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Deformation properties of subfreezing glacier ice: 
Role of crystal size, chemical impurities, and rock 
particles inferred from in situ measurements 

K. M. Cuffey, x H. Conway, 2 A. Gades, 2 B. Hallet, a C. F. Raymond, • 
and S. Whitlow 4 

Abstract. To improve understanding of the deformation properties of subfreezing 
polycrystalline glacier ice and, in particular the role of crystal size, chemical 
impurities, and rock particle impurities, we analyze in situ strain rates of the basal 
layers of Meserve Glacier, Antarctica. Strain rates were monitored on the walls 
of a subglacial tunnel (where down flow shear stress is relatively uniform) and 
ice properties were measured (texture, fabric, and impurity content). We propose 
a simple empirical model describing strain rate variations due to variations in 
crystal size and impurity content, and we use all relevant Meserve data to constrain 
model parameters. We conclude that there is a direct dependence of strain rate on 
crystal size, which reflects an important role for a grain-size-sensitive deformation 
mechanism such as grain boundary sliding or diffusion. Chemical impurities are 
found to enhance the grain-size-sensitive deformation and are found to be an 
important control on strain rate variations in the very impure ices of Meserve 
Glacier. However, the per molar sensitivity of strain rate to chemical impurity 
content is shown to be very low, such that in the ice age ices of the Greenland 
ice sheet there is probably an immeasurable contribution of chemical impurities to 
strain rate enhancement, though we cannot exclude chemical enhancements as high 
as 1.3 there. Our analyses detect no direct rheologic effect of rock particles in the 
Meserve ices, which suggests that rock content is not directly responsible for the 
low viscosity of dirty basal layers. 

1. Introduction 

An appropriate rheologic relation for polycrystalline 
ice is a keystone in our understanding of Earth's ice 
sheets and glaciers. The empirical rheo!ogic relation 
most used by glaciologists is the generalized Glen's law 
[Glen, 1955; Nye, 1957; Paterson, !994], which de- 
scribes strain rate as a nonlinear function of stress and 

temperature. Glen's law (hereinafter GL) is usually in- 
terpreted to be a manifestation of dislocation motion, 
a combination of easy glide on basal planes and dislo- 
cation climb normal to basal planes [Duval et al., 1983; 
Alley, 1992; Castelnau et al., 1996], the latter being rate 
limiting. A rheology dominantly reflecting these mech- 
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anisms is independent of crystal size. Incompatible de- 
formations in poIycrystals may be accommodated by 
diffusional creep, which is crystal-size-dependent, but 
this mechanism has not been suggested to control ice 
deformation. 

Several decades ago, Barnes et al. [1971] recognized 
that the increase of apparent activation energy in GL 
at temperatures approaching the melting point (greater 
than about-10øC) most likely reflects an increasing role 
for a deformation mechanism, such as grain boundary 
sliding, and accommodation by transport along grain 
boundaries, possibly in liquid films. Recently, Goldsby 
and Kohlstedt [1997] and Peltlet [1998] have argued that 
at stresses typical of terrestrial ice, GL reflects impor- 
tant contributions from grain boundary sliding at all 
Earth temperatures, even at grain sizes of order 10 -3 
m. An important consequence of grain boundary sliding 
is that polycrystalline ice rheology will depend impor- 
tantly on grain size [Barnes et al., 1971; Goldsby and 
Kohlstedt, 1997] (a grain is a single crystal for most ap- 
plications in glaciology). No grain size dependence is 
permitted in the usual implementation of Glen's law. 

Recent experiments of De La Chapelle et al. [1999] 
suggest that mass transport along grain boundaries re- 
duces stress concentrations in polycrysta!s and there- 
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fore reduces bulk viscosity by increasing the ratio of 
easy glide to hard glide in dislocation creep. It is not 
clear whether this implies a grain size dependence of the 
viscosity or not. The De La Chapeile et al. [1999] ex- 
periments were conducted on ices with water contents 
very much higher than are typical of subfreezing glacier 
ices. 

GL is without question a useful tool, but it does fail 
to describe significant strain rate variations that have 
been measured in the ice sheets. An unfortunate tuning 
coefficient called enhancement (E) is introduced as a 
multiplier of the stress term to describe these variations. 
E is quantitatively very important, in some instances 
varying by I order of magnitude. Three situations for 
which E is important are as follows: 

1. E is significant in calculations of flow of the Green- 
land ice sheet and Canadian Arctic ice caps, at the scale 
of whole ice sheet models and at the scale of the ice di- 

vide regions which are particularly relevant to ice core 
studies. The lower portions of these ice bodies (consist- 
ing of ice deposited during the last ice age) are rheo- 
logically soft, with an average E relative to overlying 
Holocene ice of 2.5 [Fisher and Koerner, 1986; Dahl- 
Jensen and Gundestrup, 1987; Paterson, 1991]. 

2. E is used to describe the flow of dirty basal !ay- 
ers which have a high rock content. For example, E 
in such layers beneath Dye 3 and GISP2 are 4 and 7, 
respectively [DahkJensen and Gundestrup, 1987; G.D. 
Clow and N. Gundestrup, unpublished data, 1997]. A 
most surprising yet uncontroversial measurement by 
Echelmeyer and Zhongxiang [1987] shows E-120 for a 
rock-rich ice beneath an alpine glacier (the Urumqi) in 
the Tien Shah. Even if they are thin, such extremely 
soft layers can contribute significantly to the overall flow 
of an ice mass [Echelmeyer and Zhongxiang, 1987]. 

3. E is used for analyzing the distribution of ve- 
locities across ice stream shear margins, for the pur- 
pose of learning basal characteristics and force balance 
partitioning for these ice streams. Estimates of E for 
the shear margins are as high as 12 [Echetmeyer et al., 
1994]. 

Laboratory experiments have conclusively shown 
[Budd and Jacka, 1989; Jun et al., 1996] that a signifi- 
cant source of E is variations in ice crystal c axis fabric 
strength (fabric meaning the statistics of orientations). 
The dependence of viscosity on fabric strength is a con- 
sequence of the strong deformation anisotropy of single 
ice crystals [Lliboutry and Duval, 1985]. Deviations of 
fabric from isotropic can plausibly account for nearly a 
factor of 10 variation in E [Shoji and Langway, 1988; 
Jun et al., 1996], and it is reasonable to suggest that this 
is the only important control on E in natural settings. 
Paterson [1991] reviewed all relevant data on the sub- 
ject and concluded that crystal fabric variations cause 
most of the softening of the ice age ices, as noted above. 
Although this conclusion is probably sound, analyses of 
tilt of the Dye 3 borehole have shown that fabric can- 
not be the sole control IDahi-Jensen and Gundestrup, 

1987; Paterson, 1991]; a recent, detailed study strongly 
suggests that fabric effects account for no more than 
70% of the E variations at Dye 3 [Thorsteinsson et al., 
1•]. 

Several analyses have shown that E variations in the 
ice sheets correlate strongly with rock particle con- 
tent, chemiced impurities, and crystal size [Koerner 
and Fisher, 1979; Dahl-Jensen and Gundestrup, 1987; 
Fisher and Koerner, 1986] and have suggested that 
these are a major control on E. In recent years, crystal 
size variations have been discounted for several reasons. 

First, Jacka [1984] has shown that crystal size evolves to 
an equilibrium value for a given strain rate and therefore 
is clearly a consequence of strain rate. This does not, 
however, mean this equilibrium value is independent 
of possible crystal size-dependent deformation mecha- 
nisms. Further, Dahl-Jensen et al. [1997] have shown 
that the equilibrium crystal size is not purely a func- 
tion of strain rate but also of impurity content. Second, 
the apparent dominance of dislocation creep over grain 
boundary sliding and diffusional creep as the mecha- 
nism responsible for GL argued against a direct grain 
size dependence [Duval et al., 1983]. Third, Paterson 
[1991] cites laboratory experiments on ices from Vostok 
[Pimient. a et al., 1988] and Dye 3 [Shoji and Langway, 
1988]. As evidence against a grain-size-sensitive mech- 
anism, these experiments axe weak, primarily because 
both data sets contain a large range of crystal fabrics, 
whose effects could obscure a modest, but important, 
grain size dependence. Furthermore, most of these tests 
were conducted at stress levels much higher than those 
in ice sheets, which favors dislocation creep mechanisms 
[Goldsby and Kohlstedt, 1997]. Further, the Shoji and 
Langway analysis used inferred grain size rather than 
measured grain size (their Table III), except for their 
Figure 1, which shows a better correlation of E with 
grain size than with sonic velocity (a proxy for fabric 
strength). 

Nonetheless, it is also true that none of the above 
provide convincing evidence in support of a grain size 
dependence either. Laboratory experiments have never 
demonstrated a grain size dependence at grain sizes and 
temperatures characteristic of the ice sheets [Duval et 
al., 1983]. In addition, Goldsby and Kohlstedt's [1997] 
experiments were conducted for extremely fine grains 
and !ow temperatures. Thus PeltieFs [1998] application 
of these experiments requires extrapolation over a large 
range of grain sizes and temperatures to obtain relations 
for terrestrial ice sheets. 

