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DEN NORSKE ANTARKTISEKSPEDISJONEN, 1956-60
SCIENTIFIC RESULTS NO. 7

On the firn temperatures and
glacier flow in Dronning Maud Land

BY
ToRBJoRN LUNDE?

Abstracts

Ice shelf temperatures were measured down to 72 m at Norway Station. In the depth interval
from 35 to 50 m the temperature varied from -18.45 to —18.50° C which is thought to be very
near the “normal” mean air temperature in this region. Below this the temperature increases
gradually to —18.31° C at 72 m depth. This is obviously caused by the heating from the sea under-
neath the ice shelf which is here a little less than 400 m thick.

During the stay of the expedition in the Antarctica there was a continous increase of the mean
temperature in the upper firn layers. From the surface to 10 m depth this increase amounted to
1.06° C on an average.

The relative flow of Fimbulisen is measured in an area of 60 km? (A Fig. 1). There is found a
mean compression of 0.6 - 10=3 m/m - year in direction 127-3278. The flow component normal
to this direction (278) increases by 1.208 - 10~3* m/m - year in direction 1278,

The final calculation of the absolute flow measurements has not yet been done. Preliminary
calculations, however, indicate that the absolute flow is very small, probably less than 20 m/year.
From this it is found that the total sum of melting at the bottom of the ice shelf and the material
balance must be at least 0.638 m of ice or 0.585 m of water.

The mean surface flow at Bakhallet, Slithallet and Lundebreen in Fimbulheimen, the mountain
range south-east of Norway Station, was found to be 16.0, 2.9 and 38.0 m/year respectively (B Fig.1).
Estimating upper and lower values for the mean thickness of these ice streams as well as for
the other 9 glaciers draining the inland ice in the same region and upper and lower limits for
the flow of the last mentioned 9 glaciers, the northward transport of ice between Terningskarvet
(2°45’ E) and Gessnertoppen (6°45” E) is roughly estimated to equal between 1075 and 480 - 10® m?
of water a year.

Estimating upper and lower values for the accumulation south of Fimbulheimen as well, maxi-
mum and minimum values for the area of Wegenerisen drained through this part of Fimbulheimen
has been calculated to be 9157 and 2753 km? respectively. This clearly shows, what is also seen from
the topography (LUNDE 1961, p. 7) that this part of Fimbulheimen acts like a dam to the inland ice
forcing the main part of the areas to the south to be drained through the larger ice streams to the
west and east.

! Mandal, Norge.
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Introduction

The glaciological work of Den Norske Antarktisekspedisjonen, 1956-60, con-
sisted of measurements of accumulation and temperature in Fimbulisen and flow
of Fimbulisen and three inland ice streams. In an earlier paper the geomorpho-
logy and the accumulation in these parts of Dronning Maud Land have been
discussed (LUNDE 1961). In the present paper a brief presentation of the other
data collected in Antarctica is given.

Comparing aerial photographs from the German Antarctic Expedition 1938-39
(RrTscHER 1942) with those taken by BERNHARD LUNCKE on the Norwegian expe-
dition (Luncke 1960), no difference in the position of the snow level can be
traced. No further proofs for the balance of the glaciation in Dronning Maud
Land will be supplied, as this has been shown by other authors (LiEsSToL 1954,
ScHyTT 1961).

Temperature measurements in the ice shelf at Norway Station

General remarks

The boring in the ice shelf at Norway Station was done with an electric hot
point drill. The energy loss of the power cables was, however, not sufficient to
prevent the water above the hot points from freezing, and consequently this had
to be hoisted up in a narrow metal cylinder.

One after another of the five hot points were lost either by shortcircuiting, or
they froze fast as the meltwater refroze above the hot points. This caused us to
start the boring operations twice. The last drill froze fast at a depth of 74 m on
the 23rd of June 1958 and put an end to all further attempts to reach greater depths
for temperature measurements of the ice shelf.

The calibration of the thermistors was done in the meteorological hut during a
period of strong winds and small radiation values. Zero was fixed in a mixture of
snow and water.

Firn temperatures were measured in the upper 10 m from April 1957 to
December 1959, between 10 and 20 m from April 1957 to December 1958 and
between 20 and 72 m from July to December 1958.

After having worked for some time with the temperature observations it was
evident that, although the calibrations were made as accurately as possible, the
results were not as good as expected. Corrections up to 0.25° C were then made
to 10 of the 20 thermistors used, so that the mean temperatures fitted well into a
smooth curve.

Temperatures

Using the corrected values, temperature — depth curves were drawn for every
month, and the temperatures at fixed depths were found. These values, as well as
the mean air temperatures — measured in the meteorological hut some 2 m above
the ground — are given in Table 1. The annual temperature variations at 2, 5, 10,
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Fig. 1. The part of Dronning Maud Land visited by Den Norske Antarktisekspedisjonen, 1956-60.

Inset: A. Area covered by Fig. 6.

B. Area covered by Fig. 11.
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Table 1. Monthly mean temperatures at different depths in the firn at Norway Station

(Estimated values in brackets.)

Time Adr 1m | 2m| 3m| 4m| 5m!| 6m | 8m | 10m |12m 1SmT20m
temp.

1957 April 16.25 |(14.20) | 14.22 | 14.03 | 14.56 | 15.52 | 16.78 | 18.20 | 18.59 | 18.49 | 18.30 | (18.28)

»  May 22.86 |(17.39) | 16.07 | 15.37 | 15.41 | 15.76 | 16.43 | 17.81 | 18.32 | 18.39 | 18.36 | (18.30)

»  June 17.55 |(19.75) | 18.06 | 17.21 [ 16.69 | 16.57 | 16.72 | 17.50 | 18.05 | 18.26 | 18.32 | (18.30)

»  July 26.71 |(20.00) | 18.29 | 17.51 | 17.39 | 17.14 [ 17.05 { 17.37 | 17.91 |18.17 | 18.34 | 18.34

»  August 26.99 | 24.94° |21.27 119.34 | 18.38 | 17.87 | 17.62 | 17.42 | 17.79 | 18.09 | 18.32 | 18.34

» September | 28.45 28.08 |23.82(20.72(19.48 [ 18.73 [18.29 {17.50 | 17.72 | 17.96 | 18.26 | 18.34
»  October 19.31 22,95 |22.5221.37 |120.40 | 19.51 | 18.84 | 17.66 | 17.74 | 17.89 | 18.12 | 18.30
» November | 12.75 19.57 |20.64 | 20.90 | 20.24 | 19.78 | 19.28 | 18.00 | 17.79 | 17.84 | 18.09 | 18.27
» December 5.32 12.80 |17.17 [ 19.02 [ 19.37 | 19.40 | 19.21 | 18.18 | 17.88 | 17.86 | 18.01 | 18.21

1958 January 3.49 6.69 |[11.71 [ 16.00 | 17.54 | 18.36 | 18.71 | 18.54 [ 18.15 | 18.02 | 18.04 | 18.18
» February 9.35 7.50 |10.17 | 13.65 | 15.56 | 16.92 [ 17.70 | 18.46 | 18.33 | 18.14 | 18.06 | 18.16
» March 11.65 10.23 | 11.06 | 12.69 | 14.22 | 15.67 | 16.80 | 18.32 | 18.32 | 18.21 | 18.11 | 18.14
» April 20.35 15.48 |13.76 | 12.79 | 13.60 | 15.04 | 16.07 | 17.82 | 18.14 | 18.16 | 18.08 | 18.14
»  May 22.52 19.15 |17.31]15.69 | 15.11 | 15.51 | 15.99 | 17.21 | 18.00 | 18.11 | 18.08 | 18.13
» June 23.15 20.90 |[19.24 (17.89 [16.82 [ 16.40 [ 16.36 | 16.98 | 17.80 | 18.04 | 18.09 | 18.14
»  July 25.15 21.30 | 19.92 | 18.67 | 17.68 [ 17.16 [ 16.90 | 16.96 | 17.69 | 17.93 | 18.07 | 18.14
»  August 26.59 | 23.41 |21.50|19.93 | 18.63 | 17.88 | 17.47 } 17.25 | 17.63 | 17.85 | 18.05 | 18.15

» September | 25.20 | 24.74 |22.84|20.87 |19.56 | 18.66 | 18.02 | 17.52 | 17.64 | 17.80 | 18.04 [ 18.14
»  October 15.41 20.78 | 21.84|21.06 | 20.05 | 19.23 | 18.51 [ 17.79 | 17.76 | 17.80 | 18.04 | 18.12
»  November 9.65 15.61 18.63 [ 19.24 | 19.40 | 19.10 | 18.70 | 17.96 | 17.84 | 17.85 | 17.94 | 18.12
»  December 7.10 13.16 |15.60 ( 17.11 | 17.97 | 18.26 | 18.30 | 18.00 | 17.94 | 17.88 | 17.89 [ 18.08

1959 January 4.61 8.32 [12.26 | 14.54 | 16.26 | 17.19 | 17.72 { 17.92 | (17.95)
» February 8.05 8.02 |10.47|12.44 [ 14.34 | 15.85 | 16.77 | 17.68 | (17.85)
»  March 16.08 12.26 | 11.36 | 12.17 [ 13.39 | 14.71 | 15.79 | 17.00 | (17.52)
»  April 15.80 16.23 14.66 | 14.08 | 14.27 | 14.74 | 15.44 | 16.68 | (17.25)
»  May 18.02 15.22 | 14.91 [ 15.05 | 15.13 | 15.05 | 15.37 | 16.22 | (16.85)
»  June 22.30 16.04 | 15.57 | 15.47 | 15.44 | 15.67 | 16.14 | (16.58)
»  July 21.66 18.13 | 17.07 [ 16.27 | 15.86 | 15.92 | 16.19 | (16.49)
»  August 23.28 18.98 | 18.01 [ 17.20 | 16.71 | 16.43 | 16.27 | (16.48)
» September | 28.50 21.22 119.40 | 18.25 | 17.35 | 16.75 | 16.40 | (16.54)
»  October 17.18 21.28 120.09 | 19.14 | 18.10 | 17.35 | 16.82 | (16.72)
» November | 11.80 18.98 | 19.14 [ 19.13 | 18.42 [ 17.78 | 17.13 | 16.83
»  December

(1-15) 7.10 16.84 | 17.66 [ 18.39 | 18.21 | 17.83 | 17.28 | 16.96

15 and 20 m depth are shown in Fig. 2. The amplitudes in these depths are
respectively some 12, 4, 1, 0.2 and 0.0° C.

Under constant climatic conditions the temperature variation-curves are fairly
near sinusoidal curves, and their constants can be computed by harmonic analysis
(ScHYTT 1960, pp. 161-163). Table 1 and Fig. 2 show, however, that the tempe-
rature in the firn at Norway Station did not vary in this “normal” way as the
mean values at a certain depth one month is not repeated at the same month the
next year. The 1957 values are usually the lowest and the 1959 values the highest
ones.

This is better illustrated in Table 2 where running yearly mean temperatures
are given. The values for the air and for 2, 5, 10, 15 and 20 m depth are also given
in Fig. 3. Even these mean temperatures of the air and the upper firn layers vary
in an irregular way, these variations, however, have almost disappeared at 5 m
depth. Increasing temperatures were found at all levels down to 20 m in the time-
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Fig. 2. Monthly mean temperatures at Norway Station.
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Table 2. Running yearly

April-57 June-57 Aug:57 Oct.-57 Dec:57 Febr-58 Apr.-58 June-58 Aug-58 Oct-58 Dec.-58

March-58 May

-58 July-58
T

Sept-58
T

-15.6 T T

.8

-16.0

T

Fig. 3.

T

Nov-58 Jan.-59 March-59 May-59 July-59 Sept-59 Nov.-59
T T T li T T T T T T T T T 1

7 —— Air temperatures I.5-2m above ground
2 ——— 2m below snow bord

3 - 5m » »

4 —--— 0m g ”

5 ——/t5m " ”

p— - 20m n o

Running yearly mean temperatures at Norway Station.

mean temperatures at different depths in the firn at Norway Station

Time At gl 2m | 3m | 4m | Sm| 6m | 8m (10m |[12m [15m | 20m
temp.

April —57-March -58 | 16.76 | 17.02 | 17.12 | 17.29 | 17.45 | 17.61 | 17.79 | 17.91 | 18.05 | 18.11 | 18.19 | 18.26
May  »-April » | 17.10 | 17.13 | 17.09 | 1719 | 17.37 | 17,57 | 17.73 | 1788 | 18.01 | 18.08 | 18.18 | 1825
June  »-May » |17.07 |17.28 | 17.18 | 17.22 | 17.35 | 17.55 | 17.69 | 17.83 | 17.98 | 18.06 | 18.15 | 18.24
July » =June » 17.53 117.37 | 17.29 | 17.28 | 17.36 | 17.53 1 17.66 {17.79 | 17.96 | 18.04 | 18.13 | 18.22
Aug.  »-July  » | 17.43 [17.48 | 17.42 [17.37 [17.38 | 17.53 | 17.65 | 17.75 | 17.94 | 18.02 | 1811 | 18.21
Sept.  »-Aug. » |17.40 |17.38 | 17.44 | 17.42 | 17.40 | 17.54 | 17.64 | 17.74 | 17.93 | 1800 | 18.09 | 1819
Oct.  »—Sept. » |17.43 [17.10 |17.36 | 17.44 | 17.41 | 17.53 | 17.61 | 17.74 | 17.92 | 17.99 | 18.07 | 18.18
Nov. »-Oct. » |16.80 |16.92 |17.30 |17.41 |17.38 | 17.51 |17.59 | 17.75 | 17.93 | 17.98 | 18.06 | 18.16
Dec.  »-Nov. » |16.54 16,59 |17.14 | 17.27 | 17.31 | 17.45 | 17.54 | 17.75 | 17.93 | 17.98 | 18.05 | 18.15
Jan. -58-Dec. » |16.69 [16.63 | 17.00 | 17.11 | 17.19 | 17.35 [ 17.46 [ 17.73 | 17.93 | 17.98 | 18.04 | 18.14
Febr. »-Jan. -59 |16.79 | 16.76 | 17.05 | 17.03 | 17.09 | 17.25 | 17.38 | 17.68 | 17.92
March »-Febr. » | 16.69 |16.80 [17.07 | 16.94 {16.99 | 17.17 | 17.31 | 17.62 | 17.88
April  »-March » |17.07 [16.98 |17.10 | 16.89 | 16.92 | 17.09 [ 17.22 | 17.51 | 17.81
May  »—April  » | 16.69 | 17.04 | 1717 | 17.00 | 16,97 | 17.07 | 17.17 | 17.41 | 17.74
June  »-May » |16.31|16.71 [16.97 | 16.95 [16.97 | 17.03 | 17.12 | 17.33 | 17.64
July  »-June » |16.24 16.60 { 16.75 | 16.86 | 16.95 | 17.06 | 17.26 | 17.54
Aug.  »-July  » |15.94 16.55 | 16.62 | 16.74 | 16.84 | 16.98 | 17.19 | 17.44
Sept.  »-Aug. » | 15.66 16.34 | 16.46 | 16.62 | 16.74 | 16.89 | 17.11 | 17.34
Oct.  »-Sept. » |15.93 16.21 | 16.34 | 16.51 | 16.63 | 16.78 | 17.02 | 17.25
Nov. »-Oct. » |16.08 16.17 | 16.25 | 16.44 | 16.53 | 16.68 | 16.94 | 17.16
Dec. »-Nov. » |1626 16.19 | 16.24 | 16.41 | 16.48 | 16.61 | 16.87 | 17.07
Dec. 18. 58-Dec. 17. 59 | 16.16 16.21 | 16.24 | 16.42 | 16.47 | 16.59 | 16.84 | 17.04
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Fig. 4. Temperature — depth curve 1958 at Norway
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period studied in the present work.! Between 2 and 10 m this temperature in-
crease amounted to 1.06° C on an average.

Using the mean temperature for 1958 for the upper 20 m and the mean tempe-
rature for the period July-December 1958 at greater depths, the tempera-ture —
depth curve is drawn (Fig. 4).

The high temperatures found above the 35 m level are due to a heat wave, the
age of which is estimated at about 9 years by the method of ScHYTT (1960, p. 166).
We have estimated an accumulation of 7 m of firn during the n/2 years the heat
wave has taken to reach a depth of 35 m below the snow surface. The warm period
should thus have started in 1949. Neither the measurements, nor the methods of
computation are accurate enough to carry out any comparison between the above
and the findings of ScHYTT in the Maudheim area (ScHyTT 1960, p. 166, 167).

In the depth interval from 35 to 50 m the temperature is nearly constant, —18.47

L Even the thermistor at 29 m depth showed a slight temperature increase of 0.07°C throughout

the period it was used, July-December 1958, but at 34 m depth there was no recognizable
temperature variation.
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to —18.49° C. These values are probably very near the mean air temperatures for
this region before the heat wave, described above, started. Another explanation is
that, it is the low temperature of the colder regions to the south which is preserved
as the ice shelf flows northward. As the flow of ice is very slow in this area this
seems, however, very unlikely to be the cause.

Below 50 m the temperature increases gradually to —18.31° C at 72 m depth.
This is obviously the effect of heating from the warm sea water (some -1.8° C)
underneath the ice shelf which is here a little less than 400 m thick.

Heat balance

On the basis of temperature — depth curves for the first of each month and using
the equation for the variation of specific weight with depth:s = 0.452 + 0.0106 h
(LunpE 1961, p. 14), the heat gain or loss for the upper 10 m of firn for every
month from April 1957 to December 1959 is calculated. The values are given in
Table 3 and Fig. 5.

The temperatures at 1 m depth are estimated for the last 8 months. The values
for 1st January 1960 are extrapolated 14 days (the last measurements of firn
temperatures were carried out on the 17th of December 1959).

For the surface layers the air temperatures are used. These, however, are
measured 1.5-2.0 m above the ground, and the corrections given by LILJEQUIST
(1957, p. 277) are added. As stated before (p. 12) there has been a marked heating
of the firn layers for the whole period (the heat gain the first complete year, April
1957-March 1958, is 113 cal/cm?).

The gain or loss of snow by sublimation is found to be very small (LUNDE 1961,
pp. 34-36). However small, the liberated heat from a net accumulation of hoar

Cal/cm? Ct:)l/cm2
uooL ES§§§ ? +400
z e:oo# \ +300
<
[V §
+200 |- X +200
—
<
T 100 \ \
+ - +100
N
S N Y
-woé f % / 2 -1 -'oo
w -200f é — -200
3
~ 300 7. Z - -300
<
w
T —400} — -400
v
lAlMl"lJJAJilolNlDJJIFlMlAlMlJlJIAISLOALNlDlJALFIMlAJMIJIJIAISIOINJD!
p——— 1957 } 1958 == 1959 !

Fig. 5. Monthly heat gain or loss in the upper 10 m of firn at Norway Station.
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Table 3. Monthly heat gain or loss per cm* from
the upper 10m of firn at Norway Station

1957 1958 1959
Heat Heat Heat Heat Heat Heat
deficit gain or loss deficit gain or loss deficit gain or loss
(cal/cm?) (cal/cm?) (cal/cm?) (cal/cm?) (cal/cm?) (cal/cm?)
Jan. 1 4700 4511
1429 +324
Febr. 1 4271 4187
— 5 + 4
March 1 4276 4183
— 60 —210
April 1 4449 4336 4393
—177 —269 + 71
May 1 4626 4605 4322
—299 —344 —115
June 1 4925 4949 4437
+ 28 —114 —404
July 1 4897 5063 4841
—452 —229 + 93
Aug. 1 5349 5292 4748
-187 -— 99 —207
Sept. 1 5536 5391 4955
- 36 — 76 —142
Oct. 1 5572 5467 5097
+175 +302 + 45
Nov. 1 5397 5165 5052
+275 +335 +278
Dec. 1 5122 4830 4774
+422 +319 +413
Jan. 1 4361
1960
Heat gain or loss —251 189 +150
throughout
the year: (9 months)

frost equalling some 5 mm of water would be sufficient for the heat increase
measured in the firn layers.

The meteorological factors affecting the heat budget of the firn (the radiation
and the turbulent heat transfer) will be discussed by T. VINjE.

The flow of the ice shelf at Norway Station

From March 1957 to January 1959 the relative flow of Fimbulisen, the ice
shelf at Norway Station, was measured at 33 stakes in an area of 60 km? (Fig. 6).

A Wild T2 theodolite was used for the mapping of the area. In 1957 a base of
1018258 m was measured with steel tape north of the station (By—Be in Fig. 6).
In 1959 a base of 7774.390 m was measured from Norway Station to a point on
Blaskimen, the ice rise WNW of Norway Station (T-F; in Fig. 6). The maximum
error of the relative stake positions is estimated to be of the order of 4- 0.200 m.
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In February/March 1957 and again at the end of October 1959 geodesist S.
HELLE measured the absolute position of point T with a Wild T4. The preliminary
computation show no variation in the position, there was, however, a counter-
clockwise rotation of the azimuth line, T-A, of 0.04172. The final computation
has not yet been done, and it will consequently not be possible to give the abso-
lute value of the flow.

Fig. 7 and Table 4 give the annual flow relative to T. The maximum error is
in accordance with what is found above, estimated to be of the order of 4 0.250
m/year.

Table 4. Relative flow per annum of the shelf ice at Norway Station

Stake Flow rate dAFIOV‘V Stake Flow rate _Flovy
irection direction

T 0.00 m - 8 S 18 320 m 214.08
A 1.44 203.6 S 19 7.96 397.1
S1 0.14 364.4 S 20 7.14 398.2
S2 1.74 390.3 S 21 6.04 2.7
S3 1.03 391.8 S22 5.29 4.7
S 4 0.65 216.4 S 24 3.77 17.2
S5 3.52 392.4 S 25 2.69 29.5
S6 2.58 397.4 S 26 1.27 48.5
S8 0.40 5.0 S27 0.68 133.9
S9 1.11 219.4 S 28 2.00 194.4
S 10 6.17 395.1 S 29 3.56 207.5
S 11 5.14 398.1 S 31 8.69 398.2
S12 4.38 397.9 S 32 7.86 0.0
S13 3.80 1.9 S 33 1.54 137.8
S14 2.93 12.0 S 34 2.51 182.0
S15 1.45 10.8 S 35 4.06 198.9
S16 0.21 1171

As can be expected, the northward flow increases to the east. The spreading
out of the ice shelf which is found in several other localities, cannot, however, be
traced here. In fact there is a certain compression in the east—west direction.

In order to analyse the values for the relative flow, a straight line is drawn
through points of relative flow near zero. The line is running through T in direc-
tion 27¢, or roughly parallel to the border between Fimbulisen and Bléskimen.
The components of the flow parallel and perpendicular to this line, as well a
the distance from line L (positive values mean flow components in direction 278
and 1272 respectively) are given in Table 5.

Fig. 8 shows the flow parallel to line L, plotted against the distance from this
line. The flow increases almost linearly with the distance from L. Calculated by
the method of least squares, this linearity is found to be expressed by the
equation:

Sp=1208 - 10-3 - d 4 0.160 €))]

d is the distance from line L in metres, and Sp is the flow in direction 27% in
m/year. The deviation from this equation is not greater than what may be caused
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Table 5. Flow parallel (Sy) and perpendicular (Sy) to line L

Distance Sp S, Distance Sp Sy
Stake from line L (m/year) | (m/year) Stake from line L (m/year) | (m/year)
(m) (m)

T N 0 0.00 0.00 S 18 -2460 -3.14 0.65
A -1332 -1.34 0.52 S 19 5385 7.09 -3.60
S1 120 0.08 -0.12 S 20 4935 6.42 -3.12
S2 1330 1.46 -0.95 S 21 4490 5.61 -2.25
S3 865 0.88 -0.54 S 22 4030 4.97 -1.82
S 4 -355 -0.64 0.11 S 24 3125 3.72 -0.58
S5 2515 3.01 -1.82 S 25 1915 2.68 0.11
S6 2060 2.30 -1.16 S 26 715 1.20 0.42
S8 415 0.38 -0.14 S 27 —485 0.07 0.68
S9 =790 -1.11 0.13 S 28 -1715 -1.74 0.98
S 10 4185 5.41 -2.97 S 29 -2910 -3.39 1.07
S 11 3730 4.62 -2.25 S 31 6130 7.81 -3.79
S 12 3280 3.93 -1.93 S 32 5690 7.17 -3.23
S13 2825 3.50 -1.46 S 33 -960 -0.26 1.52
S 14 2365 2.85 -0.68 S 34 -2165 -1.91 1.63
S 15 1160 1.40 -0.37 S 35 -3375 -3.67 1.73
S 16 -30 0.03 0.20

by inaccuracy in the triangulation and base measurements and inaccuracy in the
direction of the line L.

An extrapolation shows that the point O (the point at the border to Blaskimen
which is nearest to L (Fig. 7), located 5500 m WNW of L has a velocity of
6.48 m/year in the direction 2278,

The flow perpendicular to L, plotted against the distance from L, is shown
in Fig. 9. Here there is obviously no simple equation which fits the whole area.
As the maximum error of the flow values are as large as 0.25 m/year, we will not
try to establish equations for the complicated variation of Sy with different para-
meters. In addition to the variation with distance from L, Sy also varies along L
(increasing values to the SSW). This is seen from Fig. 9, where curves for the
same distance from T along L are drawn. The compression is found as the de-
rivative of these curves. It decreases from 0.7-0.8 m/km - year in the eastern part
to 0.3-0.4 m/km - year in the western and south-western part of the stake area.

Extrapolating the values for Sy to point o at the border to Blaskimen (Fig. 7),
we find the value of Sy to be approximately 4 1.0 m/year for this point.

The relative flow of O is thus 6.560 m/year in direction 217.38. Fig. 3, p. 4
in the author’s paper on snow accumulation (LUNDE 1961) gives a rather remark-
able picture of the ice shelf topography with smaller altitudes to the south and
south-west (Fig. 6).

The flow values in direction 127-327¢, which were calculated above, clearly
explains this. The comparatively inactive shelf ice at Norway Station is simply
compressed between the fast-moving ice stream some 36 km to the east, and the
ice rise to the NW (Fig. 1). (LunDE 1961, p. 3).

The flow measurements do not exclude the possibility that the absolute flow
is directed to the south-west—south of Bliskimen to Jelbartisen, which is consider-
ably more active than this part of Fimbulisen. This is also indicated by the above-

2
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Fig. 8. Relative flow parallel to line L, plotted against the distance from this line.
The broken line gives average values of Sp.

mentioned topography of the ice shelf. In this case there will be a line of diverg-
ence a few kilometres to the east and north of Norway Station. The part of Fimbul-
isen located west and south of this line is flowing to Jelbartisen, and the part to
the east and north is flowing northward to the sea. In the following, however, we
will suppose a northward absolute flow of the ice shelf.

The mean compression in direction 127-3278 is 0.6 m/km - year, in direction
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Fig. 10. Computed ice shelf thickness along a profile from south to north through Norway Station.

227-27¢8, however, no compression can be traced. There is thus an areal decrease
of some 0.6 °/y a year.

Using RoBIN’s (ROBIN 1958, Table 38, p. 113) table for the increase of shelf ice
thickness with surface elevation and the above mentioned figure (LUNDE 1961,
Fig. 3, p. 4) for the surface elevation at Norway Station, the author has computed
the shelf ice thickness along a line running from S 24 through T towards the
north (Fig. 10). At point T, the ice shelf is 387 m thick (equalling 372.35 m of ice
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of specific weight 0.917 g/cm?), a compression of 0.6 °/y, a year thus leads to a
thickness increase of 0.223 m a year.

The mean annual accumulation of snow at Norway Station equalled 0.495 m
of water (LUNDE 1961, p. 12), or 0.540 m of ice of specific weight 0.917 g/cm?.
If there were no other influences the ice thickness should thus, in one year in-
crease by: 0.223 4 0.540 = 0.763 m.

From Fig. 10 we find a thickness increase from south to north of 106 m in
17 km (0.00624 m/m). This gives us the possibility of establishing the equation:

M = 0.763 - 0.00624 - S )

where M is the bottom melting and S the absolute flow. This equation, however,
is just valid if the budget of the ice shelf is in balance. If the possibility of the ice
shelf not being in balance is taken into account, the equation gets the form:

M = 0.763 - 0.00624 - S — AB 3)

where A B is the material balance.

Assuming material balance and no movement of point T, the annual bottom
melting is 0.763 m of ice or 0.700 m of water. This figure is well above what is
found by SwiTHINBANK for the Maudheim area (SWITHINBANK 1958, p. 93).

Still assuming material balance, but no bottom melting, the flow to the north
is found to be 122.4 m/year.

The preliminary calculations indicate that the absolute flow is less than 20m/year,
this means that the sum of the bottom melting and the material balance is at leats

0.638 m of ice — or 0.585 m of water a year.

The flow of the inland ice

In Fimbulheimen the flow of three ice streams (Bakhallet, Slithallet and Lunde-
breen) (Fig. 11) was measured from January—February to November-December
1958.

Bamboo stakes (8 at Bakhallet, 12 at Slithallet and 12 at Lundebreen) were
triangulated with a Wild T2 theodolite by means of resection from points on the
ice. As the coordinates of the control points are rather inexact, only two reference
points were used from each ice stream.

