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Abstract: The seismological observation of iceshocks was carried 

out at Mizuho Station (72°42' S, 44°20' E, 2230 m a. s. 1.), East Antarctica, 

during a period from May 1978 to January 1979. From the observation 

it was found that the condition of iceshock occurrence was expressed 

by a function of both the air temperature and the changing rate of the 

temperature. The iceshock occurrence was explained by the fracture 

of the surface snow which was assumed to be a Maxwell substance. 

The focus positions of 45 iceshocks of a swarm were calculated by 

using the observed velocity of surface wave. This calculation was 

checked by the result of an artificial hitting on the snow surface and 

was found to be efficient for the determination of the focus position. 

The result of the calculation indicated that the focus positions were 

concentrated at the glazed surface where snow accumulation did not 

take place for a long time (for example, 2 or 3 years) and the fracture 
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162 Kenji ISHIZA WA 
cracks were observed. Therefore, it is concluded that the iceshocks 

are defined as a vibration caused by the fracture crack formation at the 

glazed surf ace due to a rapid decrease in the air temperature. 

1. Introduction 

In this paper the iceshock is defined as a vibration which occurs when 
ice or snow texture of ice sheet is fractured by thermal stress, and is distin
guished from the shocks of tectonic origin caused by the movement of glacier 
or ice sheet. An iceshock is also called a thermal shock because it occurs by 
thermal stress owing to a rapid decrease in the air temperature. 

The cracks caused by the thermal stress are developed at the glazed surface 
near Mizuho Station (7 0°42' S, 44°22' E, 2230 m a. s. 1.), but they cannot 
be observed in the coastal region. The formation of the cracks seems to be 
a characteristic phenomenon only in the katabatic wind zone. 

KAMINUMA and TAKAHASHI ( 197 5) carried out the seismological obse
rvation of iceshock at Mizuho Station in September 1973, and found that the 
occurrence depended upon the air temperature and its decreasing rate. They 
reported that iceshocks, mostly of swarm type, occur when the air temperature 
is below - 35 °C, and the decreasing rate is - 2. 5 °C per hour, or the lowering 
of about - l °C/h continues for a few hours. In their observation, complete 
wave trace of the shock was not obtained because they used a low frequency 
seismograph with 1 Hz natural frequency while the vibration frequency of the 
shock is much higher. Since the sound of the iceshocks was heard in an 
observation room at Mizuho Station, the frequency of the wave was estimated 
to be about I 00 Hz to I kHz. 

In order to make clear the mechanism of iceshock occurrence the seismo
logical observations were carried out from May 1978 to January 1979 at 
Mizuho Station. In the present study, on the basis of the observation the 
focus of the iceshock was determined and the mechanism of the iceshock and 
the development of the crack was discussed. 

2. Measurement 

The iceshock observation system is composed of six vertical component 
geophones with 28 Hz natural frequency (Geo-Space Corporation, GS-30) and 
recording systems using a 6-ch. data recorder (TEAC Co. , R-81) and a 3-ch. 
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pen-recorder (Watanabe Co., WTR-211), as shown in Fig. 1. The data 

recorder was used for occasional measurements of complete wave· form of the 

iceshock. Continuous measurements were made during iceshock swarms by 

means of the pen-recorder in order to observe the number and the amplitude 

of the iceshock as a monitor. A rectifying circuit (AC - DC) was specially 

inserted between the amplifier and the pen-recorder for recording the average 

amplitude of iceshock wave because the frequency of the iceshock wave was 

too high to record by the pen-recorder. The frequency characteristics of 

geophones, amplifiers, data recorder and the total system of them are shown in 

Fig. 2. Four geophones were set on the snow surface and two were set at the 

bottom of IO m (No. 4) and 20 m (No. I) deep boreholes drilled with a 

CRREL type hand auger. 

An example of the recorded iceshock of a swarm by 3-ch. pen-recorder 

is shown in Fig. 3. This figure shows that pulses of each trace are identified 

with iceshocks, and the amplitude of a pulse signifies the average amplitude 

of the iceshock. 

Since Mizuho Station is located in the strong katabatic wind area where 

the mean annual wind speed is 9.9 m/s (KAWAGUCHI, 1979), drifting snow 

due to such katabatic wind generates the electric charge which causes a serious 

noise against the correct recording. During a period when the air temperature 

was lower than -45°C, a correct record was not obtained due to the much 

serious electric noise. 

3. The Condition of the Iceshock Occurrence 

KAMINUMA and TAKAHASHI (1975) carried out seismological observations 

of iceshock with one vertical seismograph for about half a month in September 

1973 at Mizuho Station. The air temperature in September 1973 was between 

-20°C and -50°C. They analyzed the relations between the number of 

observed shocks and the air temperature, and between the number of shocks 

and the decreasing rate of the air temperature. They found the following 

conditions of the iceshock occurrence: 

(I) The air temperature is below -35°C. (2) The decreasing rate of 

the air temperature is - 2.5°C per hour or the decreasing rate is about 

- I °C/h but it continues for a few hours. 