Having discarded grain size from the list of strain rate 
controls, investigators have attributed residual E varia- 
tions (those not ascribed to fabric variations) to chem- 
ical impurities and/or rock particles [Paterson, 1991; 
Thorsteinsson et al., 1999]. Laboratory experiments 
have shown that single ice crystals become substantially 
softer if doped with acids (HF and HC1) that can sub- 
stitute in the crystal lattice. One set of experiments 
examined the rheologic effects of an important natu- 
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ral salt, NaC1, and found that this impurity stiffens 
ice single crystals [Riley et al., 1978]. The relevance 
of these studies to the ice sheets is unclear, as most 
impurities will be interstitial, if in the crystal, and the 
dominant acids in the ice sheets are sulphuric and ni- 
tric, and these are neutralized in the dust-rich ice age 
ices of Greenland. Further, impurities most likely seg- 
regate to grain boundaries [Paten and Walker, 1971]. 
Accumulation of impurities at grain boundaries would 
likely facilitate grain boundary-dependent deformation 
mechanisms like sliding and diffusion [Holdsworth and 
Bull, 1970; Barnes et al., 1971; Fisher, 1987]. 

Studies of rheologic effects of dispersed rock parti- 
c]es have shown widely conflicting results (see review 
by Budd and Jacka, [1989]), with substantial stiffenings 
and softenings both reported at 10% volume. Some of 
this variation may be meaningful. If rock particles em- 
bedded in ice are surrounded by liquid films, they may 
act as soft inclusions because ice can negotiate them by 
regelation and boundary slip [Echelmeyer and Zhongxi- 
ang, 1987]. If no liquid is present, rocks will act as hard 
inclusions and stiffen the ice in a local region around 
each particle due to viscous effects [e.g. Durham et al. 
1992] and due to interaction with dislocations [Ashby, 
1969]. If grain boundary sliding is important, parti- 
cles can stiffen the polycrystal by pinning grain bound- 
aries [Ashby, 1980]. At concentrations high enough for 
particle-particle interactions to become important, stiff- 
ening most likely occurs [Hooke et al., 1972], though the 
one observation of high E [Echelmeyer and Zhongxiang, 
1987] in a frozen till with 60 to 70% rock content con- 
tradicts this in a spectacular fashion. Recent reviews of 
ice rheology have concluded that rock particles are un- 
likely to be significant at the low concentrations found 
in the ice sheets, with the possible exception of the dirty 
basal layers, for which a direct role of rock particles is 
a leading contender. 

To discern the contributions to E of all these fac- 

tors (fabrics, chemical and solid impurities, and crys- 
tal size), several complementary approaches are valu- 
able. Laboratory experiments ("ice squeezing") have 
produced important results but have two difficulties. 
First, they are generally conducted at stresses higher 
than those of interest in the ice sheets. This is a partic- 
ular problem in view of Goldsby and Kohlstedt's [1997] 
claim that while dislocation creep dominates at high 
stresses, grain-boundary sliding becomes important at 
lower stresses typica• for glaciers and ice sheets. Thus 
the experiments of Duval and LeGac [1980] and Jones 
and Chew [1983], which show no grain size dependence 
at stresses of 0.5 MPa and higher do not resolve this 
issue. Second, laboratory experiments on polycrystals 
do not control the crystal fabric and the grain size. The 
difficulty this causes for interpretation is illustrated by 
the study of Dahl-Jensen et al. [1997]. In the course 
of their experiments, crystal size and fabric continually 
evolved, rendering the final ice textures rather differ- 
ent from the original. It would be desirable to deter- 

mine an instantaneous strain rate at the beginning of 
such experiments, but this would raise serious questions 
concerning possible annealing of ice samples. 

Thus in situ deformation studies, such as analyses 
of tilt of the deep boreholes in the ice sheets, are ex- 
tremely valuable, despite the fact that stress is inferred, 
not measured. The results of these studies have not, 
however, been generally diagnostic because variations in 
enhancement, fabric, most impurities, and crystal size 
are strongly correlated (high-enhancement ices gener- 
ally having strong fabrics, high rock and ion contents, 
and small crystals). 

The study presented here is an in situ ice deformation 
study. Following Holdsworth and Bull [1970], we exca- 
vated a tunnel through basal layers of Meserve Glacier, 
an alpine glacier in Wright Valley, Antarctica. The 
basal layers of this glacier have a high but variable im- 
purity content [Holdsworth, 1974]. Many of these impu- 
rities appear to be derived from entrainment of bed ma- 
terial [Guffey et al., 2000]. The strength of correlations 
between candidate rheologic controls here is therefore 
much weaker than in the ice age ices of the ice sheets, 
providing a fresh perspective on this old problem. The 
fabric strength is also much more uniform here than 
in the ice sheets, with most ices of the basal Meserve 
having a very well developed single maximum normal 
to the planes of shear lAnderton, 1974]. Total ion con- 
tents in the Meserve basal ices average 200 •umol L -•, 
a factor of 20 greater than the dirtiest ice age ices from 
Greenland, but vary over a huge range, from 35 to 880 
•mol L -• . 

The goal of this study is to propose a simple empirical 
model for E variations due to variations in crystal size 
and ionic and solid impurities, and to use measurements 
of strain rate and ice properties for Meserve glacier ices 
to constrain model parameters. The results obtained 
here are essentially for one temperature (-17øC) and 
one stress (-- 5 x 10 4 Pa). These conditions are im- 
portant ones for many glaciologic problems. Guffey et 
al. [this issue] explore the applicability of the resulting 
calibrated model to the ice sheets. 

2. A Semiempirical Model 

2.1. General Approach 

We assume that the softening effects of grain size 
and impurities can be represented by a scalar coeffi- 
cient (E.) that multiplies a second rank tensoriM func- 
tion (•F) of crystal fabric and stress (an "anisotropic 
flow law" for clean polycrystalline ice which becomes 
equivalent to the GL for an isotropic fabric): 

• = A(T) E, •F (•., $), 

where • is strain rate, A is the strongly increasing func- 
tion of temperature inferred from numerous studies and 
compiled by Budd and Jacka [1989] and Paterson [1994], 
•' is the deviatoric stress tensor, and S is a tensorial de- 
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scription of crystal fabrics such as the average Schmid 
tensor [Azuma and ttiõashi, 1985; Alley, 1988]. The pri- 
mary goal of the analyses that follow is to constrain E,. 
A "true" E, is almost certainly a function of temper- 
ature, but we have no capacity to resolve temperature 
dependence here. A in this study will be a constant co- 
efficient for the temperature at which strain rates were 
measured (•- 17 ø C ). 

We also are not proposing tmre any additions or al- 
terations to • relative to the proposals for it in the 
literature. We follow Thorstein,son et al. [1999] in con- 
sidering two end-member views of the function •F: the 
Azuma model [Azuma, 1994; Azuma and Goto-Azuma, 
1996], which assumes uniform strain rate throughout 
the polycrystal, and the Sachs model which assumes 
uniform deviatoric stress [van der Veen and Whillans, 
1994; Thorsteinsson et al., 1999]. 

2.2. The New Term 

In proposing a form for E, we are guided by the fol- 
lowing considerations: 

1. Algebraic and conceptual simplicity are required. 
2. Following Barnes eta!. [!971] and Goldsby and 

Kohlsted [1997], we suppose that bulk strain rate is 
due to a sum of grain-size-dependent and grain-size- 
independent mechanisms. 

3. We allow that the dependence of E, on ion con- 
tent may be nonlinear, due to lattice saturation ef- 
fects (e.g., the laboratory experiments of Nakamura and 
Jones [1970] showing sublinear dependence) or due to 
nonlinear dependence on the grain boundary ion con- 
tent (e.g., the strain rate mechanism could depend on 
the grain boundary thickness in a nonlinear fashion, and 
this thickness may be proportional to bulk ion concen- 
tration). 

4. Rock particle content may correlate with strain 
rate for two separate reasons: (1) because particles af- 
fect viscosity directly, and (2) because a certain fraction 
of the measured bulk ion content derives from rock sur- 

face interfacial films [Dash et al., 1995; Cuffey et al., 
1999] or the rock surface itself. This fraction of the 
ions is not residing in grain boundaries or within the 
crystal lattice and therefore does not directly affect the 
viscosity of ice with widely scattered mineral particles. 

The class of models we explore describes variations 
of E. relative to its mean ((E. }) as 

E. 
= E, DE, c + l•V,, (2) 

where E,D and E,½ are enhancements associated with 
variations of grain size and chemical impurity content, 
respectively. The term •1/• describes a direct softening 
effect of fractional rock volume l?'r (volume of rock per 
volume of ice) according to a single constant/•. The 
dependence on Vr was kept strictly linear for simplicity, 
which appears reasonable as the highest Vr values are 
only • 0.02. 