The morphology of the ice streams as well as the flow of ice is given in Figs. 12
and 13. The flow is very small at Slithallet, maximum 5.22 m/year, with a mean
of some 2.9 m/year. Bakhallet has a maximum flow of 31.55 m/year, and a mean
in the measured area of 16.0 m/year. Lundebreen is by far the most active, with
a maximum flow of 49.95 m/year and a mean of 38.0 m/year.

By estimating the upper and lower limits for the mean thickness of these three

Fig. 11. Fimbulheimen — the mountain range south-east of Norway Station. Area surrounded by
heavy line shows the maximum area drained through Fimbulheimen between Terningskarvet (2°45’ E)
and Gessnertoppen (6°45° E) (Table 7).
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Fig. 12. Morphology of the ice streams Bakhallet and Slithallet.
The flow of the ice streams is shown by vectors.

ice streams (from the topography of the ice streams and from ROBIN’s measure-
ments from similar places farther west (RoBIN 1958)?), the upper and lower limits

1

LacaLLy’s formula for the thickness of a glacier gives some 70 m for Slithallet, 200 m for Bak-
hallet and 500 m for Lundebreen. These values, however, are obviously too low. The viscosity
used is 1.0 - 10 g - cm™! - sec™! which is the mean for ice near 0° C, while the ice temperature
in these regions is =25 to —=30° C.
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Fig. 13. Morphology of the ice stream Lundebreen. The flow of the ice stream
is shown by vectors.

for the accumulation on the inland ice sheet (by extrapolation from what is found
by ScHYTT for the regions farther west (ScHYTT 1958), and the findings of the
present author for the regions to the north of Fimbulheimen (LuNDE 1961)),
maximum and minimum values for the transport through these ice streams and
the area of the inland ice, which they drain, are found (Table 6).

The figures show that Slithallet only drains a very small area nearby, and is of
no importance for the drainage of the inland ice. Bakhallet drains a much larger
area, but certainly not an area which corresponds to the fairly long distance of
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the mountain chain where Bakhallet is the only outlet glacier of any importance
from the inland ice. This is true also for Lundebreen, which, drains by far the
largest area of the three ice streams investigated.

Table 6. Ice transport and area drained through three ice streams in Fimbulheimen

Width of Mean Thickness él;r 2;352:‘;‘;1 Accur(z:)latlon Area drained
the ice stream | surface flow (m) (water equival.) | (water equival.) (km?)

(m) (m/year)
Max. Min. Max. Min. Min. Max. Max. Min.

Bakhallet 5100 16.0 800 500 | S52.9 33.0| 0.5 0.20 352 165
Slithallet 4000 2.9 500 300 4.7 2.8 | 0.15 0.20 31 14
Lundebreen 6200 38.0 1000 600 | 190.8 114.5 | 0.10 0.15 1908 763

For the other outlet glaciers from the inland ice between Terningskarvet and
Gessnertoppen we have estimated values for the flow as well. On this basis the
ice transport and area drained, given in Table 7, are calculated.

Table 7. Ice transport and area drained through Fimbulheimen between

Terningskarvet (2° 45' E) and Gessnertoppen (6° 45’ E)

Transport Area drained
(x 10 m? of water) (km?)
Maximum Minimum Maximum Minimum
Bakhallet 52.9 33.0 352 165
Slithallet 4.7 2.8 31 14
Tennesenbreen 415.5 184.7 2770 923
Skalebreen 2.2 0.6 15 3
Langflogbreen 2.2 0.6 15 3
Flogeken 145.8 51.0 1458 255
VII 6.1 2.0 61 10
Vestre Skorvebre 1 150.7 60.3 1507 402
» » II 1.0 0.1 10 1
» » IIT 1.9 0.5 19 3
Austre Skorvebre 101.1 31.6 1011 211
Lundebreen 190.8 114.5 1908 763
Total: 1074.9 (1075) 481.7 (480) 9157 2753

The borders of this maximum area is shown in Fig. 11. If the contours of the
map south of Fimbulheimen are to be relied upon, the area drained through
these ice streams is probably very near the value listed here as the maximum.

This clearly shows, what is also seen from the topography (LUNDE 1961, p. 7),
that this part of Fimbulheimen acts like a dam to the inland ice, forcing the main
part of the areas to the south to be drained through the larger ice streams to the
west and east (f. inst. Sveabreen and Jutulstraumen to the west, Snuggerudbreen,
Vinjebreen and — farther away — Carsten Borchgrevinkisen to the east).

1A correction of 10 9, for decreasing flow with depth and a mean specific weight of 0.9 g/cm?
is used.
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Abstract

The geology of the northeast part of Jan Mayen is described in detail and a geological map
is presented. The basis of the stratigraphic subdivision of the volcanic rocks is given and the
structure discussed. The petrography of the main types of volcanic rock is described. Con-
clusions are drawn regarding the types of volcanic activity, the factors controlling the surface
features of aa lavas, and the relation of aa to pahoehoe lava. Limited petrological conclusions are
drawn, amongst which is the demonstration that the rocks, which show normative olivine and
nepheline, belong to the alkali basalt series.

Introduction

Nordkapp is situated at the extreme northeast of Jan Mayen. The island is
only the small visible portion of a much larger volcanic edifice, which rises in an
isolated position from the Arctic continuation of the Mid-Atlantic Ridge. Nord-
Jan is dominated by the volcanic mountain Beerenberg (2 277 m) with its perma-
nent ice field and twenty or so radiating glaciers. The present account is of the
1 and ? Birkbeck College, University of London, England.
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Fig. 1. Location map with shaded portion showing the area described in the paper.

area between the Kjerulfbreen and Sigurdbreen and the northeast slopes of
Beerenberg to about the 1 000 m contour (see Fig. 1). The field work and geo-
logical mapping on the scale 1:10000 was accomplished on the 1961 University
of London Beerenberg Expedition.

The important physical features are best described with the aid of Plate I and
Fig. 2. Beerenberg is seen to have the form of a steep sloping imperfect cone
sitting on a more gently sloping dome. In the Nordkapp area the slopes of the
Nord-Jan dome are for the most part covered by permanent ice forming the ice
field and feeding the glaciers Kjerulfbreen, Svend Foynbreen, Smithbreen and
Sigurdbreen. A well defined ridge, which is a volcanic rift zone, trends northeast
from Beerenberg to terminate just south of Nordkapp. This rift zone carries well
displayed fissures, pyroclastic mounds and craters. T'wo cliff lines with precipitous
faces rising to nearly 500 m in parts are the dominant physical features of this area.

The cliff lines, which trend at 80° and 20° respectively, converge to the north-
east near Fulmarfloget and reflect important structural directions which are
emphasized by dykes running parallel to these cliffs. Below the high cliffs a low
coastal platform extends from Krossbukta to Nordkapp and thence to Clande-
boyebukta. Cut into this low platform is another cliff of much smaller dimensions
than the older 500 m cliffs; it is about 15 m high and shows traces of an 8 m raised
beach at its foot. From Nordkapp to Austkapp the 15 m cliffs coincide with the
present sea cliffs, and their line is remarkably straight, so straight in fact as to
suggest it is structurally controlled. The suggestion is further supported by the
occurrence in the 500 m cliffs of a second set of dykes parallel to this line.
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Fig. 2. Map showing the main physical features of the area.

WoRDIE (1926) published the first important work on the geology of Nord-Jan.
He thought that Beerenberg was post-Pleistocene because of its extremely fresh
topographic appearance, but nevertheless suggested that parts of Ser-Jan were
older, and that volcanic activity had moved northeastwards with time. WORDIE
believed that above the 650 m contour Beerenberg was built of trachybasalt flows,
whilst below was a varied succession of lavas, tuffs and sills of anakramite. The
most recent activity was from some of the small parasitic cones on the lower flanks
of the mountain. TYRRELL (1926) concluded from his petrological study of
WORDIE’s rocks that the parent magma-type of Jan Mayen was trachybasaltic,
and that the ankaramitic sills reported by WORDIE represented an ultrabasic
accumulative magma complementary to the alkali lineage differentiation sequence
which could be seen in the lavas. NicHOLLs (1956) extended WorpIE’s work and
realized that the sills were in fact ankaramitic lavas and made observations con-
cerning the volcanic sequence. He believed he could recognize the following
sequence of events in Nord-Jan:

1. The formation of lapilli-tuff by fragmentation of pre-
existing rocks not now exposed.

2. Formation of ankaramitic agglomerate.

3. Formation of brown tuffs with trachybasalt bombs.

Kapp Fishburn area only.

4. Formation of ankaramitic agglomerates and tuff-breccias .
. . . .gg As at Fishburn and Krossbukta.
alternating with ankaramitic lavas.

5. Subaerial ankaramite lava from the As at Krossbukta, Kapp
Beerenberg vent. Fishburn and Jorisbreen.

Cont. next page
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6. Trachybasalt from the Beerenberg vent and

. . E le at Kapp M .
ankaramite flows from parasitic vents. } xample pp Aluyen

7. Parasitic ankaramite related to radial fissures } As at Bylandt Rheidt and Esk
craters.

around the Beerenberg centre.

8. Sporadic trachybasalts from recent vents. At Ternbukta and Serlaguna.

NicHoLLs further groups his events thus:

1+2+3+44 = First volcanic cycle. No evidence as to the centres of eruption. Fossil soils are
intercalated in the sequence.
5+6 = Second volcanic cycle which was centred on the Beerenberg.
748 = Third volcanic cycle of parasitic activity on flanks of Beerenberg.

Each cycle is said to begin with ankaramite, either as lava or pyroclastics, and
evolves to trachybasalts via intermediates.

FitcH and BANFIELD (in DoLLAR, 1959) recorded tillites interstratified with
the lower part of the sequence of volcanics of Nord-Jan — presumably the “fossil
soils” of NicHOLLS. They suggested that three broad stratigraphic units were
recognizable because they were separated by erosion intervals; the resulting units
differed slightly from the threefold divisions of WorbpIE and NicHoLLs. The
oldest unit, the Red Ankaramitic Series, was thought to form the basement of
Nord-Jan and to be largely concealed except in the Nordkapp area. The overlying
Beerenberg Series was believed to form the bulk of Nord-Jan and to lie in a broad
depression running southeastwards across the island. The youngest unit, the
North Cape Series, consisted of the products of the younger flank eruptions.

The programme of the 1961 Expedition was planned to test the hypothesis that
recognition of erosion intervals between successive volcanic cycles would enable
detailed stratigraphic mapping to be extended over the whole of Nord-Jan. It was
recognised that the Nordkapp area was the crux of the problem, and in the event
of confirmation of the hypothesis, the key to the elucidation of the structure and
stratigraphy. The general results of the 1961 Expedition have been noted by
FrrcH (1962); the stratigraphic units and the nomenclature used by the members
of the expedition in the geological mapping of Nord-Jan are defined by Fircu
(1964).

Summary of formations and their structural relationships

The Nordkapp area is built from a series of pyroclastic mounds and lava flows,
the former being predominant in bulk. They can be seen in the fine cliff sections
of Storfjellet and below Trinityberget. Spectacular sections of the lava dominant
part of the pile can be seen at Kvalnosa and along the walls of Kjerulfbreen and
to a lesser extent Svend Foynbreen. Whilst the majority of the lavas are ankara-
mitic basalt aa flows the pyroclastics on the other hand, although generally ankara-
mitic in mineralogy, show varied textural and structural forms. Throughout the
volcanic history there is strong evidence of eruption from a system of sinuous and



LEGEND
ice

Moraine

Beach Deposits
Outwash Fanglomerate
Scree
UNDFFERENTIATED NORDKAPP GROUP
Pyroclastic Deposits

AA Lava

Pahoehoe Lava

Pyroclastic Deposits other than
Agglutinate Fields

Agglutinate Field

Lava

NORDVESTKAPP FORMATION
Member 8

STORFJELLET FORMATION
Member A

KAPP FISHBURN TILLITE

RIS
SEXKS
5SS

%

X

¢
05s
%

RS
SR
S8
X2

o

XS

K
o
s
25

Z
RS,
O
S
’05
X

7%
‘O
53

<

o
0

¢S
%

NOMLVYWHOS
NITEHLING

NOILYWHO4
V11375SHON

NOILVWHCS
NIOOAUBSINOH L

KROSSBUKTA GROUP

A NORDKAPP

NORDBUKTA

z
]
58
SB3
23
5%
3
<m0 Major Fissure
$ix Fissure within KROSSBUKTA
2z% Aggiatinate Field
o3
i Dyke
J

Geatogical Boundary

(D tagoon

{ A T
R TVILLINGKRATERET, ¥73/5
et + h o+ A SRR

+
+

CLANDLEBOYEBUKXTA

GEDLOGICAL MAP OF THIZ AREA ARCUND
NORDKAPP, NORD JAN MAYEN.

& S N “\

500 M
o ey s

! ! ! /
"\ L i i SIGURDBREEN

Fig. 3. Geological map of the area around Nordkapp, Nord Fan Mayen.




GEOLOGY OF THE AREA AROUND NORDKAPP, JAN MAYEN 29

anastomosing fissures, having an overall trend southwest to northeast. Small
cinder “whaleback” mounds, and cones aligned along fissures, indicate points at
which activity was momentarily concentrated and many lava flows can be traced
back to such ephemeral centres. At other times activity has been uniformly distri-
buted along the lengths of fissures as indicated by agglitinate lips and aa lavas,
which have poured out as “blanket” flows over one or other of the lips. There is
no direct evidence in this part of Nord-Jan of eruptions on a large scale from a
central vent except during the time of formation of the Nordvestkapp lavas. In
other parts of Nord-Jan, however, flows from the central vent (Sentralkrateret)
have built the high Beerenberg cone (FitcH, 1962). These flows belong to the
Sentralkrateret Formation but no representatives are present in the Nordkapp area.
The stratigraphic table for the Nordkapp area is as follows:

Smithbreen formation: younger non-volcanic rocks.

Kokssletta Formation: basaltic lavas and pyroclastics.

Nordk Gr
ordkapp roup Tromseryggen Formation: basaltic lavas and pyroclastics.

Nordvestkapp Formation: mainly basaltic lavas.
Kapp Muyen Group Havhestberget Formation: yellow agglomeratic tuff.
Storfjellet Formation: pyroclastic mounds with lavas.

Kapp Fishburn Tillite.

Krossbukta Group: basaltic lavas and a fossil talus.

The Kapp Fishburn Tillite is regarded as an important horizon. Rocks older
than the tillite are placed in the Krossbukta Group, whilst younger volcanic rocks
make up the Kapp Muyen and Nordkapp Groups. The two latter groups are
separated by an important erosion interval during which the cutting of the 500 m
cliffs e. g. Storfjellet, Kraterlia, Trinityberget and similar features elsewhere on
Nord-Jan occurred.

The basic structure of Nord-Jan above sea level is threefold, these structural
units being the Nord-Jan basalt dome resting on a largely hidden basement, the
superimposed high Beerenberg cone, and the northeastward extension of the dome
along the Nordkapp Rift Zone ridge. Around Nordkapp we are concerned with
only two of these, viz. the northeast sector of the basalt dome and the Nordkapp
Rift Zone.

The Storfjellet Formation represents the outcrop in the cliff of a ridge built
essentially of pyroclastics and running back southwestwards into the Nord-Jan
dome. It is probably the forerunner of the present day Rift Zone. The overlying
Nordvestkapp lavas dip away northwest and northeast from the point of emerg-
ence of the axis of this ridge, near Tvillingkrateret (see Fig. 4). Elsewhere on
Nord-]Jan, the bulk of the Nord-Jan dome is built from lavas belonging to this
formation and it is evident that most came from the proto-Sentralkrateret, for
example the lavas exposed in the walls of Kjerulfbreen. In the case of the north-
east of the Nordkapp area however, there is a strong suggestion that many of the
Nordvestkapp lavas came from the forerunner of the present Rift Zone.
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Fig. 4. Diagrammatic cliff section from Nordkapp to Kjerulfbreen.

Key: 1 = Krossbukta Formation. 2 = Kapp Fishburn Tillite.
3 = Storfjellet Formation. 4 = Havhestberget Formation.
5 = Nordvestkapp Formation. 6 = Tromseryggen Formation.

7 = Kokssletta Formation.
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Fig. 5. Diagrammatic cliff section from Sigurdbreen to Nordkapp.
Key as for Text Fig. 4.

The Nordkapp volcanics have originated from sinuous fissures on the flanks of
the Nord-Jan dome. Products of this volcanic episode rest on Storfjellet or Nord-
vestkapp rocks and are younger than the 500 m cliffs. They are to be found making
these cliffs at Kraterlia, and even drowning them at Marmadukeflya. At Storfjellet,
Kvalnosa and Trinityberget only small dribbles of Nordkapp lavas are seen which
have run over the cliffs.

The structural pattern of the Nordkapp Rift Zone can be seen on the accom-
panying geological map. The general trend, southwest to northeast, coincides
with the major fissure trend throughout Jan Mayen, the island itself being elongat-
ed in this direction. Individual fissures are not perfectly straight but sinuous, and
the Rift Zone as a whole converges towards a point off Fulmarfloget. The con-
vergence of fissure lines away from the Beerenberg centre is unique in Nord-Jan,
for elsewhere fissures appear to radiate from the Beerenberg centre. The con-
vergent pattern is emphasized by the dyke pattern which shows a similar closure
to the northeast. WORDIE (1926) believed that in Jan Mayen as a whole, volcanic
activity has moved progressively northeastwards with time; FrrcH (1964) recogniz-
ed the general truth of this and suggested that the unusual fissure pattern may
represent a magmatic wedging to the northeast, so that future volcanic develop-
ments are to be expected northeast of the Beerenberg. A second set of dykes trends
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at 330° but no fissures with this trend have been recognized in the Nordkapp area.
However the remarkably straight 2 km long coastline from Austkapp to Nordkapp
has this trend, and the structural control suggested by the topography may well
be a transverse fault.

Krossbukta Group

The group contains the oldest volcanic rocks seen in the area. They are defined
as those exposed rocks which can be shown to be older than the Kapp Fishburn
Tillite, and, at the type locality just east of Krossbukta low down in the Storfjellet
cliff, comprise two basaltic flows and a fossil talus. The talus is recognized as such
by its composition of highly angular fragments of porphyritic ankaramitic basalt,
ranging from blocks 30 cm in diameter down to the smallest material of the
matrix. The talus is now well compacted, and about 3 m thick. The flows of
ankaramitic basalt, each about 1.5 m thick, show the well developed blocky and
scoriaceous tops and bottoms typical of aa flows. The abundant ankaramitic basalt
fragments in the talus suggest that many of the now hidden lavas are of this type.
The outcrop of the group is further restricted by present day talus and morainic
debris.

Kapp Fishburn Tillite

The tillite, separating the Krossbukta Group from the Kapp Muyen Group,
outcrops sporadically in the Storfjellet cliff from just east of the second ice couloir
east of Krossbukta, to Svend Foynbreen. The deposit shows a maximum thickness
of 7 m and has an apparent dip to the west; immediately east of Svend Foynbreen
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the true dip is 30° to the north. It is correlated with the appreciably thicker tillites
found near Kapp Fishburn below the southern slopes of the mountain and is
regarded as a satisfactory time and marker horizon.

The tillite is composed predominantly of abraded subangular to subrounded
fragments of ankaramitic basalt together with a lesser proportion of non-porphy-
ritic basalt set in a matrix of coarse grained sandy material and much rock flour
or mud. Its constitution provides very strong evidence of the wide extent of
ankaramitic basalts over the pre-Kapp Fishburn land surface of Nord-Jan. There
are no signs of stratification and no obvious preferred orientation of the larger
phenoclasts. The abundant rock flour matrix, plus the abraded character of the
phenoclasts, are used to differentiate this from the talus deposit.

Passing eastwards along the Storfjellet cliffs the tillite passes beneath modern
talus deposits and is not seen again. Considering its dip in the cliff it would be
expected to appear in the relatively talus free cliff beneath Tvillingkrateret; that
it does not suggests that its dip changes to that prevalent east of Tvillingkrateret
(see Fig. 4).

Storfjellet Formation

The formation may be divided conveniently into two members: member A,
which consists largely of lavas and is found only at the eastern end of Storfjellet;
and member B consisting mainly of pyroclastics. Member B rests on the lavas of
member A, and both are cut by numerous dykes, the majority of which trend
parallel to the cliff.

The lavas which comprise member A total about 100 m in thickness. They are
best exposed in the lower parts of the Storfjellet cliff beneath Tvillingkrateret and
thence westwards for about 700 m, at which point they are concealed beneath
present day talus accumulations. The lava sequence dips to the north-northeast
with the result that they show an apparent dip of rather less than 10° to the east
along the cliff face. About 25 flows, each having a thickness of between 3 and 5 m
are exposed above the talus at the foot of the cliff and below the cinder cones of
member B. The lavas are all of a similar type and in hand specimens are seen to
be ankaramitic basalts and occasional ankaramites, with reddened rubbly tops
and bottoms.

Member B, which is essentially pyroclastic, consists of a series of cones and
whaleback mounds of ash, scoriae and agglutinate, with intercalated thin lava
flows of limited areal extent. These subordinate lavas are mostly of ankaramitic
basalt, but some are non-porphyritic basalts and a few are true ankaramites. At
irregular intervals throughout the pile of pyroclastics thin groups of up to five or
six flows sometimes persist over considerable distances, as also do occasional beds
of ash, breccia and agglomerate. The ash bands in particular are easily followed
on account of their harsh red, yellow and black colours. The maximum thickness
of the pyroclastic pile is reached beneath Tvillingkrateret where about 250 m are
seen in the cliff section. No individual ash bed or lava flow can be followed through-
out the length of the Storfjellet cliff; indeed the majority can be traced for less
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Fig. 7. Comparative sketch sections in the Storfjellet Formation.

than 100 m. Fig. 7 illustrates the succession at three different localities in the
Storfjellet cliff, and so emphasizes the extreme lateral and vertical variability of the
Storfjellet B succession.

Immediately behind Krossbukta and for a short distance eastwards, the following
succession can be made out (c. f. Fig. 7):

6. Indistinctly formed, truncated red cinder cones withintercalated lavas 450 m
5. Dark grey tuff containing two basalt flows...................... 5-20 m
Steeply inclined erosion surface.
Storfjellet B. { 4, Reddened ash and scoriae bed .............. ... ... ... .. 2-3m
3. Massive grey non-porphyritic basalt flow........................ Sm
2. Redcinderbed .........coiuuiiiiniiiii i, 0.5m
1. Seven thin (1-2 m) rubbly ankaramitic basalts .................. 10 m

Kapp Fishburn Tillite.

The thin rubbly ankaramitic basalts at the base of the succession appear closely
similar to the lavas of Storfjellet A. Units 1-4 can be traced eastwards from Kross-
bukta for about 300 m, but to the west they are cut out by the dark grey tuff band

3
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(bed 5). Beds 5 and 6 are soon replaced in their turn by two red cinder cones each
with a few associated lavas. One of the cones shows almost perfect form because
the present cliff coincides with the plane of symmetry of the cone. Many of the
cones and whalebacks visible in the cliffs of Nord-Jan present an apparently
truncated appearance because the present cliff line does not pass through the plane
of symmetry of the cinder pile but rather through a marginal portion. The cone
showing perfect form was studied in detail and its intercalated lavas were seen to
range in hand specimen from ankaramites through ankaramitic basalts to pheno-
cryst poor basalts.

Havhestberget Formation

Rocks possibly belonging to this formation have been examined in huge fallen
blocks at the foot of Storfjellet at a point some 500 m east of Krossbukta. One
cannot be certain of the position in the cliff sequence from which the blocks have
fallen, but they may well have come from a position below or just within the
Nordvestkapp lava succession. A further lens has been reported in the Kraterlia
cliff beneath Sarskrateret.

The fallen blocks are composed of a yellowish-brown, hard, sandy looking
crystal-lithic tuff. Angular lapilli sized fragments consist of grey porphyritic basalt
up to 15 mm across, glomeroporphyritic felspar bearing basalt up to 8§ mm in
diameter, yellow basaltic pumice up to 20 mm in diameter and broken, dark
bottle-green and dark brown pyroxene crystals up to 5 mm across. The matrix is
a crystal-lithic tuff with some broken olivine and pyroxene crystals less than 2 mm
in diameter. The fragments show no preferred orientation and there is no trace of
bedding. The field evidence elsewhere on Nord-Jan suggests that much of the
Havhestberget Formation is a sillar rather than an ash fall tuff (Firch, 1964). In
support of this suggestion may be quoted such features as its large areal extent,
its chaotic unbedded character — except where the ash flow entered bodies of
standing water — and its thickness. There is no evidence forthcoming from the
Nordkapp area which lends added support to this view, and it is only possible to
state that the characters of the tuff described here do not invalidate the suggestion.

Nordvestkapp Formation

In contrast to the two previously described formations which are largely pyro-
clastic, the rocks of the Nordvestkapp Formation are predominantly lavas. In
Nord-Jan as a whole it is this formation which builds the bulk of the Nord-Jan
dome. For a short distance west of Tvillingkrateret and thence eastwards to
Kjerulfbreen, a thick sequence (maximum c. 250 m) of thin lava flows can be
seen in vertical section in the cliffs where they rest on an erosion surface which
truncates Storfjellet cinder cones and intercalated lavas. The Nordvestkapp lavas
appear to dip off the Storfjellet ridge, but in fact the true dip is seawards on both
sides of this feature. In addition the lavas are magnificently exposed in vertical
sections along the walls of Kjerulfbreen, and to a lesser extent Svend Foynbreen,
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in both of which localities they are seen to be dipping seawards from the Beeren-
berg centre. Thin red bands of cinders and tuff are occasionally seen within the
thick lava sequence; these beds of pyroclastics have been examined in the cliff
face beneath Trinityberget where they are more readily accessible than in most
other exposures.

Although rocks of this formation can be easily seen, their outcrop in precipitous
cliff faces and glacier walls makes it very difficult to carry out field examination
at close quarters, and hence to make satisfactory rock collections. The principal
difficulty was the intermittent fall of blocks of all sizes loosened by the summer
thaw. At the two localities at which collection proved possible an added difficulty
was presented by Nordkapp Formation lavas which had dribbled over the cliffs.
These, when alternating with talus, or resting on ledges of Nordvestkapp basalts,
appear at first to be in sequence within the Nordvestkapp Formation. A detailed
collection through the sequence exposed on Kvalnosa showed most of the lavas
to be strongly porphyritic ankaramitic basalts with occasional ankaramites and
non-porphyritic basalts. All were flows of aa type.

To the northeast in the Kraterlia cliffs immediately east of Tvillingkrateret,
the succession of Nordvestkapp rocks is partly obscured by talus and Nordkapp
volcanics. Above the talus the following general succession can be distinguished:

4. Series of thin basalt flows each 2-3 m thick................ c.18 m
3. Thick, spheroidally weathered ankaramite flow............ 15-30 m
2. Red crystal-lithic tuff ............ ... ... ... ... ... ... 0.75 m
1. Series of massive basalt flows, each 2-8 m thick............ 30 m

The lavas of units 1 and 4 are all aa flows. Most are strongly porphyritic ankara-
mitic basalts, but rare feebly porphyritic lavas are also represented. The red
crystal-lithic lapilli tuff, bed 2, can be traced for several hundred metres beneath
the thick ankaramite lava flow. Lamination can be distinguished in the outcrop
and hand specimen on careful inspection and there is no doubt the tuff is the
product of an ash fall. The thick ankaramite, bed 3, which overlies the red tuff is
seen at the cliff top just east of Tvillingkrateret, and it extends eastwards to a point
just south of Nordbukta where it becomes obscured by the younger Nordkapp
lavas and pyroclastics. As seen in the cliff section it has an apparent dip of 10° to
the eastnortheast, although this steepens a degree or two near Tvillingkrateret.
At the same time the thickness, 30 m near T'villingkrateret, diminishes until near
Nordbukta it is only 15 m. This downdip thinning together with the massive ir-
regular jointing which the rock displays, constitute the main field evidence for
assuming the rock to be a lava rather than a sill. Dykes of comparable mineralogy
always develop a close perfect columnar jointing.

Lavas belonging to the formation are exposed in cliff sections around Trinity-
berget. The cliffs are about 150 m high, but the lower section is partly concealed
by talus and Nordkapp lavas. In the upper part a series of thin flows, each 2-3 m
thick, are seen to be interbedded with occasional tuff and cinder beds. The suc-
cession is comparable with that described in the upper part of the Kraterlia cliff,
although pyroclastic material is more abundant at Trinityberget.
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Tromseryggen Formation

Rocks belonging to this formation are younger than the 500 m cliffs, such as
Storfjellet and Kraterlia, but older than the 15 m cliffs. The relationships are
clarified by Fig. 6.

