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An Overview of Microphysical Processes in Ice Sheets: Toward Nanoglaciology 

Takco Hondoh 

Institute of Low Temperature Science, Hokkaido University. Imd@lowtem.hokudai.acjp 

Abstract: In recent years, substantia! efforts among icc 
core researchers have been directed IOward 
understanding microphysical processes occuning in icc 
sheets, because they could affect significantly the 
paleoclimatic and paleoatmospheric signals recorded in 
icc cores. For example, a very large fractionation of N2 
and O2 found in the transition zone from air bubbles to 
air hydrates was successfully explained in terms of 
molecular diffusion in icc [1-4]. More recently, we 
found very many water-soluble micropartic1cs, of which 
distributions and behavior must be a key to understand 
the chemical processes in ice sheets [5-9]. In the present 
poper behaviors of gas molecules and chemical species 
in ice sheets arc summarized and discussed in the light 
of recent studies. 

Moreovcr, thc anisotropic defonllation of icc 
crystals is taken into consideration in recent rescarch on 
ice sheet flow dynamics (1 0-13]. Although a very large 
anisotropy in plasticity of icc was well established in the 
1960 's by labomlOry experiments, almost all icc sheet 
flow models developed so far have assumed isotropic 
ice because of difficulty in modeling the anisotropic 
deformation. As you wil! sec in this vol ume, this 
difficulty can be surmounted by the new models [12, 
13]. In the present paper, I wil! discuss the fundamental 
dislocation processes in icc to bener understand why 
and how icc defonns in di ITcrent orientations. 

In order to emphasize Ihe importance of integration 
of microphysical processes more closely with 
macroscopic phenomena, I will propose a new phase of 
glaciological research, designated as nanoglaciology, 
for further development of the icc core research. 

Key words: Dislocation, stacking fa ult, plasticity of icc, 
clathrate hydrate, transition zone, eutectic depth, 
water-soluble microparticle, ti rn, gas fractionation, ice 
core, icc sheet, nanoglaciology. 

I. Introduction 

Fig. I schematically illustrates dimibUlions of 
vanous incl usions found in icc sheets until now. Air 
bubbles formed at around Ihe pore-closure depth arc 
gradually compressed as Ihe depth increases, and then 
they transform into ai r hydrates in a certain depth range 
cal1ed the transition zone where both air bubbles and air 
hydrates coexist. There are no air hydrates above the 
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transition zone and no ai r bubbles below the transition 
zone, as shown in Fig. 2 [14]. Proper mechanisms for 
the transition and the gas fractionation associated with 
the transition arc summarized in section 2. 

To better understand chemical analyses data of icc 
cores, it is worthwhile knowing about water-soluble 
microparticles, which constitute a missing link between 
atmospheric aerosols and ion concentrations obtained by 
ion chromatography analyses of melted ice core samples. 
Ohno discovered the microparticles for the first time 
when he focused a micro Raman spectrometer on tiny 
particles ineluded in the Dome Fuji ice core samples. As 
shown in Fig. 3, he assigncd the chemical compound to 
each particle suceessfu!ly [5], although l(l\er 
measuremcnts by Sakurai reveoled the hydration 
numbcrs nand spccics X morc prceiscly [15]. It should 
be emphasized that most of the chemica! trace species 
arc incl udcd as solid microparticles, although there havc 
been many argumcnts on liquid states of the species 
along grain boundaries [5,161. 
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Fig. I. Various inclusions ill ice sheets. Air bubbles 
,rallsfor/ll into c/(l/hrate hydrates in the Irallsitioll zone. 
Water-soluble microparlic/es such as Na.S04 ,rml.vjorlll 
il1lo the liquid phase below certain elltectic depths where 
the temperature of ice exceeds the eutectic temperatures 
of the chemical compounds. Solid, water-insoluble 
miClvparticles (dllsls or pl/rlicll lates) (lrc ineluded Ol'cr 
the whole depth. 
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Fig. 2. Clw/"aclerislic f ealures of air bubbles alld clalhrale hydrales ill Ihe Dome Fllji ice core: lite lransilion zOlle is 
frolll 500 III to 1]00 1/1 {14]. 

