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Abstract: Within a month after the core recovery, the density data were 
obtained from the dimensions and the weights of the core samples and by the 
hydrostatic method. The density data were corrected for the surface effect with 
considerations of the bubble concentration and the average bubble size. A 
method has been presented to estimate the in situ density value (without cracks) 
from the nominal density data with cracked samples based upon the data on total 
gas content. This method has been applied to the data of deep portion (below 
135 m depth), where the core was cracked considerably. A reasonable depth 
profile of in situ density was thus estimated, which indicated that the shrinkage 
of trapped air bubbles was the main densification process of ice after the bubble 
close-off. 

1. Introduction 

Deep ice cores from ice sheets are of great interest in conjunction with the studies 

of the past climate as well as the ice sheet dynamics. The 24th Japanese Antarctic 

Research Expedition (JARE-24) has conducted, in 1983, a medium-depth drilling, 

and succeeded in recovering a 413.5 m deep core at Mizuho Station, East Antarctica. 

Immediately after the cut-off from an ice sheet, the core samples start to relax 

with the sudden drop of the applied overburden pressure. The relaxation process 

takes place in association with various structural changes in the samples such as crack­

ing, volume expansion, recrystallization and so on (e.g., LANGWAY, 1958; Gow, 1971). 

The relaxation lasted more than a few years, but the initial change is the most signif­

icant (SHOJI and LANGW A Y, 1983). It is important, therefore, to examine at the dril­

ling site the characteristics of the core samples soon after the core recovery. 

Throughout the Mizuho cores, stratigraphic observations and density measure­

ments were made right after the cores were pulled out to the surface. Thin section 

analyses, measurements of total gas content and precise density measurements were 

made afterwards, yet within a month. This paper aims at providing the density data 

on the fresh core samples. Primary emphasis is laid on the deep portion of the core 

below the depth of the bubble close-off, since several investigations have already been 

carried out intensively on a density profile of shallow cores obtained pnwiously at the 

same station (e.g., MAENO, 1982). 
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2. Measurements 

The density was measured by two methods. One was the direct method: the 
density was derived from the weight and the dimensions of core samples. This was 
comparatively easy to be employed, and was applied to most of the core samples 
obtained, although the overall error for the density values was as bad as ± 20 kg m-3 

with this method. The measurements were made within an hour after the core re­
covery for depths above 135 m. 

Fig. 1. Cracked Mizuho core. 240.49-240.59 m. Cracks are convex downward. 

Below the depth of 135 m, a number of horizontal cracks were found in the cores 
(Fig. I). They were probably caused by the thermal shock during drilling, since 
JARE-24 used a thermal drill. The cracks made the core fragile so that it was more 
or less difficult to handle them; the cores were stored at temperatures in a range be­
tween -26 and - 35°C for one or two days, while the cracks were healed slightly. 
The core processing was done after the storage: the density measurements were made, 
for cores below 135 m, within 3 days after the core recovery. 

A core of 1.0 to 1.2 m in length was obtained in each drilling; its weight, length 
and diameter were measured. Owing to the break off in each drilling, however, the 
top and bottom ends of the core were rather irregular, which would lead to a significant 
error in the measurements of its length. The core was hence sawed at every 0.5 m, 
and the weight, length and diameter measurements were made also for each 0.5 m 
long portion. 

The horizontal cross section of the cores was not circular but rather elliptical; 
the diameter was measured at two principal directions orthogonal to each other. It 
was found that the top 0.1 m of a core obtained by each drilling was slightly smaller 
in diameter than the rest part of the core. This was due to the fact that the thin por-
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tion of the core was drilled twice: it was drilled in the previous drilling, yet not recovered 
because of the level difference between the core catcher and the heater, and so it was 
subjected to the next drilling. The cores with the thin portion were discarded for 
the diameter measurements among the sawed cores of 0.5 m long. A series of hor­

izontal steps of about 1 mm deep was found, however, continuously with intervals 
of a few millimeters on the vertical (side) surface of the core, corresponding to the 
intermittent lowering of the drill as the drilling proceeds. This irregularity at the 
side surface of the core caused an uncertainty in the diameter measurements. 