Basaltic lavas occur in the 15 m cliffs which extend from about 400 m south
of Nordbukta to just southeast of Nordkapp (see Plate I). From this point to
Austkapp the lavas form the lower part of the present sea cliff. Away from the
cliffs lavas of undisputed Tromseryggen age are rarely exposed, but they are very
probably seen in the walls of the major Nordkapp fissure striking northeastwards
from Sarskrateret, and again in a small window through Kokssletta Formation
rocks some 500 m southwest of Hohenlohekrateret.

In the 15 m cliff south of Nordbukta, a series of five thin porphyritic aa flows
are exposed. They are each 1-2 m thick and spheroidally weathered. A thin band of
red bole occurs above the highest flow, which serves to emphasize the time break
and unconformity between this formation and the overlying Kokssletta rocks.
Lavas of the Kokssletta Formation are seen to have passed over and around these
cliffs as shown in Fig. 6. In hand specimen the five Tromseryggen lavas are
porphyritic ankaramitic basalts. The lavas exposed in the walls of the main Nord-
kapp fissure differ slightly in that they are less weathered and rather more strongly
porphyritic. Very similar ankaramitic basalts are seen in the Hohenlohekrateret
window where four flows are exposed in a cliff about 15 m high. The base of the
feature is talus covered, and Kokssletta flows and pyroclastics obscure the feature
to the northeast and southwest.

The lava sequences are overlain by a thick and variable series of pyroclastic
rocks which was ejected largely from the fissure system associated with the Nord-
kapp Rift Zone. The ejected material consisting of scoriae, bombs and agglutinate,
built the impressive cones and elongate whaleback mounds which can be seen on
the lower slopes of the northeast flanks of Beerenberg. They are overlain in part
by the Kokssletta lavas which can be seen to drown the 15 m inland cliffs; and
several craters have been breached by later outpourings of these younger flows.

The commonest pyroclastic deposit is an aggregate of scoriae and bombs. The
scoriae consists of strongly porphyritic fine grained basalt and basaltic glass; it
is highly vesicular and fragments range upwards from lapilli size. Shattered
pyroxene and olivine crystals as well as some lithic material fall within the ash
grade, but such particles constitute only a small percentage of the total. The
largest bombs in the deposits usually show a strongly vesicular centre and a chilled
crust of variable thickness; this crust often develops an outwardly directed set of
fine columnar joints.

Agglutinate as defined by T'YRRELL (1931) is an important pyroclastic deposit.
It occurs in three ways: as layers within scoriae mounds; as raised lips along the
margins of many of the fissures; and as relatively extensive spreads of agglutinate.
These occurrences have been described in detail elsewhere (HAWKINS and ROBERTS,
1963). The agglutinate lips to fissures pass laterally into scoriae with sporadic
agglutinated patches, and finally into loose scoriae. T'wo widespread areas com-
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posed entirely of agglutinate were mapped within the Nordkapp Rift Zone. The
areas, each covering about 1 sq. km, show a superficial resemblance to an aa lava
field and the term “agglutinate field” has been proposed for such spreads. The
fields are dissected by a large number of anastomosing fissures. Associated features
are the occurrence of numerous small ridges 5-10 m high, convex on one side and
planar on the other, and small craters or blow holes which have originated wher-
ever a fissure has been temporarily sealed by still plastic agglutinate ejected from
an adjacent fissure.

Two varieties of agglutinate can be distinguished: one type occurs adjacent to
fissures and vents, and also forms the agglutinate fields; the second type occurs
as lenses in cinder cones and whaleback mounds. The former variety consists of
dark red vesicular pancakes and bombs, usually 10-20 cm across, with very little
intermixed scoriae. The pancakes are comparable with the “bombes en bouse de
vache” of Lacroix (1930), and the undersides usually show Pele’s hair structures.
The second variety is composed of driblets of pale red basaltic material. These
are smaller than pancakes and sub-tabular in form. They are generally less scoriace-
ous and less vesicular than the former variety and tend to be richer in phenocrysts.

Kokssletta Formation

The formation consists principally of basalts formed from the most recent out-
pourings of lava in Nord-Jan. They form large areas of the present land surface
and are strikingly fresh, showing all the minor structures and features associated
with aa and pahoehoe types. At only a few localities can pyroclastic deposits be
dated later than these lavas, and so certainly of Kokssletta age. It is noteworthy
that the most recent volcanic activity recorded in Nord-Jan was of a pyroclastic
nature in the vicinity of Dagnyhaugen.

In the area roughly bounded by Hageruphegda, Austkapphallet and Trinity-
berget, Kokssletta lava flows are found only sporadically and have a small areal
spread. The vast majority of the small flows can be traced to the source fissure,
and only flows of aa type are found. In contrast with this area, the Kokssletta—
Nordkapp platform and much of the surface of Marmadukeflya are covered with
Kokssletta basalts which include both aa and pahoehoe types. There is some
reason to believe that this contrast may be due to the initial gradient of the ground
over which the lava was flowing.

Aa flows are usually less than 2 m thick, and evidently possessed very high
mobility. Striking evidence of this is supplied by the manner in which aa flows
have spread out thinly over the Kokssletta platform at the foot of the Storfjellet—
Kraterlia cliffs. In other places where the slope over which the lava has flowed
had an appreciable gradient, e. g. the talus and scoriae covered cliffs south of
Nordbukta, the flows are concentrated in conduits leading down the slope, and
the flow is now represented as a thin, vitreous skin lining the conduit. The surface
presented by a fresh aa flow bears a direct relation to the gradient down which it
flowed, and therefore to its velocity. On appreciable slopes, which were neverthe-
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less insufficient to cause streaming in conduits, the surface is both scoriaceous and
blocky, but features such as spiracles are never developed; these features occasion-
ally occur where the gradient is very gentle, but they become common, and often
several metres high on flats where the lava has been able to accumulate as a
standing pool. There is a parallel increase in the general blocky and uneven nature
of the surface on the more level ground. The formation of spiracles must therefore
be related to the prolonged release of volatiles from the standing, or very slow
moving, body of crystallising lava, and presumably the blocky nature of the aa
surface is similarly related.

Pahoehoe flows occur less commonly than aa flows. Indeed they occur only on
flats and shallow gradients. A flow of considerable areal extent covers much of the
low platform of Kokssletta, but some of the features it shows are atypical, being
due to the fact that the flow was emplaced on wet beach material. The flow is
between 0.5 and 1 m thick and the surface is either relatively smooth or shows
well developed ropy structures. Pressure ridges are prominent near the snout of
the flow, and are parallel to this front margin, i. e. at right angles to the direction
of movement. Sinuous lava tunnels, and blisters up to 10 m across and 3 m high
are also common features. The blisters are usually cracked irregularly but the
pieces can be fitted perfectly on either side of the cracks so that there can be little
doubt that the domes are due to relatively gentle distension by steam generated
as the flow advanced over wet beach material. Occasionally blisters have been
elongated normal to the direction of lava movement and the resulting structure
resembles a pressure ridge. Indeed it may be that there are no true pressure
ridges developed in this particular flow.

Another extensive pahoehoe flow occurs west of Austkapp in the northern part
of Marmadukeflya. It occurs on a slope of about 1 in 12 or rather less, and shows
significant differences from the Kokssletta flow. Blisters and tunnels are developed
in this flow but they are smaller, lower in proportion, and although often cracked,
are never completely disrupted as they sometimes are on Kokssletta. Low ridges
occur, not normal to the direction of flow as on the Kokssletta platform but down-
slope. Many of these are arched up lava tunnels and as such are genetically different
from the ridges on the Kokssletta platform. There appears to have been a mass
forward movement at Kokssletta, whereas stream flow predominated at Marma-
dukeflya, the difference no doubt being due to the gradients involved.

The relationship between the two lava types appears straightforward on the
Kokssletta platform, with the great spread of aa lava overlying the pahoehoe flow.
Detailed mapping of the lava types from Marmadukeflya to Nordkapp however,
brought out a superficially more complex relationship between the two types.
Although aa lavas clearly rest on pahoehoe surfaces at most localities, in several
places pahoehoe lava appeared to rest on the aa flow. This apparent anomaly
occurred only when the younger aa flow had followed lava tunnels in the older
pahoehoe lava and emerged and spread out at the snout of the pre-existing flow.
In the Nordkapp area therefore, during extrusion of Kokssletta basalts, pahoehoe
preceded aa flows.

Two thin aa basalt flows between Tvillingkrateret and Sarskrateret on the
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Nordkapp Rift Zone are overlain by a thin and discontinuous deposit of ash and
scoriae containing sporadic but beautifully fresh bombs. The deposit is traceable
to the big un-named cone standing between T'villingkrateret and Sarskrateret.
The authors place this deposit within the Kokssletta Formation, although it may
well be as young as some members of the Smithbreen Formation.

Smithbreen Formation

The formation includes all those non-volcanic deposits which are younger than
the Kokssletta rocks.

The most abundant of these deposits is morainic detritus. All such material —
whether forming ground, lateral or terminal moraines — appears very much the
same lithologically, consisting largely of fragments of basaltic rocks ranging from
boulder size downwards, and set in a matrix of rock flour and fine sand. The
fragments are mainly of ankaramitic basalt although in the lateral moraines of
Kjerulfbreen a high proportion of glomeroporphyritic plagioclase bearing basalt
occurs. These boulders of comparatively uncommon rock types have probably
been derived from the Sentralkrateret Formation.

The succession of ice advance and retreat, and the associated moraines, have
been discussed and described in a series of recent publications (Frrch, 1962;
KinsmaN, SHEARD and FitcH, 1962; FitcH, KiNsmMAN, SHEARD and THOMAS,
1962; KinsMaAN and SHEARD, 1963). However, one interesting morainic feature
occurs as an irregular bench at the foot of the Storfjellet cliff. The detritus repre-
sents ground moraine which has been pushed bodily over the edge of the cliff by
an advance of the Beerenberg ice field. Present day avalanche cones are being
built upon this bench.

Talus presents a striking appearance along the major cliff faces. The accumula-
tion takes place during the summer thaw when there is a nearly continuous fall of
rock debris loosened as ice melts in crevices. The main constituents of the talus
deposits are basalt blocks which may, on rare occasions, exceed 20 m across, the
lighter pyroclastic material having been carried away by melt water to form out-
wash fans extending away from the talus at the foot of the cliff. The fans occur
sporadically where summer melt water streams emerge from the talus. The rock
fragments are usually less than 10 cm in diameter, being mainly red and black
scoriae with lesser amounts of smaller basalt fragments. At Marmadukeflya the
extensive outwash fans consist almost entirely of scoriae and other pyroclastic
materials which have been carried by melt water from the nearby pyroclastic
mounds and agglutinate fields on Austkapphallet. A little further south however,
in front of the lavas and talus of Trinityberget, basalt fragments are the dominant
material in the outwash fan.

Two small lagoons, Dopen and Svarttjorna, are situated on the Kokssletta
platform flanking Krossbukta. Here silt and mud rich in organic matter covers a
total area of about 0.3 sq. km, and reaches a maximum thickness of 1 m. Winter
snow and ice is trapped between the boulders pushed up by winter sea ice and the
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Kokssletta pahoehoe lava front, the melt water remaining in summer to form the
lagoons.

Present day beach material is of two types: pebbles and boulders of basalt which
have been pushed up by winter sea ice to fringe the Kokssletta—Nordkapp coastal
platform; and dark green to black sand consisting of basalt fragments together
with abundant fragments of olivine and pyroxene crystals.

Intrusive rocks

Three types of intrusions are met with in Nord-Jan: dykes, sills and irregularly
shaped intrusions. In the Nordkapp area however, the intrusions, with a single
exception, are dykes. The exception is a sill about 2 m thick, seen in the cliff
immediately northeast of the snout of Svend Foynbreen. The sill, which is in-
accessible, contrasts strongly with the Nordvestkapp Formation lavas into which
it is intruded on account of the strong development of a perfect, close, columnar
jointing. Not a single example of good columnar jointing has been observed in a
lava flow, and for this reason the rock is regarded as a sill.

Dykes are abundant, particularly in the Storfjellet Formation and to a lesser
extent in the Nordvestkapp Formation. They vary in thickness from a few cm
to 4 m, though the majority are about 0.75 m. The thinner dykes tend to follow a
slightly sinuous course about horizontal as well as vertical axes. The thicker dykes
on the other hand show very little variation in attitude and remain constant in
thickness over distances exceeding 1 km. Dykes thicker than a few cm show
excellent development of columnar jointing, the frequency of which appears
related to the thickness of the dyke, the thickest dykes showing the lowest joint
frequency.

The close coincidence between the dyke and fissure pattern has already been
mentioned. It is evident that many are infilled former fissures, especially some of
those which run parallel to the major cliff lines of Storfjellet-Kraterlia and Trinity-
berget. However, no fissures are known in the area having the trend of the second
set of dykes, viz. 330° and it seems likely that these dykes fill tensional cracks
transverse to the principal rift system, and its associated parallel fissures and dykes.

It is not possible to be precise about the ages of the intrusions. Many of the
abundant dykes cutting the Storfjellet Formation fail to penetrate the overlying
Nordvestkapp rocks so they are at least pre-Nordvestkapp. There is a strong
possibility that some at least represent the fissures through which much of the
Storfjellet Formation itself was ejected. An examination of the deep open fissures
of the present main Rift Zone convinces the authors of this possibility. On the
other hand, they may represent feeders to Nordvestkapp lavas, but this the
authors doubt, for the field relations of the Nordvestkapp lavas point to derivation
from a proto-Sentralkrateret pit or sink rather than from flank eruptions. No
dykes were seen cutting Tromseryggen or Kokssletta rocks, yet several seen
cutting the older strongly weathered formations were remarkably fresh. These
must be Nordkapp in age. It is likely therefore that dyke formation has been con-
centrated in, though not confined to, periods of fissure eruption viz. Storfjellet
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and Nordkapp, and was largely lacking during the period of intense central activity
during which the Nordvestkapp Formation accumulated.

In hand specimen two types of intrusive rock can be recognized: those without
ferro-magnesian phenocrysts, and those in which these phases are conspicuous
or abundant. The non-porphyritic types are relatively rare, but both types occur
in each of the dyke systems, i. e. in those associated with the Rift Zone, and in
those transverse to this direction. The non-porphyritic types are black to dark
grey compact rocks which contrast strongly with the purplish or brownish porphy-
ritic types. The latter are often moderately vesicular and frequently carry up to
40 9%, ferro-magnesian phenocrysts, two properties which seem to accelerate the
weathering process.

Petrographic review

A classification of rock types based on modal analysis is of limited value, for
the very fine grain and the strongly porphyritic character of most of the rocks does
not allow accurate determination. Despite the difficulties a number of modal ana-
lyses were undertaken, but the discrepancies expected between the mode and the
norm were found, and it is apparent that a classification on lines similar to those
adopted by LeMAITRE for the Gough Island material (LeMAITRE, 1962) would
be one way of solving the problem. Nevertheless at this stage of the enquiry the
authors believe the modes determined can be used to name the rocks.

The consistent appearance of olivine and nepheline in the norms indicates the
rocks are of the alkali basalt series, whilst high normative orthoclase implies they
are members of the alkali olivine basalt, trachybasalt, trachyandesite, trachyte
lineage. Alkali felspar is present interstitially in all the rocks, even the most mafic,
but it has not been observed as a phenocryst phase. The rocks are named according
to colour index and the modal plagioclase: ankaramites, in which clinopyroxene
is dominant and the colour index exceeds 70 (WILLIAMS et al., 1954, p. 73-74);
trachybasalts, in which the colour index is less than 70, the plagioclase is labrador-
ite and alkali felspar exceeds 10 9, of the rock (WILLIAMS, op. cit., p. 57-58);
and trachyandesite in which the plagioclase is andesine, alkali felspar exceeds
10 9% of the rock, and which is generally closely similar to trachybasalt. With the
exception of the Kokssletta Formation, in which only trachybasalts and trachy-
andesites have been found, each formation contains all three rock types.

A typical ankaramitite is rich in strongly resorbed xenocrysts of diopsidic augite
rimmed with titanaugite. Olivine xenocrysts are less plentiful but again strongly
resorbed. Xenocrysts of plagioclase are very rare; when present they are intensely
resorbed and twinning tends to be obscure, perhaps as a result of re-heating. The
groundmass consists of sparse labradorite or calcic andesine laths rather less than
0.3 mm long. Pinkish brown titanaugite grains are very abundant and often form
plates over 0.3 mm across which subophitically enclose plagioclase laths. Olivine
occurs regularly as subhedral grains. Interstitial patches are occupied by alkali
felspar rarely accompanied by analcite. A distinctive feature is the occurrence of
magnetite, not only as abundant equant grains, but also as interstitial patches and
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smears which penetrate along crystal boundaries and cleavages. Ilmenite occurs
as rods, often in parallel swarms. Apatite needles are plentifully disseminated
throughout the groundmass.

Ankaramites grade into trachybasalts (the category includes the “ankaramitic
basalts” of the above pages) by a reduction in the xenocrysts of diopsidic augite
and olivine. Plagioclase glomerocrysts, which are not xenocrysts, may be common
and always show normal, and rarely oscillatory, zoning. There is a complementary
change in the groundmass: plagioclase (labradorite) becomes more abundant and
titanaugite decreases. Subophitic texture is less common and the intergranular
texture tends to develop. Olivine remains common as subhedral grains. Magnetite
occurs more as equant grains and less as interstitial masses. Interstitial alkali
felspar is invariably present; analcite rarely so.

Trachyandesites, in which the plagioclase is calcic andesine, strongly resemble
some of the trachybasalts. They may be just as rich as the latter in the ferro-
magnesian xenocrysts they contain, but they are often richer in plagioclase glomero-
crysts. The groundmass develops either an intergranular texture or even a trachytic
texture. The titanaugite tends to occur as subhedral grains and prisms, and
magnetite is present only as equant grains. Interstitial alkali felspar is common
and analcite is sometimes present.

Olivine phenocrysts may be met with in any of the rock types. The larger
crystals are presumably xenocrysts, unlike the smaller and microphenocrysts which
are a product of the crystallisation of the melt now represented by the surrounding
groundmass. They are unzoned and show no reaction relation — a feature charac-
teristic of the olivines of alkali basalts. Many olivines are partially altered to
iddingsite. Others show exsolution of iron ores, sometimes hematite, occasionally
magnetite. GAY and LeMAITRE (1961) attribute this to re-heating in an oxidising
environment, and the evidence from Nord-Jan fully supports this conclusion.
Olivines showing such exsolution ores are particularly common in agglutinates
where evidence of prolonged fire fountaining is very strong. Many of the larger
crystals show strained extinction and the development of translation gliding
lamellae subparallel to (100) (TURNER, 1942). They are probably xenocrysts which
crystallised at depth in a magma reservoir and were introduced into the melt,
represented by the groundmass of the rock in which they are now found, during
its ascent to the surface.

The large clinopyroxenes, dark bottle-green in hand specimen, are pale yellow-
green to colourless in thin section. They are diopsidic augites and like the large
olivines may be found in any of the rock types and show strong resorbtion. They
are zoned, possessing a thin rim of lilac or pinkish-brown titanaugite. They too
are probably xenocrysts, only the rim representing crystallisation from the enclos-
ing melt. Furthermore they are frequently strained. Resorbtion cavities in the
diopsidic augites occasionally carry prisms of kaersutite — in the sense of WILKINSON
(1961) — and the cavity wall is altered to a depth up to 0.01 mm to this amphibole.

In a few rocks a second clinopyroxene may be seen forming phenocrysts rarely
over 3 mm across. They are pinkish to lilac-brown titanaugites, closely zoned and
obviously true phenocrysts. More frequently they occur as glomerocrysts, e. g. in
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many of the Tromseryggen rocks, where individual crystals are less than 0.5 mm
across, closely zoned, and develop hourglass structure.

Plagioclase occurs both as phenocrysts and xenocrysts. Rare crystals may occur
which show intense resorbtion and in which the multiple twinning is obscure;
they are probably xenocrysts and are usually bytownite; normal zoning is only
feebly developed or even absent. On the other hand many rocks carry abundant
phenocrysts and glomerocrysts which show strong normal zoning from a labrador-
ite core to an andesine rim; rarely the zoning is oscillatory. They may also show
slight resorbtion, but such crystals are obviously true phenocrysts. They are
common in Nordvestkapp and Nordkapp rocks, but this is not diagnostic, for
rocks rich in plagioclase glomerocrysts may occur in any of the formations.

Little more need be added at this stage concerning the remaining minerals,
except to state biotite occurs as ragged plates and mossy aggregates in the ground-
mass of a couple of trachybasalts and several trachyandesites.

Finally the rarity of a glass mesostasis is worthy of comment, again a feature
typical of alkali basalts (YODER and TILLEY, 1962, p. 355). Glass is present in only
the tuffs, agglutinates, and the rapidly chilled skins of some flows.

Analyses of Nordkapp rocks are listed in Table 1 together with the norms.
When total alkalis are plotted against silica on a Tilley diagram (TILLEY, 1950,
p. 42) the trachybasalts and trachyandesites are seen to fall within and near
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the field of the Hualalai and Mauna Kea olivine basalts and mugearites (see
Fig. 8). The ankaramites however fall nearer the field of the tholeiitic series of
the Mauna Loa and Kilauea rocks, but accumulative rocks would normally fall
outside the area of the alkali basalts. Indeed they occupy much the same position
as the picrite basalt of Gough Island (LEMAITRE, 1962, p. 1327). There is therefore
no evidence of any tholeiitic tendencies; all are members of the alkali basalt series.

Conclusions

1. Volcanic activity in Nord-Jan has been of two types: fissure eruptions and
central vent eruptions. The proto-Nordkapp Rift Zone was in existence during
the accumulation of the Storfjellet pile of lavas and pyroclastics, the rocks having
been ejected from fissures associated with this rift system. The Nordvestkapp lava
phase followed the formation of a central vent, the proto-Sentralkrateret, and the
consequent building of the Nord-Jan dome. However, fissure activity did not
cease entirely, and it is probable that some of the Nordvestkapp lavas between
Nordbukta and Krossbukta have been derived from the proto-Nordkapp Rift Zone.
The sillar constituting the Havhestberget tuff marks the initial eruptions from
the proto-Sentralkrateret before activity settled to a steady and rapid outpouring
of basaltic lavas. The Nordkapp Group rocks are solely products of fissure erup-
tions from the Nordkapp Rift Zone.

2. The abundance of agglutinate among the pyroclastic deposits from the
Nordkapp Rift Zone fissures indicates that fire fountaining has been a dominant
volcanic mechanism. Agglutinate fields result from simultaneous eruption of
bomb size plastic ejecta from an anastomosing network of minor fissures within
a major fissure zone. As a result the fields are elongate parallel to the major fissure
zone.

3. The most recent fissure eruptions which produced series of basaltic flows,
began in each case with mild explosive activity and fire fountaining followed by
the outpouring of pahoehoe lava and, in turn, by aa flows. One may assume that
fire fountaining and explosive activity caused the magma high in the fissure to
become impoverished in volatiles with a consequent increase in viscosity, and
that this material produced pakoehoe lava on eruption; magma lower in the fissure
would remain richer in volatiles and on eruption produced aa flows. These sugges-
tions agree with those of WasHINGTON (1923) and RiTT™MANN (1962, p. 66-68)
who state that pahoehoe results from a magma relatively impoverished in volatiles
whereas aa lavas are the result of solidification of melts rich in volatiles.

4. The gradient, down which an aa lava produced by fissure eruption flows,
largely controls the development of surface features and structures. On slopes
steeper than about 20° the lava is channelled into conduits; on lesser slopes the
lava moves as a blanket flow; and on the gentlest gradients the surface develops
the blocky and scoriaceous surface characteristically associated with aa flows.
The greatest development of blocky surface, spiracles etc. is seen in standing pools
and on the slowest moving portions of flows.



GEOLOGY OF THE AREA AROUND NORDKAPP, JAN MAYEN

45

Analyst: W. H. HERDsMAN

Table 1. Analyses, norms and localities of some Nordkapp rocks

Weight %, | NC. 3. i\;‘é NC.13. | NC.15. | NC.17. | NC.19. | NC.22 gﬁ NJ.17.
SiO, 46.78 46.59 | 46.49 | 46.81 46.53 46.84 | 49.39 47.05 46.42
TiO, 2.82 2.41 2.20 1.87 2.56 2.21 2.72 1.88 2.41
Al,O4 16.77 14.41 15.21 8.02 13.77 6.54 14.13 13.38 16.04
Fe,O4 4.04 4.93 3.03 4.42 4.77 4.76 3.17 3.68 5.32
Cr,04 Nil 0.05 0.04 0.25 0.06 0.19 0.07 0.08 Nil
FeO 8.33 6.61 9.58 5.51 7.33 7.37 8.07 7.18 8.77
MgO 4.33 8.22 6.01 15.18 8.01 14.09 5.43 9.18 4.86
MnO 0.22 0.21 0.22 0.17 0.22 0.18 0.22 0.18 0.23
CaO 9.08 11.43 11.08 14.48 10.96 14.59 9.26 13.69 10.17
BaO 0.12 0.06 0.16 0.06 0.06 0.10 0.16 0.06 0.06
Na,O 3.14 2.47 2.68 1.41 2.47 1.48 3.48 1.62 2.08
K,O 3.02 1.76 2.54 1.21 2.46 1.21 3.18 1.12 2.46
H,O+ 0.36 0.42 0.36 0.45 0.36 0.38 0.25 0.52 0.58
H,O- 0.34 0.07 0.05 0.08 0.13 0.03 0.05 0.22 0.17
P,O; 0.68 0.43 0.53 0.29 0.46 0.29 0.56 0.28 0.58
CO, 0.15 0.08 Nil Nil 0.03 Nil Nil 0.04 Nil

100.18 | 100.15 | 100.18 | 100.21 | 100.18 | 100.26 | 100.14 | 100.16 | 100.15
Or. 17.79 10.56 15.01 7.23 14.46 7.23 18.90 6.67 14.46
Ab. 18.86 17.29 11.53 6.81 13.62 7.86 20.17 13.62 17.82
An. 22.52 22.80 21.96 11.68 19.18 7.51 13.62 25.85 26.97
Ne. 4.26 1.99 5.96 2.84 3.98 2.56 4.97
Di. 14.78 2470 | 24.39 45.81 25.94 50.11 23.48 32.00 16.32
Ol 8.29 9.40 10.64 14.31 9.52 12.62 7.54 8.82 5.81
Hy. 2.46 4.45
IIm. 5.32 4.56 4.26 3.50 4.86 4.26 5.17 3.65 4.56
Mt. 5.80 7.19 4.41 6.50 6.96 6.96 4.41 5.34 7.66
Ap. 1.68 1.01 1.34 0.67 1.01 0.67 1.34 0.67 1.34
Rest 0.85 0.68 0.61 0.84 0.64 0.60 0.37 0.92 0.81
100.15 | 100.18 | 100.11 | 100.19 { 100.17 | 100.38 99.97 | 100.00 | 100.20
Spec. no. Rock type Formation Locality
NC. 3. Trachybasalt Storfjellet Lava. Storfjellet cliff near Krossbukta.
NC. 12C. Trachybasalt Tromseryggen Lava. 15 m inland cliff south of Nordbukta
NC. 13. Trachybasalt Nordvestkapp Lava. Kraterlia cliff south of Nordbukta
NC. 15. Ankaramite Nordvestkapp Lava. Kraterlia cliff south of Nordbukta
NC. 17. Trachybasalt Storfjellet Lava. Storfjellet cliff below Tvillingkrateret
NC. 19. Ankaramite Storfjellet Lava. Storfjellet cliff below Twvillingkrateret
NC. 22. Trachyandesite | Storfjellet Lava. Storfjellet cliff below Tvillingkrateret
NC. 27K. Trachybasalt Nordvestkapp Lava. Kvalnosa buttress.
NJ. 17, Trachybasalt Kokssletta Lava. Kokssletta platform

5. WORDIE’s brief observations (1926) on Nord-Jan are generally supported,
although the belief that above the 650 m contour Beerenberg is built solely of
trachybasalt flows is erroneous. His suggestion that volcanic activity has tended
to move northeastwards throughout Jan Mayen as a whole receives support.
TYRRELL’s petrological observations are also generally supported.
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6. NicHOLLS’ work, in as much as it applies to the Nordkapp area, is difficult
to interpret. It is probably an over-simplification to state that each volcanic cycle
begins with ankaramite and evolves to trachybasalt via intermediates.

7. The suggestion of FITCH and BANFIELD (in DOLLAR, 1959) that three broad
stratigraphical units were recognizable because they were separated by erosion
intervals, is supported with small modofication. Their suggestions on the struc-
ture of Nord-Jan have been considerably modified (FircH, 1964) now that the
importance of the Nord-Jan dome is appreciated.