We define 

E,o = (1 - •) + •D -m. (3) 

Here D is the average grain size (diameter in mm), m is 
a constant (found, but not forced, to be positive), and 5J 
is a number between 0 and 1, inclusive, which indicates 
the relative magnitude of the size-dependent component 
to the size-independent component. If • - 0, there is no 
grain size dependence at all, whereas if 5• -- 1, the grain 
size dependence is pervasive. An alternative description 
of E,D which differs only by a constant multiple (and 
therefore is equivalent in the present context) is 

E,D = 1 + wD -m, (4) 

for which 

This alternative trade-off parameter co varies from 0 to 
c•, corresponding to & • [0, 1]. We henceforth use co 
cause it enables a detailed look at the limiting behavior 
as 5• approaches its upper and lower limits via log-log 
plots. Normalizing to the constant (E,/ indicates that 
we do not know the value for • in the standard compi- 
lations for flow law prefactors A [Budd and Jacka, 1989; 
Paterson, 1994]. 

We define the chemistry-dependent factor as 

E,c = 1 + • 7}C• (1 + ,At) -x . (6) 

This describes enhancement by ions i = S04, CI,--- of 
bulk measured concentration Ci, according to a simple 
power relation with exponent A and prefactors •}. The 
inferred prefactors not only depend on the ion consid- 
ered but also necessarily on the nonlinearity •. The 
notation ?x is therefore used to indicate which • corre- 
sponds to a given coefficient if. 

We have measurements of nine ions. Using all nine 
ions in the sum would not produce meaningful results, 
as many of the ions are strongly correlated. Typically, 
we use only three ions, which are representatives of 
strongly correlated ion groups. These are S04, C1, and 
inferred acidity (denoted by plus), so, for example, the 
factor E,c is 

I + (7•ø4 Cs04 + ,'")/•ICol-[-'•'l-["C. Jr . ) (1 "l-rlAr)-' (7) 

in the case of a linear dependence on concentration 

The fractional reduction of measured ion content to 

account for storage on/in rocks depends on a constant r/ 
(units of length) and the measured area of rock per vol- 
ume of ice (A,. We choose to represent this fractional 
reduction using a divisor (1 + r/A•) rather than a coeffi- 
cient (1- r/A•) because the divisor ensures there will be 
no change of sign at large A, In the analyses we have 
tried both and found that it makes little difference. 
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The multiplicative form of equation (2) implies that 
ions will act to enhance grain-size-dependent deforma- 
tion mechanism(s), for example by facilitating grain 
boundary sliding. Such an interaction is likely for two 
reasons. First, most ions in the crystal interior will 
be interstitial and thus have no rheologic effects. Sec- 
ond, the concentration of ions in grain boundaries is 
likely very much higher than the concentration of ions 
in the crystal interiors [Paten and Walker, 1971; Al- 
ley et al., 1986]. Below, we justin- the multiplicative 
form by showing that models for which grain size and 
ions are only separate, additive terms in E. provide a 
significantly worse fit to the data. 

3. Analysis of Meserve Glacier Data 

We use measurements of ice properties and in situ 
strain rates to find best fit values for free parameters in 
equation (2) using standard geophysical inverse proce- 
dures. 

3.1. Tunnel and Measurements of Strain Rates 

In the austral summer of 1995-1996 we excavated 

a 20-m-long tunnel into the basal layers of Meserve 
Glacier on the northeast margin beside the Holdsworth 
and Bull [1970] camp (Figure 1). The tunnel was -• 2 
m high and --• I m wide. It was excavated with chain 
saws, pick axes, and shovels. The tunnel entered the 
glacier normal to the marginal cliff and curved up-slope 
to parallel the flow line (Figure 1). 

We excavated two alcoves (-•0.7 m in depth, -•1.2 m 
wide, •2.0 m high) for the strain rate measurements, 
one at 8 m from the tunnel entrance, and the other at 

16 m. The rear walls of these were smoothed, and reg- 
ular arrays of metal bolts were frozen into place in drill 
holes. The plane of the grid at 8 m (hereinafter referred 
to as the D grid (downflow)) was angled -•10øfrom the 
flow line and was positioned to take advantage of promi- 
nent layering of the stratigraphy, seen as three bands 
of "amber"-colored rock-particle-rich ice amidst white, 
bubbly, clean ice. The plane of the grid at 16 m (here- 
inafter referred to as the U grid (upflow)) was parallel 
to the flow line and had a simpler stratigraphy, with 
one prominent amber layer. 

The D grid had 18 horizontal rows of bolts, spaced 
0.1 m apart vertically, and three columns. separated by 
0.1 m. The U grid had 17 horizontal rows of bolts and 
three columns, with similar separations. Distances be- 
tween neighboring bolts were measured with microm- 
eters, once in late December 1995, once in late Jan- 
uary 1996, and once in December 1996. We calculated 
strain rates from changes in relative bolt positions, us- 
ing standard techniques (E.D. Waddington and I_.A. 
Rasmussen, unpublished manuscript, 1993), yielding 17 
measurements of strain rates at the D grid and 16 at the 
U grid, each with a redundancy of four. Inferred strain 
rates using the January 1996 and December 1996 posi- 
tions relative to the December 1995 positions are nearly 
identical, indicating that the measurement error is very 
small relative to the signal (for shear strain rates) and 
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Figure 1. Map of Meserve Glacier, modified from Holdsworth [1974, Figure 2], showing location 
of the glacier, location of the tunnel, the tunnel plan, and the location of the strain grids. 
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that no measurable temporal change of the strain rates 
occurred. 

3.2. Ice Sampling 

Using chain saws, we extracted six vertical columns 
of ice from the tunnel wedls, from 7.0, 7.5, 9.5, 10.5, 11, 
and 16.5 m from the tunnel entrance. Ice from these was 

used for chemistry, particle, and density measurements 
and to make thin sections. 

3.2.1. Chemistry. Complete vertical profiles of 
major ion content were obtained for the 16.5 and 9.5 m 
columns and for a vertical profile through the amber- 
layer banding and adjacent white ice at 7.5 m. Columns 
were subsampled at 3 to 4 cm resolution in the stratified 
portions and at 10 cm resolution in the upper white ices. 
Concentrations of major ions (Na, K, Mg, Ca, NH4, C1, 
NOs, S04) for these samples were obtained by ion chro- 
matography at the University of New Hampshire glacio- 
chemistry laboratory using standard, stringent cleaning 
and filtering procedures [Buck et al., 1992; Mayewski et 
aI., 1997]. Average charge imbalance was 5% (miss- 
ing negative charges, likely bicarbonate). Samples with 
missing positive charge were few, except for those from 
the upper portion of the 9.5 m profile. where ~5% pos- 
itive charges were missing. We 'assume these to be H +. 

Repeat measurements on the same samples revealed 
a very high reproducibility of chemistry measurements 
(to within a few percent). A few samples were run with- 
out immediately filtering rock particles, and these had 
up to 10% higher ion contents. Rock particles were im- 
mediately filtered for all the measurements used here. 

3.2.2. Particles. Twins of all samples for chem- 
istry analysis were saved and weighed, and rock mass 
fraction was determined by melting, filtering, drying 
and weighing (filter pore size was 2.5 pm). Subse- 
quently, particles were resuspended and agitated, and 
grain size distributions were measured using a laser light 
scattering and extinction instrument (the Model 770 
AccuSizer of Particle Sizing Systems, Santa Barbara, 
California, operated by the Batelie Pacific Northwest 
Laboratory, Richland, Washington). Particle size dis- 
tributions were found to be quite consistent throughout 
the amber ices, with a mean size of ~0.2 to 0.7 mm, as 
found by Holdsworth [1974]. An estimate of rock sur- 
face area per volume of rock was made for each sample 
by approximating the particles as spheres. 

3.2.3. Void fraction. Prior to melting to extract 
rock particles, we measured the "twin" samples' density, 
using an isostatic weighing procedure. Void fraction was 
then estimated from these bulk density measurements, 
the rock mass measurements, and an assumed density 
for ice crystals (920 kgm -s) and for rocks (2650 kgm-S). 

3.2.4. Thin sections. We prepared thin sections 
from the ice columns using standard procedures (sepa- 
rating ice slices with a band saw, smoothing one surface, 
affixing it to transparent plates using freeze-on and/or 
glue and reducing the ice to submillimeter thickness). 
The rock-rich amber ices presented a special challenge. 

The smoothing and thinning of amber ice slices was 
done with sand paper with various grit sizes (finer grit 
being used toward the end of the task); abrasion and 
chipping rapidly destroyed metal blades, necessitating 
this more laborious task of sanding. Before freeze-on, 
visibly protruding rock particles were plucked from the 
surface to ensure a smooth contact. A total of 45 hori- 
zontal thin sections plus 14 vertical plane sections were 
prepared. 

3.2.5. Crystal size. Each of the 45 thin sections 
was photographed under crossed polarizers and crystal 
size measured from the photographs using the linear 
intercept method. Randomly oriented and positioned 
lines were drawn across the photographs and number 
of grain intersections counted. The average length per 
grain was multiplied by 1.5 to approximate the crystal 
diameter [Underwood, 1970]. The number of grain in- 
tersections for each measurement was at least 90 (in the 
coarser ices) and as great as as 200 (in the fine ices). 
The resulting average length per grain was reproducible 
to within +0.06 mm, based on triplicate measurements 
for each thin section. 

