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ABSTRACT. The report d escribes an experiment to evaluate the u se of geophysical (Cambridge-type) wire 
strainme ters for the rapid acquisition of strain-ra te data and to compare strains on a large ice mass over 
gauge dista nces of 5 m , 50 m, and I km. 

Three continuously recording wire strainmeters were insta ll ed at the centre of two separate a rrays of 
strain poles 10.6 km and 19.5 km from the ice divide on the Barnes I ce Cap. Da ta was collected between 
24 April and 15 M ay 1976. The I km strain arrays had previously been measured in 1974 and 1975. The 
results show good agreem ent between the strainmeter da ta and the larger strain a rrays at the 10.6 km site 
but differ at the 19.5 km site. \ 'Vhen the daily m eans are calculated for the strain m e te rs a t the 19.5 km site, 
the strain-rates show a possible periodic variation with an apparent period of about I I d . Since there appears 
to be no direct correlation between the strainmeter signal and either temperature or pressure, the result is 
assumed to represent real varying strain within the ice. 

RESUME. Captellrs de contraintes enregistrellrs cl clible sllr le Bames Ice Cap, lie de Balfm, Canada. Le rapport d ecri t 
une experimentation conduite pour estimer l ' utilite des capteurs d e contrainte geophysique a cable (type 
Cambridge) pour acquerir ra pidement d es donnees sur le regime d es contraintes et pour les comparer sur un 
vaste amas glaciaire avec d es distances de jauges de 5 m, 50 m et I km. 

Trois capteurs de contrainte a cable a e nregistrement continu furent installes a u centre d e deux dispositifs 
sepa res d e mesures de tension situes a 10,6 km et 19,5 km de la division de la glace sur le Barnes I ce Cap. 
Les resulta ts furent recueillis en tre les 24 avri l et 15 mai 1976. L e dispositifde I km avait deja ete mesure e n 
1974 et 1975. Les resultats montrent une bonne concordance entre les capteurs a cabl e e t le dispos itif plus 
vas te de mesure sur le site a 10,6 km, mais d es divergences sur le site a 19,5 km. Quand on calcule les 
moye nnes journalieres pour les capteurs sur le site a 19,5 km, le regime des contraintes montre une poss ible 
variation periodique avec une periode apparente d 'environ I I jours. Comme il ne semble pas y avoir d e 
correlation directe entre le signal de capteur d e contrainte et soit la temperature, soit la pression, on pense 
que le resultat represente bien une variation reelle de la contrainte dans la glace. 

ZUSAMMENFASSUNG . R egistrierende-Draht-DellIllmgsmesser alif'dem Bames Ice Cap, Baffin I sland, Kanada. D er 
Bericht schildert einen Versuch zur Auswertung d es Einsatzes von geophysikalischen Dra ht-Dehnungsmessern 
(Cambridge-Typ) fur die schnelle Gewinnung von Werten d e r Dehnungsgeschwindigkeit und fur d en 
Vergleich von Dehnungen einer grossen Eismasse uber Messtrecke n von 5 m, 50 m und I km. 

Drei fortlaufend registrierende Draht-Dehnungsmesser wurden im Zentrum zweier getrennter Systeme 
von D ehnungspegeln aufgestellt, die 10,6 km und 19,5 km von d er Eisscheide d es Barnes Ice Cap entfernt 
lagen. Der Messzeitraum erstreckte sich vom 24. Apri l bis zum 15. Mai 1976. Die D ehnungsmessungen 
uber I km waren schon in d en Jahren 1974 und 1975 vorgenommen worden. Die Werte der Dehnungsmesser 
und die Messungen uber griissere Distanz stimmen beim 10,6 km-System gut uberein, differierenjedoch beim 
19,5 km-System. Berechnet man d ie Tagesmittel fur die Dehnungsmesser im 19,5 km-System, so zeigen die 
Dehnungsgeschwindigkeiten eine miiglicherweise periodische Schwankung, wobei sich die Periode mit e twa 
I I Tagen ergibt. Da keine direkte Korrelation zwischen den D ehnungsmesserdaten und der T emperatur 
oder dem Druck zu bestehen scheint, kiinnen die Ergebnisse als tatsachliche Sch wankungen der Spannung 
angesehen werden. 