However, the solid microparticles must transform 
into liquid droplets or liquid vcins bclow thc cutcctic 
depths depending on the chemical compounds. Since 
most of the microparticles arc salts of sulfate, nitrate 
and carbonate of which eutectic temperatures arc close 
to the melting temperature of icc, this transformation 
takes place close to the bed. On the other hand, acids 
such as H2S04 and some salts such as Nael have low 
eutectic temperatures, so that they might exist as a 
liquid phase in icc even at shallower depths. Therefore, 
not only concentrat ions of various ions but also 
chemical forms of microparticles arc importam to know 
as to be described in section 3. 

lizuka carried out SEM-EDS measurements on 
individual micropartieles collected by the sublimation 
mcthod developed by him [8]. He constructed a ncw 
diagram by which major chemical forms of the 
microparticles can be deduccd on the basis of ion 
chromatography data only [7]. Details of the mcthod 
and arguments arc summarized by I izuka el al. in this 
volume [17]. Note that water-insoluble microparticles 
currently designated as dust or particulates arc also 
included as solid microparticles over the whole depth of 
icc shcets. 

In addition 10 the micro-inclusions stated above, icc 
also contains latticc defects such as molecular defects 
(self-interstitials and vacancies), protonic point defects 
(Bjcrrum defects and ionic defects), foreign atoms 
(molecules) and dislocations. Gas molecules dissolved 
in icc play an important role in the transformation from 
air bubbles to clathrate hydrates as to be described in 
section 2, and self-interstitials playa dominant role in 
sclf-diffusion in icc (sec subsection 2.3). Electrical 
properties of ice critically depend on behavior of 
protonic point defects [18, 19]. Moreover, dislocations 
playa key role in anisotropic deformation of ice as to be 
described in section 4. 

2. Behavior of gas molecules in ice sheets 

Air bubbles trapped in icc sheets could yield 
precious information for paleoclimate reconstructions. 
However, during the transition from air bubbles to air 
hydrates, extremely high levels of gas fractionation 
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were found. Careful attention is therefore required in 
the interpretation of gas composition data obtaincd from 
gas analyses of ice cores. I will summarize briefly the 
mechanisms related to the fractionation process in the 
following subsections. 

Concerning the terminology, an air hydrate is a 
transparent crystal in which air constituent gas 
molecules arc trapped in polyhedral cages formed by 
hydrogen-bonded water molecules. This cage structure 
is called a clathrate, and air hydrates arc also called 
clathrate hydrates. In the following subsections, 
however, the term "hydrate" is used for simplicity 
instead of air hydrate or clathrate hydrate. 

2.1 Gas fr actionation in the transition zo ne 
Ikeda el 01. carricd out micro-Raman measurcments 

on individual air bubbles and hydratcs included in the 
Vostok icc cores, and they found very different 
compositions of N 2 and O2 dcpending on air bubbles 
and hydrates as shown in Fig. 4 [ I]. Hydrates in the 
transition zone havc gas compositions cnriehed by O2, 

while Nl is enriched in air bubbles in the zone. Note 
that N2/0 1 ratios averaged ovcr all air bubbles and 
hydrates at each depth are equal to thc atmospheric ratio 
of 3.7. They also proposed a molecular diffusion model 
between air bubbles and hydrates [I , 2], and Salamatin 
et af. developed a numerical model to explain the whole 
process quantitativcly on the basis of the same model 
[3]. The N2/0 2 ratios as a function of depth calculated 
by the model explained the data obtained by both the 
Vostok and Dome Fuji ice cores very well. In the 
following paragraphs the molecular diffusion modcl for 
the gas fractionation is briefly described according to 
the review artiele by lkeda- Fukazawa and Hondoh [20], 

The major process for the fractionation is molecular 
diffusion of N 2 and O2 in an ice crystal. This process is 
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Fig. 4. VelY lal'ge fractiollatioll of N] alld 0 ] be/ll'een 
air bubbles and clathrare hydrates foulld in rhe 
Vostok ice core (II Hydrates in rhe transition zone 
have gas composilions enriched by O2. while N! is 
enriched in air bubbles ill the zone. Note Ihat Ihe 
relative deviation frolll the almospheric composition 
li(O/ Nd is lis/wily used in the liler(ll/lre inSlead of 
/he r(llio N/O]. 

very slow, as most of glaciologists think icc is 
impenneable fo r gas. However, not only N 2 and O2 but 
also other larger molecules can migrme through the 
crystal structure of icc. lkeda-Fukazawa carried out 
molecular dynamics simulations of various molecules in 
icc to deduce their diffusion coefficients [211. 

Consider the case that both air bubbles and hydrates 
coexist in ice as shown in Fig. 5(a). Firsl we define the 
dissociation pressure pJ Air at which the three phases, ice, 
hydrate and air, arc in equilibrium. Hydrates dissociate 
into air and ice at a pressure lower than pJ Air, and )Iice 
versa at a pressurc higher than pJ Ai .. At pJ Air the 
concentrations of N 2 and O2 molecules dissolved in ice 
are kept constant anywhere in ice at X l Nl and x" 02, 
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Fig. 5. A 1II0leclliar diffusioll lIIodel for gas /rac/ionation in the transitiOIl zOlle. 