In the vertical plane thin sections the variability 
within white and amber ice strata was seen to be much 
smaller than the variability between strata. However, 
the boundaries between some amber layers and white 
layers showed pronounced interlayering of fine and 
coarse grains. The average grain size of these regions is 
thus intermediate between those for the bounding lay- 
ers. The corresponding uncertainty on average grain 
size for given intervals of the strain grids is part of the 
total +20% uncertainty used in our statistical analyses 
(see below). 

The grain sizes reported here refer to grain size seen in 
horizontal planes. The grains are somewhat flattened, 
with vertical dimension being 0.7 to 0.9 of the horizontal 
dimension lAnderton, 1974]. 

3.2.6. The c axis fabrics. We calculate •F di- 

rectly from c axis fabric data (Appendix A) and as- 
sumed stress tensors according to two different end- 
member "anisotropic" relations and two different end- 
member views of the stress state near the tunnel. Two 

free parameters (e^s and eT) which vary from 0 to 1, 
inclusive, •e introduced to describe the trade-off be- 
tween end-members of these spectra (anisotropic model 
and stress model, respectively). The potential for c axis 
fabric variations to dominate variations in strain rate 

[Jun et al., 1996] makes this a very important part of 
the analysis. However, c axis fabrics proved to have lit- 
tle effect on results presented henceforth due to the low 
variability of fabric strength at the study site, and we 
were unable to constrain e^s. A detailed discussion is 
thus postponed to Appendix A. 

3.3. Analysis Method 

3.3.1. Common reference frame. To interpret 
strain rate variations in terms of measured and derived 
ice properties, it is first necessary to compile all data 
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in one common spatial reference frame. For this we use 
the thirty-three 0.1 m vertical intervals corresponding 
to the strain rate measurements (see Appendix B). 

All the final data used in the analyses are shown 
in Figure 2, after translation to the common reference 

frame, and single-value reproducibilities are listed in the 
caption. Table I lists minima, means, and •naxima for 
all these parameters. The c axis fabric data derived 
from many of the thin sections are shown in Appendix 
A. 
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Figure 2. Measured strain rates and all data used in the viscosity analysis. (a) all the data. 
(b) reproduction of just the strain rate and grain size data. Top (bottom) of each panel is U 
grid (D grid) data. All variables are as in the text, except Ef which is the enhancement of 
downflow shear relative to isotropic ice, calculated from (1) uniform stress model without tunnel 
stresses, (2) uniform stress model with tunnel stresses, (3) uniform strain rate model without 
tunnel stresses, and (4) uniform strain rate model with tunnel stresses. Height refers to height 
above base of the strain grid, which is 20 cm (40 cm) above topographic crests of the ice/substrate 
interface at the U grid (D grid). (The substrate here is frozen till, and we mapped its topography 
in detail along the tunnel wall flow lines. Its roughness has an amplitude of approximately 20 
cm.) Uncertainties on single measurements, as determined by repeat measurement of samples, 
are approximately +1.5 /•mol L -• for ions (increasing to 4.3 /•mo! L -• in the most impure 
samples), +0.003 for •, and 4.0.06 mm for D. Uncertainty on the E values results primarily 
from uncertainty of the thin section orientations and is approximately +10%. Uncertainty on 
single measurements of the rock content were estimated not from repeat measurements on the 
same sample but from measurements on adjacent samples in the same stratigraphic layers and 
are approximately 4-15% in the amber ices. 
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Table 1. Summary of Measured Ice Properties in 
Meserve Basal Ices a 

Property Minimum Mean Maximum Units 

C• 11.8 65.1 291 pmo! L -• 
C'•,4 0.07 0.44 1.28 /•mol L- • 
CK 0.27 3.98 22.3 •umol L- • 
CMg 0.73 8.80 41.1 /•mol L -• 
Cc• 3.90 22.5 81.4 /•moI L- • 
Cc• 12.1 76.1 353 /•mol L -• 

C•o3 0.41 8.40 49.3 /•mo1 L -• 
Cso4 2.49 17.0 51.0 /•mol L -[ 
CT 37.3 202.3 881 /•mol L -• 
C+ 0.00 1.30 11.9 /•mol L- • 
V• 0.014 0.033 0.043 
Vr 5 x 10 -5 3.3 x 10 -s 0.021 
Ar 0.50 41.4 308 m -• 
E^ 4.70 6.30 7.42 
Es 2.93 3.43 3.82 

E^.T 5.64 7.45 8.46 
Es,T 2.87 3.48 4.00 

D 0.81 1.40 2.51 mm 

aC•, is the total ionic content. E.•, Es, EA,T and ES,T 
are shear enhancements relative to isotropic ice calculated 
according to Azuma and Sachs (A and S) with and with- 
out tunnel closure stresses (T indicates such stresses axe in- 
cluded). All other variables as defined in text. 

The data (Figure 2) show strong correlation of strain 
rate with both chemical impurities and with grain size. 
For the D grid there are three prominent strain rate 
maxima between 0.3 and 0.8 m, a minimum at 0.9 to 
1.0 m, and high values again in the upper 0.4 m. The 
three maxima correlate strongly with chemical and rock 
impurities (and visually with amber ice layers), the cor- 
relation being best for SO4 and Ca. In other respects 
the impurities do not correlate with strain rate whereas 
grain size does. Inverse grain size clearly has the mini- 
mum at 0.9 to 1.0 m and high values for the 1.2-1.6 m 
interval relative to the 0-0.25 m interval. Both of these 

features are much larger than the 0.06 mm reproducibil- 
ity of the thin section data. In the grain size data the 
variations between 0.3 and 0.8 m corresponding to the 
three rapidly straining layers are uuquestionably real; 
thin sections show unambiguously that the impure lay- 
ers have D in the range 0.6 to 0.9 ram, whereas the pure 
interlayers have D in the range 1.1 to 1.5 min. These 
variations are here muted because 0.1 m intervals from 

0.5 to 1 m are an average of pure and impure layers of 
varying proportions. The D variations between 1.2 and 
1.7 m are less meaningful; here there is obviously some 
stratification in the ice according to the thin section 
data, but this was not visible due to the low impurity 
content and therefore we cannot assign weighted aver- 
ages as we did for the lower layers where stratification 
is visually prominent. 

Note that there is a slight increase of chemical con- 
tent from 1 m to the top of the profile. This small 

increase is completely out of proportion to the increase 
of strain rate, relative to variability in the rest of the 
profile. A possibility, though, is that this small increase 
of chemical content is sufficient to cause smaller grain 
sizes. 

For the U grid, there is a pronounced strain rate max- 
imum at 0.5 m, a minimum at 0.8 m, and a significant 
rise toward the top of the profile. All these features 
are seen also in the grain size data. In contrast to the 
impurities, the minimum at 0.8 m and the relative val- 
ues between top and bottom of the profile are clearly 
seen in the grain size data (inversely). Impurity content 
is high in the rapidly straining layer at 0.2 to 0.65 m. 
Note that the maximum corresponds to the maximum 
of sulphate rather than chloride. 

3.3.2. Inversion procedure. Our task is to find 
values for the free paxmeters in equations (2) and (AS) 
that best describe the measured strain rates in terms of 

the data in all the other panels of Figure 2. This is only 
a meaningful exercise if the model variables vary inde- 
pendently to some extent. Figure 3 shows correlations 
of the most important ice properties. This diagram is 
encouraging; in contrast to the ice age ices of the ice 
sheets, here there is significant independent variation of 
crystal size, ionic content (Figures 3c and 3d), fabric en- 
hancement (Figures 3g and 3h), and rock content (Fig- 
ure 3f). Sulphate and chloride vary independently to a 
significant degree (Figure 3a). On the other hand, rock 
surface area and volume are very strongly correlated 
(Figure 3e), suggesting it will be difficult to separate 
direct rheologic effects of rock particles from "ion stor- 
age" effects. The ions fall into several distinct groups, 
within which the correlation is very strong (Figure 2). 
These groups are the sulphate group (S04 and Ca), the 
chloride group (C1 and Na), the nitrate group (NOs, 
K, Mg), unbalanced positive charges (presumed acidity 
and denoted by plus), and ammonia (NH4). Putther, 
the nitrate and chloride groups correlate strongly in the 
amber ices and therefore are diiticult to treat separately. 
Ammonia occurs at very low concentrations and is not 
correlated with strain-rates, so we will not consider it 
further. 

Free parameters in the strain rate model that we wish 
to optimize are A, 
and e•. In optimizations for which all these parmeters 
are free, 22 degrees of freedom remain. We define a 
chi-square performance index in terms of observed and 
modeled strain rates (•ø and •): 

(a? - 
i----1 

where ere is the variance of measured strain rates and 
crp is the variance in predicted strain rate due to uncer- 
tainties of all input parameters. 