8. Most petrological conclusions are beyond the scope of the present paper,
but the following points may be mentioned:

a. The rocks clearly belong to the alkali basalt series of TILLEY (1950). They are
undersaturated, showing normative olivine usually accompanied by nepheline,
normative hypersthene appearing only in two of the analysed rocks. The very
high potash content was noted by TYRRELL (1926) and is an outstanding character
of the rocks; this feature apart, the rocks appear generally comparable with those
of certain other islands on the Mid-Atlantic Ridge including Gough Island
(LEMAITRE, 1962), Tristan da Cunha (DuUNNE, 1941), the Azores (ESENWEIN,
1929; TorRE DE AssuNcao, 1959).

b. Many of the rocks are accumulative, and on first inspection the proportion of
ankaramites is unusually high. However most turn out to be strongly porphyritic
basalts, and the Nordkapp evidence favours the interpretation of TYRRELL viz.
that trachybasalt (alkali olivine basalt) is the parent.

c. The almost constant occurrence of large xenocrysts of diopsidic augite and
olivines (often showing glide lamellae) in the volcanics implies the existence of a
magma reservoir rather than direct tapping of a fundamental source.
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PLATE 1
A. Beerenberg from the northeast showing the area described. The high level Beerenberg cone
(Sentralkrateret) sits on the Nord-Jan dome (essentially Nordvestkapp Formation). The dome is
elongated in a northeast direction by the ridge of the main Rift Zone, from the fissures of which the
Nordkapp Group was erupted. The Kokssletta Formation, seen on the Kokssletta coastal platform,
is backed by the low inland cliff cut in the Tromseryggen Formation. Photo: B. LUNCKE. (Courtesy
of Norsk Polarinstitutt.)

B. Storfjellet cliff immediately east of Krossbukta (height 500 metres). The base camp is sited on
the 8 metre raised beach and is backed by a shelf of morainic debris which has been dumped over
the cliff from the Beerenberg ice field. Present day avalanche cones debouch onto this shelf. The
vertical face of the cliff terminating in pinnacles consists of pyroclastics and intercalated lavas of
the Storfjellet Formation, member B; two sets of dykes, one set parallel to the cliff face, the second
trending at 330°, are prominent. Above the pinnacles is the lava sequence of the overlying Nord-
vestkapp Formation. Pheto: J. F. CoLE.
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PLATE II
1. Olivine xenocryst showing glide lamellae and slight iddingsitisation in trachybasalt. NC. 42 F.
Storfjellet Formation, member A. Crossed polarisers.
2. Diopsidic augite xenocryst with titan-augite rim. The ragged nature of the rim is probably a
growth feature and not due to resorbtion. Trachybasalt showing intergranular texture. NC. 41 A.
Storfjellet Formation, member A. Crossed polarisers.
3. 'Titanaugite phenocryst showing fine zoning and hourglass structure. Trachybasalt with good
intergranular texture. NC, 12 A. Tromsoeryggen Formation. Crossed polarisers.
4, Very fine grained ankaramite carrying resorbed xenocrysts of olivine and diopsidic augite.
NC. 15. Nordvestkapp Formation. Crossed polarisers.
S. Havhestberget tuff showing the ash grade mawix of yellow glass shards, fragreents of vesicular
pumice and glass dust. Plane polarised light.
6. Xenocryst of olivine copiously exsolving magnetite due to re-heating and oxidation set in dark
red vesicular basaltic glass. Agglutinate, Trcruseryggen Formation. Plane polarised light. Inscribed
line represents 1 mm.
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Abstract

Magnetic studies on ten specimens of basaltic rocks from the Arctic island of Jan Mayen are
described and commented upon. The specimens were collected by a new technique as part of the
scientific programme of the 1961 University of London Beerenberg Expedition. A brief review of
the geology of Nord-Jan is given, and descriptions of the analysed rocks are included with the
field collecting data.

Introduction

Palaecomagnetic studies on rocks from Jan Mayen rank amongst the earliest of
such investigations, for rocks were collected from the island by CHEVALLIER and
MERCANTON ( MERCANTON 1922, 1926; CHEVALLIER, 1930). The number of
samples collected by these early workers was small: in addition both obtained
much of their material from the same locality, a lava flow near Jamesonbukta, on

1 Birkbeck College, University of London, England.
2 Department of Physics, The University of Newcastle upon Tyne, England.
3 Department of Geology, University of Leeds, England.
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PALAEOMAGNETIC STUDIES ON ROCKS FROM NORTH JAN MAYEN 51

the southern shore of the large volcano, Beerenberg. The suitability of the iron-
rich basic volcanic rocks of Jan Mayen for further palaecomagnetic study was
suggested to the authors by DoLLAR in 1960, and preliminary exploratory mea-
surements were made on three samples which he provided from Ser-Jan. Plans
were made for extensive collecting during the 1961 University of London Beeren-
berg Expedition to Jan Mayen, but the expedition programme was severely
curtailed as a result of a fatal accident, and it was only possible to obtain a re-
stricted suite of samples (collected by TALBOT). The purpose of this note is to
summarise the palaeomagnetic work carried out to date on rocks from Beeren-
berg, and to indicate possible fields for further research.

Brief review of the geology of Nord-Jan

Jan Mayen rises from the Arctic continuation of the North Atlantic Ridge some
600 kms north of Iceland. The foundation of the island is a submerged volcanic
pile presumed to be of Tertiary age. A large basalt volcano, Beerenberg (71°
05" N, 8° 10" W), dominates the northern half of the island. Beerenberg is 2277 m
high and 50 kms in circumference. It consists of a broad basalt lava-dome or
-shield carrying a single large summit lava-cone on its crest. The volcano is built
on a major south-west/north-east rift structure, and fissure eruptions have been
very important on its flanks. The oldest visible Beerenberg lavas are late-Pleisto-
cene in age; the major part of the volcano has been built by a series of eruption
cycles during post-Pleistocene times. All of the rock-stratigraphic units listed in
Table 1, which summarizes the geological history of Beerenterg, include ex-
trusive and intrusive volcanic members. Full description of the geological evolu-
tion of Beerenberg and its icefield will appear elsewhere (FircH 1964; Kins-
MANN and SHEARD 1963; see also FircH 1961, 1962; FircH, KINSMAN, SHEARD
and THomas 1962; KinsmaN, SHEARD and FitcH 1962; HAwKINS and ROBERTS
1963; RoBERTs and HAWKINS 1964 in press). The volcanic units mapped by
CARSTENS in 1959 in the far south of Jan Mayen (CARSTENS 1963) are thought
to correlate with the nomenclature used here as follows:

Table 2. Correlation between rocks of Nord- and Ser-Jan

Fircu 1962, 1963 CARSTENS 1963
Kokssletta Formation Kraterflyia basalts
Tromseryggen Formation Upper Volcanic Series
Sentralkrateret Formation Middle Volcanic Series
Kapp Muyen Group Lower Volcanic Series
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The collecting technique

Specimens for palaecomagnetic study must be marked and classified in such a
way that the spatial orientation in the field can be recreated in the laboratory.
It is usually sufficient to indicate on the specimen a horizontal plane and the
direction of apparent Magnetic North. From previous work on Jan Mayen it was
known, however, that the magnetic field distortion due to some of the basic lava
rock-types present renders this method inadequate (e. g. differences of up to 180°
in the apparent Magnetic North have been noticed at points only hundreds of
yards apart on Roysflya). Fortunately the detail on the 1:50,000 topographic map

Fig. 1. Specimen ¥m 10. An east-west Kokssletta dyke cutting Tromsoryggen tuffs in the upper part
of Valberget. The large arrow on the right hand side of the plastic wood platform is a sight on apparent
magnetic North. The left hand arrow is the sight line from which geographical North was determined
by resection. The fine lines drawn in the geographical meridian were extended as a parallel grid on the
white painted top of the specimen in the laboratory.
The rock is a vesicular microphyric basanitic trachybasalt.
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published in 1959 by Norsk Polarinstitutt enables an optical orientation of 4 2°
to be obtained by use of simple surveying methods.

In the method used on Jan Mayen in 1961, a level sighting platform of plastic
wood was built onto a suitable rock outcrop, the horizontal upper surface being
produced with the flat back of a spirit level clinometer. Using a light alidade,
lines of sight were then marked on this surface. The location of the sampling
station was determined by resection, the angle between True North and one of
the lines of sight measured on the map, and this information transferred to the
specimen. It was found to be advantageous if both True and Apparent Magnetic
North were marked on the specimen in the field to provide a measure of the local
magnetic field distortion.

Ideally, the plastic wood platform should be allowed to harden completely
before the lines of sight are taken and scored on it, but in many situations in the
field this lengthy process is impractical. It was found that, with care, clean speci-
mens could be dislodged and replaced before the readings were taken, and that
if reasonably well protected, the still incompletely hardened plastic wood plat-
forms returned to Base Camp intact. Coloured inks were used at Base Camp to
emphasize the scored sighting lines and after a day or two the plastic wood became
rock-hard and then survived without damage transport to the laboratory.

If similar work is to be undertaken where conditions do not allow any time
for the sighting surface to harden, it is suggested that a thin rigid, non-magnetic
surface be set in the plastic medium or, if the rock surface is suitable, attached
with a very quick drying cement similar to that used successfully by SIGURGEIRSSON
in Iceland. The greatest limitation of the optical orientation method is the need
for reasonable visibility conditions. On Jan Mayen, where thick mists are common,
this caused considerable delays on occasion.

Field relationships and description of the rocks collected

Ten oriented specimens were collected for palacomagnetic analysis. The data
obtained is presented in Table 3 and in Figs. 3 and 4, and its significance is dis-
cussed in a later section. Field and petrographic information on each of the rocks
analysed is given below. The grid reference system used to identify the sampling
localities is based on a 2 km square grid. This grid is present (or its intersections
are marked), on the 1:20,000 topographic map of Jan Mayen available at Norsk
Polarinstitutt. Fig. 2 illustrates the alphabetical key which was used in conjunc-
tion with the 2 km square grid to designate individual geological field mapping
slips. Map references are given in each alphabetically designated square by
reference to co-ordinates that have their origin in the south-west corner.

Kokssletta rocks

Five of the specimens collected for palaeomagnetic study were basalts from the
Kokssletta formation, thought to have been erupted between 2,500 and 3,500
years ago. Three (Jm 1, Jm 2, Jm 5) are from lava flows and two (Jm 4, Jm 10)
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Fig. 2. Alphabetical key to 2 km square field mapping slips used by the Berenberg Expedition. Rock
samples are located using a grid reference having its origin in the south-west corner of each stip.

near surface dykes. The Kokssletta eruptions of all parts of Nord-Jan are of a
very similar fissure controlled type, and the basalts emitted during this cycle
build extensive lava fields and coastal lava platforms on the lower flanks of
Beerenberg. The well-preserved lava-structures of the Kokssletta formation show
these eruptions to be directly comparable in form with the 1959/60 flank fissure
eruption of Kilauea,

Specimen Jm 1 (grid reference JN 9523) was collected from the vesicular top
of a thick aa-flow of Kokssletta basalt forming the present day sea-cliffs at the
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east-north-east end of Jamesonbukta. This is part of Reysflya, a wide coastal lava
platform resting on the “10-metre” pre-Kokssletta wave-cut beach in front of
the old sea cliffs of Havhestberget. It was built by lava streams fed from various
small vents along the lower parts of the Vulkanlia parallel fissure system.

Specimen Jm 2 (grid reference KNO 120) is from the vesicular top of a pahoehoe
flow of Kokssletta basalt that emerges from the fissures in the upper part of
Schmelckdalen, 50 metres upstream from the opening into a large caved-in lava
tunnel. Below the lava tunnel exposure this flow passes over the Valberget cliff to
spread out on the “10-metre” coastal abrasion platform 1 km to the west of Raysflya.

Specimen Jm 5 (grid reference JP 1580) is from the small Kokssletta flow that
sweeps around Bernakrateret, a Tromseryggen cinder cone, and out onto the
“10-metre” platform 1 km to the east of Raysflya.

Specimen Jm 4 (grid reference KR 0945) is from a vesicular north-south dyke
belonging to the Kapp Fishburn fissure system, intruded into the Tromseryggen
cinder whaleback of Grenberget.

Specimen Jm 10 (grid reference JN 1595) was collected from a vesicular east-
west dyke which is intruded into tuffs of Tromseryggen age in the upper part of
Valberget.

The three lava flows sampled are closely related in time and are thought to be
representative of eruptions from the lower levels of the south-west fissure systems
of Beerenberg during Kokssletta times. The vesicular character and field rela-
tionships of the two dyke rocks suggests that they were near surface intrusions,
most probably sections of the feeding fissures of lava eruptions of Kokssletta age.
It is not possible to demonstrate the time-sequence of events within the Koks-
sletta cycle of eruptions with any certainty, but indirect evidence (such as degree
of surface weathering, relative exposure by erosion and the fact that in the Nord-
kapp area, at the other end of the main fissure system, voluminous pahoehoe
flows preceded the aa-eruptions in the Kokssletta cycle), suggests that it might
be reasonable to suppose that the Schmelckdalen flow is early Kokssletta and
the Roysflya eruptions a later event.

Megascopically and microscopically, the five specimens of Kokssletta basalt
from the lower southern flank of Beerenberg appear to represent effusions of the
same alkali-basalt magma-type. They are all of a dark grey microlitic basalt,
characteristically speckled by an even distribution of small white glomero-
porphyritic aggregates of felspar between 1 and 3 mm in diameter. Each contains
small variable amounts of fresh bottle-green pyroxene and orange-yellow to lime-
green olivine phenocrysts between 2 and 12 mm in diameter. All are vesicular,
the vesicles in the lavas up to 15 mm across. Flow-structures are present, either
as distortion of the vesicles, alignment of the microlites of the groundmass or as
a banding of more and less vesicular layers. The very fine-grained groundmass
of the rocks is characterized by its richness in pyroxene and iron ores and by the
presence of an alkali-felspar residuum. Microphenocrysts of augite and olivine
are present amongst abundant labradorite microlites enclosed within the ground-
mass. The larger phenocrysts never amount to more than 15 9, of the rock.
Analcite is suspected in some slides and the rocks can be classified therefore as
basanitic trachybasalts,
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Tromseryggen rocks

Three of the palacomagnetic specimens were collected from basalts of the
Tromseryggen formation, thought to have been erupted between 4 and 5,000
years ago. This was a period of extensive fissure eruption, building large compo-
site lava and tuff ridges across the lower flanks of Beerenberg.

Specimen Jm 6 (grid reference JO 9581) was collected from a Tromseryggen
ankaramite lava flow near Veslegryta; erupted from the Vulkanlia fissure system,
and seen to have flowed over a land surface cut in Kapp Muyen tuffs and lavas.
The rock is strongly porphyritic with over 30 9, of bottle-green pyroxene and
lime-yellow olivine phenocrysts up to 1 cm across, enclosed in a fine-grained
vesicular matrix. The matrix consists of augite and olivine microphenocrysts with
rare labradorite laths set in a dark iron-rich cryptocrystalline base. Felspar
amounts to not more than 10-15 9, of the rock.

Specimen Jm 8 (grid reference KL 1060) is from a near surface vent intrusion
or lava flow that forms part of dissected Tromseryggen cone seen in the sea-cliffs
north-west of Fugleberget. This rock is a pale grey vesicular trachybasalt with
numerous small phenocrysts of olivine, augite and labradorite set in a fine-
grained crystalline matrix of augite, olivine, iron-ore, plagioclase and alkali-
felspar. A notable feature of this rock is a xenolith of peridotite with a spinellid
(possibly approaching hercynite in composition) as a common accessory.

Specimen Jm 9 (grid reference JN 1090) is from a north-south dyke of Tromse-
ryggen age cutting an inlier of Havhestberget sillar in the lower part of Valberget.
The rock is a very fine-grained vesicular and porphyritic dark-grey trachybasalt.
The numerous fresh euhedral phenocrysts of pyroxene and olivine, amounting to
some 40 %, of the rock, with pyroxene slightly subordinate to olivine, range be-
tween 1 and 10 mm in diameter. Vesicularity is developed in bands and streaks
revealing the flow within the dyke fissure. The largest vesicles are up to 5 mm
across whilst against the walls of the fissure the rock is almost free of vesicles.
The matrix consists of many euhedral augite grains with less numerous labradorite
laths and microlites set in a cryptocrystalline to glassy groundmass rich in minute
iron-ore grains.

Sentralkrateret rocks

Sentralkrateret is the large composite lava-cone, 6 to 7,000 years old, that forms
the summit of Beerenberg. From its crater, lavas flowed radially down shallow
valleys on the flanks of the mountain away from the central cone.

Specimen Jm 3 (grid reference KR 3465) is a trachybasalt collected from the
base of one of these flows lying on an old erosion surface cut in Nordvestkapp
lavas, and exposed to-day as the capping of a Nordkapp north-west/south-east
erosion ridge east of Grenberget. The Sentralkrateret trachybasalts are exception-
ally rich in small glomerophyric aggregates of plagioclase and correspondingly
poor in ferromagnesian phenocrysts, but in all other respects they are similar to
the basanitic trachybasalts of the Kokssletta formation already described.
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Fig. 3. Stereogram of sample mean directions of magnetization of Jan Mayen basalts.

Kapp Muyen rocks

The older core of the Beerenberg volcano is a basalt lava-shield predominantly
built of ankaramite and ankaramitic trachybasalt lavas and pyroclastics. Specimen
Jm 7 (grid reference KO 4043) was collected from a small inlier of Nordvestkapp
or Havhestberget lava seen beneath a Nordkapp lava fall north of Dagnyhaugen
in the Ekerolddalen. The rock is an even more typical example of Beerenberg
ankaramite than Jm 6. Over 40 9%, of the rock consists of large augite and olivine
phenocrysts set in a fine crystalline granular matrix of augite, iron-ore and very
rare plagioclase microlites. Numerous small microphenocrysts of olivine and
augite are scattered throughout the matrix. Felspar makes less than 10 %, of the
rock,

The rocks of Beerenberg are closely related petrologically. The bulk of the
lavas range from very basic ankaramites through trachybasalts to basanitic trachy-
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Fig. 4. Thermo-magnetic curves for fan Mayen basalts.

basalts. The common alkali-basalt-trachyte differentiation sequence of Ser-Jan
(CarsTENS 1961; 1963), although derived from a member of this magma-lineage, is
but poorly represented in Nord-Jan. One of the most striking features of Jan Mayen
rocks is their absolutely fresh condition, and the almost total absence of zeolites
or other vesicule fillings.

Palaeomagnetic studies
Methods

Two or more 1" cores were drilled from each sample using a phosphor-bronze,
diamond impregnated, trepanning tool. Up to four 1’ cylinders were then ma-
chined from each rock sample, with a phosphor-bronze diamond saw. Orientation
marks were carefully retained at each stage.

The direction of natural remanent magnetization (N.R.M.) of each cylinder
was obtained using a short period astatic magnetometer. As a standard technique
the stability of N.R.M. was tested by demagnetization about three axes in alterating
magnetic fields of progressively greater intensity, the direction of magnetization
being measured after each stage. This technique has also been used successfully
to remove secondary magnetization found in some igneous rocks. However, in

the present case at no stage did the directions change significantly in fields of up
to 350 oe peak field.

Treatment of results

A sample mean direction of magnetization for the four cores was obtained at
each demagnetization stage, using the statistic developed by FisHER (1953). As
the best result, the stage at which the estimate of precision k is the largest, is
adopted. This stage varies from sample to sample, but it is found that fields in
excess of 250 oe are not required. The relevant data is given in Table 3.

A number of samples were thermally demagnetized using an automatically
recording Chevallier balance. The Curie points in general lay in the region of
500-530° C, somewhat below the Curie point of pure magnetite, suggesting a
certain amount of titanium in solid solution (Fig. 4). There was no indication of
more than one magnetic phase, with the possible exception of Jm 4.
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Table 3. Palaecomagnetic data on Jan Mayen Samples

Sample Sample Mean Mean Circle of Demagne- | Cyrie Point .
Number Description Deyh- Inqll- Confidence tization Temperature Pole Position
nation nation Stage
Jm1 Kokssletta aa flow 310.5 +76.5 5°.4 original 500° C 70.7N 74.2W
Jm 2 Kokssletta pahoehoe
flow 120.5 +79.1 1°.0 original — 55.4N  44.0W
Jm3 Sentralkrateret flow 0.1 +74.6 6°.5 170 oe 530° C 80.1IN 169.3W
Jm 4 Kokssletta dyke 323.6 +79.6 1°.4 original 500° C 779N  67.0W
Jm35 Kokssletta aa flow 46.9 +81.3 12°.0 250 oe 530° C 75.7N  71.2E
Jmé6 Tromseryggen flow 29.8 +76.7 9°.9 250 oe 570° C 77.3N 115.9E
Jm 7 Kapp Muyen inlier 244.9 +88.2 2°.3 170 oe 530° C 69.2N 1.8E
Jm 8 Tromseryggen
basalt 316.3 +75.0 2°.2 original — 70.8N  85.3W
Jm9 Tromseryggen dyke| 299.9 +66.5 1°.5 original — 55.1N  854W
Jm 10 Kokssletta dyke 2.1 +86.9 8°,7 170 oe 520° C 77.2N  12.0E
Mean direction of
all samples 339.5 +82.5 6°.7 k=52.3%
Position of ancient
pole 82.7N 34.0W

* k — a measure of dispersion (FIsHER 1953).

The direction of magnetization of each sample is shown on the stereogram,
Fig. 3. From the mean of the ten samples a pole position was computed that does
not differ significantly from the present pole position, and this small difference
may be due to incomplete sampling of secular variation. The results are consistent
with the geological estimate of the age of Beerenberg.

Future work

Insufficient is known of the fine detail of direction changes to know whether
small differences in mean directions of magnetization of different groups of rocks
closely similar in age may be of any importance. As the results of this pilot in-
vestigation indicate, detailed flow by flow collecting within the successive lava
groups on Jan Mayen may well reveal the extent of secular variation to be ex-
pected within the rocks of a volcanic cycle. One outcome of such an investigation
of secular variation could be the provision of a key to the correlation of lava
sequences in different regions in the way that KauN (1960) has shown. Further-
more, detailed collecting from the older formations on Jan Mayen may reveal the
zone of reversed magnetization known to occur in basal Villafranchian, thereby
providing a valuable marker horizon near the Plio-Pleistocene boundary. Corre-
lation of groups of flows within the Tertiary on the basis of the alternation of
zones of normal and reversed magnetization must await the establishment of a
standard sequence of zones elsewhere.
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Ice conditions at Svalbard 1946-1963

BY
TorBJoRN LUNDE!

Abstract

Maps showing the mean ice limits in the Svalbard region for each month, February—September,
from 1946 to 1963 are given. The maximum and minimum ice-covered areas are also shown.

The thickness of the winter ice, the monthly wind drift of ice and the transport of ice through
the strait between Hopen and Edgesya are calculated and correlated with curves showing the
variation in ice conditions from year to year.

For the years studied, the alternation between bad and good ice conditions has followed a three
to four year cyclic pattern. The same cycle is also found for the calculated ice thickness and can
even be traced for the wind drift of ice.

Introduction
Earlier works

The distribution of sea ice in the Svalbard area has occupied several authors
since Spitsbergen was discovered by WILLEM BARENTS in 1596. This interest in
the distribution of sea ice has been mostly a purely practical interest. Sea ice has
been the barrier which has closed the shores for the small sailing vessels. Conse-
quently sea ice observations have generally occupied a rather minor place in
these long, descriptive, early publications; usually only a few lines in the section
dealing with difficulties encountered by the ship.

J. Laing and later F. R. KjeLLMAN have given useful summaries of what they
knew of the ice conditions in former years (Laing 1815, 1818), (KjeLLMAN 1875).
Unfortunately the information given by these early observes is, with a few excep-
tions, very inexact, normally neither the exact date nor the position is given (the
position was of course very difficult to find in those days). To find the amount of
ice or the ice character from the information given is a nearly impossible task.

The first person to collect data on sea ice in a more systematic way was KARL
PETTERSEN — a customs officer in Tromse, northern Norway. From 1864 to 1889
he collected ice observations from the Norwegian vessels travelling in the Sval-
bard region. This contribution to our knowledge of sea ice is an outstanding ex-
ample of how much one man of limited expert knowledge can accomplish within
this subject.

! Mandal, Norge.
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Det Danske Meteorologiske Institut started their publication, “Isforholdene i
de Arktiske Have”, in 1893. Very valuable information has been collected in this
publication throughout the period it has been published (1893-1956, with the
exception of the years from 1940 to 1945). The scale of the maps (1 : 27,000,000)
is, however, too small to give any details.

The data given by Det Danske Meteorologiske Institut have been used by
other research workers who have tried to establish mean values for the distribution
of sea ice in these areas in different months. Mention should be made of: Reichs
Marine Amt (1916 and 1926), Maria FROMMEYER (1928), FRIEDRICH KISSLER
(1934) and FraNZ Nusser (1958).

ApoLF HoEL collected data on sea ice for many years. Some of these observa-
tions were published (HokeL 1917), and some were sent to Det Danske Meteoro-
logiske Institut.

Ice atlases

On three occasions Det Danske Meteorologiske Institut has published mean
values for the ice distribution. The first one (Det Danske Meteorologiske Institut
1917) contains the mean ice limits, 1898-1913, as well as maximum and minimum
ice distribution for the months April-August. The mean for the period 1898-1922
is published in the yearbook of 1925 (Det Danske Meteorologiske Institut 1926).
The last ice limits published are the means from 1919 to 1943 in the yearbook of
1953 (Det Danske Meteorologiske Institut 1956).

In 1946 The Hydrographic Office United States Navy published a large ice
atlas (Hydrographic Office 1946). The atlas gives mean ice limits for all months
as well as the distribution of different types of ice for the period 1898-1938. All
data available were used in order to give information as reliable as possible. A
further effort was made with the publication of The Oceanographic Atlas of the
Polar Seas, by the same office (Hydrographic Office 1958).

A German ice atlas gives the percentage chance of meeting sea ice in different
regions for the period 1919 to 1942/43 (BUpeL 1950). This atlas, however, is
rather difficult to use as it is nearly impossible to decide where one frequency
interval is replaced by another.

These atlases are of a too small scale to give any details (the scale varies from
1 : 20,000,000, to 1 :27,000,000). The last three atlases mentioned give the ice
distribution and the mean percentage of ice for the winter months too. Not all
the sources for these publications are known. However, it is believed that there
is not sufficient knowledge about sea ice in the Svalbard region — especially
during the winter months — to give reliable information of this kind.

Ice limits 1946—1963
General remarks
In the following the available information at Norsk Polarinstitutt for the sea
ice around Svalbard from 1946 to 1963 has been summarized. The sources have
been observations from ships, airplanes and shore stations, some of this informa-
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tion is “second hand” and is taken from “Det Danske Meteorologiske Institut’s
Yearbook 1946-1956”. The mean ice limits found for the 8 months February-
September are given in Figs. 1-8. These limits to a certain degree can obviously
be erroneous. It is, however, believed that on the west coast of Vestspitsbergen
they are correct to within some 5 nautic miles. On the northern and eastern side
of Spitsbergen the probable errors are far greater, and greatest in the north-
easternmost part where the number of observations are small. The ice limits are
most reliable in the summer (June-July), but however, in February — and also
in March and September — these limits should only be taken as a rough guide to
where ice may be found.

The maximum and minimum limits given are more uncertain. Strong winds
may unobserved have carried the ice edge to extreme positions, or, what is still
very usual, the observations have never reached us. The years when the extremes
were reached are written along these ice limits.

The available information is insufficient to give ice limits for the 4 months
October—January. Nor do we know enough about ice character and concentration
to give any picture of this. Normally a ship will meet close as well as heavy pack
ice fairly near the ice edge on the north and east coast (more broken ice is some-
times observed at the end of the summer). On the south, and especially on the
west coast, the ice is normally more broken or even scattered, and most of it is
only one year old.

The ice limits for February are based on information from the 8 years: 1950 and
1957-1963. Most of the observations are from the bank areas near Bjornoya. East
of 28° E, south of Spitsbergen, and north of the Isfjorden area nothing is known
about the ice conditions in February.

The ice limits for March are based on information from the 15 years: 1947 and
1950-1963. For this month too most of the observations are from the bank areas
near Bjornoya. East of 28° E we only have information on the ice edge in 1953
and 1963 and north of the Isfjorden area we have only information on the ice
edge in 1963.

The ice limits for April are based on fairly good information for the 15 years:
1947 and 1950-1963. The maximum and minimum ice-covered areas in the
easternmost part and the minimum ice-covered area north of Spitsbergen are,
however, not very reliable. This is the month in which the ice normally reaches
its greatest extension near Bjorneya and the area to the east. West and north-west
of Spitsbergen the normal maximum extension is reached in April and May.

The ice limits for May are well known from information from the 18 years in
question. Maximum and minimum extension may be somewhat inexact in the
south-easternmost part (east of 28° E). North of Svalbard one single airplane
observation from 1958 gives an ice edge even farther north than the minimum ice
extension shown in the map. This does not agree, however, with other observa-
tions that year. The observed ice edge is probably an “inner ice edge” or an edge
of close, heavy pack ice, and this observation has consequently been neglected.
On the west coast of Vestspitsbergen, and southward to some 75° N, 17° E the
ice reaches its greatest mean extension in May. In the last half of the month the
decay of the ice starts in the marginal zones, especially on the west coast.
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The ice limits for June are better known than in any other month. Information
from the years 1946-1963 has been obtained. The mean — as well as the minimum
ice limit has receded quite a bit since the month before, while the maximum ice-
covered area (with the exception of the regions farthest to the north-west) is
almost the same as in May. This shows the typical transition to the summer
months in which the difference between the maximum and the minimum ice-
covered areas is much greater than during the winter and spring (Fig.5). Normally
there is fast ice in Storfjorden north of the line Kvalhovden—Kvalpynten in June.
In contradiction to what is shown in the map, there has been in all likelihood
some ice in this area even in 1960.