In order to examine the conditions, seismological measurements were 
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carried out for a longer period from May to January. The minimum and 

maximum air temperatures of this period were -52.5°C on 11 and 12 August 

and -6.2°C on 27 December respectively. The maximum decreasing rate of 

the air temperature was about 4.0°C per hour. On these measurements the 

ralation between the iceshock occurrence and the decreasing rate of the air 

temperature at the time is examined. Figs. 4a and 4b show the iceshock 

occurrences, the air temperature and the changing rate of the air temperature. 

Fig. 4 a illustrates two swarms of iceshocks observed. The first one 

occurred when the air temperature was -38°C and the changing rate was 

- I .0°C/h, the second one occurred when the air temperature was -35°C and 

the rate was - l .5°C/h. However, no iceshochs were observed at 18 : 00 on 

29 November even though the changing rate was -2.5°C/h as shown in Fig. 4b. 

This suggests that the iceshock can occur under the condition of low air 

temperature and its rapid decrease. Fig. 5 shows the air temperature and its 

changing rate when the first iceshocks of the swarms occurred during the 

observation period. The solid line in Fig. 5 may represent critical values of 

the air temperature and the decreasing rate when iceshocks occur, and it 

indicates the conditions of the iceshock occurrence, instead of the conditions 

proposed by KAMINUMA and TAKAHASHI ( 197 5). 

It is intended to formulate the empirical equation of the hourly number 

of iceshocks in terms of air temperature T and changing rate per an hour 

'1T by means of multiple regression analysis. For simplification the following 

linear equation is assumed: 

Y=ao+a1T+a2LIT, (3.1) 

where Y and a0, a1 , a2 are the number of iceshocks and the coefficients deter

mined by the calculation respectively. The corelation coefficient obtained by 

the above calculation is 0.394; therefore, appropriate evaluation of the iceshock 

number cannot be achieved by the above two indices. It seems that the number 

of iceshocks can be explained by the temperature of shallow snow or by the 

temperature for a few hours before iceshocks occur. 

4. Mechanism of Iceshock Occurrence 

Many investigators including YosHIDA ( I 953), KOJIMA (I 954) and 

KINOSHITA (1957) suggested that the visco-elastic property of snow and/or 

ice was explained by Burgers model (Maxwell unit connected with Voigt unit in 
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series) or Maxwell model. Therefore, in this section the mechanism of iceshock 
occurrence is discussed by using one-dimensional Maxwell model. The equa
tion of Maxwell unit is as follows: 

ds =J_ da +� 
dt k dt 1)' 

(4.1) 

where s is strain, a 1s normal stress, k is the modulus of elasticity in tension 
and compression, 1J is the coefficient of snow viscosity, and t is time. Solving 
eq. ( 4. l )  for a on the assumption that ds/ dt is constant, 

where r:=1)/k. 

ds _ _!___ 

a = kr: dt (l-e ·), (4.2) 

Fig. 6 shows the relation between a and t for a given strain rate, ds/ dt = s. 
In this figure it can be seen that the stress a increases gradually with time. 
For t -- oo eq. (4.2) is rewritten as 

a = kr:s. (4.3) 
If we assume that the critical stress a* is the same as a fracture stress of snow 
(KINOSHITA, 1957), the condition of snow fracture is expressed by 

* . > a s=-· 1) (4.4) 

The strain caused by a thermal stress is given by the following equation: 
c = a t1 T, ( 4.5) 

where a is a coefficient of thermal expansion and compression and LlT 1s 
temperature change. Substituting s=a dT/dt into eq. (4.4), we can obtain 
the following equation as the condition of snow fracture: 

MAXWELL UNIT 

( dT) > * a1) dt =a . 

en 
en 
w 
a: 
t
en 

TIME 

Fig. 6. lvfaxwell model composed of spring and cylinder and its 

stress-time curves under the constant strain rates. 

(4.6) 
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( 195 7 )  measured the coefficient, a, and obtained the following relation: 
a =a + bT 
a = 5 .4 X 1 0- s  l /°C, b= 1 .8 X 1 0-7, 

(4. 7 )  

where T is snow temperature in Centigrade. SHIN OJIMA ( 1962) also carried 
out one-axis loading tests of snow samples and obtained an empirical equation 
of the viscosity coefficient in tension, 71, expressed by a function of temperature 
and density as follows: 