I. INTRODUCTION 

This report describes the results from the installation of three continuously recording 
Cambridge-type wire strainmeters on the surface of the Barnes Ice Cap, Baffin Island, 
Canada (lat. 69° 45' N. , long. 72 ° 15' W. ). The strainmeters were installed along an 
approximate flow line, where pole arrays had been previously set up, 10.6 km and 19.5 km 
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from the ice divide (Fig. I ), in order to study the flow in a r egion which was known to have 
undergone a surge (Holdsworth, 1973). At the 19.5 km location, a 50 m gauge-length strain 
array was set up beside two strainmeters separated by 120 m along the flow line (Fig. 2) . 
At the 10.6 km pole, a single 50 m strain line was set up (Fig. 3), approximately parallel to the 
flow line. The 50 m gauge lengths and the I km distances (set up in 1974) were remeasured 
every three to twelve days (Fig. 4). 
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Fig. l. The locatioll of the straillmeter sites all the Bames Ice Cap, Baffin Island. 

19 0000 

https://doi.org/10.3189/S0022143000013940 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000013940


INSTR UMENTS AND METHODS 

18 ·5 

19 ' 5 W <C------i 
19 ·5E 

20·5 

1000m 

S / 1 

U NIT 1 

.119·5 

UNI~ 2. ! 

A 

o 

c 

B 

S = STRAINMETER 

50 
m 

o 

INSET AT 19· 5 Km 

41 I 

Fig. 2. The 50 III pole array, alld the locatioll of the two straillllleters ( / 20 m apart, ullits 1 alld 2) at the 19·5 km pole. 

09 ·6 

0 50 
m 

5 / 1 

UNIT 4 

10 '6W 
10 ' 6E 

5~ 
UNIT;! 

1- 50m Line 

10 ·6 
11 ·6 

1000m S = STRAINMETER 

INSET AT 10 ' 6 Km 
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l"ig. 4. Data collectioll schedule, April alld May 1976. Units [- 4: 5 m wire strainmeters; A: 50 In strain array at 19·5 km ; 
B : 50 III straill lille at 10.6 km; C: I km line, 9.6 km to 10.6 km; D: 1 km line, 10. 6 km to 11.6 km. 
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T he experimen t was designed first to complete a n evaluation of the use of wire strain­
meters for the r a pid determination of surface stra in-ra tes on la rge ice masses, secondly to 
compare strains over different gau ge lengths (5 m , 50 m, and I km) in order to sample the 
coherence of the surface strain-ra tes, and thirdly to see if the nature of the strain-rates could 
indicate something a bout the basal conditions (smooth versus j erky m otion). A wire strain­
m eter of this particular design had only once before b een used to m easure surface stra ins on a 
glacier (Goodma n and others, 1975; Goodman, unpublished). Previously, the use of wire 
stra in gauges has b een reported , e.g. by Meier and others (1957) a nd Warner a nd Cloud 
(1974), but these gauges were of the electrical-resistance type. 

T he present site was chosen because ice strain, m ovement, tempera ture, and dep th data 
were already availa ble, the mean a ir temperature for mid-April to mid-May was known to be 
well below o°C* (thus reducing regelation problem s) and the ice surface was only covered by 
a bout I .0±0.30 m of snow. 

T he experiment was carried ou t j ointly by the Glaciology Division of the Depa rtment of 
the Environmen t, Canada, and two departments of the U niversity of Cambridge (Geodesy 
a nd Geophysics a nd Cavendish Laboratory), U. K . T he field par ty (K .E. and G .B. ) collected 
stra in data from 24 April to 15 M ay 1976. 

