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ABSTRACT. Experimental studies are reported concerning the thermal 
behaviour of the water-vein system in ice grown in the laboratory from dilute 
solutions. The temperature versus vein-size behaviour of these samples is determined. 
The measurements show that the solute, which is concentrated in the veins, remains 
in the liquid phase during a temperature change. The mass of the solute per unit 
length of vein M is found to be of the order of M ~ 10-8 mol m-I for samples grown 
from singly-distilled water. M is seen to vary with temperature only because of the 
volume expansion (contraction) on freezing (melting) which causes the liquid to flow 
along the veins. The effect of these flows on the sample is studied. They are found to 
provide a mechanism for the transport of impurities along the veins and to and from 
the sample surface. Samples grown from doubly-distilled water doped with small 
amounts of NaCl or H 2S04 are studied and are found to display the same general 
behaviour. However, M is an order of magnitude higher in the H2S04-doped 
samples than in either the NaCl-doped samples or the samples grown from singly­
distilled water. The approach to equilibrium of distortions in the vein-system 
geometry is studied. It is suggested that these distortions are due to variations in M 
along the length of the veins and that equilibration is therefore governed by diffusion 
of the solutes. 

1. INTRODUCTION 

Water is found in poly crystalline ice at temperatures close 
to aoe within the grains in internal melt-figures and 
inside bubbles, in the grain boundaries in the form of 
lenses, and along the lines where three grains meet, the 
grain edges. At the grain edges, the water resides in 
channels, or veins, that generally extend along the whole 
length of the grain edge. Four veins meet in a node at a 
four-grain intersection, thereby forming an intercon­
nected network of veins known as the vein system. 

The presence of the vein system in glacial ice has been 
drawn on to explain a number of the physical properties 
of glacial ice. Nye and Frank (1973) suggested that the 
veins would cause a temperate glacier to be permeable to 
water and impurities, although Lliboutry (1971), Ray­
mond (1976) and Mader (1992) proposed mechanisms 
that might limit the connectedness of the vein system. 
Glen and others (1977) studied the flow of temperate 
glacier ice and found it to be similar to that of pure 
polycrystalline ice. They concluded that the grains in 
temperate ice must necessarily be very pure and suggested 
that the impurities deposited on a glacier in the annual 

• Present address: Institute of Environmental and 
Biological Sciences, Lancaster University, Lancaster 
LAl 4YQ, England. 

precipitation are removed from the grains, first into the 
grain boundaries and then into the veins, during 
recrystallization processes. This purification mechanism 
may also account for the difference in the d.c. 
conductivities observed in temperate and polar ice. Glen 
and others (1977) argued that, in temperate ice, the 
impurities in the veins finally reach larger cavities and 
channels from whence they can be flushed out of the 
glacier altogether, leaving the glacier mechanically and 
dielectrically pure. WolfT and Paren (1984) have 
extended this line of argument to explain the high d.c. 
conductivity observed in polar ice, as compared to 
temperate ice. In cold ice the impurities are not flushed 
out of the glacier. Their model assumes that all the acids 
found in the ice are confined in a completely inter­
connected system of veins along the edges of semi-regular 
truncated octahedral grains. 

The vein system is also of particular interest when 
studying the thermal properties of ice as it is here that the 
solid and liquid phases are in thermal equilibrium. The 
problem of the temperature of a temperate glacier has 
been considered theoretically by Harrison (1972) and 
more recently by Nye (1991a). In this paper, the response 
of the vein system to temperature changes in the 
environment of the polycrystal is observed. The data 
provide information concerning the thermal behaviour of 
polycrystalIine ice, the distribution of impurities between 
the liquid and solid phases, and the transport and 
diffusion of impurities within the water-filled veins. 
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2. THE GEOMETRY OF THE VEIN SYSTEM 

The vein system is observed here using photographic 
techniques and it is necessary to understand the 
equilibrium geometry of the vein system in order to 
interpret the photographs. The term equilibrium geometry 
refers to the shape of the vein system when there are no 
temperature or impurity concentration gradients in the 
vems. 

The geometry of the water phase is governed by the 
interfacial energy of the solid-liquid surfaces IsI and the 
grain-boundary energy ISS' Nye and Frank (1973) and 
Nye (1989) considered the equilibrium geometry of the 
vein system for the case where the interfacial energies are 
isotropic; that is, IsI and ISS are assumed to be constants 
that do not depend on the crystallographic orientation of 
the grains. In such an idealized system, the equilibrium 
geometry is uniquely determined by the value of the 
dihedral angle cP, which is the angle measured in the 
water, where the water meets a grain boundary. cP is 
directly related to the ratio Isd,SS' and so, if both IsI and 
ISS are constants of the system, then cP is also. 
Furthermore, the curvature of the vein walls I/Tv gives 
rise to a temperature depression that is proportional to 
Isl/T v' Therefore, provided IsI is constant then, in thermal 
equilibrium, Tv is everywhere the same. 
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Fig. 1. Vein-system geometry for () < 60°. (a) Vein 
cross-section for cP = 32" and (b) perspective drawing of 
a node for cP = 33.0> (from Nye, 1989). 

vein 4 
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Fig. 2. Photograph of a node showing the six vein edges of 
the four veins. 

A completely connected vein system occurs only for 
cP < 60°. The equilibrium geometry is then one in which 
the veins are equilateral in cross-section with almost 
cylindrical faces that are concave as viewed from the ice; 
see Figure la. The nodal structure is a tetrahedron with 
concave non-spherical faces and corners that open out 
into the veins; see Figure I b. The eq uilibrium geometry in 
the idealized system is strictly uniform; that is, all the 
veins are identical as are all the nodes. The radius of 
curvature for a straight vein Tv is directly proportional to 
the vein width dv: 

Tv = ( ) . 
2sin i- : 

(1) 

A photograph ofa node is shown in Figure 2. It shows 
the six vein edges that belong to the node. The optics of 
the veins and the interpretation of these photographs 
have been discussed in detail in a previous paper (Mader, 
1992). The observable parameter of a vein is the 
perpendicular distance between the two outer vein edges 
and is called the apparent vein width a. a depends on the 
orientation of the vein with respect to the line of sight. In 
a system with uniform equilibrium geometry, a can be 
related to the other parameters of the vein cross-section 
from a single photograph. If x is the perpendicular 
distance from the central vein edge to one of the outer 
vein edges, then 

dv=_a_ 
cos [} 

(2) 

where n is the angle of rotation of the vein about its axis 
from a symmetrical position and is given by 

( 
1 2x ) 

[} = arctan (3)! - (3)!a . 
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However, observations of the vein system in ice show 
that the equilibrium geometry is in general non-uniform 
(Mader, 1992). The veins are not equilateral in cross­
section and nodes are irregular in appearance, .as in 
Figure Ba where the veins have very different apparent 
vein widths. The dihedral angle in ice has been measured 
by numerous workers, and values around 30° are typical. 
But ifJ is not constant and values as low as 10° (Ketcham 
and Hobbs, 1969) and as high as 105° (Mader, 1992) 
have been reported. Very high values of ifJ lead to veins 
being absent from some of the grain edges. These absences 
were observed in glacier ice by Raymond and Harrison 
(1975). In such cases, the vein pinches off, leaving a spike 
which extends only a short way down the grain edge. For 
example, Figure 6a shows two such spikes. 

