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PREFACE 

Th is report was prepared by Dr. Samuel C. Colbeck, Geophysicist. Snow and Ice Branch, 

Research Division , U.S. Army Cold Regions Resea rch and Engineering Labora tory (USA 

CRR EL). 

The study was conducted under Project 4AI 6 11 02 B52E, Research in Military Engineer

ing and Construction, Task 02 , Research;n Snow, Ice and Frozen Soil, Work Unit 011 , 

Properties of Snow and lee Influencing Winter Mobility and Denial. 

This report was technically rev iewed by Dr. George D. Ashton and Dr. Anthony J . Gow 

of USA CRR EL. Their criticisms were appreciated. 
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SUMMARY 

Water flow through snuw covers and glaciers is an important part of the hyurological 
balance of much of the world . As media for transmilting water to streams and reservoirs. 
snow covers and glaciers arc complicated phenomena whose properties arc highly vari
able in lime and space. A new approach to calculat ing wate r fl ow through icc laye rs in 
snuw covers and glaciers is developed here. Alth ough Ihese layers may be a small pari 
of the 100ai mass of a snow cover, they can provide a dominating barrier tu the down

ward movement of water in the early part of the melt season beca use uf their horizontaJ 
orientation. 

In this report the move men t of water through veins in ice is described as fluid fl ow 
through a porous medium. Because of the dynamk natu re of these veins. their sizes 
are allowed to va ry according to the ove rburden pressu re and water pressure in the 
veins : water pressure is in turn related to the flu x of water. Describing the flu x as 

Darcian fl ow where the permeability of the ice is determined by a standard fo rmula tion 
for a porous medium. the flux of water can then be related to the pore size and the 
spatial gradien t of pore size. The solution method for the complete equation is given 
and speciaJ cases are considered . The rate of movement of transients th rough the icc 
is found to be about 0.50 m/yr, a va lue which is much too low to playa signi fic ant 
role in Ihe hydrology of glacierS. It is concluded Ihal Ihese small pores do nol acl as 
significant water conduits except where the absorption of solar radiation ca uses their 
rapid enlargement as in shallow snow covers. 
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WATER FLOW THROUGH VEINS IN ICE 

by 

S.c. Colbeck 

INTRODUCfION 

Water runoff from snow covers and temperate glaciers is increasingly important because of acute 
problems of water shortages and nooding. Water now through polycrystalline ice at the equilibrium 

temperature is an important part of snowpack "ripening" and ice cover "candling" and may con lrib· 
ute significantly to the hydrologic and thermal regimes of temperate glaciers. Nye and Frank (1973) 

advanced OUT understanding of this phenomenon by describing the vein structure of tempera te ice. 
The veins, or pores, form along three-grain intersections and afe the major small -scale conduits for 
liquid movement. ye and Mae (1972) observed ve ins in the laboralOry. Raymond (personal com

munication) observed them in samples of temperate glacier ice, and Wakahama et al. (1973) observed 
dye movement through ice near the surface of a temperate glacier. The obse rved veins in ice are 

water-fi lled pores with widely spaced air bubbles trapped in the pore structure as originally suggested 
by Uiboutry (197 1). The now o f water through veins is treated here as unsaturated Darcian now. 

Although a complete deSCription of the now is not possible because of the blocking effects of the 
trapped air , some limiting arguments aTe constructed and the hydrologic significance of water now 
through veins is placed in proper perspective. 

PRESSURE AND VEIN SIZE 

Nyc and Frank ( 1973) described water nux through solid icc by assuming that water pressure 
Pw is equal to ice pressure p;. In this paper icc pressure is determined hydrostati cally by 

P; = P;Kz (I) 

where Pi is the ice densitY,g is gravi ty, and z is the distance below the free surface. The pressure in 
the water phase is determined by the equilibrium of surface forces : hence 

P; - Pw = 20'- ' (2) 

where, is the mean geometrical radius of the pore and a is the ice/water interfacialtcnsioll. The 
pressure in the water phase is now determined by depth and vein size 

- 2- ' Pw - Pj gz - o r . (3) 

AI any deplh there must be a balance between vein size and water pressure which is related 10 the 
nu x or wa ter per unit area of ice IIw by the equation of motion. One inherent assumption is that 



vein geometry can respond quickJy to changes in the flow field and that time lags in the geome try's 
response have small effects 011 the flow field. It is shown later that the time constants for the fl ow 
field are so large Ihal diurnal or even seasonal variations may not propagate through the vein system 
of a glacier. 

FLOW RATES 

The Darcian formula for vertical flu x (uw is volume of fl ow per unit area per unit time) through 
porous media is 

where kw is the permeability to the water phase and J.1.w is the viscosity of water. 
flux is described by 

(4) 

Now the water 

(5) 

The least known part of this equation is the permeability to the water phase kw' which is usually 
determined experimentally for any given porous matrix and liquid saturation. In Ihis case, the por
OtiS medium is not fixed bllt the pore size is free to dilate in response to changes in the pressure 
field. This transient behavior is accounted for by taking 

(6) 

where J(Sw) is an arbitrary function of water saturation Sw' f{¢) is an arbitrary function of porosity 
(4)) , and the mean geometrica l radius r is proportional to the grain size or hydraulic radius commonly 
used in this formulation for the permeability to the liquid phase in porous media (Bear 1972, p. 165). 
The function of porosity f(¢» is dependent on pore size but ge nerally kw is very weakly dependent on 
porosity at the small values of porosity considered here (i .e ., 2f{¢)'» " af(¢)/a,). Accordingly, 
for temperate :ce where both liquid saturation and porosity vary over narrow ranges, eq 6 is simpli
fied such that permeability accounts for only the pore radius effect , or 

k = c,2 
w (7) 

where the constant c must be determined experimentally. Probably only actual field samples can 
be used to determine c because of the crit ical effects of air bubbles in the pore space. The arrange

ment of air bubbles will probably be very diffe rent for samples with different histories. 