The variation of the core diameter against depth is shown in Fig. 2. The average 
diameter of about 0.131 m near the surface decreased gradually with depth, reaching 
about 0.126 m at about 140 m in depth. At depths below 140 m, where the cores 
were badly cracked, the diameter was almost constant at a value of about 0.126 m, 
being independent of depth. 

The second method adopted for the density determinations was the hydrostatic 
method (BUTKOVICH, 1953; LANGWAY, 1958; NAKAWO, 1980): density was determined 
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from the weight difference of a specimen in different fluids (in the air and in 2-2-4 tri­
methylpentane). Block samples of about 0.1 kg were cut out from the cores at every 
about 20 m. They were microtomed at their surfaces for the measurements. As is 
shown in Fig. 1, however, the samples from depths below 135 m were badly cracked, 
from which air could escape during weighing. These cracks were nearly horizontal, 
but slightly convex downward. Cautions were taken, hence, that the cracks in a 
specimen were placed so as to be convex upward for not releasing the air when the 
sample was weighed in the liquid. No air bubble release was visually observed during 
the measurements. The measurements were made at a temperature between - 27 
and - 30°C. The overall accuracy of the measurements with this method was about 
± 0.1 to 0.2 kg m-3

, depending upon the sample size. 
The crack interval was measured by counting the number of cracks for a given 

length. The measurements were made with the density samples per se. The results 
are given also in Fig. 2. It indicates a slight decreasing trend of the crack interval 
with depth, but the range of the variation of the data is considerably large. 

It is important to note here on the measure of the depth for the Mizuho core. 
The depth of a particular position of the core was determined by adding the lengths 
of core samples above the position in question, The depth determined by this method 
was slightly different from that estimated from the cable length of the drill. The 
details are given in Appendix, where the level is also compared with that of the cores 
obtained previously at the station (KusuNOKI and SuzuKI, 1978). 

3. Correction of the Data 

3.1. Surface effect 
The core samples from the ice sheet contain a number of air bubbles. When a 

block sample was prepared from the cores, some of the bubbles were cut at the surface 
of the specimen. Since the liquid would fill the cut bubbles during weighing, when 
the hydrostatic method is adopted for the density determination, the measured volume 
of the sample, V, is evaluated less than the real volume by the total volume of the ex­
posed bubbles at the surface, v. The nominal density value, pn, hence becomes larger 
than the real one, pt, They are correlated by 

pnV=pt(V+v). 

Since v is considered to be in proportion to the surface area of the specimen S, 

v=aS. 

(I) 

(2) 

The proportional constant a is called the surface correction factor, which implies the 
total volume of the exposed bubbles at a surface of unit area. 

Suppose that spherical bubbles of radius rare dispersed uniformly in an ice sample, 
and the concentration of bubbles is n for unit volume. With these assumption, the 
number of bubbles cut at the specimen surface is 2nr per unit area, and the mean vol­
ume of an exposed bubble becomes 2rrr3/3. Hence, 

a (3) 
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where N is the bubble concentration for unit mass, given by n/ Pt· The void ratio 
(total void volume per unit mass) of the specimen is given by 

1 
pt r (4) 

where r is the density of pure ice. By combining eqs. (3) and (4), the surface correction 
factor a is expressed by the following equation as a function of pt for a given N. 

a=pt{/_3_(_1 __ I )4. 47'CN Pt r (5) 

Equation (5) is shown in Fig. 3 for different values of N. At a given N, a de­
creased uniformly with increasing density, since the size of bubbles exposed at the 
surface decreases with density. For a given density a small value is obtained for a 
with a large N, as the bubble size decreases with increasing N. 