As the vein system has a generally non-uniform 
equilibrium geometry, several photographs from differ­
ent directions are needed if the vein cross-section is to be 
constructed exactly and this has been done in an earlier 
paper (Mader, 1992). The deviations from uniform 
equilibrium geometry reported in that paper are found 
to be consistent with a uniform value of rv, and hence ,sI; 
that is, the variations are thought to arise primarily as a 
result of anisotropy in the grain-boundary energy 'ss' For 
this reason, ry is in this paper assumed to be uniform 
throughout the vein system. The cross-sectional area of a 
non-uniform vein that has such a uniform radius of 
curvature is given by Av = Qyr;, where Qv is a constant 
related to the exact geometry of the cross-section. For the 
special case of a system with uniform equilibrium 
geometry, Qv is given by 

Q y = (3)~ sin2, - 3, + ~sin (2,) (3) 

where , = i -~. For a dihedral angle of ifJ = 32°, 
Q y = 0.0725. 

3. THE THERMAL BEHAVIOUR OF POLYCRYS­
TALLINE ICE 

The thermodynamics of polycrystalline ice are markedly 
different from that of a single crystal because it is a two­
phase system. The melting point of the ice-water system 
depends on the pressure, the curvature of the solid-liquid 
interfaces and the presence of impurities. We can write for 
the temperature depression () of the melting point below 
O°C in a polycrystal of ice 

where To is the melting point of pure ice, L is the latent 
heat of pure water, Pi and Pw are the densi ties of pure ice 
and pure water, R is the universal gas constant, p is the 
excess pressure in the water and c is the impurity 
concentration in the water. (N.B. () is the temperature 
depression below the melting point of pure ice, 
To = 273.16 K = O°C, and is therefore a positive quan­
tity.) 

By definition, a two-phase system can only be in 
equilibrium when it is at its melting point. A polycrystal 
of ice is therefore only in thermal equilibrium when its 
temperature is at () below O°C. 
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The experiments to be presented in this paper were 
conducted at atmospheric pressure and so Equation (4) 
reduces to 

() = ,BITo ~ + RTo2 c. 
L rv L 

(5) 

Nye (1991a) considered the case where there are no flows 
in the system and assumed that the impurities are 
perfectly expelled from the crystal lattice and the grain 
boundaries. If IsI is isotropic and hence r v is a constant of 
the system as suggested in the previous section, then the 
concentration in the veins is given by 

(6) 

where M is the mass of solute per unit length of vein and 
is constant. Equation (5) then reduces to 

where 

A B 
()=-+­

rv r; 

RT. 2M "V T. B= __ o_ and A-~ 
QyL - L . 

(7) 

(8) 

The essential difference between the thermal behav­
iour of a polycrystal and that of a single crystal is 
encapsulated in Equation (7). The temperature depres­
sion in the polycrystal () is expressed merely as a function 
of the vein size Ty • In other words, to change the 
equilibrium temperature of a polycrystal, we must change 
the vein size and so latent heat must be supplied. Nye 
(199Ia) showed that the heat flows in a polycrystal can be 
understood in terms of an effective specific heat aeff which 
contains two terms: 

2lLQyT~ 
aeff = a + Arv + 2B (9) 

where a is the specific heat of pure ice and l is the length 
of veins per unit volume. The second term is called the 
anomalous specific heat. It is a temperature-dependent term 
and is due to the latent-heat contribution of the veins. 
Nye showed that the heat-diffusion equation for a 
polycrystal is then 

(10) 

where 

and is the diffusivity of heat in a pure single crystal of ice. 
Figure 3 shows Deff as a function of temperature. 

The salinity and curvature contributions to the 
temperature depression are equal for () = {}' = 2A2 / B. 
For (»> {}', rv is small, the salinity term dominates and 
we may write 

(11) 

Furthermore, as curvature effects are small, we can 
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Fig. 3. Ratio of the effective diffusivity of a polycrystal 
Deff to the diffusivity of heat in ice Dh as afunction of the 
temperature depression () (after Nye, 1991a) . Schematic 
only; note the highly non-linear vertical scale. 

simplify the equation for the effective specific heat. We 
put A = 0 and use Equation (11) to substitute for T; in 
Equation (9), from which 

aeff = a(l + :~), (12) 

in agreement with Harrison (1972), where the transition 
temperature ()t is defined as 

When () = ()t, Deff = Dh /2, Harrison suggested that ()t 

should be used to mark the transition from cold to 
temperate ice. 

So far, we have only considered diffusion of heat 
through the sample. However, diffusion of solutes also 
plays a role in the equilibration process. Nye (199la) 
showed that diffusion of impurities through the bulk 
sample is governed by a diffusivity of Dc/3, where Dc is 
the diffusivity of the solute in water and the factor ~ arises 
because the solute can only diffuse along the veins. Dc is 
generally about three orders of magnitude less than Dh; 
for example, the diffusivity of salt in water is 
Dsw = 1.26 X 10-9 m 2 8-1. Therefore, when () is large 
and Deff ~ Dh, heat diffusion is much faster than solute 
diffusion. However, at the other extreme, as () tends to 
zero, Deff also tends to zero. There comes a point when 
Deff < Dc/3. Nye suggested that, for smaller values of 
(), Dc rather than Deff controls the approach to 
equilibrium. He called ice in this region deeply temperate. 

We can see how the various equations relate to a 
typical sample that was grown in the laboratory from 
singly-distilled water. The radius of curvature was found 
to be Tv =40J.Lm (vein width dv~20J.Lm) at a 
temperature depression of () = 0.1 deg. Using the values 
To = 273 K, IsI = 0.034J m -2, L = 3.06 X 108 J m-3 and 

362 

Equation (8), we get A = 3.0 X 10-8 deg m, and so 
A/rv = 7.5 x 10-4 deg, which is much less than the 
measured value of the temperature depression. The 
curvature term may therefore be neglected at this 
temperature depression and the simplified formula 
Equation (11) applies. Substituting the measured values 
for () and Tv into Equation (11) gives B = ()r; = 
1.6 x 1O-10 degm2

. The curvature term equals the 
salinity term when Tv = B/ A which corresponds to a 
radius of curvature T: ~ 3.8 mm (vein width d: ~ 
2.9 mm) and a temperature depression of ()' = 
2A2 / B = 1.1 X 10-5 deg. 

The transition temperature ()t requires an estimate for 
the total length of veins per unit volume in the sample. 
The grains in these samples are typically long and thin 
(see section 5). For grains which are about 4 mm across 
and 10 cm long, we have a total length of veins per unit 
volume of the order of I ~ 7 X 104 m-2

. Using the values 
a v = 0.0725 and L/a = 160deg in Equation (13), we get 
et = 0.011 deg for the transition temperature. This 
corresponds to a radius of curvature Tvt = 122 J.Lm 
(dvt. ~ 59 J.Lm) . Now, ()t » (j and so for temperatures at 
least up to the transition temperature we can neglect 
curvature effects. 