The ice limits for July, too, are well known. Some information on the 18 years
in question has been gathered. The easternmost part of the minimum ice limit is
somewhat uncertain as it very likely has been situated even farther to the north.
The difference between the maximum and the minimum ice-covered area is still
greater than in June. Normally the fast ice in the fjords of Vestspitsbergen breaks
up in the beginning of July or at the end of June. The normal break up date for
the fast ice in Storfjorden is probably near the middle of July.

The ice limits for August are fairly well known. Of the years dealt with here
information is not available for 1953 and 1956. The difference between the maxi-
mum and the minimum ice-covered area is still very large. It probably has been
even greater as the minimum ice limit most likely has been situated farther to the
north than the map shows. Generally speaking we know less about the years with
good ice conditions than about the others for this month, a fact that well may
have brought in a systematic error and thus shifted our “mean ice limit” to a too
southerly position for August.

The ice limits for September are not known so well. Exact information is only
available for the last 7 years. Here too there is probably a systematic error as
most of what we know is from the first half of the month. The smallest extension
of drift ice in this area occurs in the last half of August and first half of September.

Ice conditions October—Fanuary. From the end of September the ice limit moves
southward again as the melting of ice does not keep pace with the southward
transport of ice. In October formation of new ice will normally start, first in the
calm fjords and near shore regions farthest to the north-east, later on ice is formed
in the open sea and in the areas farther south and west. At the end of November
ice is frequently an obstacle to navigation in the fjords of Vestspitsbergen. Is-
fjorden may break up and be open to navigation at any time of the year. With
the exception of fjords and bays the northern part of the west coast is icefree
in a normal winter.

Calculated data for the sea ice 1946—1963

Ice thickness is calculated by using the formula established by LEBEDEV (LEBEDEV
1938, LunDE 1963).
1=1245.Y @062 . 57015
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i is the ice thickness in centimeters, 3. is the accumulated degree days of frost?,
and s is the thickness of the snow layer in centimeters.! The values for the period
1946-1963 are given in Table 1.

Table 1. Thickness of the ice formed during the winter in the Hopen area

Accumulated : :
Period Duration degree days T;}:ll‘ginlzsyse?f Thlcilzréess of
of frost
—45 - —46 No observations - -

9/10-46 — 29/5-47 233 days 1609 31cm 72 cm
16/10-47 — 10/6—48 237 » 2204 42 » 85 »
22/10-48 — 17/6-49 239 » 1907 46 » 76 »
21/9 —-49 - 11/6-50 264 » 926 63 » 46 »
22/11-50 - 28/5-51 188 » 1801 68 » 69 »
17/10-51 — 18/5-52 215 » 2388 46 » 87 »
22/10-52 — 31/5-53 222 » 1822 42 » 74 »
26/12-53 — 8/5-54 134 » 877 32 » 49 »
14/10-54 — 19/5-55 218 » 1123 43 » 55 »
12/10-55 — 24/5-56 226 » 1776 55 » 71 »
30/10-56 — 24/5-57 207 » 894 39 » 49 »
12/11-57 — 24/5-58 194 » 1498 50 » 64 »
11/10-58 — 28/4-59 200 » 2034 85 » 72 »
18/11-59 — 23/5-60 188 » 1254 62 » 56 »

2/10-60 — 28/5-61 239 » 2137 51 » 80 »
13/11-61 — 7/6-62 207 » 2413 39 » 90 »
10/10-62 — 18/5-63 211 » 2730 47 » 94 »
Mean: 16/10 - 26/5 213 days 1729 49 cm 70 cm

Wind drift of ice is calculated by using the formula established by Zusov

(ZuBov 1947).
dp
¢ = 13000 =

c is the average displacement of ice given in kilometers a month and?b% is the

pressure gradient in millibars a kilometer.? The drift speed (c) and the drift dire-
tion (¢) given in Table 2, are calculated from this formula, using values from
“Amtsblatt des Deutschen Wetterdienstes” 1948-1963 for calculating the pressure
gradient (LUNDE 1963).

Ice transport. As is shown in my earlier paper (LUNDE 1963), it is possible to
calculate the transport of ice by wind to the south-west through the 81 km wide
strait between Hopen and Edgeoya by the following formula.

T =81-10-5-1- c - sin (¢ — 1508)

1 Degree days of frost (below —1.8° C) and thickness of snow layer (specific weight 0.4 g/cm?) are
calculated from the measured values of temperatures and precipitation at Hopen meteorological
station.

2 This pressure gradient is the mean gradient in the area: 80° N 20° E - 80° N 40° E — 75°N
40° E - 75° N 20° E, the centre of which is at 77° 30" N 30° E.
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We get the ice transport in km® when 1, ¢ and ¢ are taken from Tables 1 and 2.
Positive values mean transport to the south-west. The transport is only given for
the months from March to June as the calculated ice thicknesses (Table 1) are
just valid for the spring months (strictly speaking they are valid for the last-
mentioned date in column 1, Table 1 only).

Table 3. Monthly ice transport through the strait between Hopen and Edgeoya

Year March April May June Total
1948 (+ 5.2) km? (+1.3) km? ( 0.0) km?® (+3.0) km?® (+ 9.5) km?
1949 (— 1.7) » (—4.8) » (+2.6) » (+5.8) » (+ 1.9) »
1950 + 1.6 » +1.0 » +3.2 » +1.3 » + 7.1 »
1951 + 4.0 » +4.6 » +4.1 » +1.2 » +13.9 »
1952 + 2.0 » +5.1 » +4.5 » —1.2 » +104 »
1953 + 4.8 » +34 » +1.9 » —4.7 » + 54 »
1954 + 3.2 » +0.8 » —0.2 » +0.6 » + 44 »
1955 + 0.6 » +1.6 » +1.6 » +3.7 » + 7.5 »
1956 + 0.8 » +2.8 » +1.0 » +0.8 » + 54 »
1957 + 1.7 » —0.2 » +2.7 » +2.7 » + 69 »
1958 + 39 » +0.5 » +0.3 » +0.5 » + 52 »
1959 + 2.9 » +0.6 » +3.2 » —1.5 » + 52 »
1960 — 0.5 » 0.0 » —1.8 » +04 » — 19 »
1961 + 7.5 » +6.1 » +0.4 » —0.9 » +13.1 »
1962 +13.8 » +3.1 » +5.2 » +2.9 » +25.0 »
1963 + 22 » +1.8 » —2.6 » 0.0 » + 1.4 »
Mean

1950-

1963 +3.5 km? +2.2 km?® +1.7 km? +0.4 km?® +7.8 km?

Figures in brackets are based on the air pressure gradient in the triangle:
Hopen, Bjorneya, Isfjord Radio, and can consequently not be compared
with the other values.

Variations in the calculated and
the observed data on sea ice 1946—1963

The area covered by ice east, south and west of Spitsbergen for each month
from February to September are given values from 43 (extremely large ice-
covered areas) to -3 (extremely small ice-covered areas). The sum of these
numbers for each year gives a measure of the mean ice conditions from February
io September that year (full drawn curve in Fig. 9 a — the broken curve gives the
ice conditions in spring (Febr—May), the dotted curve gives the ice conditions in
summer (June-September) ). The calculated ice thickness and ice drift (the com-
ponent towards south-west) are also given (Fig. 9, b and c).! There is a distinct
correlation between ice thickness and drift of ice on the one hand and actual ice
conditions on the other hand.

The separate curves for spring and summer give additional information on the
relative importance for the ice conditions of the two factors, ice thickness and

1 As the variation in the position of the ice edge is delayed in relation to the drift of ice, this com-
puted drift is given for the period January-August (Spring: January—April, Summer: May-
August).



76

TORBJORN LUNDE

+12

+8

+4

80

70

€0

40

30

20

500

400

=100

Fig.

k3
/ -
I— . ‘D’/z \
Potged \
‘s \
- /P‘/ \\ o P
/ \ [P
V \ \ T—x
\ .
p, \ v 7 o1
J% \ /K /,
,
> \+/ !
~ b4 ® Ice conditions February - September
x——X February -May
L O--=-0 » June-September
- i i 1 1 | 1 1
a7 -48  -49 -50 -51 -52 ~-53
.
.\
/ N / \
L 3
L ]
— .
_ - 40
- - 30
— - 20
— b — 10
-47 -48 -49 -50 -S51 -52 -53 -54 =55 -56 =57 -58 =59 -60 -61 -2 =63
i i | H 1 1 1 b i i 1 ! 1 i 1 1 J o
km
~ . ® Drift of ice January - August —~ 500
K —X " January - April
= 0-----0 » May - August 400
*
B / 300
-——®
/+\
- 7 200
*«—* —X/ \S
. x— o /
L. PN AL -TELEE NN a4 100
Bl g ®
~x s
- c o
L T
I 1 i | 1 1 ? 1 1 i L 1 ) L 1 1 -100
-48  -49 50 51 -52 ~53 -54 -55 -5 -57 -58 -39 =60 -6l 62 -43
9 a. Ice conditions for the years 1946—1963 ( positive numbers mean more ice than normal, negative

numbers mean less ice than normal).
b. Calculated thickness of the winter ice at Hopen for the years 1947-1963.

c. Calculated south-west component of the wind drift of sea ice for the years 1948-1963 (the

wind drift for 1948 and 1949 is not directly comparable with that for the other years).



ICE CONDITIONS AT SVALBARD 1946—1963 77

wind drift of ice, which mainly are due to air temperature and air pressure grad-

ient. There is a good correlation between the ice thickness and the ice conditions

in spring, and when this is not the case (e. g. 1955 and 1956) this is explained by
special values for the drift of ice. The importance of the wind drift of ice is more
marked in summer than in spring.

The difference between maximum and minimum ice-covered areas is much greater
in summer than in spring (Figs.4-7, 9,a). This is occasioned by the bottom
topography and the current in these areas. From Serkapp to Bjerneya and east
thereof the sea is very shallow and the turbulence consequently small (NANSEN
1919, pp. 9, 10, LuNDE 1963, p. 24). In these areas the combined effect of freezing
and the preponderance of north-easterly winds during the winter will usually be
sufficient to bring the ice edge to the normal position for the winter and spring
months (Figs. 1-4).

South and west of Bjorneya the waters are much deeper, and the importance of
turbulence and warm Atlantic current is far more distinct. This is normally enough
to prevent the progress of ice in these areas. When the ice occasionally moves some
tens of kilometers south and west of Bjerngya, the oceanographic factors mentioned
will normally destroy these ice masses fairly soon (the most severe ice conditions
known were in 1881 when the ice edge was observed at 71° 30° N 9° E as late as
17th of May (PETTERSEN 1881)).

In cold summers with frequent and strong north-easterly winds the melting is
not sufficient to remove the ice from the shallow bank areas north-east of Bjorn-
oya. However, when the ice is melted in these regions, the decay of ice goes faster
in the deeper part of Barentshavet north-east of Hopen, and the waters may be
ice-free far north of Kvitoya (the best ice conditions known were in 1960 when
the ice edge was observed at 82° 20’ N 16° E in the end of July).!

The variations in ice conditions are of a cyclic nature and are of three or four
years duration. (Fig. 9, a).2 The same periods are found in the curve showing ice
thickness (Fig. 9, b), and some traces of them are even found in the curve for
the drift of ice (Fig. 9, ¢). The 18-year period studied here, is, however, too short
to decide whether this periodicity is merely accidental or not.?

There are, however, other authors who have found similar periodical variations.
J. CHAVENNE found corresponding periodicity in ice conditions and air tempera-
ture (CHAVENNE 1875). F. KissLER found a mean period in ice conditions of 4.7
years for Barentshavet from 1898 to 1931 and periods of 4.4, 4.6 and 4.5 years for
other parts of the Arctic (KissLEr 1934). For the Northern Sea Route A. BURKE
makes use of a three year cycle in ice conditions (in addition to a period of 60
years) for giving ice prognoses (Nazarov 1938).

1 The main factors determining the melting of sea ice are thought to be solar radiation and turbulent
heat transfer from the atmosphere. In marginal zones of the ice-covered areas (like Svalbard)
conduction of heat from the sea is also of great importance. However, it is at present not possible
to evaluate the melting of sea ice, nor the relative importance of the above mentioned agents.

2 There are some indications of a longer cycle also, but as to the length of this, however, no estimate
based on the few years studied here is possible. ,

3 If this periodicity continues, we will get far better ice conditions east, south and west of Svalbard
in 1964 than in the three preceding years.
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The causes for this periodicity in ice conditions are difficult to find. Oceano-
graphic factors may be of great importance. N. S. URALOV’s curves for current
speed on the Thompson Threshold and water temperatures on the Kola Meridian
show similar variations (URaLOV 1959). The causes for these variations as well as
the variations in air temperature described above has, however, not yet been
explained.

I. V. Maksimov (1958) describes “the polar tide” in air pressure whose cycle
is 14 months. The amplitude of this tide varies with latitude, and has its maximum
(some 1 mb, as a mean) at 70° N. According to MaKsIMOV it will cause great
climatic fluctuations: “The magnitudes of the seasonal fluctuations of atmos-
pheric pressure, of air temperature and of precipitation, as well as the magnitudes
of the seasonal fluctuations in the speed of heat transfer by the major oceanic
currents and the magnitudes of seasonal fluctuations of ice accumulation in the
arctic seas are all subject to these irregular seven-yearly pulsations. Here, therefore,
the polar tide phenomenon appears as the principal governing agent in the long-
term variability of all the seasonal phenomena not only in the atmosphere but also
in the seas of the high latitudes” (p. 119). This climatic period is, however, 7
years, and can therefore hardly explain the above-stated ca. 4-year periodic
variations in ice conditions. If this had been the case, it would also have explained
that a large ice-covered area in European/Asiatic Arctic seems to be contempor-
aneous with a small ice-covered area in Canadian Arctic, and vice versa.

The ice conditions in 1963

Expected ice condition. The winter 1962/63 was the coldest one since the meteoro-
logical measurements started at Hopen in 1946 (‘Table 1). After this it was expected
that the ice conditions in the spring of 1963 would be worse than in any other
year since 1946. This was made even more probable by the large ice masses that
were found on the south and west coast of Vestspitsbergen in the late summer
and autumn 1962 (LuNDE 1963 p. 33).

The wind drift of ice in December 1962 and January and February 1963 was
fairly fast to the south-west (Table 2). This too would cause much ice south and
west of Spitsbergen during the first months of the year. From March on, however,
the mean wind drift of ice was very slow and only small amounts of ice were
transported from the north-east (Table 3).! A fairly rapid improvement of ice con-
ditions could thus be expected as soon as the melting of ice started in May—June.

Actual ice conditions for 1963 are in exact accordance with those described
above (Fig. 10):

1. During the winter and spring there was more ice south and west of Spits-
bergen than in any other year since 1946.

2. From May the ice conditions improved very fast and during June the drift ice
disappeared almost completely from the west coast (some remnants in Is-
fjorden and Hornsund were seen as late as mid July).

1 The transport of ice by current is not taken into account.
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Fig. 10. The mean monthly position of the ice edge for 1963. Scale: 1:12,5 - 10° at 78° N.




80 TORBJORN LUNDE

3. From July the ice conditions improved much on the south and east coast too,
and were near the normal in September (at the end of the melting season).
On the north coast too the ice conditions improved fast during the summer
and were even better than normal in September.

As an example of the fast melting of ice east of Spitsbergen it can be mentioned
that from the 3rd June to the 2nd July, when the transport of ice was negligible
(Table 3), the mean ice concentration in an area of 38000 km? between Hopen
and the ice edge had decreased from 58 9%, to 31 9%,. The corresponding figures
for an area of 58000 km? north-east of Hopen were 79 %, and 68 %,. The decrease
in ice volume, however, is unknown as the decrease in ice thickness was not
measured.
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On the geology of
the upper Grusdievbreen area, Olav V Land,
Vestspitsbergen

BY
AupuN HJELLE

Abstract

Stratigraphical and structural observations from the upper Grusdievbreen area, Central Vest-
spitsbergen, are presented, together with a map. The rocks concerned belong to the lower Middle
Hecla Hoek Formation; and the stratigraphy is compared with that in central Ny Friesland,
further north.

Introduction

General geology. During Norsk Polarinstitutt’s regional geological work in
Olav V Land and Ny Friesland in the summer of 1963, some time was also spent
studying the stratigraphy and structure of a small area near the geological base
camp at Blinuten. Except for minor intrusions, the rocks concerned are all of
sedimentary origin, the prevailing types being quartzites, sandstones, somewhat
sandy greywackes, and limestones. The beds are in general dipping 50-70° ! to-
wards ENE, with the younger beds to the east. According to WiLsoN (1958) this
sequence belongs mainly to the lower Middle Hecla Hoek (Precambrian) forma-
tion underlying the Enpiggen beds of upper Middle Hecla Hoek age in the
eastern Japetusryggen.

Stratigraphy

The oldest beds occur in SW Blanuten and the youngest in easternmost
Japetusryggen. The sections were taped and total stratigraphic thickness ob-
tained was 1620 m. Fig. 2 shows the mainlithological units in the different localities,
and also the suggested local correlations. In the eastern part of Rheanuten, the
beds are inverted and repeated, and the figure shows only those in the SW. A
more detailed description of the beds is given in the table 1 below, and inter-
pretations of the data is shown in Fig. 3.

1 Centesimal degrees are used in N.P.’s geological work.
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Fig. 1. Key maps, showing the location of the upper Grusdievbreen area.

Structural features

Fig. 4 shows the displacements of the beds exposed in SW Rheanuten. The
fault is accompanied by folding, which, however, has affected only the grey-
wackes. The trace of the fault is apparent to a limited extent in the area under
consideration, but similar structures can be seen further SE in outcrops 2.5 km
SSE of easternmost Japetusryggen and at Stonga, SE of Japetusryggen.

The reason for the pronounced asymmetrical maximum in the joint diagram
in Fig. 5 A, is uncertain, the strike of the joints coincides, however, fairly well
with the strike of the supposed faults between W and E Japetusryggen and along
Grusdievbreen (Fig. 3). These faults correspond probably to the regional fault
system with main strike WNW or ENE described from Ny Friesland (HARLAND
1959), but faults and fissures with WNW strike and steep dip to SSW may also
have developed by upward pressure during intrusion of the nearby large body
of younger “Chydenius-granite” (2.5 km NE of Japetusryggen).

In the quartzites and quartzitic sandstones, ripple marks are common. The
orientation of a number of them has been measured, and, assuming a gently
plunging regional fold axis, converted to their suggested prefolding orientation
by tilting the bedding planes to a horizontal position on a stereographic net. The
results are shown in Fig. 5 B and suggest that the main direction of current flow
viz. approximately normal to the most pronounced ripple mark orientation, has
been from WNW to ENE, which direction is approximately perpendicular to the
Ny Friesland geosyncline. The other maximum which is thus parallel to the
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LOCAL CORRELATION TABLE

= = 400 m

Quartzite and
sandstone L300
Graywacke alternating -200
with quartzite®

~100
Graywacke with a
few quartzite bands

Mainly limestone and
calcareous sandstone

Covered by snow

TIIL1
N
Blanuten

-

W.Japetusryggen

Rheanuten

E.Japetusryggen

Fig. 2. Local correlation table concerning the different localities in the upper Grusdievbreen area.

The numbers correspond to those in the geological map. Fig. 3.



Stratigraphic observations, upper Grusdievbreen area

The numbers to the right correspond to those in Fig. 3

BLANUTEN

PASSHETTA

RHEANUTEN

W JAPETUSRYGGEN

E JAPETUSRYGGEN

40 m Greywacke with bands of shale and
quartzite.

66 m Greywacke alternating with quartzite.
5 m light quartzite begins 46 m above base.

42 m Greywacke and shale with minor quartzite
bands.

62 m Greywacke alternating with quartzite.
4.8 m pure light quartzite begins 42 m
above base.

24 m Quartzite alternating with greywacke and
siliceous shale.

24 m Quartzites of mixed colour. The upper
4.5 m is a pure white quartzite.

59 m Greywacke and shale with minor quartzite
bands.

63 m Greywacke alternating with quartzite.
Light quartzite bands 6.7 and 3.7 m begin
4.5 and 42 m above base.

26 m Greywacke alternating with quartzite and
calcareous beds.

48 m Quartzite with greywacke and subordinate
shale bands.

8 m Greywacke.

20 m Quartzite of mixed colour.

16 m Greywacke with quartzite bands. Near the
top also sandy limestone bands.

136 m Quartzitic sandstone, light reddish.
14 m Quartzite, pure white.
59 m Quartzite, mainly pure, light grey.
26 m Quartzite, grey-green, partly impure.

91 m Quartzite, grey, and quartzitic sandstones
mainly light reddish.

160 m Quartzite, mainly grey, impure towards
top.
29 m Quartzite. The upper 16 m is pure white.
20 m Obscured by snow.
49 m Quartzite, grey, partly calcareous.

19 m Limestone and calcareous sandstone.

22 m Quartzite, partly impure. Some siliceous
shale in upper part.

52 m Limestone, calcareous sandstone and a few
thin quartzite bands.

30 m Obscured by snow.

27 m Limestone, mainly dark, with white calcite
veining and bands of calcareous sandstone.

10 m Limestone, calcareous sandstone and
quartzite.

8
73 m Quartzite with bands of greywacke and
sandy limestone.
5 m Greywacke.
9 m Quartzite mainly light grey.
25 m Greywacke with quartzite bands.
7.5 m Quartzite, light pure.
160 m Greywacke of dark colour. 7
82 m Quartzite, mainly light grey, pure, with | 145 m Quartzite, grey and light reddish.
dark quartzite and shale bands near Greywacke bands 2.5 and 13 m begin 6
the top. 61 and 80 m above base.
103 m Greywacke, with some quartzite bands 130 m Greywacke with a few quartzite bands. 5
towards the top.
90 m Obscured by snow. —
317 m Quartzite, pure, mainly light reddish. 37 m Quartzite, light grey.
37 m Obscured by snow.
230 m Quartzite, mainly light reddish. 4
60 m Obscured by snow.
105 m Greywacke, partly migmatized, alternating 45 m Quartzite with greywacke bands.
with quartzite, mainly dark grey. 65 m Greywacke with subordinate quartzite
28 m Obscured by snow. bands. 3
36 m Quartzite, dark grey, alternating with 65 m Greywacke alternating with quartzite.
partly migmatized greywacke. On the top 4.5 m light quartzite.
65 m Quartzite, greywith dark migmatitic bands. 11 m Quartzite, light, pure. 2
1
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) I Quartzite and sandstone (2,4,6)
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Fig. 3. Geological map, upper Grusdievbreen area. Contours compiled from Norwegian vertical air
photographs 1961. The altitudes in E Japetusryggen and Passhetta from Norsk Polarinstitutt’s
surveying 1963.

direction of flow may be related to shoreline trends or to secondary streams normal
to the main sedimentation direction.

At Blanuten and Passhetta the siliceous beds seem to be less quartzitic than
farther north, and sandstones occur. These quartzitic sandstones are of light red
and reddish brown colour with some darker material in the form of three-
dimensional structures (Fig. 6 B, p. 88). The dark material consists mainly of iron-
oxides and the structures are often concordant with small joints and cracks
(Fig. 6 A). A possible explanation is that iron-rich solutions penetrated into the
rock by adsorption and were precipitated according to the conditions in the
settled sandstone. The iron content of the solution could be primary or the solu-
tion could have been enrichened in iron during penetration.

Hydrothermal mineralization and a small number of dykes both probably
connected with the granite intrusion mentioned can be seen, especially in Japetus-
ryggen and Rheanuten. The mineralization occurs as thin pathing aggregates of
muscovite on joint surfaces, the three dykes observed range in composition from
biotite amphibolite (E Japetusryggen) to biotite-diorite (W Japetusryggen). Those
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NNW

Fig. 4.!Faulting and folding exposed in S Rh ten. The bers correspond to those in the geological
map. Fig. 3. Drawn from photograph taken from the summit of Bldnuten.

N

Fig. 5. A: Yoint diagram, 78 observations. Contours 2.5, 5, 7.5 and 10 %. Equal area projection,
lower hemisphere.
B: Suggested prefolding directions of crestal elongation of ripple marks. 14 observations.
Arrow shows direction of flow of current as indicated by cross-bedding.

in W Japetusryggen are transitional through migmatitic types into the surrounding
rocks.

Regional correlations

As mentioned WILSON suggested that the eastern part of Japetusryggen belongs
to the Enpiggen beds of the upper Middle Hecla Hoek. Our investigations farther
west show that no calcareous beds of any importance appear before reaching
western Rheanuten and southwestern Blidnuten, and the beds in those latter
localities are therefore considered to equal the upper part of the Cavendishryggen
Limestones in the Middle Veteranen series described from central Ny Friesland.
The extensive beds (380 m) essentially of pure light quartzite exposed in the
western and eastern Japetusryggen might then correspond to the Lower Glasgow-
breen quartzite. These and other suggested correlations are shown in Fig. 7 (p. 88).
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Fig. 6. Structures in quartzitic sandstone, Bldnuten.

REGIONAL CORRELATION TABLE

Upper Grusdievbreen Central Ny Friesland
—(Faksevagen and Glasgowbreen)
Wilson 1958

B Enpiggen beds Ca 450m

Ca160m Upper Glasgowbreen Graywacke » 140m

6 » 145m Upper Glasgowbreen Quartzite » 150m

5 n 125m Lower Glasgowbreen Graywacke » 150m

4 » 380m Lower Glasgowbreen Quartzite » 360m

3 » 170m iUpper Cavendishryggen Quartzite » 150m

2 . 240m Lower and Middle Cavendishryggen Quartzite » 170m

1 y 150m Cavendishryggen Limestones » 250m
PSP = e =

Fig. 7. Regional stratigraphical correlations.
The numbers to the left correspond to those in the geological map. Fig. 3.
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Abstract

The author has investigated the marginal zone of Werenskioldbreen. The characteristic features
of all the forms met in the zone are described, and special attention has been devoted to the ice-
moraine ridges and the eskers.

Situation of the glacier

Werenskioldbreen is situated in the southern part of Wedel Jarlsberg ILand.
Its position is defined by the geographic coordinates: 77° 05’ N lat., 15° 20" W
long. It is a valley glacier of Alpine type (1) with well developed firn field and
tongue. This glacier moves in an equatorial direction from east to west. The
glacier tongue is surrounded by the following mountain massifs: from the south
by the Angellfjellet (591 m a.s.l.) and Eimfjellet (641m a.s. l.), from the north
by Erikfjellet (547 m a.s. l.) and Wernerknatten (634 m a.s.1.). At present the
length of the glacier is, at the most 7.5 km, it reaches up to 3 km in width at the
glacier front and up to 2 km in its middle part (Fig. 1).

In 1957 to 1960 research work on Werenskioldbreen was carried out by a
glaciological group with prof. A. KosiBa as leader. Parts of the results of this
research were published in 1958 and 1959 (19, 20). The glacier front lies at present
at 30 m a.s.l. A photogrammetric survey made on Werenskioldbreen by
C. Lipert (21) disclosed the recession of this glacier. From 1936 to 1959 the
1 Polska Akademia Nauk. Instytut Geografii. Torun, ul. Fredry 8. Polen.

6b



90 JAN SZUPRYCZYNSKI

—_— N\ ———

Notringhamy $e

6 [E37

750 000m

3
o.oo:-‘ 11{ Lf,;?(,:‘x o
)b x
I ootk M

x

X XXX XX X
X% X X XK
ORI —

12 XX XX KX
2

Fig. 1. Relief map of marginal zone of Werenskioldbreen.
1. area of frontal, lateral and middle ice-moraine; 2. ridges ablation and ground moraine; 3. outwash
plains; 4. eskers; 5. pseudomorainic forms; 6. edges of marine terraces; 7. marine terraces; 8. terrace
monadnocks; 9. mountain massifs; 10. lakes and rivers.

glacier front retreated 850 m eastwards. Thus the recession has been very rapid,
amounting to some 40 m annually (19). According to KosiBa’s (20) estimate, the
thickness of the glacier in its frontal section was reduced some 75 m during the
recession, equalling close to 2 m annually.