71 = 710 exp ( - 0.089T) , 
110 =961 . 2  exp (25.3p) , 

(4. 8) 

where 710 is r; at 0°C, and p is the snow density (g/cm3) .  Multiplying eqs. 
( 4. 7 )  and ( 4.8) , we obtain 

a11 · . a1)o exp ( - 0.089T) . ( 4.9) 
From eqs. ( 4. 6) and ( 4.9) , the condition of the first shock occurrence of a 
swarm is given by 

ar;o exp ( - 0.089T) :� = a*.  (4. I O) 

Fig. 7 indicates the relation between the rate of temperature change (°C/h) 
and the snow temperature for given values of a*/ a7J0 • The observed relation 
obtained in the present study is shown by a dashed line, which is similar to 
the curve of a*/ a7J0 = I 0. r;o can be calculated for a given snow density by 
using eq. ( 4. 8) .  The tensile strength or of dry snow is expressed by the 
following equation (BALLARD and FELDT, 1966; KEELER and WEEKS, 1968): 
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where n=  1 - p/ p; and p; is the density of ice. F ig. 8 gives the relation 

between the tensile strength <Jy and the desity of snow calculated with eq . 

( 4. 1 1 ) .  In  the same figure, the fracture stress a* i s  calculated for a g iven 

value of a*/ ar;0 •  Fig.  8 shows that the density at a point of intersection of 

<Jy and a* for a* /ar;0
= 1 0  which expla ined the observed relation between T 

and dT / dt i s  about 0. 5 3  g/cm3
, and the tensile strength (fracture stress) i s  

about 6 .4 kg/cm2
• p = 0.53  g/cm3 is the value between the density of the 

glazed surface (p = 0.69 g/cm3 by Fun1, 1 978) and the depth hoar under the 

surface (p = 0.4 by W ATANA BE, 1 97 7) . This suggests that the cracks which 

cause the iceshock are formed by fractures of the glazed surface and the 

depth hoar layer under the surface . 

5 .  Focus Determination of Iceshock 

An iceshock is the vibration in snow caused by the generation of a crack. 

Such cracks are called "thermal cracks" because they are formed by the thermal 

stress (YAMADA, 1 97 5) . In the v ic in ity of M izuho Station, the thermal cracks 

are found at the glazed surface of 2-4 mm th ick mult i-layered ice crust, on 

which no snow is  deposited for a period of half a year to a few years due to 

strong katabatic wind (Fun1, 1 979) . The plane v iew and the vertical section 

of the thermal cracks are shown in  F ig. 9. The width of the crack is about 

3 mm to I cm and its depth is less than 30 cm. 
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Fig. 9. Horizontal pattern of thermal cracks and the vertical section. 

To measure the focuses of the iceshocks 6 geophones were installed about 

100 m apart from each other at Mizuho Station, and the P wave velocity 

profile at Mizuho Station was obtained by the logging and the refraction 

method (lsHIZA w A, 1 98 1 ) .  Though the focus of iceshock is determined by 

the method using the first arrival times of P wave obtained at several obser

vational points, the correct recording was unsuccessful due to the trouble of 

the recording system. Therefore, the focuses are determined by the analysis 

of surface wave as is described below. 

5.1. The method of focus determination using surface wave 

ISHIZA w A ( 1 98 1 ) carried out the measurement of the P wave velocity 

down to a depth of 36.4 m with the refract ion method at Mizuho Station. 

The example of the measurement is shown in Fig. I 0. In th is figure black 

solid circles indicate highest ampl itudes in each trace. The surface wave is 

Fig. 10. The surface waves obtained by the refraction method. Black circles indicate the 

maximum amplitudes of traces. P denotes the first arrivals of P wave. 
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character ized by a reverse dispersion , that is, the propagating velocity of high 

frequency wave is faster than that of low frequency wave in each trace. The 

group velocity calculated from the records is shown in F ig. 1 1 . A sol id l ine 

in  the figure ind icates a l inear relation between the group velocity and the 

period . The reverse dispers ion seems to be caused by the high density ice at 

the glazed surface . F ig. 1 2  shows that the relation between the travel t ime of 

the maximum amplitude of the wave and the d istance from a source is given 

by a straight l ine, and the velocity of the maximum ampl itude is  588 m/s 

within the d istance of 200 m. The refraction field surveys were carried out on 

the three d ifferent spans  spread on the glazed surface, and the values obtained 

in these surveys are shown by black and white c ircles and black triangles. 

The focus of iceshock is assumed to be located at the surface because 
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the maximum depth of thermal cracks is less than 30 cm and the air temper

ature change resulting in iceshock is most steep at the snow surface. Therefore, 

the focus of iceshock should be determined by using the travel t ime of the 

maximum ampl itude of surface wave. The detailed method of focus calculation 

is described in Appendix . 