The temperature (j' at which Deff = Dsw /3 can be 
calculated from Equation (10) and Equation (7). For the 
typical sample, e" = 2 x 10-4 deg and T: = 890 J.Lm 
(d: ~ 445 J.Lm) . The contribution due to curvature at 
this temperature depression is A/r: = 3.37 x 10-5 deg 
which is about 17 % of ()" . We can see that curvature 
effects will become important when the diffusivity of the 
continuum is controlled by the diffusion of impurities 
along the veins. 

Note that Dh = 1.19 x 1O-6 m2 8-1 and Dsw = 
1.26 X 10-9 m2 S-I and so the diffusivity in a polycrystal 
and hence the time constant will vary, depending on the 
temperature, by three orders of magnitude. It would be 
extremely difficult to make reliable observations of 
changes in the equilibrium vein size with temperature 
in the deeply temperate region, because of the very small 
temperature depressions, () < 2 X 10-4 deg, coupled with 
the very long time constan t, which is of the order of 10 h. 
Consequently, all the experiments presented here look at 
ice in the cold to temperate region near the transition 
temperature where the temperature depression is con­
trolled by the salinity term. 

Now, in Equation (11), the mass of solute in the veins 
has been assumed to be constant. But we know that 
because of the volume expansion on freezing there will be 
flow of water along the veins out of the sample on cooling 
and into the sample on warming. This effect is called 
pumping. The result of the pumping is that the mass of the 
solute will not be constant. For each volume of water 
frozen, a fraction f is expelled: to = 1 - p;j Pw = 0.083. 
The change in the mass of solute per unit length is then 

(14) 

Now, the concentration is simply c = M/avT;. Substitut­
ing for c in Equation (14) and integrating gives 

M=Mo(::r' (15) 
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where Mo and rvO are the initial values. Combining 
Equations (8), (11) and (15) gives for the temperature 
depression 

which is 

where 

C' 
()=­r2-2< 

v 

C' = IIT'o2 Mo 
Lavr~< 

and is a constant. 

(16) 

(17) 

(18) 

Equation (17) shows that the effect of pumping IS to 
reduce the exponent by 2E = 0.166. 

4. THE EXPERIMENTAL APPARATUS 

The experiments were performed in a commercial walk-in 
freezer that was controlled to 0° ± 2°C. Figure 4 gives an 
overview of the experimental apparatus. A cylindrical, 
polycrystalline ice sample S (length 7 cm, diameter 3 cm) 
was suspended in a saline water bath A (capacity 1.51). 
The ice was clamped in the jaws of a sample holder H 
that was specially designed to hold and position ice. This 
holder has been described in detail by Mader (1990, 
1992). The contact pads are made of porous glass which 
allows any water created by pressure melting to flow 
away from the surface of the pads. Slip between the 
sample and the pad does not occur and so a piece of ice 
could be held immobilized for the duration of an 
experiment (3 h). The water bath provided the sample 
with both a temperature and a salinity environment. It is 

= 10cm 
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conceptually simpler to eliminate the salinity effect and 
this was done by containing the ice in a plastic bag (not 
shown), thus isolating it from the salinity of the bath 
whilst maintaining thermal contact. The sample was 
viewed in transmission by an optical microscope M which 
has an attachment for a camera (not shown). A water­
filled chamber F (thickness 3 cm) was placed between the 
white light source L (power 15 W) and the mirror R, so 
that most of the infra-red radiation was absorbed before it 
reached the bath. The observation stage of the apparatus, 
i.e. the microscope, with lamp, filter and mirror, and the 
water bath, with sample, stirrer and temperature probes, 
were all mounted on a vibration-free table. 

The temperature in the water bath was controlled by 
pumping water around a circuit that included another 
vessel B (capacity 21) which contained a mixture of 
singly-distilled water and ice chips, which were also made 
from singly-distilled water. By adding saline solution to B, 
the temperature of the freezing mixture in it was lowered. 
Pumping this cold solution around the circuit then 
reduced the temperature in A. The peristaltic pump P 
was always operated at the maximum throughput, about 
370 ml min-I, to minimize the time needed to change the 
temperature in the water bath. Both arms of the circuit 
could be accommodated in the pump which meant that 
the flow was the same around the circuit. The water levels 
in the two vessels therefore remained constant. 

The temperature in A was kept uniform throughout 
the whole bath by a large stirrer (diameter 8 cm, 
250 rpm). Temperatures several degrees below ooe could 
be easily achieved using this arrangement. The best 
control of the temperature in the water bath was achieved 
by treating vessel B as a supply of cold saline solution. The 
experimenter could add cold saline solution from B to A 
via the pump, or warm water to A by hand, to achieve 
and maintain the desired temperature. Using this 

microscope, 
M 

sample, 
S 

temperature 
transducer, 

T 

Fig. 4. Schematic drawing of the experimental apparatus. 
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Fig. 5. The electronics associated with the temperature 
measurement. (See text jor definition of symbols.) 

technique, the temperature in the water bath could be 
controlled to within ±0.002SoC . 

The temperature in the water bath A was measured 
using a highly sensitive, integrated-circuit temperature 
transducer. This device acts as a high-impedance, 
constant-current regulator, passing IIlA K- I with a 
specified linearity of ± 3°C (for the ADS90(IF) version 
of the transducer) over the full operating temperature 
range from - SSo to + ISO°C (for a detailed circuit 
description see Timko (1976)) . The output of the device 
is thus proportional to absolute temperature (PTAT). 
Figure S shows a simplified circuit diagram of the 
electronics associated with the temperature transducer. 
A stabilized ± IS V supply is used to power the 
temperature probe, the reference voltage chip and a 
x 100 differential amplification stage. The resistor Rt 
(nom. Rt = lOk!1) converts the PTAT current output of 
the probe into a PT AT voltage Vs (nom. T X 10 m V K-I). 
The reference voltage Vr (nom. + 2.732 V) provides the 
voltage appropriate to the zero of the Centigrade scale, 
273.2 K, so that the difference Vs - Vr is a measure of the 
Centigrade temperature T'. After amplification, the final 
nominal output is Vo = T' X 1 V 0C-I. 

The calibration process involves setting the resistance 
Rt such that the signal voltage Vs = +2.732 V at 
T' = O°C. This is done by first setting the reference 
voltage to Vr = +2.732V. The probe is then held in a 
well-stirred bath that contains a freezing mixture of 
distilled water and very small, distilled-water ice chips 
and the resistors are altered until the ouput Vo(O°C) = 

OV, i.e. Vs(O°C) = Vr = +2.732V. The probes are 
subject to self-heating effects which are eliminated from 
the measurement , by calibrating the probes in an 
environment that is similar to the test environment. The 
calibration and test environments are similar here 
because they are both well-stirred water baths. The 
actual values after calibration were Vr = + 2.730 V and 
Vo(O°C) = +O. ISOV, hence Vs(O°C) = 2.73ISV. Cen-

364 

tigrade temperatures appear as volt ages measured 
relative to Vo (O°C) with a voltage temperature coefficient 
of I V °C-I. 