HIGASHI et al. (1983) obtained the values for a experimentally, by measuring 
densities of samples with different surface area/volume ratio, using the hydrostatic 
method. Their samples are of ice cores obtained previously in the Mizuho Plateau, 
and the bubble concentration N was in a range between 0.2 x 106 and 0.5 x 106 kg-1 

(NARITA et al., 1978; ENOMOTO, unpublished). The experimental results also are 
plotted in Fig. 3. The data indicate larger values of a than those predicted by eq. 
(5) for small values of density. The disagreement would be caused by the fact that 
the bubbles in the shallow samples, whose density is small, are not spherical but rather 
irregular (NARITA et al., 1978), whereas bubbles were assumed spherical in eq. (5). 
As the density increases with depth, however, bubbles become spherical gradually and 

.. ,20 � .. 
DC 

0 
u 
Ill( 

80 

0 
... 

u 
... 
DC 

·o 40 u 
Ill 
u 
Ill( 

0 
820 

D ENSITY, kg m-3 

Fig. 3. Surface correction factor versus density. 

920 



146 Masayoshi NAKAWO and Hideki NARITA 

the experimental data become close to the predicted curve asymptotically. The data 
and the prediction are in good agreement for large density values, say above 900 kg m-3

• 

Since the bubble concentration of the 413.5 m Mizuho core was also in a range 
from 0.2 x 106 to 0.5 x 106 kg-1 (NARITA and NAKAWO, 1985), the same range as for 
the previous cores, the surface correction factor a was estimated from the data of 
HIGASHI et al., when their density value was smaller than 900 kg m-3

• For samples 
with larger densities, eq. (5) was used for deriving the a values. With those a values, 
the surface corrections were made for the density data of the 413.5 m Mizuho core, 
using eqs. (1) and (2) by the iteration method. 

3.2. Cracks 
As was mentioned before, the core samples were found cracked considerably 

at depths below about 135 m. Most of the cracks were observed being open at the 
surfaces of a block sample prepared for the density determination, although there 
could be internal cracks or cavities, which were isolated from the atmosphere. Some 
of the internal cracks could be open to an internal bubble. Also, several bubbles 
could be cut by open cracks, and hence become unclosed to the atmosphere. They 
are shown schematically in Fig. 4. 

When the density of the block samples with these cracks was measured, one would 
underestimate its density in comparison with the value for an ideal sample with no 
cracks. The void ratio of the cracked samples is the sum of the volume of the bubbles, 
ab, and of the open and internal cracks, denoted by af and a1 respectively. They are 
correlated with the nominal density pn by the following equation, 

I 1 
-- --=ab+af+a1, 
Pn r 

(6) 

where r is the density of pure ice. The density for the ideal sample without cracks, 
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pm, on the other hand, is expressed by 

1 I 
-- - -=ab. 
pm r 

One can estimate pm, therefore, if ab is known. 

147 

(7) 

Soon after the density measurements by the hydrostatic method, the block samples 
were subjected to the measurements on the total gas content: they were melted in 
kerosine and the volume of the released air introduced into a burette was measured. 
The method and the various corrections were described in detail by LANGWAY (1958), 
and HIGASHI et al. (1983). The measured values were corrected for the kerosine vapor 
pressure and for the dissolved air in the melt water etc., but neither for the surface 
effect, which is similar to the surface correction for the density values described in the 
previous section, nor for the effects by the presence of cracks if any. The collected 
air was originated not only from the air bubbles but also from the cracks open at the 
sample surfaces. The profile of the nominal total gas content Rn for the Mizuho 
core is presented in Fig. 5. 
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The value for Rn increased with depth, but suddenly dropped from about 110 x 
I0-6 ms kg-1 at a depth of 110 m to 75 x IQ-6 ms kg-1 at 158 m. Below the depth, 
where many cracks were found in the cores, Rn fluctuated around the value of about 
70 x I0-6 ms kg-1, and are comparatively smaller than those of the shallower samples 
in which no cracks existed. This would indicate that some amount of the gas origi­
nally in the samples at a high pressure was released when the open cracks were formed, 
which could not be compensated by the gas occupying the newly formed crack space 
at the in situ atmospheric pressure. Detailed discussions on the total gas content will 
be given in a separate paper. 

