 ~30.0
LOOo 2-7-55 -30.5 +1.1 29,4 ~30.0
800 3-T-55 -31.0 +0.55 ~30,4
Station 4-275
300 5-7-55 -28.5 -0.75 20,2
li¥elo 5755 ~30.5 +1.0 -29.5 -20 .4
800 T-7-55 -30.0 +0.58 ~20 .4
Station 4-300
300 8-7-55 -28.75 -1.0 -29.,8 ,
o o o) - - 29 e f
LOo &=7-55 ~-30.5 +0.0 -2G.7
Station 4-325
300 10-7-55  -28.5 ~1.2 ~29.7
Loo 10-7-55 ~-30,0 +0.7 -2G.3 -29.5
800 11-7-55 -30.0 +0.6 -29.,428
Station 4-350
300 12-7-55 -28.5 -1.5 ~30.,0
lilele) 12-7-55 -30.0 +0.6 -20, 4 L -20,5
700 13-7-55 ~20.0 +0.S -20.,1
Station 4-375
300 14-7-55 -27.75 -1.65 -29.,4
oo 1h4-7-55 -29.75  +0.5 ~29.2 | _og o
(500) 14-7-55 ~320.0 +1.1 -28.,6a -
TG0 15-7-55 -20.,5 +0.9 ~-28.6
Station L-400
300 16-7-55 ~-28.,0 -1.75 -20.,8 1
koo 16-7-55  -29.5 +0. 4 -29.,1 ¢ -29.2
700 17-7-55 ~-29.5 +0.8 28,6 J
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Mean
Dept@ Observed Correc~ annual
(cm) Date temp. tion temp. Average
Station 5-0
300 18-7-55  -27.0 ~1.95 -29.0
40O 18-7-55 -29.0 +0. 25 -28.8 -29.8
700 16-7~55 ~29.75 +0.9 -28.8
Station 5-20
300 20-7-55 -26.0 -2.1 -28 7.7
400 20-7-55 ~-27.5 +0, 1 -27 .4 i
Station 5-U40
300 23-7-55 ~25.0 -2.25 -27.2 o7 o
100 23-7~55 ~-27.0 -0.1 -27 .1 ne
1000 15-6-31 -28 .U +0.06 ~28a3d
1000 Aug 1950 ~27.35 +0.3 a
-27.20 +0.3 -27.07 {27.8)
-27.50 +0.3
2000 Aug 1950 -27.01 +0.01 -27
10000 " i -27.78 -27.8
Station 5-65
300 2—§m55 -23.5 ~-3,0 -26.5
Loo 2-8-55 -25.0 ~0.7 -25,7 -25.8
700 5-8-55 -26.0 +0.75 -25.2
Station 5-90
300 6-8-55 -22.0 3.1 -25,1
300 65-8-55 -22.0 -3.3 -25.3 ~ply, 3!
Xele) 6-8-55 ~23.5 ~1.0 24,5 :
700 7-8-55 24,0 +0.75 ~23.2
Station H-115
0 BB - 3 YR}
300 8-8-55 21.0 3.4 24, _oh .3
T 3.2 24,2
Station 5-140
300 10-8-55 ~-19.5 ~3.1 -21.6
300 10-8-55  -19.5 -3.6 ~22,1 »-21.6
(700)  10-8-55 -22.0  +0.7 ~21,3%