The accuracy of the temperature measurements is 
limited by the linearity of the device itself (max. I.S% ), 
by a possible error in the amplification (the resistances 
associated with the operational amplifier have tolerances 
of 0.1 % giving an error of max. 0.2%), and by the 
calibration error. These three sources of error combined 
result in a scale-factor error, which causes a deviation in 
the final temperature-voltage coefficient from the ideal 
value of 1 V °C- I. The calibration error was 0.5 m V, 
which gives a scale-factor error of only 0.02% due to 
calibration. The total scale-factor error is 1.72% and may 
be assumed constant. 

The electronics were thermally insulated, but changes 
in the thermal environment of the electronics over long 
periods of time cause a slow drift in the value of Vo (O°C) . 
A knowledge ofVo(O°C) is necessary, if we are to measure 
particular temperatures accurately. Vo (O°C) was meas­
ured before and after each experiment using the 
calibration set-up. If the value had altered, then 
Vo (O°C) at a particular time was deduced using linear 
interpolation. The linear approximation is highly 
accurate and the error on Vo (O°C) is expected to be 
« 1 %. Consequently, if we know how Vo(O°C) changes 
with time, then the accuracy of a particular measurement 
of temperature is again limited by the total scale-factor 
error, max. 1.72%. In practice, a limit to the temper­
atures that could be measured was provided by the 
resolution of the voltage-detecting equipment. It is 
possible to resolve voltages of ±2.S mV = ±0.002SoC 
on the chart-recorder trace. 

Vein widths were determined from photographs of the 
veins taken using the microscope. The method was the 
same as in Mader (1992). Measurements were taken off 
prints rather than directly off the negatives . Distances 
between two lines on a print can be determined to within 
about ±0.25mm, i.e. about 1.4Jim at the maximum 
magnification of about x 180. This is therefore the 
resolution limit and is a consequence mainly of the 
graininess of the negative. Veins with apparent widths of 
less than about 3 Jim therefore could not be resolved, as 
the vein edges start to overlap on the negative at this 
stage. Also, diffraction effects start to become important 
for such small veins. 

5. THE SAMPLES 

Clear, stress-free polycrystalline ice samples were grown 
in the laboratory by lowering a plastic bag filled with 
singly-distilled water into a freezer at a rate of IS cm d- I. 
The temperature in the freezer was -27°C. The resulting 
ice columns were typically about 45 cm long and 3.2 cm in 
diameter. The grain structure within the columns showed 
strong signs of preferential grain growth; the grains were 
typically long and thin and the grain-size in planes 
perpendicular to the direction of growth was seen to grow 
with height. The ice-growing technique and the grain 
structure have been described in more detail in Mader 
(1992). 

The distribution of the ionic impurities in the columns 
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was investigated by measuring the electrical conductivity 
of meltwater samples taken from different regions in the 
columns (Mader, 1990). The analysis shows that 
89 ± 8 .9% of the impurities reside in only 
14.5 ± 1.5% of the volume, namely, within about 
1 mm of the curved surface and in roughly the top 2 cm 
of the ice column, the last part of the column to freeze. 
The bulk of the ice is therefore very pure. An impurity 
concentration analysis was carried out by British 
Antarctic Survey chemists on a melted sample of 
polycrystalline ice taken from one of the ice columns. 
The central part of the ice sample was used in this 
analysis; the dirty surface layer had been melted away. 
Their measurements produced the values shown in Table 
1. The bulk impurity concentration Cb is of the order of 
10- 6 moll- I and is consistent with the value estimated 
from the conductivity measurements (Mader, 1990). 

The ice from the ice columns is similar in grain-size 
and bulk-impurity concentration to natural ice samples. 
Harrison and Raymond (1976) quoted values for natural 
ice samples from Blue Glacier, Mount Olympus, U.S.A.: 
fine ice (grain-size 1-3 mm) C], ~ 3 X 10-0 moll-I, and 
coarse ice (grain-size 10-30 mm) Cb ~ 0.8 X 10-0 moll-I. 

Ice columns were also grown from dilute solutions 
containing known impurities. NaCl and H 2S04 were the 
chosen dopants as these are common impurities in natural 
ice and also because there is evidence to suggest that acids 
congregate preferentially in the veins whereas salts do not 
(Davies and others, 1982; Wolff and others, 1988). 

Ice samples 5-7 cm in length were taken from the ice 
columns. The preparation of these samples prior to an 
experiment has been described in Mader (1992). The 
preparation process was called rotting. It involved placing 
the samples in individual, sealed plastic bags and 
immersing them in a freezing mixture for periods of 
days or weeks. The temperature of the freezing mixture 
was probably marginally below O°C primarily because of 
residual impurities in the flask. In any case, it was always 
higher than the temperature of the samples at the time of 
immersion. During rotting, the temperature in the 
samples therefore increased and the veins grew. It was 
noted in Mader (1992) that the vein size grew fast at first 

Table 1. Results of impurity analysis performed on the core 
of a sample grown from singly-distilled water (courtesy of 
the British Antarctic Survey) 

cr 0.54 Mg++ 0.03 

N03- 0.05 K+ 0.25 

S04- 0.06 Ca++ 0.09 

Anions 0.65 Cations 0.37 

Na + not measured. Thus, a typical salt of about 
0.7 X lO-Omolrl

. 
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Table 2. Effect of rotting process on the samples studied in 
section 7 

Sample 1 2 3 4 

Solution Singly- Singly- 10-4 moll- l lO-4 mol r 1 

distilled distilled NaCl H 2S04 
see exp. l see expo 2 see expo 3 see expo 4 

Duration 
of rotting 17 21 28 59 
t(d) 

Mean vein 
width dv 114 119 180 357 
(J.lm) ±8% ±3% ±17% ±8% 

but, by the time a vein width of 100 J.lm or more had been 
reached, the process was much slower. Samples could be 
kept for many days at this stage with very little change in 
the vein size. The vein wid th after a long time t depends 
on the temperature of the freezing mixture and on the 
mass of solu te per unit length of vein in the vein system. 

Table 2 shows the mean vein width after rotting of the 
nodes observed in experiments 1-4 (see section 7). A 
comparison of samples 1 and 2 is possible as they were 
taken from the same ice column and were rotted in the 
same flask . The measured vein width was essentially 
stable after 17 d. Comparison of these samples with the 
others is more difficult as samples 3 and 4 derived from 
different ice columns and were rotted in different flasks. 
The much larger vein size measured for sample 4 is 
thought to be primarily due to a higher mass of solute per 
unit length of vein in this sample than in any of the others 
(see section 8) rather than the longer rotting time. 

The rotting situation described here is different from 
that studied by Nye (1991 b) . In Nye's model, the sample 
is in direct contact with a bath of fixed temperature and 
concentration rather than having only thermal contact. 
Nye, therefore, had to take account of diffusion of solutes 
between the bath and the sample . The resulting 
expression for the asymptotic (t --+ 00) growth of the 
veins has the time dependence cL, ex: t±. It contains no 
adjustable parameters and is independent of the 
concentration of the surrounding bath and of how the 
process starts. As diffusion of solutes from the veins to the 
bath (or vice versa) is not possible in the rotting situation 
described in this paper, this asymptotic solution will not 
be reached. The mass of solute per unit length of vein is 
constant with time, provided the surface of the sample 
remains dry. This was generally the case for my samples 
as they were isolated from the freezing mixture, which 
was itself very pure, and so the differences between the 
samples were maintained during the rotting process. 