-3-



respectively. (Note that this is a hypothetical case 
because actually there arc no hydrates at the depth of the 
dissociation pressure pi Ai, in ice sheets.) 

As the depth increases, the bubble pressure or the 
partial pressure Pi (i = N2, O2) increases, and 
consequently the concentrations of N2 and O2 molecules 
dissolved in ice ~I (in mole fraction) also increase as 
shown by the solid lines in Fig. 5(b), or 

(I) 

where k/ is Henry's constant. The two horizontal lines in 
Fig. 5(b) indicate the dissolved concentrations of N2 and 
O2 in equilibrium with hydrate, XH N2 and xH 02, 

respectively. Since xH N2 or X1
02 varies proportionally 

with the composition ratio of i-molecules occluded in 
the cages of the clathrate structure Y;, but does not 
depend on pressure and temperature significantly along 
the transition zone, it is given by 

(2) 

In the transition zone, in which bubbles coexist with 
hydrates, a diffusive mass flux of i-molecules from 
bubbles to hydrates is driven by the concentration 
difference LU..a·Hj [201-

Due to a very slow diffusion process, we assume 
that thc conccntrations of i-molecules dissolved in ice 
close to the bubble surface and hydrate surface arc kept 
equal to X,S and X,", respectively. Considering a simple 
case in which a sing le hydrate is surrounded by many 
bubbles with the same partial pressure P j, the diffusive 
mass flux of i-molecule qi can be expressed in tenns of 
the pressure difference as 

qj ocDjkj U; - P!t;) 

~ P - P'Y 
oc qk, t; ( , p.~ ' ) , , 

(3) 

where 0 , is the diffusion coefficient of i-molecules in 
icc, or it is defined by the timc average of the square of 
the displacement. Since the mass flux driven by the 
pressure difference is proportional to the term OJ kj in eq. 
(3), this term is so called the "penneability constant"'. In 
the present case, however, we define the term Di ki p j

d in 
eq. (3) as the permeation coefficient D,S because p j

d is 
also a material constant, and we prefer to use a 
non-dimensional expression for the pressure difference 
[3 ], specifically: 

0' 

s P-P"Y. 
qj ocD, ( ' p/: '). 

(4) 

(5) 

To understand the gas fractionation shown in Fig. 4 , 
we have to know the difference between DNz

s and 0 0 / , 
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Table I. Diffusion coefficielll OJ. NeillY's COIISIaIll k;. 
alld permeability coefficiem D/ used for djffilSioll of 
gas molecules ill ice [20]. 

Ikeda el al. [2] Salamatin e f (1/. [3] 
(263K) (220K) 

N, 0 , N, 0 , 

Di (m2/s) 
lo6 5.5 

xlO' 13 xlO' 13 

k, lo8 2.6 
(1IMPa) xlO'7 X 10'7 

P,d(MPa) 11.78 8.97 3.6 2.6 

D,S 3A 1.3 1.4 3.0 
(m 2/s) xlO'19 xlO'IS xlO'21 xlO'21 

Although we have no experimental data on the 
permeation coefficients of N2 and O2, Ikeda estimated 
both Di and ki by a semi-empirical method [2], and also 
carried out the molecular dynamics simulations on the 
diffusive motion of N2 and O2 in ice [21]. Those 
estimated values arc summarized in Table I [20J. 
Salamatin developed a mathematical model for the 
transition process, and obtained the penneation 
coefficients by constraining the model to the 
experimcntal data as shown in Table! [3, 22]. 

As a result , Oms is 2 to 4 times larger than Dm
s, and 

a higher diffusive flux for O2 than for N2 is concluded 
by substituting typical values for P i and Yj into eq. (3). 
Consequently, the NzI0 2 ratios for hydrates become 
smaller than the atmospheric value, and vice versa for 
air bubbles. In a depth bclow the transition zone, the 
diffusion of gasses still takes place between hydrates 
with different diameters and N2/0 z ratios [23 ]. 