Before the method mentioned above is adopted to determine the focus of 

natural iceshock, the accuracy of the method was checked by the shocks 

generated artificially on the snow surface. The shocks were made by h itting 

the snow surface vertically with a wooden hammer, and the generated wave 
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of P wave. 
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was detected by the same geophones as those used in the iceshock observation 
shown by No. 1 -No. 6 in Fig. 1 4. One of the records is shown in Fig. 1 3, 
in which four traces (Nos. 2, 3 ,  5, 6) are used for the focus determination. 
In the hitting method the analysis of the first arrivals of P wave is also used 
and six traces (Nos. 1 -6) are examined. Small and large black circles in these 
traces show the first arrivals of P wave and the maximum amplitudes of the 
surface wave, respectively. The shoot points and the focus position determined 
by the two different methods are shown in Fig. 1 4. The good result of the 
focus determination as shown in Fig. 1 4  indicates that the method using the 
surface wave is useful to determine the focus position and the accuracy is 
within 1 0  m. 

5.2. Position of iceshock focus 
The focuses of iceshocks were determined by the method using the surface 

wave on 45 cases observed for two hours on 30 September 197 8. These 
iceshocks determined are a part of the swarm which continued for about eleven 
hours as shown in Fig. 1 5 .  The 45 iceshocks detected by four geophones 
(Nos. 2. 3, 5 ,  6) were picked up for the calculation among the iceshocks that 
occurred during the hatched time on abscissa in Fig. 1 5 . An example of the 
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Fig. 15. The number of iceshocks and the air temperature during the iceshock 

swarm on 30 September 1978 in which focus determination was carried 

out. The focuses of shocks for about two hours (hatched area) were 

determined. ? denotes unmeasured time in which radio communication 

noise disturbed iceshock recording. 
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records of the iceshocks that occurred at 1 7 : 08 on 30 September 1 978 i s  

shown in Fig. I 6 .  The first arrivals of P wave on each trace cannot be 

identified, but the maximum amplitudes of four traces (black circles) are 

detected clearly. The scale of amplitudes at 1 kHz in four traces of Nos. 2, 

3, 5, 6 is shown at the r ight end in the figure. 

The calculated positions of the focuses are shown by black c ircles m Fig. 

1 7. The glazed surface is shown by the hatched area where thermal cracks 

developed . It is clear that the calculated positions are concentrated on the 

glazed surface. Therefore, it is concluded that iceshock occurs as a result of 

thermal crack formation at the glazed surface. Fig. I 8 shows the order of 
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Fig. 17. Distribution of focuses (black circles) and the observed glazed 

surface area. White circles, Nos. 1-6, are geophones. 
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iceshock occurrence of 26 events among 45 iceshocks determ ined m F ig .  I 7 .  

This figure shows that iceshocks occur at random in  t ime and position. 
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Appendix 

Method of focus determination 

The following discussion is done on an assumption that the focuses are 

located at the surface. The notation in calculation is as follows: 

(x;, y;) : coord inate of an observation point. 

(x, y) coordinate of a focus. 

t; arrival time at  an observation point. 

t occurrence time of an iceshock. 

X= { (x-x;) 2
+ (y-y;) 2

} 2
: distance between a focus and an observation point. 

The t ime-distance relation of maximum amplitude of surface wave is 

t;-t=aX + b, (A. 1 )  

where a and b are constants. A n  arrival time at a n  observation point is as 

follows: 

t i
=a { (x- x;) 2 + (y -y;) 2} 

2 +b+t. (A. 2) 
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The number of the observation points located at the snow surface are 
four, and unknown values are three (x, y, t). Therefore, we should obtain 
x, y and t by a non-l inear least squares method . An arrival t ime of eq. 
(A. 2) is modified as follows: 

t ;  = J(xo, Yo , to) + ( ;� ) /x+ ( ;; ) />y + ( t) />t, (A.  3) 
where t ; =f(x, y, t; X;, y;, a, b) (A.  4) 

( �! ) =a (xo - x;) { (xo - x;) 2 + (y0 -y;) 2} -+, ax o 
( �{ t = a (yo -y;) { (xo - x;) 2 + (yo - y;) 2 } -+, (A. 5 )  

( of) = 1 . at o 

We can calculate unknown values ox, oy, at when c m the following 
equation is minimum. 

c = � (t/ - t;) 2 

i = l  

(A .  6) 
where t/ is an observed arrival time and n is the number of observation 
points. The normal equation of eq. (A. 6) is as follows: 

r �;���;;s�;�� l :; ]=[ �;:� J l [ CAJ[ CB][ CC] Jl ot [ CE] 
(A.  7) 

_ n - ( of ). - ( of )  - ( of) _ , where [ ] - � ,  A - -a , B- -a , C- -a , E- ti -f(xo, Yo , to) . 
1 = 1  X o Y o t o 

A s  the solution of the matr ix eq. (A. 7) we can obtain ox, oy, ot .  x0 + ox, 
vo + oy and to + ot obta ined in the step are regarded as x, y, t in the next step. 
The same calculation is repeated untill ox, oy, ot become sufficiently small .  