6. EXPERIMENTAL METHOD 

The experiments study the vein size as a function of 
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temperature. We are only concerned with the conditions 
at thermal equilibrium. The temperature in the water 
bath was repeatedly altered. At each temperature, the 
sample was allowed to equilibrate for at least 3 min before 
a photograph was taken and the temperature in the water 
bath was measured. In thermal equilibrium, the 
temperature in the veins is the same as the temperature 
in the water bath. 

The vein was in each case only photographed from 
one direction. If the equilibrium vein-system geometry 
was uniform, then the radius of curvature of the vein walls 
rv could be calculated directly from the distances between 
the vein edges seen on the photograph. However, we have 
noted that the equilibrium vein-system geometry is 
generally non-uniform. Therefore, to gain a better 
estimate of rv, the vein was usually photographed near 
a node. The radius of curvature was calculated 
independently for each vein observed using the equations 
derived for a uniform vein system. The average of these 
values rv is the best estimate and the spread of the values 
indicates the likely error on the calculation. 

7. RESULTS 

7.1. Experilnents on ice grown frol1l singly­
distilled water 

The results of two experiments using samples that were 
grown from singly-distilled water are summarized in 
Figures 6 and 7. Each figure shows a photograph of the 
vein system observed and a graph of the vein size as a 
function of the temperature depression in the veins. The 
numbers next to the points on the graphs indicate the 
order in which the observations were made. In each 
experiment the samples were cooled, then warmed up 
again before being cooled once more. A number of data 
have been excluded from the graphs because the 
temperature measured in the water bath was above ooe 
which is not an equilibrium condition as the temperature 
in the veins is always below O°C. This applied to the 
starting point of both experiments. Also, the temperature 
in the water bath rose above O°C during the warming 
phase between points 11 and 12 of experiment I. After the 
starting point of experiment 2, the temperature in the 
water bath was always below O°C, which means that 
points 11 and 12 describe the conditions in the veins 
during the warming phase of the experiment. In both 
experiments, there has been an increase in vein size from 
the first to the second cooling phase. The lines drawn 
through the data points are the lines of best fit for each of 
the cooling phases. The main difference between the 
curves lies in the value of the constant C in the general 
equation () = Can. 

7.2. Experil1lents on ice containing known il1l­
purities 

The results of two experiments using samples that were 
grown from solutions containing a known impurity are 
summarized in Figures 8 and 9; in experiment 3 the 
solution contained 10-4 moll-1 NaCl and in experiment 
4 10-4 mol 1-1 H 2S04• The experiments were conducted in 
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Fig. 6. Results of experiment 1. (a) Photograph of the 
rotted vein system in a sample grown from singly-distilled 
water. There are seven veins, two ofwhich (veins 6 and 7) 
are pinched-off. This is probably due to an unusually low 
grain-boundary energy in the grain boundary that is 
common to these veins. The best estimate for the radius of 
curvature of the vein walls is given by rv = 

0.86rvI ± 10% where rvl is calculated for vein 1 using 
Equations (1) and (2). (b) Graph of the temperature 
depression () in the veins as a function of the apparent vein 
width a of vein 1. At the start of the experiment, the 
apparent width of vein 1 was a = 130 ± 2 j.J.m. This 
point is not shown as the temperature in the bath exceeded 
ooe. During the warming phase, between points 11 and 12, 
the temperature in the bath again rose above ooe. The lines 
ofbestfit are of the form () = Can and have thefollowing 
errors associated with them: first cooling curve n ± 6% 
and e ± 18%, and second cooling curve n ± 3% and 
e ± 9%. 
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Fig. 7. Results of experiment 2. (a) Photograph of the 
rotted vein system in a sample grown from singly-distilled 
water. Veins 3 and 4 are superimposed. The node can be 
assumed to have uniform geometry because the values for the 
radius of curvature calculated independently for veins 1 and 
2 using Equations (1) and (2) are within the error of each 
other. (b) Graph of the temperature depression 8 in the 
veins as afunction of the apparent vein width a ofvein 1. 
At the start of the experiment, the apparent width of vein 1 
was a = 100 ± 2 j.lm. This point is not shown as the 
temperature in the bath exceeded 0° C. The lines of best fit 
are of the form 8 = Ca" and have the following errors 
associated with them: first cooling curve n ± 7% and 
C ± 21%, and second cooling curve n ± 4% and 
C ± 12%. Note the temperature oscillation between 
points 13 to 17. 

Mader: Thermal behaviour of water-vein system in polycrystalline ice 

3 

4 

2 

a 

0.3 -,.----,-----r---------, 
e=120.70a-1.834 I 

g 0.2 

b 

10 20 30 40 50 
Apparent vein width, a [Ilm] 

Fig. 8. Results of experiment 3. (a) Photograph of the 
rotted vein system in a sample grown from a solution 
containing 1fT' mol r' NaGI. This node is irregular; the 
best estimate for the radius of curvature of the veins walls 
is rv = 0.87rv3 ± 20%, where rv3 is calculated for vein 
3 using Equations (1) and (2). (b) Graph of the 
temperature depression 8 in the veins as a function of the 
apparent vein width a of vein 3. At the start of the 
experiment, the apparent width of vein 3 was 
a = 206 ± 2 pm. This point is not shown as the 
temperature in the bath exceeded O°C. During the 
warming phase, between points 3 and 4, the temperature 
in the bath again rose above O°C. The lines drawn through 
the points are derived from the theory assuming 8 = 

Ca -,.83/. The error on C is ± 10% for the first cooling 
curve and ± 9% for the second. 
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Fig. 9. Results of experiment 4. (a) Photograph of the 
rotted vein in a sample grown from a solution containing 
1~ mol rl H~04' A node at one end of this vein was 
noted to be similar(y regular in appearance to that observed 
in experiment 1. Therefore, the radius of curvature 
calculated for this vein using Equations (1) and (2) is 
probab(y accurate to within about ± 10%. (b) Graph of 
the temperature depression () in the vein as a function of the 
apparent vein width a. At the start of the experiment, the 
apparent width of vein 3 was a = 343 ± 2 }lm. This 
point is not shown as the temperature in the bath exceeded 
0° C. The line of best fit is of the form () = Can and has 
the following errors associated with it: n ± 7% and 
C ± 6% . 

the same way as those presented in section 7. l. 
In experiment 3, there were insufficient observations 

during each cooling phase to allow an accurate curve fit. 
The lines drawn through the points are derived assuming 
() ex a-1.834 . Unlike in experiments I and 2, there has been 
a decrease in the value of the constant C between the first 
and second cooling phases. In experiment 4, the sample 
was cooled only once. The value of C is an order of 
magnitude higher for this sample than for the previous 
samples. 

7.3. Distorted vein-system geollletries 

At the outset of most of the thermal experiments, the 
temperature in the water bath exceeded aoc. It has been 
noted that this is not an equilibrium condition. The shape 
of the nodes is sometimes seen to be distorted from the 
expected equilibrium shape. Experiment 5 is a test of the 
assertion that such a distorted nodal shape is a non­
equilibrium configuration. The approach was simply to 
take such a distorted node, lower the temperature in the 
water bath to below aoc, and then watch what happens 
to the shape. If our assertion is correct, then, as the 
sample reaches equilibrium, the distortions should 
disappear . 