For cracked samples, the nominal total gas content Rn (described by the volume 
of air at STP, i.e. 273.15 K and 1 atm, for unit mass of the sample) is given by 

(8) 

where T0 and Tare the temperatures at STP and at the site respectively, p0 is the pres­
sure at STP, Pb bubble pressure, Pr the atmospheric pressure when the samples were 
immersed in kerosine, and Pi the vapor pressure for ice at the in situ temperature. The 
volume of internal cracks a1 was much smaller than ab or ar, and P1 is definitely small 
in comparison with Pb or Pr, Neglecting the third term of the right side in eqs. (6) 
and (8), hence, the total volume of air bubbles per unit mass, ab can be expressed by 
the following equation: 

(9) 

The values of ab and hence pm can be given by eqs. (9) and (7), therefore, if Pb is 
known for each sample. 

The bubble pressure Pb was calculated from the data on the nominal density pn 

and the nominal total gas content Rn, For samples with no cracks, the calculation 
would give the real pressure, since only the internal bubbles were taken into account 
for both pn and Rn, For cracked samples, however, the pressure would be under­
estimated significantly, owing to the gas release through the formation of cracks. 
None the less, the calculated bubble pressure is plotted in Fig. 6, where the overburden 
pressure is also shown. The bubble pressure increases with depth, approaching the 
overburden pressure gradually. At a depth of 110 m, the difference of the two pres­
sure values is as small as about 0.1 MPa or 1 atm. Below the depth, where the samples 
were all cracked, an increasing trend of Pb can also be seen, but with a large scatter. 
The increasing rate is much smaller than the rate of the overburden pressure, and 
hence the pressure difference increases with depth. The similar trends were found 
on ice cores obtained at various sites (LANGWAY, 1958; Gow, 1968; Gow and WILLIAM­

SON, 1975). Since the increase of the pressure difference with depth resulted from 
the cracking after the core cutting, the in situ bubble pressure would be very close to 
the overburden pressure, in particular for deep samples, as the pressure data for the 
non-cracked samples indicate. Assuming Pb equals to the overburden pressure, there­
fore, the volume of bubbles, ab was estimated by the use of eq. (9). Accordingly, 
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the density Pm, which represents the density for ideal samples without cracks, was 
estimated with eq. (7). 

As can be inferred by comparing eqs. (6) and (7), the ideal sample is the hypo­
thetical one from which all the space of cracks is healed away. The volume of the 
crack space, however, includes the volume of many bubbles which were cut at crack 
surfaces (see Fig. 4). Since the nominal total gas content Rn of the cracked samples 
was discernibly smaller than those of non-cracked samples (Fig. 5), the volume of the 
cut bubbles would be very significant, and should not be neglected in the correction 
of the density data for the effect of cracks. For obtaining the real density value, there­
fore, pm has to be corrected by taking into account the volume of cut bubbles at the 
crack surfaces. This correction is the same as the surface correction mentioned in 
the previous section, since the presence of many open cracks can be regarded as an 
increase of surface area or surface area/volume ratio. The surface area of the cracks 
was estimated based on the data on crack interval (Fig. 2), and the real density pt was 
obtained by using eqs. (I) and (2), where for pn one should read pm and S is the area 
of crack surfaces. 



150 Masayoshi NAKA WO and Hideki NARITA 

4. Density Profile 

The density data obtained by the hydrostatic method is shown in Table I and 
in Fig. 7. All the data, with and without the corrections for cracks, were transformed 
into values at -35°C, which is the mean ice temperature at the site (Furn, 1978; NAKA­
wo, 1985a), by extrapolating the BADER's (1964) density-temperature relationship. 
The nominal density of the cracked samples became larger by 2 to 5 kg m-3 through 
the correction for cracks. Also a large fluctuation of the data was smoothed by the 
correction. 

Table 1. Density data by the hydrostatic method. 