Mean
Depth Observed Correc- annual
(cm) Date temp. tion temp. Average
Station 5-150
300 12-8-55 -18.5 -3.7 -22.2 _51.8
it HH i _350 “21»5 e
Station 5-160
200 13-8-55 -18.0 -3.75 -21.75 o1
ff it i _3’25 -21G25 - —‘--5
f~2131
(Loo) 13-8-55 -16.0 -1.4 -20. 4
i n ~16.0 -1.0 ~-20.0 _00. 7%
t i ~20.0 ~1.h ~21.4 - f
i " -20.0 -1,0 ~-21.0 J
Station 5-170
300 14-8-55  -18.0 -3.8 ~-21.8 o1
It it it _393 “21»3 - 65
> ~21.3
(400) 14-8-55 ~-20.0 -1.95 -22,0
i " ~-20.0 ~1.1 ~21.1 _op P
" " -19.5 ~-1.95 21 .4 T
i t ~-19.5 -1.1 -20.6 )
Station 5-180
300 15-8-55 -17.0 -3.9 -20.9 -20.6
" i -17.0 -3.3 -20.3 -
?m2068
(700) 15-8-55 ~-19.8 -1.5 -21.3 51 12
a f -19.8 ~-1.1 -20.9 [ %707
Station 5-190
300 16-8-55  -16.5 ~3.9 ~-20 .4 50 .1
Tt it Hi _3.3 "_1968 - a o
(koO)  16-8-55  -18.5 -1.5 ~20,0 } 1o od
it it T 1.1 ~1Qa6 e
Station 5-200
300 17-0~-55 -16.0 ~14,0 ~-20.0 ~19.7
1 t 1 _%94 “19,4 LY
~19.6
{(L0o0) " (-18) -1.6 -19.6 o )l
i it { sy) ~-1.2 -10,2 T e
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Mean
Depth Obgerved Correc- annual
(cm) Date temp . tion temp. Average
Station 5-210
) 3
300 18-8-55 -1 -4, 0 -19. .
Jnv ~ 1t 22 n5 _3’5 —%é.g "18-75
\_18.6
(400) f (-17) -1.65 -18.65 g =2
i £ it _133 _180—3‘ -1 i
- -t J
Station 5-220
S\
300 19-8-5 -13.75 -4, 1 -17.85 -
55{ te )5 t1 /j ~%‘5 _,1\;92% “1!7055
e ; m p=17.5
(400) i (-16) -1.7 -17.7 17 o8
it 1 i __1035 ,,.]7.35 “17»/'
7
Station 5-230
300 20-8-55  -11.5 ~4,15 -15.65 15 1C
it §t £t “_3355 -l4,‘5j =4 U
Prench Canmp vI©
1000 July 150 -12.28
1000 30-8-50 ~-11.7 — o101
1500 July '50 -12.45 T )
1500 30-8-50 -12.85
Station 0-35°
{(300) 31-5-54 (-11.5) +2.5 -9.0
K it §-12.0} +2.5 ~-G.5 best value
B B Y12°5 ) +2.5 ~-10.,0 -10
f n ~13.0 ) +2.5 ~-10.5
(400) 31-5-54 ?11,5 2 +2.5 -9,0
" " -12.0 )  +2.5 -9.5 best value
f z %1235 +2.5 ~10.0 -10
i i +13.0 +2.5 -10.5
(200) 16-5-55 14,5y 42,7 -11.8 .
igoo) i 1508 43.25 ~11.75 best value
(100} L5 g 427 -11.8 -12
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We mperature values enclosed in parentheses were
extrapolated beyond the measured Temperature profiles as
Pl oy e
BR J..,..Ot"sk °

Station 1-50, 19-5-55, 300 cm value trapolated from 2060 cm
Station 2-50, 24-5-55, 300 cm value extfapslabed from 220 cm
S
L/

375% Survey area pi , 6-8-54, 40O cm extrapolated from 360 cm
, p : N B ,
1654 Survey area poit B, 9-8-54, 400 cm extrapolated from 380 cm

Station 2-125, 30-5-55, 400 cm value extrapolabted from 360 cm
Station 4-325, 11-7-55, 800 cm value eXuPaooiate@ from 755 cm

Station 4-375, 14-7- ;ﬁ 500 cm value extrapolated between the
values at 490 and 740 cm

Station 5-140, 10-8-55, 700 cm value extrapolated from 675 cm
Station 5-160, 13-8-55, 400 cm value extrapolated from 345 cm
Station 5-170, 14-8-55, L00O cm value extrapolated from 358 cm
Station 5-180, 15 -8-55, 700 cm value extrapolated from 670 cm
Station 5-100, 16-8-55, QOO cm value extrapolated from 350 cm
Station 5-200, 17-8-55, 400 cm value extrapolated from 370 cm
Station 5-210, 18-8- 55, 400 em value extrapolated from 370 cn

4 A

Station 5-220, 19-8-55, 40O cm value extrapolated from 355 cm

s

1.5°C higher than it should be,
s from Stations 2-0 and 2-20.

D o .
This value 1s about 1.
according to the measuﬂemg 1

wea sured by Bader one mile from the 1954 Survey area
tions (Pig. 39)

L Hismitte
ge (1935)

Tbe climatlc warm up as seen in coast
shows up as a 1°C rise in mean annual tempe:
between 1930 and 1650. The 1930 data are T
and the 1950 4 are from Heuberger (1054).

Q
Q3
ot £
ol
o
Q3
s
D

25 o . . =]
Data from French Camp VI are from Heuberger (1954).

Hhe temperature profiles at 0-35 iﬁ Mav O? 1951 and
1955 do not quite reach 200 cm dept 1
period from 15 May to 30 May the “emmefauufe p?OLl es are
very nearly vertical, i.e., isothermal, between 200 and 400 cm.
This enables one To extrapoclate the profiles below
180 cm. And the resulting range of mean annual temperature
is -10 to -12°C.
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APPENDIX III
THE DATA SHEETS

This appendix describes the format of the data sheets
(in pocket) whose locations are indicated in Figure 55;
these sheets contain almost all of the data digcussed in
this paper. There are 11 sheets, including data sheet 6A
(not shown in Fig. 55) which presents the results of the
1953 traverse between 2-100 and 2-200 (gee Fig. 2). Four
other data sheets summarizing Tthe 1952 and 1953 resulbts
have been published (Benson, 1959) and are not reproduced
here. |

A table showing the location of each ftest station, its
gltitude, the date or dates of occcupation, and a summary of
the work done at the station ig available. It is not of
sufficient general interest to be reproduced here, but may

be obtained from the writer upon reguest.

Format

Data from each station are plotted around a stratigraphic
columnar section which summarizes the appearance of the pit
wall. The main emphasis in the column has been placed on
features caused by melt and/or wind action.