2. I NSTRUMENTATION 

2 . I . Strainmeters 

T hree modified Cambridge-typ e wire strain m eters were used. T he modifications increased 
the m aximum recordable strain to 2 X 10- 3 while m ain taining a resolution of abou t 10- 8 strain. 
The strainmeters used 5 m of Invar wire as a len g th standard. The wire was kep t under 
constant tension , a nd hence length , by a lever and weight system . L ever rota tion , which is 
propor tional to stra in, was measured with an inductive displacem en t transducer. T he output 
from the transducer was amplified a nd recorded on a Rustrack r ecorder. T he sig na l was 
a utomatically re-zeroed both electronically and m echanically so the instrument could be left 
at a high sensitivity (8 X 10- 7 stra in full-scale defl ection, 120 mm cha rt wid th) una ttended 
without loss of d a ta. T he instrumen t layout is shown in Figure 5. A trench, 1 m wide, was 
dug in the snow until ice was reached , and in each case a strip of ice, 6 m in len g th , was 
selected which was free of visible cracks. Some of these cracks ran close to, but never crossed, 
a strainmeter insta lla tion. 

T he strain meters were installed in the base of the snow trenches which were from a bout 
0.8 to 1.2 m deep (Fig. 6). Each PVC basepla te w as fixed to the ice with four 20 cm and 
40 cm long tubula r ice screws, a ugered into pre-drilled, 1.5 cm dia. holes in the ice. W ater 
was poured around the pla te edges and allowed to freeze. T he wire was enclosed within 
5 m of2. 5 inch (6 .35 cm) dia. aluminium tubing fitted with neoprene rubber bellows couplings . 
The tension in the wire was brought down to 8 N to minimize r egela tion effects (for which 
there was no evidence). Several d ays' data were lost because of low capacity and voltage of 
lead-acid accumulators a t the ambient tempera tures. Catalytic para ffin heaters were used 
later in the exp eriment, but ventila tion problem s precluded their effective use. Alternative 
power sources would lead to greater expense. 

Except for brief periods, the temperature and pressure were continuously recorded in the 
trench of the stra inmeter a t the 19. 5 km site (Fig. 6) . T he large strain-rates observed (Fig. 7) 

* For example, m ean (daily) air temperature for April 1965 for Dewar Lake (lat. 68° 37' N., long. 
71 ° 05' W. ) was - 20·5°C. For May 1965, mean (da ily) a ir tempera ture was - 4.0°C. For Genera tor Lake, 
from 2 2 April to 12 M ay 1976, mean (dai ly) maximum temperature was - 9 .6°C. Mean (da ily) minimum 
temperature was - 18.2°C. 
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Fig. 5. Two photographs oJ the strainmeter tensioning unit, and mechanical re-zeroing system. 

seem to dominate any temperature-induced changes in the wire. No correlation between 
temperature and strain is apparent on a daily basis (Fig. 8). The larger fluctuations in 
trench temperature at the beginning of the experiment occurred because the trench was not 
completely back-filled. Heavy drifting in early May filled the trench and hence attenuated 
subsequent temperature fluctuations . 
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Fig. 6. A schematic diagram oJ a strainmeter instaliation on the ice cap. 
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2. 2. Pole arra)IS 

For the 50 m a rray, 3 m by 38 mm dia . aluminium tubes (3.2 mm wall th ickness) were 
used for poles, approxima tely I m in snow a nd approxima tel y I m a bove the surface. NI easure­
ments between reference pins mounted on top of the po les were made with a " LOV AR " tape 
(K euffel and Esser ser . No. 720408) suspcndcd in catena ry using a 15 kg weight on a tres tle 
at one end a nd a pivot arm (stra ining bar) for zeroing the tape, a t t he o ther end . Th e m ea n 
of three readings (recorded to within o. I mm) was ta ken for each observation. When the 
tem pera tu re correction had been m a d e, both end rcadings were es tim a ted to be accura te to 
±0. 2 mm, a llowing fo r unquantified eH ors such as prod uced by wind impinging on the ta pe. 
Thus the total dista nce error is taken as ± oA mm . 