Figure lOa shows a node observed in a sample grown 
from a solution containing 10-2 moll- 1 N aCl. The 
photograph was taken at the outset of the experiment 
when the temperature in the water bath was slightly 
above aoc. The nodal shape is very distorted. The 
apparent vein widths change with the distance from the 
node. Also, the arrow in the figure indicates a point on 
one of the vein edges of vein 4 where the curvature of the 
vein edge appears to change sign. It is unclear from the 
photographs what the detailed shape of the vein walls 
look like. The approach to equilibrium geometry of the 
node was observed and the results of the experiment are 
shown in the photographs of Figure lOb and c. 

Experiment 6 (Fig. 11) studied the behaviour of 
another example of a local distortion of the geometry of 
the vein system which was seen gradually to even out 
during the course of the experiment. The sample used had 
been grown from a solution containing 10-4 mol 1-1 NaC!. 
On scanning through the sample, two nodes were seen 
located about 2 cm from the front flat face . The initial 
observation was that the vein connecting the nodes had a 
dramatically different apparent width at each end. Also, 
in the immediate vicinity of each node, the vein size 
appeared to be constant with the distance away from the 
node. Scanning along the whole length of the inter­
connecting vein, the discontinuity shown in Figure lla 
was discovered. The temperature in the water bath was 
varied and the behaviour of the vein in the vicinity of the 
discontinuity observed. The results are shown in Figure 
lIb and c. 

8. DISCUSSION AND CONCLUSIONS 

The cooling curves of experiments 1 to 4- are in agreement 
with the theoretically derived behaviour; from Equation 
( 17), we have () = C'r;1.834 and, as rv ex: a, then 
() = Ca-1.834 . The mass of the solute in the veins is only 
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Average value: n = 1.82 ± 0.02. 

modified by the action of pumping. Experiments 1,2 and 
4 have sufficiently many points to allow the value of the 
exponent to be deduced from the data. We have five 
independent measurements of n from these three 
experiments - see Table 3. The mean value is 
n = -1.82 ± 0.02, which is in agreement with the 
theoretical prediction. Experiment 3 provides additional 
data that are also consistent with an exponent of 
n = -1.834. 

It is important to distinguish carefully between the 
quantities B and C', or C. We see from Equation (8) that 
B is a measure of the mass of the solute per unit length of 
vein M . Now, C ex C' and Equation (18) shows that C is 
also related to the mass of the solute per unit length of the 
vein, but it is a measure of the ratio Mlr y2£ . The 
temperature versus vein-size behaviour follows lines of 
constant C. These lines cut across lines of constant B such 
that B increases as the temperature depression decreases. 
B and hence M are therefore temperature-dependent 
variables because of the action of pumping. 

<J Fig. 10. Results of experiment 5. (a) The distorted nodal 
structure (arrow) at the outset of the experiment when the 
temperature in the bath was above OOG. (b) The 
temperature in the water bath was dropped to 
-O.10S' ± O.OOSG. The photograph shows the node 
after it had been held at this temperature for 10 min. 
Already, the distortion indicated by the arrow has 
disappeared and vein 3 has a constant apparent vein 
width along its length of a = 160 ± 2 J.l.m . However, 
veins 1 and 4 still have sizes that vary with the distance 
from the node. The sample was held stable at 
-O.10S' ± O.OOSGfor a further 15min, by which time 
the apparent width of vein 3 was a = 31 ± 2 J.l.m. Vein 1 
was seen to have a constant apparent width along its length, 
and the variation in size of vein 4 was smaller although 
still evident. (c) The temperature in the water bath was 
raised to -0.03(;0 ± O.OOS'G and after a further 15 min 
this photograph was taken. The apparent width of vein 3 is 
now a = 63 ± 2 j1.m. The nodal shape is much closer to 
that expected. The variation in the apparent width of vein 4 
persists, but is significantly reduced compared to that 
observed at the outset. 
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The cooling curves all follow the same functional form 
but . values of C can vary, which implies that the ratio 
M jr;f is different; that is, the value of M at a particular 
vein size (or temperature depression) is different . 
Generally, a change from one value of C to another is 
observed during the warming phase in an experiment. 
This is a secondary effect of pumping. When the sample is 
warmed up and the veins melt, water is sucked into the 
vein system from the surface of the sample. The impurity 
content in this water is, in general, different from that in 
the veins. Some of these impurities are imported into the 
vein system during the melting process. 

The most frequent observation is of an increase in C, 
as in experiments 1 and 2. This is consistent with the fact 
that the impurities tend to congregate at the surface of the 
ice columns. In experiment 3, C was observed to decrease 
on melting. This sample had been treated rather 
differently from the others; the grain structure had been 
observed by placing it between crgssed polaroids. During 
this process, melting occurred and so it is possible that a 
lot, if not all, of the contaminated surface layer was lost 
before the measurements were made. 

Pumping, which is responsible for the increase in the 
exponent, should be observed throughout the vein 
network and during all temperature changes in these 
samples. But, at what point, or indeed whether, a change 
in the constant C is observed depends on the temperature 
change involved and on how far away from the surface, 
via the vein network, the observation point is. This is a 
consequence of the fact that the diffusion of solutes along 
the veins is small compared to the other processes 
involved. The change in C relies on the impurities being 
carried by a flow of water and solutes from the surface. 
The flow must reach as far as the observation point, 
which was as much as 2 cm or so from the surface. This 
deserves further investigation as it is not self-evident that 
the effect will be so large. 

<J Fig. 11. Results of experiment 6. (a) This photograph 
was taken immediately after the temperature in the water 
bath had been dropped to -0.15" ± O.02"C. The apparent 
vein width changes extremely suddenly from a = 
16 ± 2jJ.m to a = 69 ± 2jJ.m, i.e. by more than a 
factor of 4. (b) The water bath was then allowed to warm 
up to -o.1r ± O.02"C over a period of about 3Omin, at 
which point this photograph was taken. The discontinuity 
has already been replaced by a gradual change in the si;;,e of 
the vein along its length, from a = 59 ± 2 jJ.m to 
a = 22 ± 2 ~m. Note that the vein has actually fro;;,en 
at the wider end despite the rise in temperature. (c) The 
temperature in the water bath was once more reduced to 
-0.127' ± O.OO5"C, before being allowed to warm up 
again over a period of 45 min to -o.03r ± 0.030°C. The 
photograph shows the connecting vein at this point. There is 
still a variation in the apparent width along the vein from 
a = 113 ± 2 jJ.m to a = 91 ± 2 jJ.n, but the change is 
gradual and by a factor of less than 2. After a further 
50 min, the temperature in the bath was 
- 0.090° ± O.OO5"C and the variation in the vein-si;;,e 
was no longer observable. The apparent vein width was 
a = 22 ± 2 jJ.m along its length. 
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Further considerations of pwnping 

It is simpler, when discussing pumping, to consider the 
flow in a vein on freezing as this is a well-defined 
situation. The melting process is physically simply the 
reverse, but with the added complication of an unknown 
source of water and impurities at the surface of the 
sample. 