Ice-moraine ridges and hillocks

On the basis of a detailed topographical map of Werenskioldbreen and its fore-
field I undertook in 1960 the geomorphological survey of the marginal zone.
In the marginal zone of Werenskioldbreen two zones could be distinguished:

1. the zone of ice-moraine ridges
2. the zone of the ablation moraine and marginal outwashes.
In the forefield of the ridges there extends the surface of an extramarginal
outwash.
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Ice-moraine ridges surround the glacier in a compact group. The exterior base
of these ridges lies at a distance of 1200-1500 m from the edge of the glatier.
From this edge the complex of the ice-moraine ridges is at present separated by
the area occupied by an ablation moraine. The ridge complex extends, from south
to north, over a stretch of some 3 km. The maximum width of the belt of these
ice-moraine ridges is 650 m. Their relative heights, as regards the extramarginal
outwash spread over the forefield, are from 25 m in the southern to 68 m in the
northern part. The Culm part of the ridges is in the northern part of the complex,
and reaches 98.6m a.s.l. The southern part of the complex of ice-moraine
ridges is lower than the northern part. While in the southern part the highest
culminations are 56.5 m, 64.5 m, 67.6 m, and 61.0m a.s. 1., they are in the
northern part: 80.8 m, 86.8 m, 76.5 m, 81.7 m, and 98.6 m a. s. l. In a transverse
section across the ridge complex an asymmetry in the development of its slopes
is distinctly visible. The distal scarps are steep along nearly their total length,
whereas the proximal slopes are gentle. The inclination of the distal scarps always
exceeds 30° and their maximum slant is as much as 52°. On the other hand, the
inclination of the proximal slopes is usually 8° to 24°.

The surface of the ridge complex is mostly built of fine material with diameters
of less than 0.1 m (Fig. 3). In certain parts of the ridges, however, coarser material
up to 1.0 m diameter may be observed. Large blocks occur but very rarely. The
largest block, of almost 3.0 m, was found on the northern ridge scarps of Kvisla
river. The rock material of the ice-moraine ridges is derived from the mountain

Fig. 2. Complex of ice-moraine ridges of Werenskioldbreen on background of the Fens Erikfjellet
(576 m a. s. L) and Tonefjellet (933 m a. s. l.) mountain massifs. July 1960.
Photo: J. SZUPRYCZYNSKI.
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Fig. 3. Morainic material of surface ice-moraine ridges of Wercnshioldbreen. Fuly 1960.
' Photo: J. SzuPRYCZRNSKL.

massifs surrounding the glacier. These massifs are built of Precambrian rocks of
the Hecla-Hoek formation (2). Among the material found in the ice-moraine
ridges quartzites and amphibolites were identified in the southern part, and
conglomerates, quartzites, shales, limestones and dolomites in the northern part.
All larger blocks lying on top of the ridges are angular. The material of the
moraines rests on relic ice. In 1958 a 150 m long stretch of relic ice was found
uncovered on the surface of the distal scarps (20). In this section the entire scarp
was devoid of a moraine cover from an altitude of 8 m a. s. L. to almost the summit
of the ridge. The highest culminations, especially those of the southern part, are
developed in the shape of acute pyramids. The pyramid form is due to the relic
ice in its core. On sharp peaks the cover of moraine material shows a thickness of
barely some centimeters. The author also established the occurrence of relic ice
at many points of the proximal ridge slopes. The moraine material covering the
relic ice varies in thickness, from several centimeters to a score of meters. In the
entire ridge complex there is a lack of larger exposures; even so, on the basis of
various fragments of exposures I ascertained the moraine cover to be of boulder-
clay character.

The relief of the complex of ice-moraine ridges is fairly variegated. On the
crest of the complex numerous hillocks and elevations appear separated by
corresponding depressions. Within this ridge complex the differences in height
attain 30 m. Here two courses of ridges and hillocks may distinctly be observed;
in the depressions separating the elevated structures numerous pools occur.
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The ridge area is devoid of a vegetation cover; plants occur in sporadic clusters.
In some parts the ice-moraine ridges suffer marked alterations, while in other
parts no changes of relief were observed. This difference in the degree of modern
re-sculpturing of the ridges was already pointed out by KosiBa (20). The altera-
tions of the relief are greatest in the middle part of the complex of ice-moraine
ridges. The relic ice, uncovered on the distal scarps, undergoes intensive ablation.
Melting ice is the cause of solifluxion of the moraine material over the entire
width of the scarp. Visible on the distal scarp of the ridge complex is a large
system of scars of landslides and of large solifluxion lobes. In the large lobe forms,
of 3-8 m length, a sorting of the material may distinctly be seen; the coarser materi-
al forms a fringe for the finer material, which — in the shape of muck - fills the
inner part of the lobe. Alongside of the fresh forms of solifluxion lobes and slide
scars old forms are also observed. A particularly vivid landscape appears on the
scarps of the distal ridges. On July 16, 1960, I watched on these scarps a large
slide moving over a width of some 50 m. Due to this slide a pseudomorainic ridge
of 0.5-1.0 m height was formed at the base of the scarp. These kind of pseudo-
morainic ridges occur quite frequently on Spitsbergen. Of periglacial forms relic
forms of pavement belts and debris circles occur within the ridge area (8). On
larger rock blocks it is easy seen the effect of mechanical weathering. Debris
pebbles often surround larger blocks (17), and next to blocks resting on inclined
surfaces rubble tails up to 1.5 m length are often seen.

Similarly as on Gésbreen (24) the ice-moraine ridges of Werenskioldbreen
developed in front of a vanishing glacier, as shown by the fact that relic ice forms
the base of the ridge complex. According to Kosisa (19), the ice-moraine ridges
of Werenskioldbreen indicate the range of this glacier in the 1915-1920 period.
This age estimate of the ice-moraine complex is based on the comparison of
photogrammetric pictures taken by the 1918 Norwegian Expedition with the later
development of the glacier, and on glaciological arguments based on glaciological
research carried out in 1957-1959 (20). KosiBa (20) considers it possible that,
in the Holocene, Werenskioldbreen reached further, extending even beyond the
present-day range of the ridges. The front of the glacier debouched into the sea.
Similar conditions may have prevailed here as with Gasbreen; even so, no
conclusive morphological evidence is on hand confirming this assumption.

Lateral moraines

At the sides of the glacier the ice-moraine ridges discussed pass directly into
the ice-moraine ridges of lateral moraines. On the southern glacier edge the latter
ridges are weakly developed, whereas at the northern edge they accompany the
glacier tongue along its entire length. This assymmetrical development of the
lateral moraines has been brought about mainly by the structure of the rocks
surrounding the glacier and by differences in the exposition of the rock walls to
the sun. As a rule, the southern mountain slopes are shaded, whereas during the
noon hours the rock slopes north of the glacier are subject to intense insolation.
Consequently, mechanical weathering is advanced on the northern scarps more
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than on the southern slopes, and it is this process that is decisive for both the
size and the length of the lateral moraines. The southern flank of the lateral ice-
moraine ridges accompanies the scarps of the Angellfjellet massif for a distance
of about 1 km. In its northern part this is a distinct ridge of about 450 m width
and with a relative height of up to 50 m. Upwards along the glacier this ridge
narrows and finally passes into a cover lying on the mountain slope (Figs. 1 and 6).
The crest of the lateral ice-moraine ridge is mostly narrow; often it does not
exceed half a meter’s width. Usually the inclination of the distal and proximal
scarps exceeds 30°. On the surface of this ridge fine material dominates, alongside
of which blocks up to 3.0 m diameter occur (quartzites, amphibolites). These
blocks are angular, deposited chaotically. Most probable they are derived from
fairly recent rock falls. The interior of the ridge is filled by relic ice. The thick-
ness of the moraine cover does not exceed 3.0 m; it is particularly thin on the
slopes of the proximal ridges. In July 1960 the proximal slope was entirely devoid
of a cover of moraine material on a length of some 150 m. The inclination of the
ice scarp reaches here 42°. The proximal slopes of the ridge are undergoing
marked alterations, as indicated by numerous landslides observed on their sur-
faces. Frequently such slides occur suddenly. I watched a large landslide of 20 m
diameter developing within a score of seconds. At the face of the scar left by this
slide, large solifluxion lobes developed.

At the northern end of the glacier the lateral moraine extends over a length of
more than 3 km. It starts at approximately 350 m a. s. l. next to the scarps of
the Wernerknatten massif. Generally this moraine shows the shape of a ridge, but
locally it forms merely a cover on the mountain scarp. In the upper section of the
glacier the height of the lateral moraine reaches up to 5.0 m, with a width up to
10 m at the base and 1.0 m at the crest. The maximum scarp inclination is 30°.
In the lower glacier section the lateral moraine ridge widens to 300 m at its base
and tecomes a typical ice-moraine ridge. Sometimes the crest of the ridge attains
a width up to 80 m, but, on the whole, the ridge shows a rugged relief and the
width of the crest is no more than 3.0 m. The relative height of the lateral
moraine ridge gradually increases from 5.0 m to some 50 m at its lower end
(an ice-moraine ridge).

On the surface of the upper part of the ridge the material building the lateral
moraine are shales (2). In the lower part usually finer material dominates, among
which now and then an accumulation of larger rocks are found. Among these
blocks dolomites, quartzites and conglomerates were identified. The largest block
specimens attain diameters of 3.0 m (for instance, at the altitude of 100m a. s. 1.).
The moraine material rests on relic ice. The thickness of the moraine cover varies
from several centimeters to several meters.

The terminal section of the lateral ice-moraine ridge presents a remarkably
vivid landscape. The proximal slopes show numerous lancdslides and solifluxion
lobes. Some parts of the ridge are absolutely inaccessible due to morainic muck
flowing down from the slope surface. Generally speaking, the proximal slope is
gentle, with an inclination of 10° to 20°, whereas the distal scarps are, as a rule
steeply inclined, with 38° maximum. I failed to notice solifluxion features on the
distal scarps.
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Medial moraines

Medial moraines are of varied origin. Most frequently they are formed by the
junction of lateral moraines when two glaciers join (7). Medial moraines also
stretch away from nunataks projecting from the firn field or from part of the
glacier proper. At the contact with the terminal moraine the cover of the moraine
material is relatively thin, of the order of some centimeters to some meters. The
relief of the medial moraine ridge depends mainly on the relic ice which is deposited
under the thin moraine cover. Characteristic is the sorting of the material forming
the medial moraine; this sorting is connected with the glacier’s movement. The
ice contained in the medial moraine is an integral part of the glacier.

Along the morphological axis of the medial moraine, a narrow crest ridge
extends of 0.30 to 1.50 m width. Its height varies from 0.10 to 0.50 m, with slope
inclinations of 26° to 42°. All along this crest ridge practically all boulders are
arranged with the long axis parallel with the morphological axis. This arrange-
ment confirms the results of investigations made by G. LuNbpqQuisT (22), who
ascertained that any material deposited on a moving body is oriented in a particular
pattern, 1. e., that the long axis of all blocks and boulders coincide with the direc-
tion of movement. It also should be emphasized that all rock blocks, even those
up to 1.5 m diameter, lying in the track of the medial crest ridge, have the same
position as the smaller boulders, and their long axis are parallel with the glacier’s
flow.

Zone of ablation moraine and of marginal outwashes

Between the area occupied by the terminal moraine and the edge of the glacier
a distinctly noticeable depression appears with a level or slightly undulating
surface. On the basis of the present detailed survey of this, the author distinguished
here areas containing an ablation moraine and marginal outwashes (Fig. 1).

The ablation moraine zone extends in front of the southern edge of the glacier,
between the lateral ice-moraine ridges and the medial moraine. This area was
produced by rapid surface deglaciation. The moraine material lying on the ice
sank downwards, forming the cover of an ablation moraine. This manner of
producing an ablation moraine has been determined for the first time in 1947 by
R. F. FLINT (10). The structure of this type of ablation moraine is undirected.
In this type of ablation moraine the material is deposited on top of the ground
moraine, or directly on bedrock. In the area south of the terminal moraine, the
ablation moraine cover reaches a thickness of 3 m. From under this cover rocks
of the substratum frequently protude, mostly shales cutting out vertically. The
rock substratum lies at two levels, at 20-25m a. s. l. and 40-42m a. s. l. respect-
ively. These rocks represent exhumed surfaces of 20 and 40 meter terraces into
which the glacier encroached during its transgression. A detailed distribution of
the exposures of the terraces appearing from under the ablation moraine is given
in the map of the marginal zone of Werenskioldbreen.

The author thoroughly studied the cross-sections of the moraine material de-
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posited on the rock substratum. In a normal tillite profile of glacier areas two
horizons should show (18): at the bottom there should be a clayey material, often
of gneissic texture corresponding to the ground moraine, while at the top should
appear uncompacted material of the ablation moraine. In all the sections the
author examined here (400-200 m from the glacier edge) was nowhere determined
a bipartition of the tillite. Everywhere chaotically deposited material was mostly
encountered. On this basis the author is of the opinion that nowhere in front of
the glacier, at least nowhere within a zone of 400 m to 200 m from its edge, a ground
moraine has been laid down. The material of the ablation moraine has been
deposited directly on top of the rock substratum.

Directly adjoining the glacier edge an ablation moraine is being formed at
present, however, it originates in a manner different from the ablation moraine
described above. From the glacier snout a surface moraine descends, strongly
watersoaked which directly in front of the glacier produces a zone of morainic
muck. This morainic muck coalesces at the glacier edge, or it is displaced further
into the forefield of the glacier. In an ablation moraine of this type, fine material
dominates, but frequently larger boulders are found sliding down the glacier
snout and afterwards submerged in the morainic muck. The author has inves-
tigated sections of an ablation moraine of this type, lying at a distance of some 80m
from the glacier edge, where the material had hardened completely. The section
examined of an ablation moraine of this type shows a bipartition. Larger rock
blocks lie at the bottom, directly on the substratum; at the top the material is of
finer grain — a typical boulder clay. The sections examined were of small size, of
0.20 to 0.80 m thickness. The coarser material at the bottom is angular, proving
that it is derived from a surface moraine. Towards the end of this research, in
September, the author had intended to undertake detailed measurements of the
position of boulders in a moraine of this type; unfortunately, atmospheric condi-
tions prevented the completing the observations initiated.

It was M. KLimaszewsk! (18) who, for the first time in the Spitsbergen area,
identified an ablations moraine of this type in the forefield of Comfortlessbreen,
Elisebreen and Vestgétabreen. The present author is of the opinion that zones of
a freshly emerged ground moraine and a zone of a muck moraine lying in front
of Gronfjordbreane and described by K. Gripp (12) also represent the type of
ablation moraine discussed above. The gradual formation of an ablation moraine
flowing down from a glacier surface has been investigated very thoroughly by
W. H. Warbp (27) at the edge of the Barnes glacier on Baffin Land.

In the southern part of the zone containing the ablation moraine, between the
glacier edge and the shore of a small marginal lake, another moraine appears
showing a structure again differing from the two types discussed previously. On a
slightly slanting plane (up to a gradient of 6 9,) small ridges occur, parallel to each
other and perpendicular to the glacier edge. They are built of heterogeneous
moraine material; between these ridges small furrows are distinctly visible. The
width of each small ridge at the base reaches 1.0-1.5 m, with 3.0 m as maximum.
The width of the furrows is up to 1.0 m, their height does not exceed 0.3 m. The
material occurring on the surface of these small ridges, along their crest lines, is

7
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Fig. 5. Marginal eutwash in front of Werenskioldbreen. August 1960.
Photo: J. SZUPRYCZYNSKI.

distinctly sorted. Larger and smaller boulders, lying in the crest lines of the
ridges, are arranged parallel with the morphological axis of the form and are
distinctly rounded. This type of moraine has been identified by V. ScHyTT (23)
in the forefield of the Isfjells glacier in the Kebne-Kaise mountain massif of North
Sweden. Cross-sections made in 1949 and 1952 across the interior of the snout
of the Isfjells glacier revealed that the small ridges extending at the glacier edge
are continued as ridges underneath the glacier. This therefore is a “fluted moraine”
of particular structure (23), produced by the flow of moraine material underneath
the glacier.

Connected with the marginal pools is the formation of outwash cones. The
meltwater streams penetrate the lake Gullsjgen and form a clearly visible out-
wash cone on the northern shore of this lake (Fig. 7). The dimensions of this cone
are: in the N-S axis some 350 m, from E to W some 300 m. This outwash cone is
built of gravel, with a 5 cm fraction dominating. At the bottom of this outwash
banks of coarse gravel up to 15 cm diameter also occur. The superposition of
several successive outwash cones can easily be observed. In the western part of
the outwash lobe there extends an abandoned old channel of an outwash stream;
along this channel it proved an easy matter to study the structure and the thickness
of the outwash cone. In the northern part its maximum thickness reaches 4.5 m.
In the bottom strata of the outwash numerous large boulders occur; this is due
to the destruction of a ground or ablation moraine. The inclination of the strata
in the outwash cone is up to 16°; these strata are spread out fan-wise in a southern
direction. The structure of the bottom strata reveals that during a certain period
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this outwash was built up by streams flooding from the east, probably directly
from the glacier edge. The dip of the bottom strata is 4°~14° southwards.

A distinct cone of a marginal outwash was also discovered in front of the glacier
edge, on the southern slopes of the medial moraine. As to its grading, the material
of the marginal outwash is differentiated. In the northern part coarser material
predominates, distinctly stratified showing diameters of 0.05 to 0.1 m. On the
other hand, the modern cone is built of fine-grained material. On the small is-
lands protruding above the water level of the marginal lake besetting the out-
wash, an extremely fine silty and clayey material, was found.

In front of the northern glacier edge a large lobe of marginal outwash extends,
of some 550 m width and a maximum length of 1000 m. On the whole this out-
wash is built of gravel. The surface of this outwash is much diversified; it contains
numerous terrace-levels that proved difficult to correlate. In its western part this
outwash is pitted by many depressions — part of them old stream channels. Other
depressions, oval-shaped, were probably produced by melting blocks of relic ice.
However, the author was unable to study the structure of the outwash found here.

The marginal outwash adjoining the northern glacier edge is dissected by melt-
water streams issuing from the front of the glacier. All these streams join Kvisla
river, which escapes from the marginal zone through a gap between the slopes of
the ice-moraine ridges and the slope of the Jens Erikfjellet massif.

Eskers

In the marginal zone of Werenskioldbreen there exist four esker forms. The
distribution of these forms is shown in the map of the marginal zone of Weren-
skioldbreen (Fig. 1). One of these eskers is situated at the base of the slopes of
the distal ice-moraine ridges, the remaining eskers extend at the glacier edge.

Of particular interest, in view of its situation, is the esker found next to the
slopes of the ice-moraine ridges. This esker is relatively small: its total length is
128 m, its maximum relative height 4.4 m. In this esker three successive sections
may be observed, slightly differentiated by the course of their morphological axes
and by their exterior shapes. The morphometric data for the three sections are
as follows:

Ist section: length — 34 m

trend of morphological axis of form — N 310°

height of form measured in the south — 3.40 m,

height of form measured in the north — up to 2.0 m

width at base — up to 10.0 m

width of crest— » » 0.5 »

inclination of slopes: southern slope — 38°
northern » — up to 30°

2nd section: length — 60 m
trend of morphological axis of form — N 318°
height of form measured in the south — from 440 m (E) to 2.0 m (W)
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height of form measured in the north — up to 0.5 m
width at base — up to 10.0 m
width of crest — » » 2.0 »
inclination of slopes: southern slope — up to 38°,
in the north — up to 38°
3rd section: length — 34 m
trend of morphological axis of form — N 325°
height of form from 1.0 m (E) to 0.5 m (W), at end of eskers — 0.3 m
width at base — up to 5.0 m
width of crest — » » 1.5 »
inclination of slopes: southern slope - 16° to 30°,
northern slope — 16° to 32°

This esker is developed in the shape of a ridge (Fig. 8). Its surface gradually
subsides westwards. From the north the esker is in contact with the slopes of the
ice-moraine ridges; from the south it borders on the outwash. The esker consists
of stratified fluvioglacial deposits of arenaceous silts, sands and gravels. At the
base of the esker the dip of the strata is from 6° to 16° westwards, the strike of
the bedding varies between N 10° and N 55°. Thus the structural axis is at right
angles or slightly oblique to the morphological axis of this form. The deposits
occurring at the top of the esker are slightly disturbed, as indicated by the wide
angles of their dip. The top strata of the esker subside northwards and it seems
certain that they do not represent the original pattern of deposition. The northern
slope of the eastern section of the esker shows a cover of boulder clay, with large
boulders up to 0.3 m diameter. In this eastern part the author failed to excavate
the esker to its base. Already at 1 m depth below the surface of the esker perma-
frost has been found. On and off, the surface of the esker is covered by vegetation.
This vegetation cover presents a sharp contrast with the perfectly bare slopes of
the complex of ice-moraine ridges.

Both its geological features and its interior structure indicate that this esker has
been formed supraglacially, 1. e. in an open ice crevasse (7). The esker contains
fluvioglacial material, distinctly sorted, from the bottom of the form up to its top.
Structural measurements prove the water flow in the crevasse to have been linear,
from SE to NW.

I believe that the esker was produced at the same time as the ice-moraine
ridges, i. e. in the period from 1915 to 1920 (19, 20). It also seems probable that,
in the case of Werenskioldbreen, similar conditions existed as during deglaciation
of Gésbreen (24, 25). If we assume this theory to be correct, the ice-moraine
ridges of Werenskioldbreen do not represent the maximum range of the glacier
attained during the Holocene, and its real range is marked by the crevasse forms.
Additional esker and kame forms may have existed in the glacier’s forefield, but
they were presumably destroyed by outwash streams and by the abrasive action
of the sea. And the only form preserved was probably this esker situated directly
at the ridge slopes, although even this form may have been considerably longer;
the northwestern section of the esker was probably destroyed by waves during
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Fig. 6. Esker at southern margin of ice-moraine ridges of Werenskioldbreen.
In background Nottingbukta. July 1960. Photo: J. SZUPRYCZYNSKI.

storms. In stormy weather the sea waves reached the slopes of the ridges as shown
by driftwood deposited in close proximity to the ridge slopes (at the distance of
some 50 m north of the esker). Nor does KosiBa (20) dispute a probable wider
range of Werenskioldbreen during the Holocene. The highest esker form within
the marginal zone of Werenskioldbreen has been found at the glacier edge. This
esker lies south of elevation 46.0 m a.s.l. (Fig. 1). The length of this esker,
determined on July 20, 1960, by means of a geodetic tape along its morphological
axis, was exactly 125 m, whereas on September 1st this length was only 107 m.
In the map of the marginal zone the length determined in 1958 has been shown.
The author will come back to the problem of changes in the length of this esker
after first discussing its morphometric characteristics.
These morphometric data are as follows:

length — 125 m, 107 m

trend of morphological axis of form — clearly visible at successive

sections showing (starting from the east): N 285°, N 270°, N 240°,

N 295°

height of form — 1.6 m to 8.4 m (at 37.2m a.s. 1)

width at base — 1.3 m to 25.0 m

width of crest - 0.1 m to 2.2 m

inclination of slopes — everywhere exceeding 30°.

The entire form consists of four sections separated by depressions in the crest
line. The crest line is undulating; in its longitudinal profile numerous depressions
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occur. The highest part of the esker appears in the middle of its length. Generally
speaking the esker shows rugged features; upon a considerable length the crest
width does not exceed 0.5 m (Fig. 9). Only the eastern part of the esker has a
perfectly flat crest. In the top of this form a stratified fluvioglacial material is
clearly visible. This material rests on ice representing here the base of the form.
The thickness of the fluvioglacial material is from 0.60 to 4.20 m. In it, silts,
sands and gravel occur. On the whole, finer material predominates as indicated

in Table 1.

Table 1
Fraction Weight in grams Per cent
More than 10 mm 17.200 4.2
10 -5 » 19.700 5.0
5 -2 » 36.600 9.2
2 -1 » 70.000 17.5
1 - 0.5 » 77.700 19.4
0.5 - 0.2 » 100.600 25.1
0.2 - 01 » 57.100 14.3
0.1 - 0.06 » 10.600 2.7
less tha 0.06 » 10.500 2.6
Total: 400.000 100.0

The fluvioglacial material is angular, the grains show no rounding whatsoever,
thus indicating an extremely short transport. In the western part a much coarser
material occurs than in the eastern part. In its major part the esker rests on the
glacier; only its extreme western part is laid down beyond the glacier. This esker
lies on ice, the slopes of which are undercut by meltwater and, therefore, are
subject to fairly intensive ablation. Melting ice caused considerable disturbances
in the original accumulation as shown, i. a. by the change in the dip of the strata.
In those parts of the esker where its crest subsides, the direction is eastwards —
contrary to the course of this form. The relief of the form reveals it to have
originated englacially, in a tunnel within the glacier. The interior of the form
clearly shows the stratification of the material, whereas the surface is covered by
a thin sheet of an ablation moraine. The structure of the bedding indicates a linear
westward water flow in the tunnel. The dip of this bedding varies between 4°
and 22°.

This esker originated in an englacial tunnel and emerged gradually from the
glacier with the gradual progress of ablation at the snout of the glacier. The ice
which at present lies at the bottom of the form was once the floor of the ice tunnel,
and this ice is protected by its fluvioglacial cover against melting. After the ice
has melted the entire form is bound to collapse and to be flushed away by melt-
water during further periods of glacier recessions. With each year this esker is
undergoing marked alterations. During the seasons of my research work in 1960,
meltwater destroyed within 40 days a section 18 m long of the eastern part of this



RELIEF OF THE MARGINAL ZONE OF WERENSKIOLDBREEN 103

Fig. 7. Esker on surface of Werenskioldbreen. July 1960.
Photo: J. SZUPRYCZYNSKI.

esker. The dimensions of this part of the esker were relatively small: up to 1.60 m
height and 2.80 m width at base. Only 50 9%, of the height of the esker consisted of
fluvioglacial material deposited on the ice.

North of elevation 46.0 two eskers exist. The larger esker shows the following
morphometric data:

length along morphological axis — 213 m

morphological axis of form: it changes from N 225° to N 340°
height —up to 1.8 m

width at base — 3.0 to 7.5 m

width of crest — 0.4 to 4.0 m

inclination of slopes — 30° to 34°; at points of undercutting
by meltwater — up to 60°

This esker lies at the tunnel mouth of an englacial stream. The eastern side of
this form is markedly destroyed by meltwater streams issuing from the glacier.
During several days of powerful ablation a 7.0 section of this esker was carried
away in its eastern part. Meltwater disrupted it for a length of 3.5 m and flushed
away all fresh material from this part of the esker. The esker surface is inclined
4° to 6° westwards. From bottom to top, clearly visible, is the stratification of the
fluvioglacial material, consisting of silts, sand and gravels. It is possible here to
trace the continuity of the strata over the entire length of the esker.

The material found in this esker shows no rounding, proof of its short distance
of transport. Structural measurements carried out in the interior of the form in-
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dicate a linear westward flow of the water, concordant with the trend of the morpho-
logical axis of the form. The dip angles of the strata are from 8° to 12°. This esker
developed supraglacially at the glacier snout in a very shallow crevasse and was
deposited directly on the substratum. This is but a small form, still it shows
well-defined morphological features and a clearly visible structure. Unless melt-
water destroys it, this esker is likely to survive for a long period of time.

South of the form discussed is situated a short esker ridge of 46 m length. This
is a form bent sickle-wise. The eastern part, 21 m long, shows a morphological
axis with a trend of approximately N 260°. The remaining part of 25 m length
has a N 310° trend of its morphological axis. The height of this form is from 1.2
to 1.4 m. Its base width is 4.4 m, while the width of its crest is up to 2.0 m. The
crest is flat over the entire length of the esker and shows a 5° westward slant. The
structure of this esker is identical with its neighbour. The slopes inclined up to
30°, are in many places undercut by meltwater running off the glacier. The origin
of this esker must have been the same as that of the form described above.

J. K. CHARLESWORTH (7) states that very rarely esker forms are discovered in
polar regions. In Spitsbergen their occurrence has been determined in few locali-
ties only. E. J. GARwooD and J. W. GREGORY (11) mention in their paper the
occurrence of gravel ridges in northern Spitsbergen. These, however, some
authors believe to be of erosive origin, presumably sculptured in a gravel patch
(an outwash ?). In 1938 M. KrimaszEwsKI (18) discovered in the region between
Kongsfjorden and Eidembukta, in the north-western part of Spitsbergen, two
short esker forms of subaquatic origin. One of them, an esker ridge lying at the
edge of Comfortlessbreen, was built up of sand and silt and reached a height of
3.0 m; its angles of slope inclination was approximately 35°. The other esker,
situated at the edge of Aavatsmarkbreen, was built up of fine gravel, and was
only 1.5 m high. KLiMAsZEWSKI does not give any details as to the forms of these
eskers nor of their interior structure. As far as their heights are concerned, these
forms resemble the eskers occurring in the marginal zone of Werenskioldbreen.
A. KORNERUP (7) saw in 1879 in Western Greenland a ridge running parallel with
a glacier, built of sand gravel of 6.0 m height and some 80 m length. On the
eastern shores of Greenland M. VaHL (7) observed a similar ridge of a relative
height of 5.0 m and a length up to 30 km. It seems probable that in both instances
these were esker forms.

In Iceland, north of Vatnajokull glacier, P. WoLDSTEDT (28) discovered esker
forms in 1937. The area in which eskers occur, in the forefield of Vatnajokull
glacier, north of its section called Bruarjokull, is, in E. M. ToDTMANN’s opinion
(26), the most extensive among modern glaciated areas. Such a large accumulation
of eskers as occur in Iceland cannot be found anywhere else in the polar regions.
Here esker ridges reach up to 1.5 km in length (26) and 5.0 m in height (26).
The esker forms occurring north of the Bruarjokull glacier were the object of
research carried out by G. HoppE (14), who ascertained them to be of subglacial
origin.