Optimal model parameters are those for which X 2 is 
minimized. We perform the minimization using itera- 
tive application of singular value decomposition. This 
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Figure 3. Covariation of many of the variables shown in Figure 2. 

was supplemented with "shaking" (forced arbitrary 
changes of parameters, as in simulated annealing pro- 
cedures [e.g., Press et al., 1992, p. 436] to allow escape 
from local minima which were found to exist in some 

regions of the parameter space. 
We used a preliminary solution (which proved to be 

very close to the final solution) to calculate ere. We es- 
timated, based on reproducibility of measurements and 
on ambiguity in the interpolating and partitioning pro- 
cedures, that a reasonable, modestly conservative, er- 
ror for values of most input parameters is 4.20%. We 
then used a Monte Carlo procedure to generate 80 sep- 
arate strain rate predictions, forcing each input param- 
eter to be perturbed by uniform random variables be- 
tween 4-20%, generated using the Matlab random num- 
ber generator; er•, is the variance of the resulting strain 
rate predictions (Figure 4) at each grid point (which are 

very nearly normally distributed). Average values for 
ere and er•, are 2% and 7% of the measured strain rates, 
respectively. 

Confidence intervals for model parmeters were de- 
fined, according to standard procedure, by isolines of 

- - X•, which is the decrease of model per- 
formance relative to that for the optimal model 
being X • for the optimal model). The most accurate 
method for identifying the AX • value corresponding to 
a given confidence probability is Monte Carlo simula- 
tion [e.g., Menke, 1989; Press et al., 1992]. By this 
method, each of the simulated strain rate "data sets" 
resulting from random perturbation of input parame- 
ters is treated as true data, and an optimal model is 
found for each. The resulting distribution of optimal 
model parameters directly gives the confidence inter- 
vals, if a sufficient number of simulated data sets is used. 
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Figure 4..kleasured strain rates (solid line) for all 33 
grid points (corresponding to the measured strain rates) 
used in the theology analysis, plus 30 of the recalculated 
strain rates based on randomly perturbed input param- 
eters. Strain rate is shown normalized to mean. 

grees of freedom (22), indicating the model is gener- 
ally adequate (Figure 5), though not spectacular. A 
sparser model (Table 2) with five free parameters (z, 
'm, V $ø4, V +, •1) is nearly as acceptable (X2=32.7 for 
28 degrees of freedom), indicating that the grain size 
and ionic parameters are dominant in determining the 
optimal model. Variations of crystal size and chemi- 
cal content dominate strain rate variations at the studv 

site (Table 3). The importance of both variables is di- 
rectly apparent qualitatively (Figure 6) from the data 
in Figure 2 and the optimal model parameters. 

Both optimal models have w - c•, corresponding to 
& - 1. Thus there is a simple proportional correlation 
of strain rate and grain size of the form E,D rr D -ø'6. 
In addition, there is a linear or weakly nonlinear depen- 
dence on ionic content. Thus the large range of concen- 
trations at the study site induces significant variations 
in strain rate here. 

If errors are normally distributed and the model can be 
approximately linearized within the confidence limits, 
then _XX 2 is distributed as a X 2 variable, which allows 
a much quicker identification of the A\ • correspond- 
ing to a given confidence level. Here we use this latter 
approximation but have performed some klonte Carlo 
simulations to show that the approximation is a good 
one and that the global confidence limits are accurate 
(Figure 10). 

We utilize the X 2 approximation as described by 
Press et al. [1992, pp. 688-693]. For a total number of 
model parameters M, a combination of fixed parame- 
ters, p in number, is statistically acceptable (i.e., within 
the global confidence limits) if A,( • after optimizing the 
M-p nonfixed parameters is less than \" with/• de- 
grees of freedom. Thus this s[aristical method explicitly 
evaluates the relative merits of models with differing 
numbers of free parameters, as long as the models with 
fewer free parameters are a subset of the most complete 
model. 

A really unacceptable model is one that can be re- 
jected with 99.5% confidence. We define an index of 
poor fit 7>o.•s in terms of a model's AX" and the AX 2 
for rejection at 0.995 probability (A•'•.•0s) as 

7>ø'995 = A • - 1. (9) •o.995 

Models with •E•0.995 > 0 can be firmly rejected. We 
define a similar index relative to 95% confidence as 

;Po •s - - 1. (10) 
ß AX•.•5 

Models with 7>0.95 <0 are acceptable at this confidence. 

4.2. Necessity of Grain Size and Ion 
Dependencies 

The only acceptable models are those for which both 
grain size and ions are important. We have experi- 
mented with all plausible models for which, in addition 
to stress and fabric, only rocks are important (m-0, 
vi=0), only ions are important (rn=/3=•?=0), only rocks 
and ions are important (m=0), only grain size is im- 
portant (7i=/3:•1:0), or only grain size and rocks are 
important (7i=0). All these models are rejected at 
>99.5% confidence; the associated combinations of fixed 
parameters fall well outside the 99.5% confidence lim- 
its. Pure grain size models have 7v0.0•s in the range 1.9 
to 2.2, pure ion models have 7v.•os in the range 5 [o 9, 

Table 2. Summary of Optimal Model Parameters for 
Full and Reduced Models 

Paxameter Optimal Value 95% Confidence Interval 

Full Model 

e:r 0.0 [0, 0.61 
eAS 0.2 [0, 0 92] 
C., 1.0 [0.17, 1.01 
m 0.64 [0.46, 2.2] 
A 1.53 [0.48, 3.7] 

,•so4 2.0 X 10 -3 [1.3, 3.2] x 10 -3 1.53 

3•f.'sa --9.7 x 10 -• [--17,2] x 10 -5 
-h +. 5.3 x 10 -a [1 1, 10.] x 10 -a 53 ' 

r/ 1.9 x 10 -3 [--0.2, 8.5] x 10 -3 
fi 1.9 [-22, 8.3] 

Reduced Model 

4. Results 

4.1. Optimal Models 

The optimal model incorporating 11 free parameters 
(Table 2) has \2=23.0, which is comparable to the de- 

• 1.0 

m 0.60 
.),S04 
• 0.019 

0.09 
r) 7.3 x 10 -3 
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Figure 5. Model and measured strain rates for (left) 
the D grid and (right) the U grid. The model shown 
here is optimal. 

pure rock models have 7%.99s in the range 7 to 8, and 
mixed ion-rock models have •0.995 in the range 4.5 to 9. 
The corresponding ziX 2 are ,-,50 for the pure grain size 
models and 85 to 165 for the others. With reference 

to Figure 4, a model with AX2 = 50 has. each point, 
on average, worse than the optimal model by twice the 
width of the gray zones. 

4.3. Evidence Against an Additive Model 

An alternative to equation (2) is the class of models 
in which effects of grain size and ions are additive 

E, 
,xG + <E.> = ' 

where coa is the paxmeter equivalent to co of the multi- 
p!icative model. These additive relations do not fit the 
data as well (Pigare 7), for all values of wa. This justifies 
the multiplicative relation between ions and grain size 
in equation (2). However, the strength of this result 
is modes• and ghis issue should be revisited in future 

analyses. 

Table 3. Relative Significance of Ice Properties in 
Controlling Strain Rate Variations in the Meserve 
Glacier Basal Layers a 

4.3. Grain Size Dependence 

We find that strain rate depends on the inverse of 
crystal diameter to a power m in the range 0.5 to 0.75 
as a bulk average (corresponding to the limit cv -+ ec 
or • - 1; Figure 8). Two alternative end-member 
interpretations of this average dependence (Figure 8) 
are that (1) there is a grain size-dependent deformation 
mechanism that dominates bulk viscosity and which has 
a low value for m (• 0.6); and (2) there is a grain size- 
dependent deformation mechanism depending strongly 
on grain size (m in the range 1.3 to 2.2) but whose 
total contribution to deformation is less than that of 

size-independent mechanisms (at D -- i ram). Inter- 
mediate cases are admissible. With the present data 
we cannot discern which of these is correct (i.e., we 
cannot constrain cv). However, we can conclude that 
the D-dependent component is at least 15% as large as 
the D-independent component (Figure 9) at 95% con- 
fidence. We have confirmed the validity of confidence 
intervals on m directly using Monte Carlo simulations 
(Figure 10). 
4.4. Role of Ions 

4.4.1. Which ions are the most effective soft- 

ening agents? To determine which ions are the most 
effective softening agents, we determine how well the 
strain rate variations can be explained given various 
assumptions about which ions cause the softening and 
what their relative 7 values are. After having estab- 
lished that S04 or Ca produce the best results, we in- 
vestigate ?i for other ions as follows. Suppose that soft- 
ening results from S04, from one other principal ion i, 
and from C+. Then the ionic sum in equation (2) is 

+ + + T\ C+. Further, require 7 i to be 
positive (?so4 is positive too, but this is a result of the 
optimization). Then fix the relative sensitivity of the 
two ions at some ratio q,i/q, so4, optimize all other pa- 
rameters, and compare the model mismatch to that for 
the optimal model. Because the ratio •')ti/7504 varies 
from 0 to ca, it is easiest to define a new variable, R •, 
that ranges from 0 to 1 as 

7 a / 7 b 
- 

Rank Property Relative Contribution 

1 crystal size 1.00 
2 principal ion(s) 0.54 
3 crystal fabrics 0.24 
4 particles (ion storage) 0.23 
5 acidity(?) 0.15 
6 particles (direct effect) 0.00 

SThese rankings were calculated by removing each prop- 
erty from the optimal model and recording the increase of 
model-measurement mismatch. The relative magnitudes of 
these mismatch increases are the relative contributions re- 
ported here. 
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•i[ure 6. Correlation of measured strain rate with 
1 + ?•ø4Cso, and with D -ø'6, for all 33 grid points. 
This demonstrates that strain rate depends on both C 
and D. 
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Figure 7. Poor fit index for purely additive models. 
All models with 7>0.99s > 0 are rejected with 99.5% 
confidence. 

which has a value 0.5 when the two • are equal. Results 
for such experiments suggest (Figure 11) that sulphate 
and calcium are the most important softening agents, 
on a per molar basis, and that Na and C1 are unlikely 
to cause a per molar softening larger than 1/5 of that 
due to SO4 or Ca. 