D istances between the stakes I km a part were m eas ured with a Wi ld DI- IO M k I I I.R. 
Distomat (standard eH or 15 mm) . Six to eight readings were taken for each d ista nce a nd 
me teorological correctio ns applied to the mean. 

2.3. )Vo te 011 cracks in the ice 

C racks of up to 1 cm width , a nd ex hibiting progressive openin g, were observed . T he 
snow-pack was sp lit a bove most cracks, indicating o pening during the winter. These cracks 
m ay thus be called crevasses althoug h their orienta t ion tended to be varia ble, especia ll y for 
the trace of an individua l crack. J n ea rl y summer, these ct"acks must be sealed by super imposed 
ice, so their existence is quite tempora ry. Crack spacings were of order 5 m , so that the 50 m 
and la rger stra in lines in tersected these cracks frequ ently . Since on ly spot observa tions we re 
mad e on cracks, a d escrip tion of their geometry is not possible. J rregu la r strains recorded a t 
these sites may have been caused by c rack activity. 

3. R ESU LTS 

3. I . Straimneters 

An example of the cha rt trace fro m one of the Rustrack recorders is shown in Fig ul"e 7. 
The steps produced by the automa tic re-zeroing were rem oved when the chart was d ig iti zed . 
A tim e series, with 0. 2 5 h time step, was produced from the digitiza tion and this has been 
rep lotted . M eans of stra in-ra te on a ro ughly daily basis were a lso calculated from the time 
sequence. 

D a ta were obta ined from the stra in m eter at the 10.6 km pole (U nit 3) between 2 a nd 14 

M ay. A plot appears in F igure 8 a nd Table I gives the m ean strain-ra te values. 

TABLE 1. M EAN STRAIN-RATES: UNIT 3 * (10.6 km SITE) 

Sta r t t im e : 2 1.00 h, 2 M ay 1976 (E.S.T.) 
(Surface slope: 00° 40' 00") 

T ime f rom start 
d 

0·9 
2·9 
4·3 
5·7 
7.8 

10. 1 

I I. 7 

Strain-rate 
X 10-6 cl- I 

1.85 
2.60 
2.92 

2.85 
3.06 
2.78 
2.38 

* A crack in the ice occurred nea r one of the end 
mounts, bu t d id not cross the gauge length . 

M eoIl 2.63 ± 0 .4 1 X 10- 6 cl - I (8l\1ay 1976). 

https://doi.org/10.3189/S0022143000013940 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000013940


JOURNAL OF GLACIOLOGY 

Data from Units 1 and 2 (at the 19.6 km pole) were digitized for the periods 2 May to 
1 I May for Unit I , and 23 April to 4 May, and 7 May to 15 May for Unit 2. The observed 
strain is plotted in Figure 8 and the daily means appear in Table H . 

TABLE n . MEAN STRAIN-RATES: UNIT I (120 m FROM 19.5 km POLE) 

Start time: 19.00 h, 2 May 1976 ( E.S.T.) 

Surface slope: approx. 01 0 30') 

Time from start 
cl 

1.20 

2.40 

3.60 
4.5 1 

5.71 

6.9 1 

8.21 

M eall 8'54 ± 0.62 X 10- 6 cl- I (6 May (976). 

Strain-rate 
X 10- 6 d - I 

8.06 
7.83 
7.81 
8·79 
9. 14 
9.1 I 
9.06 

MEAN STRAIN-RATES: UNIT 2 (AT 19.5 km POLE ) 

Start time: 17.00 h, 23 April 1976 (E.S.T. ) 

(Surface slope: 0 I 0 28' 40") 

Time from start 
cl 

1.00 

2.00 

3.00 

4.00 

5.00 

6.00 
7.00 

8.00 
8.78 
9.68 

10.68 

* Excluded from mean. 
M eall 7.90 ± 0.60 x 10- 6 d-I (28 April 1976). 