We consider the simplest case of a single vein running 
down the length of a cylindrical sample, as shown in 
Figure l2a. The vein has a uniform cross-sectional area 
Av. The solution in the vein has a uniform impurity 
concentration and is assumed to be incompressible. As the 
temperature of the sample is lowered, vein water freezes 
thereby reducing the cross-sectional area of the vein by an 
amount dAy. The fractional expansion of water on 
freezing causes some of the water to be expelled at the 
outcrops. Obviously, the situation is symmetrical and so 
only one-half of the sample need be considered, as in 
Figure 12b. 

The volume of water per unit length of vein that is 
expelled is simply fdAv • In Figure 12b, the expelled water 
is drawn as if still confined to an imaginary vein that has 
the same cross-section as the real vein. This is merely a 
constructional device. We consider the pocket of water 
that initially fills the vein from the midpoint to a 
coordinate at x which moves with the water as the vein 
cross-section expands and contracts. If the cross-sectional 
area of the vein reduces by dAy, then the front of the 
pocket will move by dx, which is given by 

dx = _ XfdAv • (19) 
Av 

~ 

I I \ 
I \ 

vein 
cylindrical 
ice sample 

1 1 
i 
I 

I 
I , 
I 
! 
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Xo I 0 x 
Xo + dxo 

Fig. 12. Idealized motion of a front at x = Xo due to 
volume expansion on freezing. (a) Vein before freezing 
with the cross-sectional area Av and (b) after freezing 
with the cross-sectional area reduced by an amount dAv. 

(a) 

(b) 

.. .. 
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We denote the initial and final values for Ay as AVi 
and Avf, and observe the total motion of a front that is 
initially at x = xo, i.e. when Ay = A vi . Integrating 
Equation (19) we get 

x=xo ~ (
A ')< 
Avr 

(20) 

To get an idea of the scale of the effect, we can 
substitute in some typical values. We take the case of an 
experiment where the vein size changes from dv = 60 j.Lm 

to dv = 10 j.Lm. This is a change in Ay from Avi ~ 10-9 m 2 

to Avf ~ 10-11 m-2
. Using f ~ 0.1, we get x ~ 1.5xo. For 

a sample such as in experiment I which was about 8 cm 
long, the face at Xo ~ 2.6 cm has been moved all the way 
to the outcrop at x ~ 4 cm. There has been a complete 
exchange of solution within the region 
2.6 cm < x < 4 cm. The situation on melting is the 
reverse; for observations made in the region 
2.6 cm < x < 4 cm, we can expect to observe the influx 
of water and impurities from the surface. 

On the basis of this very simple model, we would 
expect the influx of impurities at a particular observation 
point, i.e. the change from one curve of constant C to 
another, to be sudden. Also, the model, when followed 
through, implies that the process is completely reversible . 
Figure 13 shows a sketch of the temperature depression 
versus vein-size behaviour in a typical sample. The initial 
cooling cycle takes us from point A to point B along the 
curve with constant C = Cl. Warming the sample up 
again, we expect to follow the same curve back again up 
to a point P, which is when the influx of impurities from 
the surface reaches the observation point. The change­
over to the new curve with C = C2 happens suddenly 
according to this model, taking us to point D. Now, when 
the sample is cooled again, our experimental observations 
follow the new curve to point E, whereas this model 
would take us back via point P to point B. 

The problem arises because the model assumes a plug 

C2 
A ---Cl 

vein size 

Fig. 13. Temperature depression versus vein-size behaviour 
in a typical vein. 
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flow; the velocity gradient across the vein is taken to be 
zero. This kind of flow occurs only in non-viscous 
situations. However, the flow here is highly viscous, as is 
indicated by the extremely small value of the Reynolds 
number Re = lVp/", ~ 10-9, where p is the density of 
water (p ~ 103 kg m-3

) , '" is its viscosity (TJ ~ 10-3 Pa s), V 
is the mean velocity of the fluid in the veins 
(V ~ 2 cm (3 mint l ~ 10- 4 ms-I; 2 cm is the typical 
distance to the observation point and 3 min is the equil­
ibration time), and l is a typical length associated with the 
vein cross-section (l ~ dv ~ 10-5 m). There will be a 
velocity profile with fas ter fluid at the vein axis and 
stationary fluid at the vein walls. This will modify our 
view in a number of ways: 

1. Solution from the surface will be imported even deeper 
into the sample than implied by the simple model. 

2. Different streamlines will have different impurity 
concentrations associated with them. There will be a 
concentration gradient across the vein. 

3. The concentration gradient will drive diffusion of the 
solutes in the plane of the vein cross-section. The 
diffusivity of salt in water is Dsw ~ 10- 9 m2 S-I and is 
large enough to produce a uniform concentration over the 
vein cross-section (dv ~ 10-5 m) in the usual equilib­
ration time (7 ~ 3 min). 

The effect on the observa tions will be two-fold: 

I. The change-over from one line of constant C to another 
will not be as abrupt as is implied by our simple model. In 
Figure 13, the line from p i to D indicates the expected 
behaviour when this modification is included. This is 
consistent with the observations. In general, the change­
over is sufficiently sudden that it was not possible to get 
measurements covering the pi to D behaviour. All the 
points lie on one or other of the curves. However, in 
experiment 2, points 11 and 12 show the change-over. 

2. The situation will not be reversible, because of the 
diffusion of solutes in the plane of the vein cross-section. 
Therefore, the vein behaviour on cooling will not return 
from D via pi to B but will proceed, as observed, from D 
down the line of constant C = C2 to point E. 

The effect of the doping agents 

It is possible to calculate the mass of solute per unit length 
of vein M for a data point ((),rv ). From Equations (17) 
and (18), we get 

(21) 

The value of M for () = 0.1 deg has been determined for 
our samples. M ~ 10-8 mol m-I for samples grown from 
singly-distilled water and also for samples grown from 
doubly-d istilled water doped with small amounts of NaCI 
(10-4 moll- I or 10-2 mol rl ). Samples grown from a 
solution of doubly-dis t illed water and 10-4 moll-I 
H 2S04 produced a sample with a significantly higher 
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mass of solute in the liquid phase, namely 
M ~ 10-7 mol m-I for () = 0.1 deg. 

The value of M for samples grown from NaCI-doped 
water appears to be independent of the impurity 
concentration of the NaCl dopant in the solution from 
which the samples were grown; the two samples 
considered in experiments 3 and 6 came from solutions 
with impurity concentrations that are different from each 
other by two orders of magnitude, but the response of 
both these samples to changes in temperature was similar 
to that of samples grown from singly-distilled water. This 
suggests that the contamination level in the bulk crystal 
(that is, the impurities contained within the grains, in the 
grain boundaries and in the veins) was roughly the same 
for all these samples and that the majority of the 
impurities were located at the ice surface, as in the case 
of the ice columns grown from singly-distilled water. The 
additional impurities contained in the ice colums grown 
from the highly doped solution (l0-2molrl NaCl) were 
most probably located at the ice surface, though there are 
no independent measurements to support this. 

Presumably, there must be some limit to the impurities 
that can be expelled to the ice-column surface. The 
10-2 moll- I dopant level must, in fact, be close to this 
limit as it was much harder to grow clear ice from such 
solutions. The speed of stirring above the ic~water 

interface had to be increased and the position of the 
stirrer relative to the interface much more carefully 
monitored to avoid the formation of many small bubbles 
and other inclusions in the ice. 