4.4.2. Magnitude of ionic softening. Ion con- 
tent variations in hieserve ice are large and cause sig- 
nificant variations of strain rate here. However, the 
factor of 20 variation in ion content causes less than a 
factor of 2 variation in strain rate. Thus the sensitiv- 

ity of strain rate to ion content is rather low at these 
stress and temperature conditions. The enhancement 

E.c due to a one micromolar concentration is 1 + 7 sø•, 
which is not more than 1.3 and most likely is <1.05 
(Figure 12). At the Meserve study site the inferred 
ionic softening corresponds to an average enhancement 

sø•Cso • - 1 + (0.02)(20)- 1.4. These of•l 
results do not change if ions or combinations of ions 
other than SO4 are used; to a good approximation the 

ß 

inferred sensitivity •'} is reduced in proportion to the 
ratio of concentrations (Cso•/Ci) x Note that inferred 
'x varies strongly with X (Figure 12). 

A direct inference from these results is that a 2/•kl 
concentration of sulphate plus chloride (a quantity typi- 
cal of the impure ice age ices in Greenland) will enhance 
strain rate by no more than 30% and most likely will 
have an immeasurably small effect. A similar conclu- 
sion has been reached by Lipenkov et al. [1989] on the 
basis of analyses of Vostok ice and by Paterson [1991] 
on the basis of analyses of borehole tilt at Law, Dome 
[Etheridge, 1989]. 

4.5. Role of Rock Particles 

•Ve find no evidence for a direct influence of rock par- 
ticles on rheology, as even an extremely restrictive con- 
fidence interval (60 %) for fi includes • = 0. However, 
optimized models all have positive •, most probably in- 
dicating that a significant fraction of ions is stored on 
the surfaces of rock particles, possibly in liquid films 
[Dash et aL, 1995; Cuffey et al., 1999]. The inferred 
fraction of ions stored at particle surfaces is 

1 •/A? 

1- 1 + ?7-4,- -- 1 + r/.4,• ' (13) 
which has a mean value in the Meserve ices of 0.065 

(and is 0 to 0.17 at 95% confidence). Suppose all this 
ion storage occurs in ice-rock interfacial liquid films of 
average thickness h. Then the fraction of stored ions is 
also hA,.C•C -• , where C• and C are concentrations in 
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Figure 8. Inferred grain size power dependence m in D-"' as a function of grain importance 
parameter w. Results are shown for three specific values of solute exponent A. The 90 and 95% 
confidence intervals for 'm at given w are shown. In addition, the 95% confidence region for w lies 
to the right of the shaded areas. 
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Figure 9. Model performance as a function of •o and 
A. The X - 1/2 models, though acceptable at 95% 
confidence, as indicated by the threshold, are not very 
good. 

the film and the bulk, respectively. If Ch is determined 
by the NaC1 liquidus and so is an ,--3 tool L -• brine (at - 
17øC [Wettlaufer et al., 1997]), then using the measured 
average value of C/At - 2.6 x 10-Sm mol L -1 h is ,'-55 
nm on average (or in the range 0 to 150 nm according to 
the 95% confidence interval on r/). This h is consistent 
with the film thickness (20 to 40 nm) inferred by Cuffey 
et al. [1999] on the basis of analysis of measured slip at 
ice-rock interfaces at the study site. 

5. Discussion 

The grain size dependence likely results from an ex- 
plicitly grain-size-dependent deformation mechanism 
such as grain boundary sliding or diffusional creep. 
Goldsby and Kohlstedt [•9971 and Duval et al. [1983] 
suggest that for these mechanisms, strain rate is in- 
versely proportional to grain size raised to a power m 
of 1.4, or 2 to 3, respectively, either of which is con- 
sistent with our results. The alternative interpretation, 

that grain size is determined by strain rate, which here 
is determined by an unidentified and unmeasured quan- 
tity, seems highly unlikely. This would imply that sub- 
stantial variations of strain rate are caused by a physical 
quantity that is neither grain size nor a major impurity 
nor a consequence of mechanical anisotropy and which 
is not correlated with either impurities or fabrics. 

Physically, the success of a model that multiplies 
rather than adds effects of grain size and chemistry sug- 
gests that ions are partly affecting viscosity through a 
grain-size-dependent deformation mechanism. As dis- 
cusbed above, concentrated impurities at grain bound- 
aries will enhance liquid layers there, and such lay- 

ers likely facilitate grain boundary sliding and mass 
transfer along grain boundaries. The latter will help 
polycrystalline ice accommodate [De la Chapelle et al., 
1999] the incompatible deformations that are a neces- 
sary consequence of the strong single-crystal mechanical 
anisotropy. Thus, as explained by Barnes et al. [1971]. 
the ions are acting to increase the effective temperature 
of the polycrystal, with respect to the relative impor- 
tance of different deformation mechanisms and accom- 

modation processes. 
Concerning the ionic term E.½, the large variation of 

ion concentrations in the stratified ices of our study site 
makes it possible to constrain the nonlinearity ,X to some 
extent. However, the generally small size of the ionic 
terms and the partial correlation with crystal size make 
the confidence limits on ,k broad. At 90% confidence, 
,k is in the range 0.52 to 3.5. This precludes a very 
low sensitivity (A < 0.5) and therefore argues against a 
saturation value of concentration beyond which further 
addition of i•npurity has no effect [Nakamura and Jones, 
1970]. This is consistent with ions acting through grain 
boundary effects rather than through changes of lattice 
properties. The best fit A. ---1.5. has very little variation 
as a function of the parameter co. 

An important result of sensitivity tests is that our 
inference of low sensitMty to ionic content is not qual- 
itatively sensitive to our treatment of rock impurity. If 
we assume no role for rock particles at all (i.e., we as- 
sume that there is no ion storage or direct softening 
effect) by setting r/ - fi - 0 in equation (2) and recal- 
culating the optimal solution, inferred '• are reduced to 
0.4 of their optimal solution values. This strengthens 
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Figure 10. Frequency distribution of optional rn gen- 
erated by 5Ionte Carlo simulation for two fixed values 
of co. The dashed lines show the 915% confidence intm- 
val derived from the assumption that the distribution is 
\2 •ks described in the text. The assumption is clearly 
valid. 
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the conclusion that ionic sensitivities are low. Inferred 

7 are not dependent on the value for w (Figure 13). 
The optimal models all ascribe an important soften- 

ing effect to C+, which we presume to be acidity. This 
results primarily from the correlation of C+ with the 
strain rate increase in the upper part of the D grid (Fig- 
ure 2), which is only partially explained by variations 
of grain size and principal ions. The main results of 
this paper are insensitive to our use of a C+ term. If 
we set 7 + - 0 and recalculate the optimal solution, the 
optimal grain size power m decreases by 1.4% and so4 • •1.5 
increases by 15%. 

However, the sensitivity of strain rate enhancement to 
acidity is important in the context of flow of the Green- 
land ice sheet because Holocene ice is acidic whereas 

glacial-age ice is not. Unfortunately, this sensitivity is 
very poorly constrained in our analysis. VJe have ex- 
plored a class of models in which the power law depen- 
dence for C+ is different from that for the principal ions 
(such as sulphate). For example, we have treated the 

$04C8'•04-[-"}/•C..•_ •" where A* is ion softening term as 7x , 
an arbitrary positive cons[ant. The resulting A* is very 
poorly constrained and at 95% confidence is in the range 
(0.02,3.5), with an optimal value of A* - 0.4. Examples 
of corresponding sensitivities are %+ - 0.0231 and + 
= 0.501 for A=I and A=0.1, respectively. 

Concerning anisotropic flow laws, our strain rate anal- 
ysis has revealed nothing about the relative merits of 

the uniform stress versus uniform strain rate assump- 
tions. The optimal model uses the uniform stress model 
(e^s = 0.2). However, the 90% confidence interval on 
e^s is (0,0.92), indicating no distinction can be made. 
This failure is not surprising, because the predictions 
of these models differ by only a constant multiple for a 
symmetrical single-maximum fabric normal to the shear 
plane. More complicated fabrics are needed for this type 
of analysis to have resolving power in this regard. 

6. Conclusion 

Analyses of in situ deformation beneath Meserve 
Glacier offer evidence that the deformation properties of 
polycrystalline glacier ice can depend directly on crys- 
tal size at stresses and temperatures typical of polar ice 
sheets and glaciers. This suggests an important role for 
grain boundary processes as suggested by Barnes et al. 
[1971] and supports Goldsby and Kohlstedt's [1997] and 
PeltieFs [1998] view that Glen's laB, reflects contribu- 
tions from both grain-size-dependent and -independent 
deformation mechanisms. However, our analyses do not 
constrain which size-dependent mechanism is operative 
and, in particular, do not argue for or against the grain 
boundary sliding mechanism of Goldsby and Kohlstedt 
[1997]. 