Strain-rate 
X 10- 6 d - I 

4. 0 7* 
6,94 
7.36 
8.02 
8.12 
8.4 1 

8 ·73 
8 .66 
7.88 
7.22 

7.81 

Start time: 10.00 h, 7 May 1976 (E.S.T.) 

Time from start 
d 

1.0 

2 .0 

3.0 

4. 0 

5.0 

6.0 
6.8 
7.8 

Meall 7.57 ± 0.84 X 10-6 d-I ( I I May 1976). 

Strain-rate 
X 10-6 d - I 

8·45 
8.19 
8.69 
7.96 
7.01 
6.66 
6.69 
6·93 

In all three cases the daily mean strain-rate slowly fluctuates . When the daily means are 
plotted (Fig. 8) there appears to be a quasiperiodic trend with a period of about lld, although 
the data sequence is hardly long enough to enable any definite conclusions to be made. There 
appears to be an approximately 9 d phase lag between Units 1 and 2 (it is assumed a wave is 
propagating down the flow line). 
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The observed periodicity in strain-rates might be due to varying thermal stresses in the ice 
controlled by the filtering, by the snow cover, of the surface temperature fluctuations 
(Sanderson, 1978; personal communication from C . S. M. Doake) . 

3.2. Pole array results 

The days on which measurements were made are shown in Figure 4, and Tables III and 
IV give the results for the various a rrays. 

In most cases a constant strain-rate has been assumed and calculated by linear regression. 
The scatter in the results from the 50 m arrays is particularly large . The main uncertainties 
in the length values lie in the temperature correction (an extrapolation of the coefficient of 
expansion was taken to apply at these temperatures) and the result of the force due to wind 

68 

Line 

09.6- 10.6 
10.6- 11.6 

TABLE Ill. POLE ARRAY RESULTS: 10.6 km STRAIN STATION 

(for the layout of the array see Figure 3) 
All strain-rates are in 10-6 d - I and are slope values 

Strain-rate (Line surface slope) 

Mean annua l strain-rate : May, 1974- 76 (Fig. 9) 
5·74 ± 0.06 
2.63 ± 0.03 

00° 41 ' OOH 

00° 38' OOH 

M ean strain-rates : 22 d period April-May (see Fig. 10). Linea r regression, 4 points 
000 41 ' 59H 

00° 37' 55H 
09.6- 10.6 3·52± 0·4 
10.6-11.6 1.45 ± 0., 

50 m strain line: Apri l- May (see Fig. 10). L inear regression,s points 
I.92± 0.2 

(last 4 points) 3·08 ± 0. 3 00° 40' 00' 

TABLE IV. POLE ARRAY RESULTS: '9.5 km STRAIN STATION 

(for the array shape see Figure 2) 

All strain-rates are in 10-6 d - I and a re slope va lues 

Line Strain-rate Line slope 

M ean annual strain-rates : May, 1974- 75 (poles were lost in 1976) 
'9.5- , 8,5 3·'4± 0.03 02 0 05' 58" 
19.5- 20.5 1.37 ± 0.01 0 1° ' 7' 25H 

50 m strain array : April- May 1976 (see Fig. 11 ). Linear regress ion, 4 points 
BC (approx. parallel to strainmeter) 2.78 ± 0.3 01 ° 05 ' 56" 

2 , 0 -

BD 2.36 ± 0.2 000 26' 38H 
AB - 6.69 ± 0.7 01 0 , 6' 00" 

SLOPE STRAIN-RATE DATA , 10 ' 6Km DIAMOND 

09 ·6 - 10 · 6 Km line 

.. ~~ 
,0 

~ .. ., .1 

/ 

Fig. 9. The 110le datafor the [ 0.6 kill diamond. 
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1003 • STRAIN - RATE DATA , 10 ·6Km SITE 
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Fig. 10. The strain data from the 10.6 km diamond and 50 m line while the site was occupied. 
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Fig. 11. The 50 m rosette data at the 19.5 km site. 
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blowing on the tape suspended in catenary. The latter effect may have caused a transitory 
incorrect tension in the tape on some occasions. However, these sources of error are not 
considered sufficiently large to explain the very erratic nature of the length changes, and we 
tentatively suggest that the cracks in the ice may be largely responsible for this. 