Grain size is indicated only where 1t is extremely coarse
or fine, or where 1t undergoes several significant variations

over a short depth interval. The symbol depicting grain size
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Figure 55.--Location of data sheets. Data sheet 6a
(not shown) contains the six stations made in 1953 between
Station 2-100 and 2-200, see Figure 2.
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of a gilven layer represents the most abundant size range,
typical ranges of grain size in single layers are seen in
Figures 17 and 18. In most layers where grain size is not
indicated, it lies in the range 1.0 + 0.5 mm. Grain size is
always indicated where 1t exceeds 2 mm.

The symbols used in the stratigraphic columns are de-
scribed on page 205. (See also pages 55-59).

The temperature profile is plotted on The left hand
gide of the stratigraphic column, The ram hardness profile
is also plotted to the left with its scale indicated above
the temperature scale. No confusion results from super-
impoging the temperature and hardness data, because the
former consists of observation points connected by lines,
whereas the latter is simply & bar graph. The ram hardness
profile is cross hatched where 1t exceeds 50 kg force; snow
is very soft below this wvalue.

The density profile is plotted on the right hand side
of the stratigraphic column. It begins at 0.25 g/cm3, and
is cross habched where it exceeds 0.40 g/cmge The cross
hatching is useful in correlation between stations, and in
comparing gross variations in density between facies (see
data sheets 1 and 7 for example). The zero point on the
density scale coincides with the mlSOC point on the tempera-
ture scale. The depth and density scales were selected in
such a way that each sguare cm under the depth density curve

repregents 1 cm of water eguivalent. This made 1t an easy



~205«

i &4 I
L+ -+ + New snow, original crystal
{ + + forms still recognizable.
"0 -9.0-0- 002000 g e O
1 2 *o?o-ooéé 3 Uooogoo;) i‘é’ UQ
.0-0.00~</ DOOGOO QOOO
© - 0.9 o. o © g o

1. Fine- or very fine-grained snow, 1 mm,
2. Medium-grained snow, 1 to 2 mm.

3. Coarse-grained snow, 2 to 4 mm.
L

. Very coarse-grained snow, 4 mm,

5. Wind slab, consisting of firmly bonded fine or very
fine graing; from a little digtance it has a dull,
lustreless chalky appearance,®

6. Wind crusts, paper thin layers of firmly bonded very
fine grains.** A thin line is also used to indicate
discontinuities between adjacent layers.

7. Depth hoar, or coarse loosely bonded grains with vugs.
8. Melt crust or iced firn, consisting of coarse grains

with small lenses and irregularly shaped chunks of
ice scattered throughout.

1 Ice masses in snow, formed by down-
{ ward percolation from surface mell
| 1. ice gland
| 2. ice lens

3. lce laver

% %

Descriptive material on wind slabs is found 1n Seligman
(1936, p. 159-205).

The term wind crust is used here in a slightly different
sense from that of Seligman (1936, p. 167).
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matter to integrate the depth-density profiles fto obtain
depth-load curves. The data sheets reproduced here were
reduced to 50% of their original size, thus an area of 1 cm
on the paper represents 4 cm water eguivalent (each ruled

square represents 1 cm water equivalent).

Stratigraphic Correlatlon

Stratigraphic Iinterpretations have been correlated be-
tween staticons. The year-labels, and the correlation lines
connecting them, are intended to mark the fall layers of
each year, i.e., 20 August to 10 September (see pp. 61-71).
The Jocation of gpecilically dated levels are indicated
where they are known on data sheets 3 and 5. Correlation
lines are dashed where interpretations were not unequivocal.

Several general comments are in order.

(1) The 1954 summer was the warmest one encountered as
evidenced by the melt record in the snow and firn and by the
meteorological record from Thule (see Fig. 31). Percolation
from the mid-July 1954 snow surface penetrated into the snow
layerg of 1953 and 1952 at elevations of nearly 2000 m in
northwest Greenland {see Figs. 24 and 25, and station 2-~70
the extreme nature of the July
1954 melt was restricted to north Greenland. I
accompanied the ccclusion of a storm over the region of 2-0

{personal communication with G. R. Toney, U. 8. Weather Bureau)

)
]

2) The summers of 1941 and 1950 produced the most wide

Ay

spread melt evidence in Greenland, being observed at nearly



all points along the traversge of this study. These years,
especially 1041, were the only significant producers of

., = o - 4 9 o e < . i b
melt evidence in the dry-snow facles (see data sheets O, 7,

and 8; also 5 and 9).

a
(3) In northwest Greenland the 1941 summer produced

I s
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tion through the 1940 and 1939 snow layers

{4) Greater than average melt also occurred in north-
west CGreenland during the summers of 1945 and 1949, ILocalized

percolation through the 1948 snow layers, of the percolation

ot
O
I
O

apparently occurred during both 1949 and
5} The heaviest accunulation recorded between 1937
and 1955 occurred during the year 1945-46, The lightes
sccumulation during the same 18-year period was during the

vear 10951-52.
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