In Alaska eskers were discovered in the forefield of the Vakuta and the Wood-
worth glaciers. Excellent pictures of an esker occurring in the forefield of the
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Woodworth glacier, taken by B. WASHBURN, are shown in a handbook published
by R. F. FLINT (10). The formation of esker forms has also been observed in the
forefield of the Malaspina glacier (7). The above literature review indicates that,
in polar regions, eskers reach very moderate dimensions compared with the eskers
found in areas of Pleistocene glaciation in Europe and North America.

Extramarginal outwashes

In the forefield of the terminal moraine there is spread out the cone of an
extramarginal outwash (Fig. 1). The dimensions of this cone are, in its W-E
axis, 3.5 m and some 3.0 km in its N-S axis. The surface of this outwash cone
slants at a small angle westwards. The outwash surface is dissected by numerous
channels carrying meltwater streams. This outwash is built up of fluvioglacial
material, i. e. sands and gravels. At consolidated parts of its surface clusters of
rock plants grow. The outwash is separated from the open sea by a storm ridge
up to 2.0 m high. Inside this storm ridge numerous pools are situated, receiving
the flow of various smaller outwash creeks. The largest creeks dissect the storm
ridge and issue directly into the sea.

The interior structure of this outwash is fairly complicated. The entire out-
wash cone is built of a number of smaller cones superimposed on each other.
The dip of the outwash strata is from 6° to 18° westwards within the section ex-
tending from S 220° to N 330°. In the proximal part of the outwash erosion may
be observed, caused by larger streams such as Kvisla river. The channel of this
river is incised into the outwash to a depth of 3.0 m, while the depth of the water
is no more than 1.2 m. On the other hand, accumulation of the outwash cone
takes place mainly in its distal part and, partly also, along banks of the creeks.
The contact between the outwash and the open sea is extremely variable. During
storms, waves penetrate deeply into the shore and destroy the extreme distal parts
of the outwash, while during calm weather the outwash cone is supplemented on
the seaward side.

Monadnocks of marine terraces — here the 8-meter terrace — jut out above the
surface of the outwash. The relative height of these terrace monadnocks with
regard to the outwash surface does not exceed 3 m. The top of the monadnocks
is covered by a dense vegetation. This is in strong contrast to the outwash sur-
faces showing a sparse vegetation.

A small cone of an extramarginal outwash is situated south of the complex of
ice-moraine ridges. Its dimensions are 500 X 600 m (in a NS direction). In its
proximal part, this cone is built of coarse material while the distal side contains
fine material. This outwash has been built by the stream issuing from Gullsjoen,
situated in front of the glacier edge, and by its tributaries entering from
Bratteggdalen.
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Abstract

The Foraminifera have been examined in 45 dried bottom samples collected from nine areas in
the southern part of Vestspitsbergen. 39 of the samples were taken from shallow waters near glacier
termini, while 6 samples were taken near the beach. Altogether 59 benthonic and one planktonic
species were found. The quantitative distribution of the species for each of the investigated areas is
given. Three main types of faunas have been recognized.

Introduction

The faunas in the waters surrounding the Spitsbergen archipelago have been
studied by several workers over the last century. The only comprehensive fora-
miniferal work, however, is the paper by Goks from 1894, for which he studied
bottom samples from the waters surrounding Vestspitsbergen and from some of
the fjords. FEYLING-HANSSEN (1964) has given a brief account of the Foraminifera
in a few samples from Isfjorden and Van Keulenfjorden in Vestspitsbergen.

The material studied for the present investigation are bottom samples collected
from the waters of Hornsund, Storfjorden, and Van Keulenfjorden. The samples
were taken from 45 stations at depths between zero and 51 metres. Most of the
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stations are located in the proximity of the calving termini of glaciers. The collec-
tions were made during the summers of 1962 and 1963, on the expeditions organi-
zed by Norsk Polarinstitutt.

Methods

The collection of bottom samples was not included in the programme of the
expeditions, therefore a simplified field technique was employed.

The bottom sampler is shown in Fig. 1. By the sampling it was pulled along the
bottom, usually for 4 to 7 metres, and then weighed. A rowboat was used during
the sampling, and the depths were obtained by means of a measuring line. One
sample was taken at each station.

Since the sampler has no cover, the sediment in the upper part of the container
may be more or less affected by turbulence while it is weighed. This may have
some effect on the composition of the fauna contained in the sediment. There-
fore, the upper 2 or 3 cm of the content of the sampler was always discarded.
As soon as possible after the collecting, the samples were dried and subsequently
preserved in plastic bags.

In the laboratory, the samples were freed of fine sediments by washing through
two successive sieves with mesh diameter of 1,0 mm and 0,10 mm respectively.
The residues were dried before examination. The Foraminifera in the sandy
samples were concentrated by means of carbon tetrachloride (CCl,).

The investigated areas and their faunas

The postition of the areas from which the samples have been taken are shown
in Fig. 2; the individual stations are indicated in Fig. 3.
The distribution of the Foraminifera species in terms of percentages of the

A 12cm

10cm

Fig. 1. The bottom sampler: A — median section (parts of lead dotted); B — diagrammatic sketch of
sampler in operation.
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Fig. 2. Southern part of Vestspitsbergen. The sampling stations are located
within the dotted areas A to D (c¢f. Fig. 3).

total population at the individual stations is given in Table 1. In this table 32
species are listed individually in the order of decreasing abundance, while the
remaining 28 species which occur only at scattered stations at very low percent-
ages are united under “rare species”. Particulars concerning the latter species and
their occurrence are given on pp. 115-125. An account of the investigated areas
with a brief description of their faunas is given in the following.

HORNSUND (Fig. 3 A)
Stations 1-4: Gdshamna

Depths 4-15 m; distances offshore 0,1-0,7 km.

Meltwater from a glacier terminus 2 km south of the beach runs into the bay
where the stations are located. During the sampling seaweeds were also brought
up from the bottom.

The dominant species is Elphidium clavatum. The following species occur with
fairly high frequencies: Buccella frigida, Cibicides lobatulus, Elphidium bartletti,
Elphidium frigidum, Elphidium ovbiculare, Elphidium subarcticum, Elphidium sp.
Three species show increasing frequencies with increasing depth; Astrononion
gallowayi, Cassidulina crassa, Nonion labradoricum.
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Stations 5, 6: Adriabukta

Depths 11 and 37 m; distances offshore 0,2 and 0,3 km.

In addition to the Foraminifera the samples contained a rich mollusk fauna.
A bottom vegetation of seaweeds was observed.

The foraminiferal faunas at the two stations consist of 39 and 42 species
respectively. Most of the species occur with a few specimens, however. Frequent
species at both stations are: Cassidulina crassa, Cibicides lobatulus, Elphidium
clavatum. The following species are frequent at the shallower station but rare at
the deeper one: Elphidium bartletti, Elphidium orbiculare, Elphidium sp. The
following species are frequent at the deeper station and rare at the shallower:
Astrononion gallowayi, Nonion labradoricum, Spiroplectammina biformis.

Stations 7-13: Treskelbukta

Depths 10-50 m; distances from the calving terminus of Storbreen and Horn-
breen 3-6 km. Some of the samples contained Portlandia arctica and other small
taxodont pelecypods.

The number of species observed in the samples varied from 6 to 13. The fauna
is dominated by Astrononion gallowayi, Cibicides lobatulus, and Elphidium clavatum.
Species which are frequent at some of the stations but rare or absent at others,
are as follows: Cassidulina crassa, Lagena gracillima, Nonion labradoricum,
Psammosphaera fusca, Triloculina oblonga.

STORFJORDEN, SOUTHERN AREA (Fig. 3 B)
Station 14: E of Staupbreen

Depth 6 m; distance from the terminal cliff of the glacier about 10 m.

The fauna consists of 11 species. Of the total population Cibicides lobatulus
constitutes 70 per cent, Elphidium orbiculare 12 per cent, and Elphidium clavatum
6 per cent.

Stations 15-21: Hambergbukta

Depths 1,5-51 m; distances from the calving terminus 0,1-2,8 km.

The terminal cliff of the glacier now lies about 2 km behind the position in-
dicated on the official map from 1936. Some of the samples contained Portlandia
arctica.

The number of species at the stations varied from 4 to 10. The dominant species
is Cibicides lobatulus occurring at frequencies between 30 to 72 per cent. Astro-
nonion gallowayi, Cassidulina crassa, Elphidium clavatum, and Elphidium sp. are
common at most, and absent at a few of the stations.

Fig. 3. Detail maps showing the position of the sampling stations: A — Hornsund; B — Storfjorden,
southern area; C — Storfjorden, northern area; D — Van Keulenfjorden.
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STORFJORDEN, NORTHERN AREA (Fig. 3 C)

Stations 22-24: E of Skimebreen

Depths 4-10 m; distances from the glacier terminus 0,1-1,5 km. West of the
stations the terminal cliff of the glacier lies on the land, in some places only a few
meters from the shore. South of the stations it extends out into the fjord.

Two of the samples contained 3 and 4 species respectively. The dominant
species is Elphidium sp. The third sample which was taken nearest to the glacier
contained no Foraminifera.

Stations 25-29: E of Jemelianovbreen

Depths 14-44 m; distances from the calving terminus 0,5-4 km.

The number of species varies from 3 to 7, except at the station nearest the glacier
where it is 14. The fauna is dominated by Cassidulina crassa, Elphidium orbiculare,
and Elphidium sp. The following species occur with high frequencies at some of
the stations: Elphidium clavatum, Elphidium subarcticum.

VAN KEULENFJORDEN (Fig. 3 D)

Stations 30-42

Depths 0-5 m; distances from the calving terminus of Nathorstbreen 6-9 km.

The number of species varied from 2 to 8 at the stations. The fauna is dominated
by Elphidium clavatum occurring with frequencies of 43 to 94 per cent. Less fre-
quent but still common is Elphidium sp. At most of the stations Lagena gracillima
occurs with a few specimens. Occasional specimens of other species were observed
at a few stations.

Stations 43-45
Depths 13-30 m; distances from the calving terminus of Nathorstbreen 0,6-3km.
150 g of bottom material examined from each of the three stations contained
altogether two specimens each of Elphidium clavatum and Cassidulina crassa,
further one specimen each of Nonion labradoricum and Elphidium subarcticum.

The species and their distribution

The following account includes 59 benthonic and one planktonic species
observed in the material. Families and genera are arranged according to
PoxkorNY (1958), while the species are arranged alphabetically.

Fam. Saccaminidae

Psammosphaera bowmanni HERON-ALLEN and EARLAND
PL 1, figs. 1, 2
Psammosphaera bowmanni HERON-ALLEN and EARLAND ; HOGLUND, 1947, p. 49, pl. 4, figs. 1-8.
Length 0,40-0,50 mm, breadth 0,25-0,28 mm.
Occurs with 15 per cent at station 22 and 1 per cent at stations 2 and 42.
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Psammosphaera fusca SCHULZE
Psammosphaera fusca ScHULZE; HOGLUND, 1947, p. 46, pl. 4, figs. 9-14.
Diameter 0,30-0,70 mm.
Occurs in Gashamna and Adriabukta usually with 1 per cent or less. In Treskel-
bukta it occurs at 3 stations with frequencies up to 38 per cent.

Tholosina sp.
Pl 1, figs. 3, 4

Description. Test circular in outline as seen from above, hemispherical as seen
from the side, attached to a small rock fragment; base conforming to the surface
to which it is attached; chamber single undivided; wall finely arenaceous, surface
smooth; aperture consisting of a few simple pores near the base; colour greyish-
white to reddish-brown.

Diameter 0,15-0,25 mm, height 0,10-0,20 mm.

Occurs in Gashamna and Adriabukta with usually 1 per cent, but one single
station had 14 per cent.

Proteonina fusiformis WILLIAMSON
Pl 1, figs. 5, 6
Proteonina fusiformis WiLLIaAMSON; HOGLUND, 1947, p. 52, pl. 4, fig. 21; text figs. 20, 21.
Length 0,25-0,50 mm, greatest breadth 0,20-0,26 mm.
Occurs with frequencies about 1 per cent in Géshamna and Adriabukta,

Armorella sphaerica HERON-ALLEN and EARLAND
Pl 1, fig. 7
Armorella sphaerica HERON-ALLEN and EarLaND; HOGLUND, 1947, p. 55, pl. 5, figs. 1-9.
Greatest diameter 1,0 mm excluding the tubes.
One specimen was found at station 4.

Fam. Rhizamminidae

Hippocrepinella hirudinea HERON-ALLEN and EARLAND
Pl 1, fig. 8
Hippocrepinella hirudinea HERON-ALLEN and EARLAND ; HOGLUND, 1947,
p. 43, pl. 1, figs. 8-10; text figs. 18, 19.

Length up to 0,70 mm, breadth 0,20 mm.
Frequencies about 1 per cent at the stations 4 and 6.

Fam. Reophacidae

Reophax arctica BranY
Reophax arctica BRapY; LoeBLICH and TappaN, 1953, p. 21, pl. 1, figs. 19, 20.

Length 0,25-0,65 mm, greatest breadth 0,10-0,20 mm.
Frequencies less than 1 per cent in Gashamna and Adriabukta. Occurs in
Storfjorden at the stations 22 and 29 with 9 and 2 per cent respectively.
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Fam. Ammodiscidae

Ammodiscus gullmarensis HOGLUND
Pl 1, fig. 9
Ammodiscus planus HoGLUND, 1947, p. 123, pl. 8, figs. 2, 3, 8; pl. 28, figs. 17, 18;

text figs. 85-89, 105, 106, 109.
Ammodiscus gullmarensis HOGLUND, 1948, p. 46.

Diameter 0,15-0,30 mm.
A few specimens were found at station 5.

Fam. Lituolidae

Alveolophragmium crassimargo (NORMAN)
Alveolophragmium crassimargo (NORMAN) ; FEYLING-HANSSEN, 1964, p. 228, pl. 2, figs. 5-8.
Greatest diameter 0,63 mm, thickness 0,35 mm.
One specimen was found at station 5.

Recurvoides turbinatus (BRADY)
Recurvoides turbinatus (BRapY); LoEBLICH and TappaN, 1953, p. 27, pl. 2, fig. 11.
Diameter 0,20-0,40 mm.
Frequencies about 1 per cent at the stations 4, 5 and 11.

Ammotium cassis (PARKER)
Pl 1, fig. 10
Ammotium cassis (PARKER); LoEBLICH and TapPaN, 1953, p. 33, pl. 2, figs. 12-18.
Length 0,40-1,80 mm, greatest breadth 0,20-1,10 mm.
Occurs at two stations both in Gdshamna and Adriabukta with 2 per cent or less.

Fam. Textulariidae

Textularia torquata F. PARKER
PL 1, figs. 11, 12
Textularia torquata F. PARKER; LoEeBLICH and TappaN, 1953, p. 35, pl. 2, figs. 12-21.
Length of the figured specimens: 0,21 and 0,25 mm, breadth 0,13 and 0,14 mm.
Occurs with frequencies about 1 per cent at the stations 5 and 21.

Spiroplectammina biformis (PARKER and JONES)
Pl 1, figs. 13, 14
Spiroplectammina biformis (PARKER and JoNEs); HOGLUND, 1947, p. 163,
pl. 12, fig. 1; text figs. 140, 141.

Length 0,15-0,65 mm, breadth of biserial portion 0,11-0,19 mm, breadth of
coil 0,04-0,15 mm.

Occurs at 3 stations in Gidshamna and 2 stations in Adriabukta, with a maximum
frequency 3 and 10 per cent respectively. Both in Treskelbukta and E of Jemelianov-
breen occurs at two stations; frequencies up to 5 and 24 per cent respectively.
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Of about 80 per cent of the specimens, the sides of the biserial portion are
approximately parallel and the planispiral portion is comparatively large (Pl. 1,
figs. 13 and 14). About 10 per cent have a biserial portion tapering towards the
spiral portion which is comparatively small. Between these two forms it seems
to occur transitional specimens, and they are therefore included here in one
specimen.

Fam. Trochamminidae

Trochammina rotaliformis WRIGHT
Pl 1, fig. 16 a, b
Trochammina rotaliformis WricHT; CUSHMAN, 1948, p. 42, pl. 4, fig. 16.
Greatest diameter of figured specimen 0,56 mm, height of spire 0,28 mm.
One specimen was found at station 28.

Fam. Verneuilinidae

Eggerella advena (CUSHMAN)
Pl 1, fig. 15

Eggerella advena (CusuMAN); CusHMAN, 1948, p. 32, pl. 3, fig. 12.
— LoeBLIcH and TappaN, 1953, p. 36, pl. 3, figs. 8-10.

Length 0,35-0,60 mm, greatest breadth 0,17-0,20 mm.
Occurs with 2 per cent or less in Gashamna and Adriabukta. The observed
specimens fit very well the description and figures given by LoeBLICH and T appaN

(L. c.).

Fam. Nubeculariidae

Cyclogyra foliacea (PHILIPPI)
Pl 1, fig. 17
Cyclogyra foliacea (PHILIPPI); FEYLING-HANSSEN, 1964, p. 245, pl. 4, fig. 8.
Greatest diameter up to 1,35 mm, thickness 0,20 mm.
A few specimens were found at one station both in G&shamna and Adriabukta.

Cyclogyra involvens (REUSS)
Pl 1, fig. 18
Cyclogyra involvens (REUss); FEYLING-HANSSEN, 1964, p. 246, pl. 4, fig. 9.
Greatest 0,20-1,95 mm, thickness 0,06-0,60 mm.
A few specimens were found at two stations in Gdshamna and at one in Adria-
bukta.
Gordiospira arctica CUSHMAN
Pl 1, fig. 19
Gordiospira arctica CusHMAN; LoeBLICH and TappanN, 1953, p. 49, pl. 7, figs. 1-3.
Greatest diameter 0,23-0,90 mm, greatest thickness 0,13-0,42 mm.
Occurs in Géshamna and Adriabukta. Maximum frequency 4 per cent.
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Fam. Miliolidae

Quinqueloculina agglutinata CUSHMAN
Pl. 1, fig. 21
Quinqueloculina agglutinata CusumaN ; CusuMaN 1948, p. 33, pl. 3, fig. 13.
Length 0,72-0,85 mm, breadth 0,47-0,55 mm.
A few specimens occur at two stations in Adriabukta and at one station in
Géshamna.
Quinqueloculina arctica CUSHMAN
Pl. 1, fig. 20
Quinqueloculina arctica CusumMaN ; LoeBLICH and Tappran, 1953, p. 40, pl. 5, figs. 11, 12.
Length 0,55-0,85 mm, breadth 0,40-0,57 mm.

A few specimens were found at the stations in Adriabukta.

Quinqueloculina seminulum (LINNE)
Quinqueloculina seminulum (LINNE); CusumaN, 1929, Bull. 104, pt. 6, p. 24, pl. 2, figs. 1, 2.
Length up to 2,20 mm, breadth up to 1,30 mm.
Occurs at three stations in Gashamna and at one in Adriabukta. Frequencies
2 per cent or less.

Quinqueloculina stalkeri LOEBLICH and T'AppPAN
PL 1, fig. 22
Quinqueloculina stalkeri LoEBLICH and TapPPaN, 1953, p. 40, pl. 5, figs. 5-9.
Length 0,22-0,52 mm, breadth 0,14-0,30 mm.
Occurs in Gishamna and Adriabukta. Frequencies 2 per cent or less.

Pateoris hauerinoides (RHUMBLER)
Pl 1, fig. 25
Pateoris hauerinoides (RHUMBLER); LOEBLICH and TAPPAN, 1953, p. 42, pl. 6,
figs. 8-12; text figs. 1 a, b on p. 44.
Greatest diameter 0,23-0,60 mm.
Frequencies up to 2 per cent in Gashamna and less than 1 per cent in Adria-
bukta.
Triloculina oblonga (MONTAGU)
Pl 1, fig. 23
Triloculina oblonga (MoNTAGU); FEYLING-HANSSEN, 1964, p. 257, pl. 6, figs. 9, 10.
Length 0,37-0,70 mm, breadth 0,18-0,33 mm.
Occurs at one station both in Gashamna and Adriabukta; frequencies 1 to 2
per cent. In Treskelbukta observed at 4 stations; maximum frequency 20 per cent.

Pyrgo williamsoni (SILVESTRI)
Pl 1, fig. 24
Pyrgo williamsoni (S1LVESTRI); LoEBLICH and TaApPPAN, 1953, p. 48, pl. 6, figs. 1-4.
Length of figured specimen 0,48 mm, breadth 0,35 mm, thickness 0,30 mm.
A few specimens were found at station 4.
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Fam. Nodosariidae

Dentalina forbisherensis LoEBLICH and TappaN
Pl 1, fig. 26
Dentalina forbisherensis LoEBLICH and TappPaN, 1953, p. 55, pl. 10, figs. 1-9.
Length of figured specimen 1,18 mm, breadth 0,25 mm.
Two specimens were found at station 6.

Dentalina ittai LoEBLICH and TappaN
Pl 1, fig. 27
Dentalina ittai LoeBLICH and TaPpaN, 1953, p. 56, pl. 10, figs. 10-12.
Length of figured specimen 0,73 mm, greatest breadth 0,17 mm.
Occurs at the stations 28 and 29; frequencies about 1 per cent.

Lagena apiopleura LoEBLICH and TAPPAN
Pl 1, fig. 29
Lagena apiopleura LLoeBLICH and Tappan, 1953, p. 59, pl. 10, figs. 14, 15.
Length about 0,38 mm, breadth about 0,25 mm.
A few specimens were found at the stations 2, 4, 6, and 16.

Lagena gracillima SEGUENzA
Pl 1, fig. 28
Lagena gracillima SEGUENzA; LoeBLICH and TappaN, 1953, p. 60, pl. 11, figs. 1-4.
Length 0,50-0,81 mm, breadth 0,12-0,18 mm.
Common in Treskelbukta and Van Keulenfjorden with maximum frequencies
20 and 50 per cent respectively. In Adriabukta and E. of Jemelianovbreen only
a few specimens were found.

Lagena laevis (MONTAGU)
Lagena laevis (MoONTAGU); LoEBLICH and TarpaN, 1953, p. 61, pl. 11, figs. 5-8.
Length 0,5 mm, breadth 0,2 mm.
One specimen found at station 6.

Fam. Buliminidae

Globobulimina auriculata arctica HOGLUND
Globobulimina auriculata arctica HOGLUND ; FEYLING-HANSSEN, 1964, p. 305, pl. 14, fig. 6.
Length 1,0 mm, thickness 0,65 mm.
One specimen was found at station 6.

Virgulina schreibersiana CZjZEK
Pl 1, fig. 30

Virgulina schreibersiana Czjzek ; Cusuman, 1937, p. 13, pl. 2, figs. 11-20 (with extensive synonymy).
— FevLiNnG-HANSsSEN, 1964, p. 309, pl. 14, figs. 19-21.
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Length 0,27-0,50 mm, breadth 0,10-0,17 mm.
Occurs at two stations in Adriabukta and one in Gashamna with frequencies
2 per cent or less.

Oolina caudigera (WIESNER)
Oolina caudigera (W1ESNER); LoEBLICH and TaPpPaAN, 1953, p. 67, pl. 13, figs. 1-3.
Length about 0,25 mm, breadth about 0,17 mm.
A few specimens were found at the stations 2 and 6.

Oolina lineata (WILLIAMSON)
Pl 1, fig. 31
Oolina lineata (W1LL1aMSON); LoEBLICH and TapPPaN, 1953, p. 70, pl. 13, figs. 11-13.
Length of figured specimen 0,28 mm, breadth 0,24 mm.
A few specimens were found at station 6.

Oolina melo D’ORBIGNY
Oolina melo D’ORBIGNY; LoEBLICH and TApPPaN, 1953, p. 71, pl. 12, figs. 8-15.

Length 0,25-0,38 mm, breadth 0,22-0,28 mm.
Occurs at two stations in Adriabukta and at one station in Gdshamna, Treskel-
bukta and Hambergbukta. Frequencies about 1 per cent.

Oolina squamosa (MONTAGU)
Oolina squamosa (MoNTAGU); LoEBLICH and TappaN, 1953, p. 73, pl. 13, figs. 9, 10.
Length 0,28 mm, breadth 0,22 mm.
One specimen was found at station 6. It corresponds well to the description
and figures given by LoEBLICH and Tappan (1. c.).

Fissurina cucurbitasema LoEBLICH and TAPPAN
PL 1, fig. 32
Fissurina cucurbitasema 1LoEBLICH and TappaN, 1953, p. 76, pl. 14, figs. 10, 11.
Length of figured specimen 0,24 mm, breadth 0,15 mm.

A few specimens were found at station 6.

Fissurina mar ginata (MONTAGU)
Pl 1, fig. 33

Fissurina marginata (MoNTAGU); LoEBLICH and TappaN, 1953, p. 77, pl. 14, figs. 6-9.

Length 0,19-0,33 mm, breadth 0,16-0,30 mm.
Occurs at the stations 5, 6, 16, and 17. Frequencies about 1 per cent.

Angulogerina fluens TopD
PL 2, figs. 2, 3
Angulogerina fluens Topp, in CusHMAN and Tobbp, 1947, p. 67, pl. 16, figs. 6, 7.
Length 0,25-0,50 mm, greatest breadth 0,17-0,24 mm.
Occurs at a few occasional stations. Frequencies 0,2 to 3 per cent, but one
single station had 8 per cent.
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Bolivina pseudopunctata HOGLUND
Pl 2, fig. 1
Bolivina pseudopunctata HoGLUND, 1947, p. 273, pl. 24, fig. 5; pl. 32, figs. 23, 24;
text figs. 280, 281, 287.

Length 0,30-0,48 mm, breadth 0,12-0,27 mm, thickness about 0,09 mm.
A few specimens were found at the stations 5 and 6.

Fam. Cassidulinidae

Cassidulina crassa D’ ORBIGNY

Cassidulina crassa D’ORBIGNY ; NoRVANG, 1958, p. 36, pl. 8, figs. 20-22;
pl. 9, figs. 24, 25.

Greatest diameter 0,18-0,37 mm, thickness 0,13-0,18 mm.

Common in Hornsund and Storfjorden with maximum frequency 19 and 25
per cent respectively. In Van Keulenfjorden it occurs only at 6 stations, with
frequencies 1 to 50 per cent.

Islandiella norcrossi (CUSHMAN)
Pl 2, fig. 4a,b
Islandiella norcrossi (CusHMAN); NoRrvang, 1958, p. 32, pl. 7, figs. 8-13; pl. 8, fig. 14.
Greatest diameter 0,25-0,53 mm, thickness 0,14-0,25 mm.
Occurs regulary in Hornsund, usually with 1 to 2 per cent. Very rare in Van
Keulenfjorden and E. of Staupbreen.

Islandiella teretis (TAPPAN)
Pl 2, fig. 5
Islandiella teretis (TaPPaN); FEyLING-HANssEN, 1964, p. 326, pl. 16, fig. 17.
Greatest diameter up to 0,74 mm, thickness up to 0,33 mm.
A few specimens were found at the stations 3 and 6.

Fam. Nonionidae

Nonion labradoricum (DAWSON)
Pl 2, fig. 7
Nonion labradoricum (DawsoN); CusHMAN, 1939, p. 23, pl. 6, figs. 13-16.
Greatest diameter up to 0,75 mm, thickness up to 0,37 mm.
Common in Hornsund; maximum frequency 13 per cent. Present also at 5
stations both in Storfjorden and Van Keulenfjorden; maximum frequency 8 and
33 per cent respectively.

Astrononion gallowayi LOEBLICH and 'T'APPAN
Pl 2, fig. 8
Astrononion gallowayi LoeBLICH and TAPPAN, 1953, p. 90, pl. 17, figs. 4-7.
Greatest diameter 0,23-0,55 mm, thickness 0,10-0,18 mm.
Abundant at most of the stations in Hornsund and Hambergbukta; frequencies
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usually between 10 and 20 per cent. It is very rare elsewhere; a few specimens
were found at two stations E. of Jemelianovbreen and at one station in Van
Keulenfjorden.

Fam. Spirillinidae

Patellina corrugata WILLIAMSON
Pl 2, fig. 6
Patellina corrugata WiLLiamsoN; CusHMAN, 1948, p. 67, pl. 7, fig. 11.
Greatest diameter of figured specimen 0,2 mm.
A few specimens were found at the stations 5 and 6.

Fam. Discorbidae

Buccella frigida (CUSHMAN)
PlL. 2, fig. 10a, b
Buccella frigida (CusHMAN); ANDERSEN, 1952, p. 144, figs. 4-6.
Greatest diameter 0,28-0,58 mm, thickness 0,11-0,25 mm.
Occurs at three stations in Gashamna. Maximum frequency 19 per cent.