2.2 Nucleation of clathrat e hydrates 
In the discussion mentioned above, we regard the 

nucleation of hydrates at an air-bubble surface as quite 
natural, although we know that the nucleation 
probability is very small [24]. However, Ohno carried 
out detailed observations on distribution of both air 
bubbles and hydrates in the transition zone, and he 
found a nonuniform distribution of hydrates, unlike air 
bubbles that are distributed uniformly [25]. In addition 
to this fact , he also found that almost all hydrates 
include mieroparticles in the early stage of the transition 
zone [25]. These facts suggest that hydrates arc 
preferentially nucleated on the microparticles but not on 
the air bubbles, at least in the beginning of the transition 
zone. The nucleation probability increases as the excess 
concentrations of Nz and O2 increasc with increasing 
depth. Once a hydrate is nucleated on a microparticle 
surface, the dissolved concentrations of N2 and O2 drop 
to the values in equilibrium with the hydrate, as shown 



in Fig. 5 (c). Thc hydratc grows by diffusivc flow of Nl 
and O2 from air bubbles around it. Then, the 
fractionation results as described above. 

According to the classical nucleation theory, a free 
energy barrier to be surmounted for the homogeneous 
nucleation ofa clathrate hydrate in ice exceeds hundreds 
of eV, which is 100 large 10 activate the nucleation [26]. 
Therefore, we have to consider some heterogeneous 
effccts on the nucleation. For simplicity, we do not 
consider the bchavior of N2 and O2 separately in the 
following paragraphs on the hydrate nucleation. Note 
that the suffix "i" in this subsection refcrs to "ice" rather 
than N! or O2, unlike in the preccding subscetion. 

A free energy increase by formation of a spherical 
nucleus with a radius r, as shown in Fig. 6(a), is given 
by 

_ .2 4.3 I 
!1G- 4m rh.i --m - !1f.1h-i' (6) 

3 n il 
using thc intcrfacial cncrgy bctwcen hydrate and icc J1,.i 

and the volumc of a water molecule in hydrate Oh. The 
chemical potential difference can be approximately 
expressed as 

!1f.1l>-i "" kTVbln(:, ) , (7) 

wherc I .... is a ratio of the number of cages to the number 
of watcr molecules in the clathrate structure, and it 
equals to 3/ 17 for the structure 11 [26]. 

For a heterogeneous nucleation, we first compare 
the two cases, nucleation on a microparticle shown in 
Fig. 6(b), and nucleation on a bubble surface shown in 
Fig. 6(d). For both cases the second term on the 
right-hand side of eq. (6) is the same, and so the first 
term is replaced by !1GM or 6GB, bcing equal to an 
incremcnt in the free energy by formation ofa nucleus. 

For nuclcation on a microparticlc shown in Fig. 6(b), 
the fTcc cncrgy incremcnt by formation of a disc with a 
radius R and thickness I is givcn by 

where J1,.~ and Yo.~ arc the interfacial encrgics bctwccn 
hydratc and microparticle, and icc and micropartic1c, 
respectively. Similarly for nuclcation on a bubble 
surfacc, 

where )1, and Yo arc the surface energies of hydrate 
and icc, respectively. 

Sincc the second term on the right-hand sidc of both 
equations (8) and (9) is idcntical , thc difference bctwccn 
thc two cases is due to a difference betwccn ()1,-,wYo.M) 
and (J1,-y,). Howcver, we can assume n..~t-Y,.M and }1,-Y" 
because hydratc and icc might havc a similar naturc of 
surface. Thcrcfore, these first terms can be neglcctcd in 
thcsc cquations. Thcn, there is no signi ficant differcnce 

HYdrad' .. 1 

Ice (i) 

I' ) 

Hydrate (h) 

Air 

Fig. 6. Nucleation of hydrate. (a) Homogeneous 
lIucleatioll. (b) heterogeneous lIucle(l(ioll of a disc with 
a radius R alld thickness I 011 other materials such as 
sll/filte salts, (c) heterogeneous nue/eation ill a 
micro-pil 011 Oilier maleria/s. (d) III1c1e(l/ion of (/ disc 
with (J radius R alld Ihicklless I 011 air-bubble surface. 

Fig. 7. FE-SEAl images of II micropanicle obtained 
by (lie sublima/iOIl method. 
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in the nucleation of hydrate in either easc. However, it 
should be emphasizcd that the second term is too large 
to allow the hydrate nucleation, as discussed in my 
previous papers [24, 26]. Moreover, in addition to the 
observations by Ohno stated above [14, 25], Shimada 
confirmed acceleration of hydrate formation under 
higher concentrations of impurities [27]. Thcrefore, we 
have to introduce other impurity effects into the hydrate 
fo rmation mechanism. 