The most parsimonious expression of our results is 
that ice viscosity is proportional to D -ø • in our data. 
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effective temperature of ice polycrystals with respect to 
deformation mechanisms. as envisioned by Barnes et aL 
[1971] and subsequent investigators like Fisher [1987]. 
Rock particles are probably irrelevant at concentrations 
found in ice sheets. Thus we argue that viscosity en- 
hancement of glacier ice is almost entirely controlled by 
its physical properties: texture and fabric. 

We find no evidence that dirty basal layers have low 
viscosity because of a direct influence of rock content. 
Instead, we suggest that small crystals and strong fab- 
rics are responsible for the low viscosities. Chemical im- 
purities can contribute in very impure layers like those 
beneath Meserve. 

All of these conclusions should be viewed as hypothe- 
ses; we are keenly aware of the need for more data. Fur- 
ther studies of in situ deformation, preferably supported 
by direct measurements of stress, will shed light on these 
rheologic issues and will continue to complement labo- 
ratory experiments. Future work may also help resolve 
the most important ambiguity in the •[eserve Glacier 
data. which is the relative magnitude of grain-size- 
dependent. versus grain-size-independent mechanisms a• 
a given grain size (as given by our parameter D). 

Appendix A: The c Axis Fabrics and 
Stress 

A1. Measurement of c Axis Fabrics 

For 35 of the thin sections we measured c axis ori- 

entations for at least 100 grains (Figures A1 and A2), 
using crossed polarizers and a Rigsby stage [Langway, 
1958]. Proper corrections for refraction effects were 
made, following Kamb [1962]. Selection of grains for 
orientation measurement was randomized bv dropping 
a pointer onto the thin section. Thus our c axis fabrics 

Figure 12. Inferred sensitivity of strain rate to the 
dominant impurity (here taken to be sulphate), and the 
corresponding strain rate enhancement for the interval 
• = [0.4,2]. The shaded regions are unacceptable at 
90% confidence. (top) Log-log scale and (middle and 
bottom) linear-linear scale. 

We have fully explored a viscosity model that includes 
free parameters to describe effects of chemical impuri- 
ties, solid impurities, crystal fabrics, and stress varia- 
tions. No region of parameter space was found that 
contained an acceptable model without a direct depen- 
dence on D. 

Further, we found tha• some ions (possibly SO4 or 
Ca) are important softening agents at high concentra- 
tions but probably not at concentrations typical of the 
ice sheets (as recognized by Budd and Jacka [1989]). 
When ions do affect, viscosity, they act, in part, to en- 
hance grain-size-dependent mechanis•ns. This is consis- 
tent with the view that dinmica! impurities increase the 
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Figure 13. The inferred sensitivity to the dominant 
impurity (here taken to be sulphate) as a function of •o 
for two values of >,. 
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Figure A1. The c axis orientations for thin sections near the U grid and corresponding strati- 
graphic positions (stratigraphy here represented by the micromolar sodium concentration). Each 
thin section has at least 100 measured orientations. Note the generally stronger clustering of 
c-axes high in the profile. 

are area-weighted, which is proper for rheologic calcula- 
tions. Thin sections were taken parallel to the plane of 
shear, with a 4-10øuncertainty in the orientation of the 
normal to the thin section and a 4-10øuncertainty in the 
azimuth relative to the flow direction. In many cases, 
the uncertainty on the orientation relative to the shear 
plane was smaller because visible, bed-parallel strata 
guided the cutting of the thin section. The azimuth is 
known so well because the elongate bubbles provide a 
built-in directional indicator [Holdsworth, 1974]. 

The amber ices again presented a special difficulty 
owing to their very small grain sizes (0.6 mm apparent 
diameter seen in section). In his study of Meserve ice 
petrography, Anderton [1974] did not obtain any fabric 
data for the amber ices but noted that they appeared 
to have a strong fabric. We were able to obtain fab- 
ric data by using optical binocular magnifying glasses 
(manufactured by Donegan Optical Company, Lenexa, 
Kansas) which provided an effective magnification of 
~2x. The main difficulty proved not to be the uncer- 
tainty in identifying the angular position of maximum 
extinction (as one might suppose) but rather the task 
of tracking a single grain through rotations of the stage. 

A successful measurement was obtained in only •-30% 
of the attempts. This, plus the small absolute sizes, 
almost certainly introduced a "large-grain" bias to the 
resulting fabric data in addition to the intentional one 
for proper area weighting. 

Excepting this problem, we are confident that the 
fabric data we obtained for amber ices axe accurate. 

The amber ice fabrics are quite similar to the fab- 
rics obtained from white ices, with the strong shear- 
normal single maximum that is characteristic of sim- 
ple shear flows. For one of the amber ice thin sec- 
tions we prepared a companion section from amber ice 
a few centimeters higher in the column but with a tilt 
of 35ørelative to the original. The inferred fabric had 
7øbroader dispersion of c-axes, most likely reflecting a 
greater error in identifying extinction position for grains 
that are significantly tilted relative to the thin section 
plane or its normal. 

A2. Using Fabric Data 

We calculate •F directly from c axis fabric data and 
assumed stress tensors according to Azuma [1994] and 
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van der Veen and Whillans [1994], the latter being an 
application of the model due to Sachs [see Castelnau 
et al., 1996]. We denote calculations of •v using the 
Azuma and Sachs models as •v,^ and •v,s, respecitvely. 

Considering a single crystal, assumed to deform by 
basal glide in systems k with Burger's vectors B/• in 
the global coordinate system xi (i.e., a convenient coor- 
dinate system for the glacier as a whole), the resolved 
shear stress on the basal planes of a crystal with c axis 
orientation vector cj is rk = Bpcjrij. The tensor B•cj 
is called the Schmid tensor and denoted S/•. 

In the Sachs formulation the stress acting on each 
crystal is assumed to be simply the bulk stress rij and 
the bulk deformation is the average over all crystals 
(N in number) of the deformations caused by the shear 
stress resolved on the basal planes: 

ß F,S As N 
= 

g:l k 

where the sums over spatial directions p, q - 1, 2, 3 are 
indicated by repeated indices and the superscript F, S 

indicates the Sachs model is being used. A superscript 
F, A will indicate the Azuma model. 

The Azuma formulation assumes the slip direction is 
the direction of maximum resolved stress on the basal 

planes [Azuma, 1994, Appendix 1]), with a correspond- 
ing Schmid tensor S•j. The average value of S•j for all 
grains is computed (effectively replacing the po!ycrys- 
tal with a single crystal having average properties), and 
the uniform bulk deformation rate is 

: , 

where the angle brackets indicate the average over all 
N grains and again there are sums over p, q = 1, 2, 3. 
The prefactors differ by A^ = 2As [Thorsteinsson et 
al., 1999]. 

To use these formulae for calculating •i•, we need to 
specify how the stress varies relative to its mean and 
the relative magnitudes of the various deviatoric stress 
components (the mean value is unimportant because we 
treat the prefactor A as a free parameter). We adopt 
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Figure A2. The c axis orientations for thin sections near the D grid and corresponding strati- 
graphic positions (stratigraphy here represented by the micromolar sodium concentration). Each 
thin section has at least 100 measured orientations. Not stlown here are five additional sections 
which show the same lack of variability. 
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two end- 

member views of the stress, one in which the stress per- 
turbation caused by the tunnel is ignored, and one in 
which we maximize its effect. This stress perturbation 
causes tunnel closure, and we have measured tunnel clo- 
sure rates at one cross section in the tunnel, 15 m from 
the tunnel entrance. The closure rate was determined 

by measuring relative distance changes between mark- 
ers (metal bolts inserted and frozen into drill holes in 
the tunnel wall) arranged in a line spanning both walls 
and ceiling of the tunnel (following Holdsworth [1974]). 
Thus we have directly measured the closure velocity into 
the tunnel, and the shear strain rate caused by this mo- 
tion relative to the no-slip bed (the small slip rate re- 
ported in •u•ey et aL [1999] did have a component into 
the tunnel, but this few mm yr -1 slip is unimportant 
in this context). 