For the 19.5 km (50 m gauge length) strain array, we have taken the strain-rates obtained 
from linear regression of the readings for each leg to compute the three strain-rate components. 
Using Kehle's equations (Zumberge and others, 1960) for computing principal strains from 
such an array (see Appendix A) we obtain: 

El = + 5.66 x 10- 6 d - I (extension), 
E3 = - 6.70 X 10- 6 d - I (compression), 

with the principal extension axis inclined at 28.g0 to the west of Be (approximately parallel to 
the strainmeter, and hence the main pole line (see Fig. I )). The strain-diamond data at 
19.5 km (Appendix B) was analysed using the method of Nye (1959) and the results for 
Ig74- 75 are: 

El = + 2.003 X 10- 3 year- I (5.49 X 10- 6 d- I), 

E3 = - 2.153 X 10- 3 year- I (-5.g0 X IO- 6d- I), 

with the principal extension axis inclined at 3 I .8° to the west of the main pole line direction 
(i.e. 19.5 km --? 18.5 km) which is within 3° of the direction of BC of the 50 m strain array_ 
Such an agreement in orientation of the two principal strain-rates suggests the data may be 
reliable. However, the magnitudes of the principal strain-rates differ by up to 14% . This 
could be related to the fact that the gauge length in the two instances differ by a factor of 
about 40. It should be noted that the cracks (crevasses) observed at 19.5 km in the immediate 
vicinity of installations tended to be irregular in orientation and not generally parallel to the 
E3 direction, suggesting that the cracks may be formed as a result of thermal stresses combined 
with regional flow stresses. The origin of the apparent jerky strain in the 50 m array is 
possibly related to crack activity although it is conceivable that we have overlooked some 
additional errors in the tape measurements. 

If the 50 m strain-array data are reworked using distances reduced to the horizontal (and 
thus strictly allowing them to be compared with the dc>.ta from the strain diamond) we find 
that the principal strains are changed only by 0.8 to 2.5 % and the orientation of the principal 
axes by o.ogO; therefore in the present case we may compare the large strain-array results 
(which are reduced to the horizontal) with the 50 m slope strain data without serious error. 
At the 10.6 km site we have again analyzed the strain-diamond data by the method of Nye 
(1959) (Appendix B) and the results for Ig74- 75 are: 

El = + 2.144 X 10- 3 year- I (5.87 X 10- 6 d- I), 
E3 = + 0.51 I X 10- 3 year- I (1.40 X 10- 6 d- I), 

with the principal extension axis inclined at 40.7° west of the line 10.6 ~ og.6 km. These 
values apply to the horizontal plane. The large deviation between the flow direction (approxi­
mately in the line of the poles spaced at I km intervals) and the principal strain direction, 
implies large horizontal shear strains. We associate these with the surge and the existence of 
foliation in the ice (Holdsworth, 1973). 