Given a knowledge of the mass of the solute per unit 
length of veins, typically M ~ 10-8 mol m-I and the 
length of veins per unit volume of the ice, typically 
l ~ 105 m- 2

, we can estimate the impurity concentration 
per unit volume due to the impurities in the veins, 
Cv = M x l ~ 10-3 mol m - 3 = 10-6 moll- I. Corn paring 
this value with the estimates of the bulk impurity 
concentration Cb in section 5, we see that it is possible 
for all the impurities in the samples to be contained in the 
vems. 

Distorted vein systeDls 

Experiments 5 and 6 (Figs 10 and 11) study the 
behaviour of distorted vein systems. In experiment 5, 
the distortions were significantly reduced but the 
variation in the apparent width of vein 4 was still 
evident after 40 min. The persistence of this feature can 
only be explained if the mass of the solute per unit length 
of vein M varies with the distance from the node. We can 
assume that the combined temperature depression due to 
curvature and concentration is constant along the vein 
within a few minutes because the measurements are 
conducted near the transition temperature ()t for these 
samples. As the vein size increases with distance from the 
node, so the temperature depression due to curvature is 
reduced and that due to the concentration of the 
impurities is increased. The approach to equilibrium 
vein-system geometry is governed by the resulting 
concentration gradient, which drives the diffusion of 
solutes along the vein. The process is slow because Dc is 
small and also because the curvature term is very small 
compared to the concentration term, and so a large 
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change in the radius of curvature, and hence in the vein­
size, implies only a very small concentration gradient 
along the vein. 

The explanation of experiment 6 is similar. We expect 
that the sudden change in the vein size is a consequence of 
a different value of M in the two sections of the vein. 
During the experiment, M is evened out along the vein. 
Diffusion of the solutes is not the sole mechanism for 
eliminating the initial variation in this experiment 
because of the many temperature changes which will 
have caused an element of pumping. There is insufficient 
information here to gauge exactly what contribution the 
pumping has made to the effect, but it is likely that it has 
speeded up the approach to equilibrium geometry 
because it provides a mechanism, in addition to 
diffusion, for transporting solute along the veins. 

Diffusion of the solutes is the process which governs the 
approach to equilibrium vein-system geometry. Once 
equilibrium vein-system geometry has been reached, 
there are no concentration gradients along the veins 
and therefore diffusion of solutes no longer occurs. 
Changes in the temperature of the sample are then 
governed by the effective diffusivity Deff alone. This 
applies for all values of (). 

9. SUMMARY 

The functional form of the temperature versus vein-size 
behaviour of the veins has been determined. The 
experiments have shown that () = Can where 
ii = -1.82 ± 0.02, () is the temperature depression in the 
vein, a is the apparent vein width and C is a constant. 
This relationship implies that the mass of the solute per 
unit length of vein M remains in the liquid phase during a 
temperature change. In the theoretical derivation, it was 
assumed that the solid phase is pure and that no solute is 
incorporated into the ice lattice when the veins freeze. By 
taking account of the density change that occurs during a 
phase change, we obtained the relationship () = C'ry-1.834 

= Ca -1.834 which is in agreement with the observations. 
From the derivation, we found that the constant 

C ex: M/ryO.166. The mass of the solute per unit length of 
vein therefore varies with the vein-size. We have shown 
tha t this is solely an effect of the difference in the densi ty 
of water and ice. The volume expansion (contraction) on 
freezing (melting) causes a flow of water and hence 
impurities and thereby leads to a decrease (increase) in M 
that is proportional to r yO.l66. This effect occurs over the 
whole temperature range. Furthermore, we have found 
that during the melting process the flows provide a 
mechanism for the transport of impurities from the 
sample surface into the vein system. The effect of this 
pumping on the vein system is, in general, to change the 
value of the constant C. That is, the mass of the solute per 
unit length of vein at a given vein size is altered. In our 
experiments, C generally increased, which is consistent 
with the fact that the samples were found to have a highly 
impure surface layer. 

The influx of impurities from the surface is important 
in these samples, mainly because of their small size. In a 
large body of ice, such as a glacier, the effect would be 
peripheral. However, 'the M oc r yO. l66 variation is indep-
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endent of the location of the observation point, and so we 
would expect this to occur throughout a glacier. 

The value of M for () = 0.1 deg has been determined 
for our samples. We found that M ~ 10-8 mol m-I for 
samples grown from singly-distilled water. Similar exper­
iments were performed on pure samples doped with small 
amounts of NaCl or H 2S04 • The same general behaviour 
was observed but, in the case of the H 2S04-doped 
samples, we found that M was an order of magnitude 
greater. These measurements support the idea that acids 
are concentrated preferentially in the veins . Similar 
results have been reported in natural polar ice by other 
workers (Mulvaney and others, 1988; Wolff and others, 
1988) using scanning electron-microscopy techniques. 
High concentrations of acids in the vein system can 
correctly predict the d.c. conductivity of polar ice (Wolff 
and Paren, 1984) and can explain the release of strong 
acids by melting snow reported by Davies and others 
(1982) . 

The theory ofNye (1989) studies the coupled heat and 
solute diffusion problem of the vein system in the 
polycrystal. The essential assumption in this theory is 
that the solute remains in the liquid phase during a phase 
change. Our observations have shown this to be true. 
Nye's theory only differs from the experimental situation 
in that it neglects all flows. 

A consequence of Nye's continuum approach is that 
the effective diffusivity of a polycrystal of ice Deff is 
strongly temperature-dependent, which IS In agreement 
with Harrison (1972). Deff varies by three orders of 
magnitude. This is a direct result of the latent heat 
required for melting or freezing at the vein walls during 
temperature changes and is not altered by the effects of 
pumping. The variation Deff with temperature has been 
observed during the rotting process where the vein size 
was noted to grow increasingly slowly as the sample 
warmed up, indicating a gradually increasing diffusivity. 

The diffusivity of solutes in water is three orders of 
magnitude less than the diffusivity of heat in ice. Also, the 
contribution to the temperature depression of the 
curvature term is much less than that due to the salinity 
term in these experiments. Nevertheless, it is important to 
include both these effects in a discussion of vein-system 
behaviour. This has been clearly demonstrated in 
experiments in which the behaviour of distorted veins 
has been observed. The approach to equilibrium vein­
system geometry is controlled by the diffusion of solutes 
along the veins. Temperature changes in a system that 
has reached equilibrium geometry are governed by Deff, 

that is heat diffusion, alone for all values of B. 
Both the observation and the theory we have given to 

explain them apply where the contribution to the 
temperature depression of the the curvature term is 
negligible compared to that of the salinity term. We have 
found that in a typical sample this is when B » 10-4 deg, 
which covers both the cold and the temperate regions. 
The temperatures in our experiments were in the range 
0.005 deg < () < 0.500 deg and are typical of the 
temperatures measured in a temperate glacier (Har­
rison, 1975). Furthermore, an investigation of the samples 
grown in the laboratory has shown them to have a similar 
grain-size and bulk impurity concentration to samples of 
natural ice from a temperate glacier. 
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