Define a coordinate system with (xl, x2, x3) being 
flow-parallel, flow-normal bed-parallel, and bed-normal 
directions, respectively (these three also being subparal- 
lel to the long axis of the tunnel, into the tunnel normal 
to the tunnel side walls, and bed-normal). The stresses 
associated with the closure motions are a longitudinal 
closure stress 7'22 acting normal to the tunnel wall and a 
closure shear stress r23 acting on horizontal planes but 
perpendicular to the dominant downflow shear stress 
•'13- 

We assume the dominant shear stress acting on the 
ice yl3 depends on height above the bed (Xs) and is 
enhanced by increases in void ratio 14 and has the form 

(A3) 7'•3= (1--Vb) ' 
in which z• is zero at the bed, H is the ice thickness, V• 
is the volume fraction of bubbles, and • is the power 
characterizing the effective spatial variation of stress 
with depth. This • does not necessarily equal unity 
as it would if the weight of overburden controls the 
stress because it also reflects the variation in shear stress 

due to gradients in longitudinal stress r•l which we do 
not know but which will generally oppose the upward 
decrease of • caused by the decrease of overburden. 
Most importantly, the magnitude of r•s variation is al- 
most certainly small due to the small size of our strain 
grids relative to the glacier thickness. We have used val- 
ues for t• of 0.0, 0.3, 0.7, and 1.0 and found that none 
of the results presented in this paper depend on this 
number in any significant fashion. Our strain rate mea- 
surements provide a direct measurement of longitudi- 
nal strain rate along-flow, which is approximately zero. 
This may primarily reflect the near-vertical c axis fabric 
and therefore does not mean the longitudinal stress •l• 
has a negligible effect on the (unknown) r13 gradient. 

With regard to the tunnel effects, the two end-member 
stresses we consider are case 1 (the tunnel has no effect 
on the stress): 

= o (A4) 

= o 
and case 2 (there is a longitudinal stress into the tunnel, 
with a magnitude proportional to closure velocity and 
there is a shear stress associated with tunnel closure 
over a no-slip bed): 

= 

- . (A7) r23 r•3 L•3J 
For the maximum value r• •x of the closure stress we 
use one-quarter of the overburden pressure, or 1/4 (2 
bars) = 0.5 bar, which we estimate to be approximately 
equal to r•3. One may be inclined to use one-half the 
overburden pressure for the maximum deviatoric stress 
r• 'x, but for a nonlinear fluid such as ice the large 
stress-coupling lengths cause a broad low-pressure zone 
around a subglacial tunnel [Weertrnan, 1972]. In any 
case, these calculations are illustrative. The uc in A6 
is measured closure rate, which has a maximum value 
of u•'x= 0.04 rn yr -•, and the ratio of the two bed- 
parallel shears is estimated from the direct measure- 
ments. These two stress scenarios are used explicitly 
in (A1) and (A2) to calculate possible variations of the 
strain rate •ls, which is the subject of all the analy- 
ses presented in this paper. The absolute value of the 
stress tl3 does not matter in this context, only the rel- 
ative values. 

According to these rheologic relations the shear 
will depend only weakly on the other stress components 
due to the strong crystal fabrics (a result very different 
from the classic isotropic Glen's law if these stresses are 
used; however, if one assumed Glen's law to be true, the 
stresses estimated directly from closure measurements 
would be very small relative to the dominant shear, so 
the net result would be the same). We do not consider 
explicitly any stresses r•2, as these will act as an inter- 
mediate case between these two extremes. 

Thus we have four end-member stress-fabric models: ' 

Azuma with no tunnel stresses, Azuma with full tun- 
nel stresses, Sachs with no tunnel stresses and Sachs 
with full tunnel stresses. Denote the •3 components of 
these •'^ -•',A •',s and -•.s respectively. We describe • gT 

the "true" 8•s as a linear mixture of these. Introduce 
two free model parameters e•s and e• which are each 
restricted to the range [0,1]. Then 

•'3 = e^s [(1 - e,r)• r'^ + .r .• ½T•T' ] 
+ (1 - - + 

Appendix B: Common Reference Frame 

We determined average chemical and physical proper- 
ties for each of the thirty-three 0.1 rn intervals using lin- 
ear combinations (which are weighted averages) of the 
measured values from samples in the stratigraphic lay- 
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ers composing the intervals. More precisely, the value 
for the jth property in the ith grid interval, Pji, is calcu- 
lated in terms of the k measured values for this property 
M• as 

Pji -- • ai•:Mj•, (Sl) 
k 

where the coefficients ai• are restricted to the range [0,1] 
and subject to the requirement •-•.• ai• = 1 (typically 
there are one to four nonzero terms in the sum). The ai• 
values were selected a priori from stratigraphic maps of 
the tunnel walls that show explicitly (1) that specific 
stratigraphic layers contained in the strain rate grid 
intervals correlate precisely with certain stratigraphic 
layers in the measured profiles of ice properties and (2) 
that the 0.1 m (vertical) by 0.5 m (horizontal) areas of 
ice surface centered on each of the 33 strain grid rows 
consist of quantifiable proportions of the various strati- 
graphic layers. 

The extrapolation/interpolation procedure (1) is jus- 
tified because the between-layer variability of ice prop- 
erties is much greater than the along-flow variability, a 
direct consequence of large shear strain. For example, 
the topmost amber ice layer in the D grid was sampled 
both 2 m upflow and 1 m downflow from the grid (Ta- 
ble 4), and the micromolar ionic concentration differs by 
10% between these two sites. For the white ice 0.2 m 

above the top of this amber, the upflow and downflow 
difference is 17%. By contrast, the amber and white 
ices differ in average ion content by a factor of 920% at 
the upstream site and 990% at the downstream. 

The partitioning procedure (2) is more di•cult to 
justify conceptually, as it contains two approximations: 
that the rheo!ogic properties of a mixed layer equal a 
linear mixture of the rheologic properties of sublayers, 
and that the relative proportions of various layers seen 
on the strain grid wall equal the volumetric proportions 
to whatever depth into the wall is relevant to deter- 
mining the strain rate. However, the complete range 
of variability between stratigraphic layers is unambigu- 
ously represented because many of the grid levels re- 
quire no partitioning at all, being all one layer. More- 
over, the stratigraphic layers are generally characterized 
by a horizontal span much greater than the size of the 

Table 4. Comparison of Major Ion Concentrations 
for Two Stratigraphic Horizons Between Two Locations 
Separated by 2.5 m Along Flow a 

, 

Site Ice Type Na + Ca 2+ C1- SO42- 

Upfiow Amber 161 50 190 41 
Downflow Amber 190 52 198 35 
Upfiow White 14 6 23 5 

Downflow White 12 7 22 9 

aUnits are pmol L -x. 

strain grids and much greater than their vertical extent 
(i.e., the stratigraphic units are either continuous layers 
or very elongate lensolds). 

Notation 

A 

A• 
A• 

As 
aik 

E 

E,D 

aT 

H 

i,j,k 

m 

•0.95 

•D0.995 

T 

•2 

3•3 

ß 

flow law prefactor. 
flow law prefactor for the Azuma formulation. 
surface area of ice-rock interface per volume of 
ice. 

flow law prefactor for the Sachs formulation. 
fractional contribution of the kth ice sample to 
the ith vertical interval on a strain grid. 
bulk concentration of chemical impurity i. 
bulk concentration of unbalanced positive 
charges. 
crystal diameter, equal to 1.5 times average in- 
tercept length. 
strain rate enhancement. 

strain rate enhancement not due to fabric. 
strain rate enhancement due to chemical 

impurities. 
strain rate enhancement due to grain size. 
trade-off parameter for Azuma versus Sachs 
anisotropic flow relations. 
trade-off parameter for two views of tunnel stress 
effects. 

glacier thickness. 
dummy indices. 
measured value of j for the kth ice sample. 
exponent pertaining to dependence of E. on D. 
stress exponent of flow laws. 
value of any measured quantity j in the ith ver- 
tical section of a strain grid. 
index of fit relative to (as a multiple of) 95% 
confidence. 

index of fit relative to (as a multiple of) 99.5% 
confidence 

relative per-molar sensitivity of chemical species 
a to species b. 
Schmid tensor (standard definition). 
Schmid tensor (Azuma definition). 
temperature. 
volume of void (bubble) per volume of ice. 
volume of rock per volume of ice. 
spatial coordinate parallel to flow. 
horizontal spatial coordinate normal to flow. 
spatial coordinate normal to bed. 
linear sensitivity of strain rate to V, 
per molar sensitivity of E,½ to C/•. 
increase of X 2 for a model relative to that for the 
optimal model, equal to 
strain rate tensor. 

strain rate tensor dependent on c axis fabric for 
pure ice and constant grain size. 
model strain rate value for ith interval of the 
strain grids. 
observed strain rate value for ith interval of the 
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•F,A 

•F,S 

'F,S 

2 

strain grids. 
fabric-only anisotropic strain rate law as given by 
Azuma, and calculated without tunnel stresses. 
fabric-only anisotropic strain rate law as given 
by Sachs and calculated without tunnel stresses. 
fabric-only anisotropic strain rate law as given 
by Azuma and calculated with tunnel stresses. 
fabric-only anisotropic strain rate law as given 
by Sachs and calculated with tunnel stresses. 
parameter which multiplies Ar to determine 
magnitude of ion storage on rock particle 
surfaces. 

exponent on ionic concentration in 
standard deviation of strain rate measurements. 

standard deviation of modelled strain rate mea- 

surements generated by random errors in all in- 
put measured quantities. 
deviatoric stress tensor. 

summed mismatch of modeled and measured 

strain rates. 

X 2 value for the optimal model. 
grain importance parameter, equal to 5J/(! - D). 
grain importance parameter which defines the 
relative magnitude of grain-size-dependent and 
-independent deformation, at a grain size of 1 
mm (3). 
w for a model in which chemistry and size- 
dependent terms are strictly additive. 
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