Nominal density Nominal total Nominal Density at -35.0°C 
Depth at -27.3 ±0.3°C Remarks gas content bubble pressure corrected for crack 

/surface effects 
m kg m-3 10-6 m3 kg-1 (STP) MPa kg m-3 

69.95 886.67 no cracks 85.0 0. 182 885.72 

80.0 896.55 " 90.2 0.275 896.35 

90.0 903 .37 " 96.5 0.415 903.71 

95.6 905.88 " 1 1 1 .7 0.573 906.47 

109.7 910.48 " 103.8 0.788 9 1 1 .23 

1 34.6 9 13 . 32 " 914.21 

1 58.3 913 . 1 3  cracked 74.2 0.763 916.55 

1 80.5 912.94 " 75.5 0.755 917.03 

201 .8 914.98 " 71 . 3  0.984 9 17.76 

222.9 9 14.79 " 67.0 0.888 918. 19 

240.5 913 . 10  " 83.2 0.847 917.94 

262.7 916.58 " 64. 1 1 .259 9 18 .87 

282.8 9 13 .56 " 70.6 0.772 9 18.92 

300.0 914.86 " 79. 8 1 .068 91 8.73 

323.7 9 15 . 1 3  " 72.4 1 .030 919. 1 1  

340.6 91 5.83 " 75.6 1 .237 919 . 12  

360.0 9 16.22 " 70.0 1 .253 919.43 

380.3 91 5.97 " 75.5 1 .280 919.46 

401 .8  91 5.45 " 65.8  0.987 9 19.78 

A voiding the cracks, pieces of thin plate were cut out, at 5 depths, from the cracked 
cores. They were only a few millimeters thick and 0.01 to 0.02 kg in weight. The 
thin plates were subjected to the density measurements by the hydrostatic method, 
although the accuracy was only about ± I to 2 kg m-3 because of the small sample 
size. The obtained density values are also plotted in Fig. 7. They are larger than 
the nominal values of cracked samples but smaller than the corrected at the respective 
depths. 

No cracks were found visually in the thin piece of specimens, but there existed 
several fine cracks, which was revealed by a microscope. The real densities, therefore, 
would be larger than the measured nominal values for the thin samples. On the con­
trary, the real densities would be smaller than the values corrected from the data on 
the bulk cracked samples. This is because the surface area is greater than the values 
used for the corrections when the real number of existing cracks is more than that 
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of the visual cracks as suggested by an observation with a microscope. The correc­
tions for the vol ume of bubbles cut at the crack surfaces, therefore, should be larger 
than the actual corrections made. The real densities, therefore, are presumably in 
between the values of the thin plate specimens and the corrected values from the data 
on cracked block samples. 

Figure 8 shows all the data obtained by the direct method (the density derived 
from the weight and the dimensions of the core samples) as well as those by the hydro­
static method (corrected values in case of cracked samples) . The data by the two 
methods are roughly in accordance with each other, although those by the former 
method are slightly smaller than those by the latter. This is because the latter data 
are the corrected values for cracked samples while the former are the nominal values 
for samples with cracks. When nominal values by the hydrostatic method are plotted, 
they agree very well with the data by the direct method, which, however, scatter in a 
wide range, corresponding to a larger error in the measurements. 

Two series of density data are available on ice cores drilled previously at Mizuho 
Station (NARITA and MAENO, 1978). One is a measurement made at the drilling site 
on a 75 m long core drilled by JARE-12 in 1971, and the data are available in a range 
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of 4 to 70 m in depth. The other is the data at depths ranging from 70 to 124 m, which 
were obtained about one year after the core recovery on a 145 m core drilled by JARE-
13 in 1972. They are also plotted in Fig. 8, where the JARE-24 data are in good 
agreement with the JARE-12 data (above 70 m in depth) but not with the JARE-13 
data (below 70 m). The density values of the JARE-13 core is much smaller than 
those of the JARE-24 core. This can be explained in terms of the relaxation for about 
one year which the JARE-13 core was subjected to before the density measurements 
after the core recovery. A noticeable bending at about 70 m depth found by NARITA 

et al. (1978), on the density profile of the two series, would perhaps be attributed to 
the fact that the JARE-13 data (below 70 m) were those obtained after the core was 
relaxed. The density difference between those with one year time internal (JARE-13 
core and JARE-24 core), however, is 2 to 3 kg m-3 at depths between 70 and 120 m, 
which is considered too large to result from a simple relaxation process of contained 
air bubbles. Further discussion on the relaxation would be given in a separate paper. 