3·3· Comparison of the two techniques 

At the 10.6 km strain site, there appears to be reasonable agreement between the strain­
meter results and the pole-array results. Thus the strainmeter gives 2.63 X 10- 6 d- I; the 
50 m line gives between 2 and 3 X 10- 6 d - I depending on the interpretation of the results, 
and the 2 km X I km array (2.63 to 5.74) X 10- 6 d - I on two separate legs averaged over a two 
year period (assuming a linear variation of the strain-rate down the flow line). 
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At the 19.5 km site the two sets of results are not in good agreement. Data from the two 
strainmeters agree closely with each other (approximately 8 X 10- 6 d- I ) but not with the 
strain-rates determined parallel to the instruments from the 50 m pole array (3.3 X 10- 6 d - I ) 

or the I km pole array (2.3 X 10- 6 d- I ) . Although the 50 m pole data are questionable because 
of the large variations about the mean and the small number of data points, the 1 km data 
are acceptable and may be compared with the strainmeter results provided seasonal or yearly 
fluctuations in strain-rates are small. Thus the discrepancy between the strain-rates measured 
over the I km and 5 m gauge lengths is probably real. If the strainmeters were not perfectly 
aligned with the 18.5 --+ 19.5 line then some small discrepancy would be expected (Appendix 
A) but the strainmeter values exceeded the principal strain-rates derived analytically from the 
pole array data (Appendix B) . The surface relief is much more pronounced at the 19.5 km 
site than the 10.6 km site, and whereas the latter is certainly underlain by ice at the pressure 
melting point, the former site is possibly in a region of transition from melting to freezing 
(Classen, 1977) and this condition might also contribute to the somewhat irregular nature of 
the strain there, although this is not reflected in the strainmeter results. 

4. CONCLUSIONS 

The three continuously-recording wire strainmeters were successfully installed on the 
surface of the Barnes Ice Cap and gave useful results after only a few hours of recording. The 
strain meters could in principle be used to detect the passage of a kinematic wave or changes in 
surface strains due to thermal stress fluctuations. For these levels of strain-rate, ~ 10- 5 to 
10- 6 d - I , this type of strain meter is superior to the laser interferometer which has been used to 
detect similar magnitudes of strains in comparable periods of time (Holdsworth, 1975). The 
cost of the wire strainmeter is substantially less than that of the laser interferometer and the 
set-up time is only in the order of hours. A resolution of 10- 6 strain d- I is easily achieved. The 
surface chosen for the installation, 1- 1.5 m of snow on solid ice at well below melting point, 
proved ideal. Obvious difficulties are likely to be encountered with mounting the instruments 
on firn. When there is no snow cover, the trench should be dug deeper than the estimated 
summer ablation. The strainmeters should normally be used in arrays of three so that the 
direction of the principal strain axes can be determined. This would have been done if more 
instruments and sufficient time had been available to us. 

The comparison with the pole arrays at the 10.6 km site is good, implying that there, 
strains over two orders of magnitude in gauge length are relatively homogeneous, but at the 
19.5 km site, significant differences occur between the strainmeter results and the pole-array 
results. The differences can neither be accounted for by a change of calibration of the strain­
meter nor by appealing to further significant errors in the longer-distance measurements. 
Therefore, we conclude that the differences are probably real and related to the flow regime 
there. Colbeck and Evans ( 1971 ) observed on the Blue Glacier, D.S.A., that short (3 m ) 
gauge lengths are in general not appropriate for studying gross glacier-flow problems. 

Over 50 m gauge lengths, strain changes observed are due to opening or closing of cracks 
and creep; for the 5 m gauge lengths, where no cracks cross the strain wire, strain changes 
result from creep alone. 
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APPEND IX A 

STRAIN-RATE RESULTS FROM 50 m ROSETT E AT 19.5 km 

wire 
strainmeter-I / . 

19·5 km pole 

, 
, 1 B 

A o 
o 
I 

m 

rI g. A -I. The direction of the principal strains at the 19.5 km pole. 