Combining eq 5 and 7, 

(8) 

where lIw is given as a function of pore size . If we neglect the gradient of pore size , eq 8 reduces 
to an expression similar to that ofNye and Frank (1973) except that they used grain size rather 

than, to characterize the porous medium. The grain size characterization is not used here because 
large changes in permeability can occur by pore dilation without a corresponding change in grain 
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size. A1so, when fluctuations in the pressure fi eld are neglected, the pore silc is immediatcly fi xcd 
in time and space by the requirement of force equilibrium in which case only steady now is al lowed. 

Unfortunately the second tcrlll in eq 8 cannot be neglected a priori because it ca n make a signifi· 
can t contribution to the flow under tra nsient condi tions. A continuity relation is genera ted by as
suming a straight capillary model as a first approximation to temperate ice 

auw + (I _ ~ ) alP = 0 
az Pw at 

(9) 

where the porosity <p of the ca pillary model is 

( 10) 

and the average number of pores per unit area n can be determined by obse rvation. Compressibility 
was neglec ted in the derivation of eq 9, although the compressibility of trapped air bubbles and 

liquid water could signifi cant ly increase the diffusion of pressure transients propaga ting th rough 

temperate ice, Combining eq 8, 9 and 10, 

where 

and 

C' 2 

.. cg pw 
c = - - , 

J.Lw 1l1T 

( II ) 

( I I a) 

( II b) 

Equation I I can be simplified by working in a coordinate system moving through the ice at a rate 
equal to c ", The physical significance of speed c" is shown la ter. Taking 

z'=z - c ( 12) 

and r ' = 

eq II transforms to 

c,a' , +, a, = 0 
az" at' 

( 13) 

which is separable and has the sol ut ion 

, = Z(z' ) T(t') ( 14) 

where 
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T(I ') = 1"(0) AI' (l4a) 

and Z(= ') is Ihe solUlion o f the equal ion 

</'Z ' = 'C., Z' 
d - ' 2 C 

(15) 

which can be read ily treated using e lli ptic inlegrals (Ames 1968. p. 55). This provides a solut ion for 

the co mple te equat ion. but the lack of knowledge about the exact nature of the air bubbles precludes 
a full exploitation of this result. 

Much insight into the phenomena o f water now through ice can be obtained by considering two 
specia l cases of eq II : 

I . For Sleady now. eq II can be integraled direc tly 10 give 

r+a ' 0+0 
-=-- (

cae" ) exp ---c- z ( 16) 
r - Q '0 - 0 

where 

(16a) 

This is Ihe equi librium profile of pore size al a given now rate where the boundary condition (dr/ 

dz~ o is set by the fl ow rate lIo and pore size '0 at the surface. Equation 16 shows that the ratio 
air 0 is the critical parameter determining whether pore size increases or decreases with depth under 
steady conditions. 

2. The water nux can be approximaled by neglecling the higher order derivative L" eq II . The 

equat ion is greatly simplified and can be solved immediately by noting that transients of both pore 
size and wa ter flux propagate downward from the surface at a speed equal to e", The speed of 
propagation of the water pressure wave is slightly greater than c" when the pore size is increasing in 
time and vi ce versa whe n pore size is decreasing wi th time. This does not contradict the basic ideas 
behind this approach because transients of the pressure difference across the ice /water interface 
(Pw - Pi) also propagate through temperate ice at a rate c oo, 

The transients of water flux introduced at the surface propagate through temperate ice at a con· 
Slanl speed, whi ch is the speed of Ihe convecling coordinales (eq 12) used to solve the complete 
di fferent ial equation, The second o rder term in eq I I describes the diffusion of perturbations in
trodu ced at the surface which propagate al speed c". Fortunately , the perturbations do nol propa· 

gate as shoc k fro nt s because the wave speed c" is constant for all vaJues ofuw and r. Therefore , 
Ihe diffusive effecl of pore sile gradients may be negligible and Ihe solution given in the special 

case is probably adequate for most purposes. Similar mathematical treatments are used to describe 

waler now Ihrough snow and ol her pheno mena (Colbeck 1972 , Lighthill and Whitham 1955). 

CONCLUSIONS 

Allhough Ihe fo rmulation of this model and Ihe SolUl ion of the equations have been fairly straight

fo rward . the remaining problem of obtaining va lid experimental data on natural samples o f tempe rate 
ice is very difficult. Problems with sample handling and temperature conlrol are enhanced by the low 
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permeability of temperate ice. For practical purposes it may not be necessary to conduct these tests 
because, even neglecting air bubble blockage and tortuosity, volume flux calculated from the equation 
given here, using known parameters, cannot exceed 0.50 m a-I. The permeability is limited by both 
the small pore size and the small number of pores per unit area. 

As Nye and Frank (1973) noted, these small flows suggest that the veins do not play an important 
role in the hydrology of temperate glaciers. The flow rate in the bulk of the glacial ice away from the 

strain energy effects at the bottom or radiation absorption at the surface is a nearly steady·state flux 
of water which responds only to long period changes in the surface conditions. To illustrate the time 

constants of the vein system of a glacier, the time required for the propagation of a constant value of 

water flux through a typical glacier c" is estimated at two weeks if no entrapped air is present in the 

pores. Even neglecting the effects of entrapped air, which is clearly the lower limit for the time con· 

stant of propagation through the vein system, only seasonal variations of water flow can reach the 
glacier bottom. Considering the large effect of the entrapped pore air, it is reasonable to conclude 
that even annual variations cannot propagate through the entire thickness of a temperate glacier be· 

fore they arC eliminated by diffusion. 
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