As mentioned before, the bubble pressure at a given depth is slightly smaller but 
very close to the overburden pressure, which is the atmospheric pressure plus the 
cummulative weight of snow/ice above the depth in question. By neglecting the at-



Density Profile of a 413.5 m Deep Fresh Core 1 53 

mospheric pressure for simplicity and for accounting the small difference between 

the bubble pressure and the overburden pressure, 

Pb(z)= 1: pgdz , (10) 

where pb(z) is the bubble pressure at a depth z, p the density at the same depth, g the 
acceleration of gravity. The total gas content R, on the other hand, can be given 

by 

R=( :: ) (  � ) (+ -+) , (I 1) 

which is similar to a combination of eqs. (6) and (8). A major difference is the absence 

of a1 and ar in eq. (I I), since no cracks are considered to exist under in situ conditions 

deep in the ice sheet. From eqs. (10) and (I I), the following equation can be obtained 

by an integration with assumptions of total gas content conservation and constant 

temperature. 

( 12) 

where suffix c indicates the values at the bubble close-off. Equation (12) represents 

a relationship between density p and depth z, which is also shown in Fig. 8 .  The 
base data for eq. (12), on the bubble close-off at Mizuho Station, were taken from 
HIGASHI et al. ( 1983), although the depth of the bubble close-off has some uncertainty 

(NAKAWO, 1985b). 
The agreement between the theory and the data is fairly good, although eq. ( 12) 

predicts larger values at shallow depths, say above 100 m. This is presumably caused 
by an assumption, in deriving the equation, that the bubble pressure is equal to the 
overburden pressure, which does not hold at shallow depths (see Fig. 6) . Below about 

100 m, where the assumption would be applicable, the theory and the data compare 

very well, considering that the real density values are slightly smaller than the corrected 
values plotted in Fig. 8, owing to the presence of fine invisible cracks, as discussed 

earlier. Overall success in predicting the density profile by eq. ( 12) indicates that 

the densification would be solely attributed, after the bubble close-off, to the shrink­

age of contained air bubbles, which i s  assumed implicitly in deriving eq. ( 12). 
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Appendix 

The measure of the depth for the Mizuho core 

The drilling by JARE-24 in 1983 was performed from a floor of a pit, which was 
at a depth of 7.67 m from the snow surface on 25 April 1983. The depth of the core 
was ref erred to this surface. A level survey revealed that the reference surface was 
located at 3.5 m above the 1972 snow surface, to which the depths of the JARE-12 
and -13 cores, obtained in 1971 and 1972 respectively, were referred (SUZUKI and 
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TAKIZAWA, 1978). Namely, a given depth z of the JARE-24 core, as far as only the 
level is concerned, corresponds to the depth of z-3.53 m for the JARE- 12  and -13 
cores. 

The depth of a particular position of the core was derived from the cumulative 
length of core samples above the position in question plus 7.67 m (the depth of the 
pit floor from the reference surface). The depth of the bottom end of the core was 
thus determined to be 413.5 m. 

When the bottom samp]e was recovered, however, the core catcher located near 
the bottom end of the drill was considered to be at a depth of 4 1 1.03 m, which was 
derived from the length of a cable suspending the drill. Another 0.07 m of core was 
recovered below distinguishable marks printed by the core catcher on the vertical (side) 
surface of the core, and hence the bottom end of the core would be at a depth of 
411.10 m. The depth of the core bottom determined by this method was thus differ­
ent from the depth derived from the cumulative length of the cores by more than 2 m. 
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Fig. A-1. Difference between the depths estimated by the cumulative core length and by the wire 

length. Positive value in depth difference indicates that the former depth is larger than 
the latter. The comparison was not possible between the depths of JOO and 180 m, where 
the position of the core catcher was not marked clearly on the core surface. 



156 Masayoshi NAKAWO and Hideki NARITA 

At various depths also, it was possible to compare the depth level by the two 
methods when the marks by the core catcher were clearly recognizable on the side 
surface of core samples. The comparison is shown in Fig. A-1. The depths were 
estimated rather larger by the cumulative core lengths than by the wire length by about 
0.7%, although a weak inverse trend can be seen at shallow depths above 100 m. 
Since the length of the cable was measured under tension, the difference would perhaps 
be caused by the elongation of the cores after the drilling. 