Buccella tenerrima (BANDY)
Pl 2, fig. 11a, b
Buccella inusitata ANDERSEN ; LoEBLICH and TappaN, 1953, p. 116, pl. 22, fig. 1.
Greatest diameter 0,22-0,50 mm, thickness 0,14-0,26 mm.
Occurs in Hornsund with frequencies 1 to 7 per cent. In Hambergbukta and
E. of Staupbreen a few specimens were observed.

Epistominella exigua (BRADY)
Pl 2, fig. 9
Pulvinulina exigua Brapy, 1884, p. 696, pl. 103, figs. 13-14.
Greatest diameter 0,17-0,24 mm, thickness 0,08-0,13 mm.
Occurs at one station in Géshamna and two stations in Adriabukta; frequencies
1 per cent or less. In Treskelbukta it occurs at one station with 7 per cent.

Cibicides lobatulus (WALKER and JACOB)
Pl. 2, fig. 12a, b
Cibicides lobatulus (WALKER and JacoB); NyHoLM, 1961, p. 157-196, pl. 1-5, text figs. 1-21.
Greatest diameter 0,24-0,70 mm, thickness 0,11-0,27 mm.
Common in Géshamna and Adriabukta with frequencies up to 7 and 21 per
cent respectively. Abundant in Treskelbukta, E. of Staupbreen, and in Hamberg-
bukta with frequencies up to 70 per cent. Very rare in the other areas.

Trichohyalus pustulata LoeBLICH and TAPPAN
Trichohyalus pustulata LoEBLICH and TappaN, 1953, p. 118, pl. 23, figs. 8-9.
Greatest diameter 0,65 mm, thickness 0,34 mm.
One specimen was found at station 4.
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Fam. Robertinidae
Robertina arctica D’ORBIGNY
Robertina arctica p’ORBIGNY ; CusHMAN, 1948, p. 61, pl. 6. figs. 16-18.

Length 0,35-0,52 mm, breadth 0,21-0,27 mm.

A few specimens were found at station 5.

Fam. Orbulinidae

Globigerina bulloides D’ ORBIGNY
Globigerina bulloides D’ORBIGNY ; BrRADY, 1884, p. 593, pl. 79, figs. 3-7.
Greatest diameter 0,18-0,28 mm.
A few specimens were found at the stations 5, 6, and 29.

Fam. Elphidiidae

Elphidium bartletti CUSHMAN
Pl 2, figs. 13, 14
Elphidium bartletti CusuMaN, 1933, p. 4, pl. 1, fig. 9.
Greatest diameter 0,25-1,20 mm, thickness 0,15-0,51 mm.
Occurs at all of the stations in Gdshamna and Adriabukta; maximum frequency
12 per cent. Rare in Treskelbukta.

Elphidium clavatum CUSHMAN
Pl 2, figs. 21, 22
Elphidium clavatum CusumaN; LogBLICcH and Tappan, 1953, p. 98, pl. 19, figs. 8-10.
Greatest diameter 0,18-0,80 mm, thickness 0,08-0,35 mm.
Widely distributed in most of the areas. It generally constitutes 60 to 80 per
cent of the fauna at the stations in Van Keulenfjorden and 10 to 20 per cent in
Hornsund. In Storfjorden it occurs at 8 stations usually with more than 5 per cent.

Elphidium frigidum CUSHMAN
PL 2, figs. 19, 20
Elphidium frigidum Cusaman, 1933, p. 5, pl. 1, figs. 8.
Greatest diameter 0,30-0,95 mm, thickness 0,11-0,38 mm.
Occurs in Géshamna and Adriabukta with frequencies 4 per cent or less.

Elphidium orbiculare (BRADY)
PlL. 2, fig. 15a, b
Nonion orbiculare (BrRapY); CusHMAN, 1948, p. 53, pl. 6, fig. 3.
Greatest diameter 0,26-0,73 mm, thickness 0,14-0,36 mm.
Common at most of the stations in Hornsund and Storfjorden; maximum
frequencies 9 and 75 per cent respectively.
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Elphidium subarcticum CUSHMAN
Pl 2, fig. 16 a, b
Elphidium subarcticum CusamaNn, 1944, p. 27, pl. 3, figs. 34, 35.
Greatest diameter 0,27-0,66 mm, thickness 0,12-0,28 mm.
Common in Géshamna with maximum frequency 12 per cent, rare in the
other areas.

Elphidium sp.
Pl 2, figs. 17 a, b, 18

Description. Test free, discoidal, planispiral and involute, periphery rounded;
chambers from 7 to 10, usually 9 in the final whorl; sutures slightly depressed,
gently curved, with few, rather indistinct retrale processes; wall calcareous per-
forate;aperture a row of pores at the base of the apertural face of the final chamber,
often covered with granular shellmaterial.

Greatest diameter 0,25-0,73 mm, thickness 0,13-0,30 mm.

Common at most of the stations in the investigated areas; maximum frequencies
12 per cent in Hornsund, 76 per cent in Storfjorden and 47 per cent in Van
Keulenfjorden.

Elphidiella arctica (PARKER and JONES)
Pl 2, fig. 23
Elphidiella arctica (PARKER and JoNEs); CusHMAN, 1939, p. 65, pl. 18, figs. 11-14.
Greatest diameter of figured specimen 1,10 mm, thickness 0,40 mm.
A few specimens were found at the stations 6 and 19.

Conclusions

A single planktonic species was observed in the material, namely Globigerina
bulloides, which occurs very rarely at a few stations. On the basis of the distribu-
tion of the benthonic species it is possible to distinguish three main types of fauna:

Fauna I. In near-shore waters in Gdshamna and Adriabukta.

The numbers of both specimens and species are large in comparison with the
stations located near glacier termini. A depth zonation is indicated in these
waters.

The fauna is dominated by Elphidium clavatum. The following species are
common and constitute an important element of the fauna at most of the stations:

Astrononion gallowayi Elphidium bartletti
Cassidulina crassa Elphidium orbiculare
Cibicides lobatulus Elphidium subarcticum

Elphidium sp.

Fauna II. In waters near glacier termini in Treskelbukta, E. of Staupbreen and
in Hambergbukta.
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The number of specimens in 150 g of dried sediment is usually less than 200
and the number of species generally between 5 and 10. No depth zonation could
be recognized in these waters.

The fauna is dominated by Cibicides lobatulus at most of the stations. The
following species are common:

Astrononion gallowayi
Cassidulina crassa
Elphidium clavatum

Fauna III. In waters near glacier termini in Van Keulenfjorden and E. of
Jemelianovbreen.

The number of specimens in 150 g dried sediment is usually less than 200 and
the number of species generally between 2 and 5. No depth zonation could be
recognized.

The fauna is dominated by Elphidium clavatum and Elphidium sp.
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Explanation to the plates

Some of the photographs have been slightly retouched. The figured specimens are kept in the
collections of the Paleontological Museum of the University in Oslo.

PLATE 1

2. Psammosphaera bowmanni HERON-ALLEN and EARLAND. 1, X 54, Sta. 2; 2, X 67, Sta. 42,
4. Tholosina sp. X 63; Sta. 2.
6. Proteonina fusiformis WILLIAMSON. X 67, Sta. 4.
7. Armorella sphaerica HERON-ALLEN and EARLAND. X 34, Sta. 4.
8. Hippocrepinella hirudinea HERON-ALLEN and EARLAND. X 42, Sta. 4,
9. Ammodiscus gullmarensis HOGLUND. X 32, Sta. 5.
10. Ammotium cassis (PARKER). X 22, Sta. 5.
11, 12. Textularia torquata F. PARKER. X 68, 11, Sta. 29; 12, Sta. 5.
13, 14. Spiroplectammina biformis (PARKER and JoNES). X 40, Sta. 29.
15. Eggerella advena (CusHMAN). X 53, Sta. 4.
16 a, b. Trochammina rotaliformis WRIGHT. X 38, Sta. 28.
17. Cyclogyra foliacea (PHiLIPPI). X 20, Sta. 4.
18. Cyclogyra involvens (REuss). X 18, Sta. 2.
19. Gordiospira arctica CusHMAN. X 18, Sta. 3.
20. Quinqueloculina arctica CusHMAN. X 30, Sta. 5.
21. Quinqueloculina agglutinata CusHMAN. X 45, Sta. 4.
22. Quinqueloculina stalkeri LoEBLICH and TAPPAN. X 45, Sta. 5.
23. Triloculina oblonga (MoNTAGU). X 53, Sta. 11.
24. Pyrgo williamsoni (SILVESTRI). X 60, Sta. 4.
25. Pateoris hauerinoides (RHUMBLER). X 47, Sta. 5.
26. Dentalina forbisherensis LoeBLICH and TAPPAN. X 44, Sta. 6.
27. Dentalina ittai LoeBLICH and TAPPAN. X 59, Sta. 28.
28. Lagena gracillima SEGUENZA. X 65, Sta. 11.
29. Lagena apiopleura LoeBLICH and TappaN. X 70, Sta. 4.
30. Virgulina schreibersiana Czjzek. X 58, Sta. 5.
31. Oolina lineata (WILL1AMSON). X 70, Sta. 6.
32. Fissurina cucurbitasema LLOEBLICH and TAPPAN. X 84, Sta. 6.
33. Fissurina marginata (MONTAGU). X 84, Sta. 6.

PLATE 2
Figs.
1. Bolivina pseudopunctata HoGLUND. X 78, Sta. 5.
2, 3. Angulogerina fluens Topp. X 72, 2, Sta. 13; 3, Sta. 7.
4a, b. Islandiella norcrossi (CUSHMAN). X 52, Sta. 4.
5. Islandiella teretis (TAPPAN). X 39, Sta. 4.
6. Patellina corrugata WiLLIAMSON. X 70, Sta. 6.
7. Nonion labradoricum (DAWSON). X 44, Sta. 4.
8. Astrononion gallowayi LoeBLICH and TAPPAN. X 60, Sta. 4.
9. Epistominella exigua (BRaDY). X 74, Sta. 6.
10 a, b. Buccella frigida (CusHMAN). X 40, Sta. 2.
11 a, b. Buccella tenerrima (BANDY). X 40, Sta. 2.

12 a, b. Cibicides lobatulus (WALKER and JacoB). X 54, Sta. 5.
13, 14. Elphidium bartletti CUSHMAN. X 42, Sta. 5.
15a, b. Elphidium orbiculare (BRaDY). X 37, Sta. 5.
16 a, b. Elphidium subarcticum CusHMAN. X 53, Sta. 3.
17a,b,18. Elphidium sp. X 45, 17, Sta. 36; 18, Sta. 5.
19, 20. Elphidium frigidum CusHmaN. X 37, Sta. 3.
21, 22. Elphidium clavatum CusHMAN, X 47, Sta. 36.
23. Elphidiella arctica (PARKER and JoNES). X 34, Sta. 19.
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The determination of
the thickness of Finsterwalderbreen, Spitsbergen,
from gravity measurements

BY
EvsTeIN S. HuseBYE!, ANDERS SoRNES2 and LARs S. WILHELMSEN3

Abstract

An account is given of a detailed and accurate gravity survey carried out on Finsterwalderbreen
and the nearby area. Using the appropriate ice-rock density differential, cross sectional shapes of
the glacier are computed to fit observed variations in the residual anomaly on traverses across the
glacier. Results are presented on cross section diagrams and as an isopach map, and the accuracy
of the computed depths is discussed. It is concluded that gravity measurements alone can give a
very good indication of the shape of a valley glacier and also of its depth with relative little expendi-
ture of time both in the field and the office.

Introduction

A geophysical expedition to Finsterwalderbreen and adjoining area was organ-
ized in 1962 as part of a co-operative venture between Norsk Polarinstitutt and
Jordskjelvstasjonen, Universitetet 1 Bergen. In charge of the expedition was
ANDERs S@rNES, while EysTEIN S. HUSEBYE was leader of the gravity survey.

Gravity measurements were made on Finsterwalderbreen and the nearby area.
Earlier, other glaciers have been investigated by the gravity method (BuLL et al.
1956, RusseL et al. 1960, and THIEL et al. 1957) and accurate results were also
obtained here. Refraction profiles for the determination of geological structures
were made in the area surrounding the glacier (Fig. 1), (KLOSTER 1963). Seismic
measurements on the glacier were considered practically impossible, since Jord-
skjelvstasjonen at this time had only refraction equipment and the wave velocity
of ice and rock in this area is practically identical.

The gravity field work was mainly performed by E. S. HuseBYE and Lars S.
WILHELMSEN. The reduction work was mainly done by E. S. HuseBYE, while the
interpretation of the anomalies was done by E. S. HUSEBYE and A. SoRNEs.

1, 2 and 3 Jordskjelvstasjonen, Universitetet i Bergen, Norge.
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Fig. 1. Sketch map of the area.

Description of the area

Finsterwalderbreen lies on the south side of Van Keulenfjorden, Spitsbergen.
The glacier is ca. 10 km long and 1,5-3 km wide (Fig. 1). The topography is here
rather rough. The sides of the valley often dip 20° and more while the area along
the coast is level except for a part covered by moraines. In some places the exact
course of the glacier’s boundary is a bit uncertain since the ice there is covered by
moraines. This is especially true for the northeastern part of the glacier.

A map with a scale of 1:25,000 covers the glacier and the nearby area, while
the whole region is mapped to a scale of 1:100,000.

A glaciological description of the Van Keulenfjorden area has been given by
LiestoL (1956). A geological map covering the glacier and the surrounding area
has been worked out by 8. Z. Rézvck1 (1959). The map shows that the northern
and eastern part of the glacier and the nearby area, consist of sedimentary rocks,
shales, sandstones and limestones of quite different ages. The southwestern part
consists of older Paleozoic and Precambrian rocks. The rough terrain and perma-
frost made it very difficult to obtain representative stone samples, which meant
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that the geological data could not be incorporated in the interpretation of the
gravity measurements. The density determination is mainly based upon 36 samples
taken from both ends of the B-, C- and D-profiles and a few other places, and
gave a mean value of 2,66 with a standard deviation of 0.04.

Field procedure

The instrument used for the gravity measurements was a Worden Gravity
Meter No. 135, which was rented from Norges Geologiske Undersokelse, Trond-
heim. For practical reasons it was not possible to tie the main gravity base,
“Slettebu”, to the International Gravity Network, and therefore the observed
gravity values are only on a relative base.

The stations were located on the glacier by running line-of-sight traverses
between stakes at and besides the points A00, BOO, — — —. At the same time the
distances between the stations on the traverses, were chained. Fig. 2 shows the
station network which comprised 232 observation points. The elevations of the
stations were determined by levelling, and this work was combined with the
gravity measurements. The positions and elevations of most of the stations out-
side the glacier were obtained from a theodolite survey. The accurate determina-
tion of the coordinates of the stakes and cairns (necessary for the theodolite
survey) was conducted by O. LiestoL, who also provided data for an ablation
correction. The inaccuracies in the elevation determinations are with few excep-
tions smaller than 4 0.5 meter and in the case of the gravity measurements,
0.15 mgal.

The field work was carried out by two men during six weeks of reasonable
weather in the summer 1962. In this connection it is worth mentioning that the
circumstances for carrying out field work during July—August, was rather un-
favourable. During this period the surface of the glacier was far from smooth and
it was difficult to cross the many glacier streams. This made traversing the glacier
difficult and limited the possibility for using a snow scooter.

Reduction of the observations

The relative detailed gravity coverage of the area and the precise determinations
of the station coordinates provided data for a fairly accurate study of the geo-
metry of the ice masses. The BOUGUER anomalies were calculated as would
normally have been done for any gravity survey carried out as a geophysical
prospecting venture. Of the special operations included in this procedure, only
the terrain correction is worth mentioning. HAMMER’s method, together with the
accurate maps of the area, gave relatively precise values for the terrain corrections.
The work involved, was considera'bly reduced by combining HAMMER’s method
with SANDBERG’s (1958) and by applying the interpolation principles described in
the papers of WINKLER (1962) and NEUMANN (1964).

The BouGuER anomaly (Fig. 2) represents the mass deficiency due to the sub-
stitution of less dense ice for the heavier country rock. Also the effect of the
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regional trend is included in the BOUGUER anomaly, but in this case it was not
possible to detect any important influence from such an origin. This was found
by utilizing the anomaly values of the stations outside the glacier combined with
approximate computations of the glaciers gravity effect in these points
(HusesYE 1962). Therefore the residual anomalies were determined as the diffe-
rences between a relative zero value and the BOUGUER anomalies for the respective
stations (In Fig. 2 the zero-line is lacking for the southern profiles). Exceptions
were H-, I-, J- and K-profiles where the value + 0,5 partly was applied instead
of zero. Here the observations indicate a small gradient of the regional trend,
falling westward for the H-profile and eastward for the J- and K-profiles, constant
for the I-profile, but 0.5 mgal higher than normal. The variation in the BOUGUER
anomaly at the front of the glacier is most likely due to the existence of a valley
filled with sediments (KLOSTER 1963).

It follows from the above that the BouGUER and residual anomalies are identical
for most of the profiles. The possible inaccuracies in the residual anomalies will
be discussed later.

Results obtained and their accuracy

Glaciers are suitable objects for gravity investigations since the surface of the
anomaly usually is known in detail and the configuration will have a relatively
regular shape. The interpretation was based on the residual anomaly and the
assumption that the glacier is two-dimensional under each traverse. For the A-
and K-profile a more three-dimensional configuration was choosen. The first
rough determinations of the ice thickness were made from the residual anomaly
curve by applying the formula for the BouGUER correction. In the present survey
the density differential was 2.66 (rock) minus 0.90 (ice) equals 1.76, or 13.5
meters of ice thickness per mgal. With the appropriate glacier cross section
determined in this manner, a more refined method was applied (TALWANI et al.
1960) to eliminate the assumption of infinite extent inherent in the BOUGUER
correction formula. This method is constructed for arbitrary three-dimensional
bodies, and is especially favourable to apply on two-dimensional structures. It is
more time consuming than the common “two-dimensional” methods, but gives
more precise results. The results of this survey are presented in Fig. 3 while
Fig. 4 shows cross sections of the glacier under two profiles in more detail.

Some years ago a drilling was made by O. LIEsT6L at AOO where a minimum
ice thickness of 35 meters (related to the present surface of the glacier) was found,
while our result is 48 meters.

In the mentioned paper by O. LIESTOL it is stated that the moraines most
likely contain considerable masses of ice. A few scattered observations taken on
the moraines do not agree with this statement.

The possible inaccuracies in the depth determinations of Finsterwalderbreen,
are mainly caused by the choice of the relative zero value for the evaluation of the
residual anomalies and of 2.66 as the mean rock density. If the latter assumption
is wrong, it will give an error in the interpretation which is proportional to the
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Fig. 3. The ice-thickness in meters shown as an isopach map.
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Fig. 4. D and H cross section diagrams shown in detail.

thickness of the glacier, but this does not influence the residual anomalies since
the elevation variation across each profile were small and these anomalies are based
on the BOUGUER anomalies of points at both ends of each profile. If the rock density
is wrong by say 0.10, this error equals about 1 mgal for the deepest points (240
meter) of the glacier. Any inaccuracy in the zero value which will be greatest for
the southern profiles where few stations were located outside the glacier, are
believed to be smaller than 1 mgal.

The mentioned uncertainties in the location of the boundary of the glacier, in-
fluence the depth determination only in these parts and only where the ice thickness
is relatively small.

Our conclusion with regard to these considerations is that the inaccuracy in
the computed ice thickness will be smaller than about 15 9, of the total thick-
nesses, except for the most southern and northern profiles, whereerrors of 20-25 9,
can be expected. The cross sectional shapes of the glacier will be more accurate
than the depths of the glacier.

Conclusions

Seismic measurements for the determination of the depths of a valley glacier
is preferable, but this method is slower in the field and more costly than gravity
measurements. Without much loss of accuracy the mentioned methods can be
combined, and the field work will be simplified. Even gravity measurements
alone as described here, can give precise results, with relative little expenditure
of time both in the field and office, when the area is properly mapped and the
terrain surrounding the glacier is not too rough.
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Some sedimentological observations in
the Old Red Sandstone at Lykta, Vestspitsbergen

BY
KRrzyszTOF BIRKENMAJER!

Abstract

The present author made some sedimentological observations in the Old Red Sandstone (Keltie-
fjellet Division, Wood Bay Series: Lower Devonian) at Lykta, Dicksonfjorden, during the ex-
cursion to Svalbard in connection with the XXI International Geological Congress in 1960. The
most characteristic sedimentary structures are described and illustrated, and their directional
significance in reconstructing the sedimentary basin is indicated.

Introduction

On August, 1960, the present author as a member of the excursion to Svalbard
in connection with the XXI International Geological Congress (N. HEINTZ 1962)
had the opportunity to carry out some sedimentological observations in the Old
Red Sandstone at Lykta, Dicksonfjorden, central Vestspitsbergen. As the duration
of the visit was very restricted, more detailed investigations were not possible.
However, even these brief examinations have shown the richness and variability
of directional structures in the sandstones, which have not been described so far
from the spot. To obtain a clear picture of the sedimentary environment it is
necessary to extend similar observations throughout the main areas of the Old
Red Sandstone formation in Svalbard (i. e. between Isfjorden and Woodfjorden).
It is beyond doubt that they could result in establishing the palaeogeographic
position of source areas of clastic material, and mode of transportation. It seems
very fortunate that such investigations are in progress, as announced by P. F.
FrIEnD (1961) and W. B. HarLAND (1963).

There are very few sedimentary structures described and illustrated so far
from the Old Red Sandstone formation of Svalbard. Of special interest is the
paper by D. L. DiNeLEY (1960) who examined the area east of Ekmanfjorden,
and mentioned the presence of desiccation cracks, oscillation ripple-marks,
groove casts, flute casts, load casts, convolute and slump bedding, probable spring
pits etc., and illustrated some sole markings. The conditions of sedimentation

1 Laboratory of Geology, Polish Academy of Sciences, Krakéw, Poland.
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Fig. 1.
A - Position of Lykta within the Devonian basin of central-north Vestspitsbergen. Geological fratures
after P. F. FrRIEND (1961).
B — Geological map of the area near Lykta, Dicksonfjorden (after T. S. WINSNES et al. 1960, simpli-
fied, explanations modified). 1 — Kapp Kjeldsen Division (Lower Devonian, Wood Bay Series); 2 —
Keltiefjellet Division (previously ”Lykta Division®, Lower Devonian, Wood Bay Series); 3 — Culm;
4 = Middle and Upper Carboniferous: 5 — Fault.

during the Lower Devonian at Svalbard have been discussed by many authors,
of which the more recent are the accounts by A. K. Orvin (1940), D. L. DINELEY
(0. ¢), D. L. DiNeLeEYy and J. R. L. ALLEN (1960), P. F. FrIEND (0. ¢.) and
K. BIRKENMAJER (1964).

Geological situation

The mountain Lykta is situated on the east coast of Dicksonfjorden, near the
southern exposures of the main Devonian basin at Svalbard (Fig. 1 A). Lykta is
built up of clastic deposits of the Wood Bay Series capped on the top by a small
patch of the Middle-Upper Carboniferous deposits (Fig. 1 B). This is a well
known locality for Agnathes and fishes characteristic of the Keltiefjellet Division
(higher Siegenian-lower Emsian) sensu P. F. FRIEND (1961), known before under
the name of the Lykta Division (S. FoyN and A. HEINTZ 1943; T. S. WINSNES
et al. 1960).

The sedimentological observations were made by the present author on the
southern slopes of Lykta between points 1 and 2 indicated in the excursion map
(see T. S. WINSNES et al. 1960, Fig. 4) and, especially, near a ravine well visible
there. Parts of the illustrations of the sedimentary structures presented in this
paper, were made directly in the field, as the rest were drawn from the photo-
graphs taken. The figures refer both to beds #n situ and to fallen blocks.

The south slope of Lykta is built up mostly of fine grained sandstones, red
(chiefly), green and variegated, in layers 0.5-3 m thick, alternating with similarly
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coloured shales. Both sandstones and shales are micaceous; the ratio of sand-
stones to shales is variable: 5:1, 2:1. Near the ravine mentioned above, the sand-
stones are devoid of lower vertebrate fossils which, on the other hand, occur
mostly in the intercalations of sedimentary breccias and intraclast conglomerates.

The fragments of sandstones and shales (angular) in the sedimentary breccias
are 3-20 mm in diameter. Sedimentary breccias sometimes show orientation of
the particles related to slump movements, and the fossils are mostly fragment-
ated. This may have been caused by redeposition (D. L. DINELEY 1960, p. 22;
K. BIRKENMAJER 1964), partly by current action, partly by subaqueous slumping.
It has also been found slump breccias composed of fragments of limestone, mostly
green, sometimes red, 3-8 mm in diameter, and of fragments of lower verte-
brates of similar dimensions. In the latter case either no horizontal orientation or
vertical grading of the fragmentary material has been observed, or the fragments
lay parallel to the bedding.

It should be added that on the SE slope of Lykta there occur very well preserved,
more or less complete pteraspid and arthrodire fossils belonging mostly to the
genera Doryaspis and Arctolepis (A. HEINTZ 1962). It could be, therefore, suggested
that they occur at their place of living.

Sole markings

A variety of sole markings was recognized, most of them having directional
significance. As there exists an extensive literature delining with this subject,
there seems to be no need to discuss the principles of terminology, synonymy etc.
in the present account. The origin and directional significance of the structures
illustrated will be briefly characterized. For more information the reader is
referred to synthetic papers by R. R. SHrock (1948), K. BIRKENMAJER (1959),
S. DzuLynskI (1963), S. DzuLynsk! and J. E. SANDERs (1962) and others. The
present descriptions and terminology are mainly based on the last definitions by
DzuLyNskI.

Most of the sole markings present in the Old Red Sandstone at Lykta are
related directly to the current action. They are current markings, among which
we can distinguish scour markings produced by current acting alone, and tool
markings, made by objects carried by a current.

Scour markings

The scour markings are represented by rill markings (casts), flute casts
(turboglyphs) and crescent markings (casts). The sole of a sandstone layer pre-
sented in Fig. 2 B shows ridges 0.5-4 cm broad and up to 1 cm high, subparallel,
slightly arcuate. They show tendency to meandering and anastomosing. There
also occur flat-bottomed casts with shale fragments which can be regarded as
casts of hollows produced in muddy bottom by small vortices, subsequently filled
with sand. As a whole the sole presented in Fig. 2 B resembles a drainage sculpture
pattern thus having much in common with the rill markings.

Fig. 2 A presents another sole of a sandstone layer where rill markings pattern
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Fig. 3.
Sole markings of the Keltiefjellet Division at Lykta.

A - Large compound flute cast with subordinate flat flute casts. Arrow indicates current direction.
B — Counterpart of large triangular flat erosional depression (flute cast) accompanied by small flute
casts. Note twisted knobs and ridges resembling corkscrew markings.

Arrow indicates current direction.

Fig. 2.
Sole markings of the Keltiefjellet Division at Lykta.
A — Accumulations of shale fragments in vortex hollows (incipient flute casts). Current lineation of
small rill casts visible.
B — Rill casts. Note accumulation of shale fragments in a cast of vortex hollow.
C — Flute cast pattern. Simple conical flute casts and compound flute casts (consisting of flat-, and
simple conical flute casts). Note several casts of deeper vortex hollows in the upper
left part of the figure.
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is much more faintly developed, while casts of vortex hollows are better developed.
The latter are angular, blunt at the up-current side and flaring at the other. The
shale fragments present in the casts of holes may have acted as tools (“mill stones”)
when eroding soft bottom. The structures described seem to be transitional
between rill markings and flute markings.

It seems possible that linear, branching markings illustrated by DINELEY (1960,
Fig. 4) are another type of rill markings.

Fig. 2 C presents a typical flute cast pattern. The majority of flutes belong to
the common type of simple conical flute casts (“einfachen Zapfenwiilste” of
H. RUCKLIN, 1938). They are blunt at the up-current edge and flaring at the
other, up to 3-5 cm long. Many of the simple flute casts join each other (right
side of the figure) thus forming compound flute casts with two generations of
flutes: the older and bigger of the type of flat flute casts (“Flachzapfen” of
H. RUCKLIN) and younger, superimposed on the former, in the type of simple
conical flute casts. The third type of short, blunt flute casts representing counter-
parts of deep vortex hollows is visible in the upper left part of the figure.

Another type of large compound flute casts is represented in Fig. 3 A. Here
we see counterpart of a depression about 30 cm broad, arcuate at the up-current
side, where the cast is about 2 cm high, shallowing at the down-current side,
where it is covered by numerous subordinzte flat flute casts. In Fig. 3 B we see
counterpart of large, triangular and flat erosional depression (flute cast) of the
muddy bottom, accompanied by small flute casts. Some parts of the large flute
show presence of twisted knobs and ridges thus resembling to some extent the
corkscrew markings (“Korkzieher Zapfen” of H. RUCKLIN).

Still different are crescent markings which are hoof-like (horseshoe-shaped)
counterparts of the bottom (“Hufeisenwiilste” of H. RUCKLIN) 1-3 cm across,
elevated about 1-4 mm above the sole of the sandstone. They are casts of hollows
produced by current erosion at the up-current side of small obstacles lying on
soft muddy or silty bottom. In the case presented in Fig. 7 E the charact