THE stra in rosette was set out as shown in Figure A-I on 20 Apri l with 50.00 ± 0.08 m legs at angles of 
1200 00' 00" ± 13". A subsequent angular check (30 Apri l) showed that the angles 1 and 2 had changed only 
between 2" and 16". The distances were measured four times (Fig. 4 ) a nd showed erra ti c cha nges. Performing 
a least-squares fit on the d a ta , the stra in-rate components in the three directions are: 

and 

EBD = 2.36 ± 0.2 X 10-6 d- I • 

Using K ehle's method (Zumberge and others, 1960) , the principal stra in-ra tes are : 

and 

If the first and final read ings are used to calculate the (slope) strain-rate components, we obtain : 

E, = 6.80 X IO- 6 d - I ; E3 = - 5·21 X IO- 6 d - '; 
q, = 320 (or a true az imuth of about 3060 46') . 
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Reducing to the horizontal changes these values by less than 3% . That is, the principal strain-rates are within 
3 to 22 % of the strain-diamond values and the orientation within 3°. The strain-diamond values are easily the 
most accurate of the two sets of data, so the fairly close agreement suggests that the rosette strain-rates may be 
reliable and that strain-rates are roughly homogeneous over scales of 50 to 2 000 m. However, there is no basis 
for claiming per se that strain-rates should remain relatively homogeneous down to 5 m gage lengths (see a lso 
Col beck and Evans, 1971 ). 

Variation of strain-rate with orientation 

We examine the variation of strain-rate at the 19.5 km site as a function of orientation. 
For analytical convenience and brevity we take a strain ellipse defined by 

€I = 2 X [0- 3 a- I, 
£3 = - 2 X 10-3 a-I , 

so that we avoid the morc complicated analysis of the strain ellipsoid. For the present purposes, the error intro­
duced by doing this is negligible. Following the notation ofJaeger (1962, p. 29) in his analysis of finite homo­
geneous strain in two dimensions, A, the relative length of the major axis after, say, one year is given by 

A = 1.002, 

and B, the relative length of the minor axis after one year is given by 

B = 0.998. 

The angle the lines of zero strain make with the major axis direction is ± Il, given by 

tan Il = B(A2_1 )I/A( I -B2)1, 

from which we obtain 

Il = 44° 54' 50". 

Therefore, the expected change in extending strain-rate with rotation is about 4.45 X 10- 5 a - I per degree of arc, 
on average. 

It can thus be seen that a misorientation of 1° between the wire strainmeter and the pole lines would only 
change the strain-rate that is measured, by a trivial amount. 

APPENDIX B 

10.6 km AND 19.5 km STRAIN POLE ARRAYS (1974-75 DATA) 
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Fig. B-1. The directions of the principal strains at the 10.6 and [9.5 km poles. 

THE two, nearly identical, strain arrays established in 1974 (Fig. B-1 ) , were surveyed twice, one year apart, 
with almost complete redundancy in distances (only one distance in each net could not be measured) and angles 
(only one angle in each net could not be measured). The distances (between about I 000 and I 400 m ) were 
measured by a Wild DI-IO Distomat and the angles with a Wild T2 theodolite. The distances were reduced to 
the horizontal and the data adjusted by a least-squares method. The procedure ofNye (1959) was then used to 
determine principal strain-rates, £1 and '3' 

The results are given in Table BI. 
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TABLE BI. STRAIN-RATES DETERMINED FROM THE STRAIN DIAMONDS 

Strain 
diamond <. £45 €90 

10.6km I.4S 1 0·S 19 1.206 
19·5 km 0.849 - 1.936 - 0.998 

* Standard error 0.002 X 10- 3 a- I. 
t Standard error 0.001 X 10- 3 a- I. 

Strain-rates X 103 in a - I 

2.1 33 
1·78S 

Residual 

o.ooS 
0.002 

<, 
+ 2.144* 
+ 2.003t 

<3 
+ O'SII* 
- 2.IS3t 

Azimuth of 
rP <, 

40.70 
321 0 38' 

31.80 3060 52' 

Ice flow rates at the two stations are approximately IS.7 and 15.6 m a- I at stations 19.5 and 10.6 km res­
pectively and the directions of flow more nearly along 19.5- 20.5 and 10.6- 11.6 respectively. 
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