We consider a very special casc of microparticles 
which have a very small interfacial energy with hydrate, 
or J1,.),1 - 0, but a certain large interfacial energy with icc, 
so as to have the relation r,.M -}h.;. Then, eq. (8) 
becomes; 

tlG,I/ .= 7!R2(Yh-i - y;':-'I) + 27fRlrh~ 
~ 2trRlrh.; . 

(10) 

Consequently, 6.G,\1 depends only on J1,-;, but neither on 

Ji,.M nor on r,.M, and eq. (6) reduccs to 

(II) 

Alternatively, we can also consider a rough surface 
of microparticles, which could provide preferential sites 
for the hydrate nucleation. By assuming a micro-pit on 
the surface as shown in Fig. 6(c), the free energy 
increment by hydrate formation can be reduced to 

Since the term (Ji,-M-r. -M) is close to zero, 6.G"lPbecomes 
very small for small R, so that icc can be spontaneously 
transformed into hydrate with in a micro-pit. Then, this 
hydrate provides a particular surface with radius R for 
further growth of hydrate outward to the bul k of icc. 
Accordingly, the free energy change by the furthcr 
growth of hydrate can bc expressed by cq. (II), because 
this isj ust a special case to derive eq. (10). 

The ratio pjJfl is about 1.2 at a beginning of thc 
transition zonc, and the interfacial energy J1,.; was 
detennined as 60 mJ/m2 [28). Substituting these val ucs 
into eq. ( II), R should be larger than 46 nm for 
spontaneous growth of hydrate due 10 a negative value 
of 6.G. This eritical radius Ro becomes smaller for a 
larger rat io of PjJfl. For example, Rc=12 nm for pjJfl 
=2.0, which correspo nds to the middle of thc transi tion 
zone. 

Actually, mieropartieles found in ice cores have a 
very rough surface as shown in Fig. 7, which seems to 
have appropriate micro-pits or holes corresponding to 
the case of Fig. 6(c). There exist many different 
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varieties in shapes and chemical compounds of 
microparticles which have different efficiencies for thc 
hydrate nucleation. As pjJfl increases with depth, 
nucleation sites with lower efficiencies are activated, 
including ai r-bubble surfaces. 

According to the above mentioned mechanism fo r 
the hydrate nucleation, we understand the results of 
various observations as follows: 
(I) Nonuniform distribution of hydrates is due to a 
nonuniform distribution of microparticles, of which 
depth profiles have annual variations and others with 
longer wavelengths [14]. 
(2) A larger nUll1ber~concentration of hydratcs than that 
of air-bubbles is due to the hydrate nucleation at 
microparticles in addition to air bubbles [14]. 
(3) A very small value of NzlOz of hydrates at the 
beginning of the transition zone as shown in Fig. 4 is 
due to the prefercntial nucleation of hydrates at 
microparticles. This has been a discrcpancy bctwcen 
modcl prediction and icc core data [24, 25]. The model 
predicts the val uc equal to that of the atmosphere at the 
beginning of the transition zone because it assumes 
nucleation at air bubbles only. The model should be 
improved so as to include the nucleation process at 
microparticlcs. 
(4) A large difference in appearance of hydrates rcponcd 
in thc prcvious papers [29, 30] could be explained by 
the differcnce in growth conditions of hydrates. When 
the hydrates are nucleated at microparticles under high 
supersaturation of gas molecules, polyhedral shapes are 
expected as a result of faceted crystal growth processes, 
because gas molecules are supplied from a dilute 
solid-solution of gas molecules in ice, like vapor growth 
of crystals [26]. Some very particular shapes, such as 
needle~like hydrates, must be due 10 certain specific 
gradients ltl the concentration of dissolved gas 
molecules around the growing hydrate, which might be 
causcd by the spccific distribution of air bubbles around 
it. 

2.3 Recovery processes of ice eores duri ng storage 
(I) Dissociation of hydrates 

Since hydrates gradually dissociate to air bubbles 
aftcr pulling out icc cores from deep icc shcets, 
transparency of icc cores dccreases with time as 
dcscribed by Miyamoto ef af. in this volume [31]. The 
dissociation ratc of hydratc strongly depends on storage 
tcmperature (32]: for example, 50% dissociation occurs 
after about 4 years at -20"C, yet only I % dissociation 
after about 6 years at _50°C, and the samc dissociation 
of 5% is reached after 115 days at _20°C, whilc 34 years 
are required at -50"C. 

Such a surprisingly long lifc time of hydrates under 
atmospheric pressure can be explained as follows. If we 
assume that a hydrate crystal dissociates into an Ice 
crystal and a gas bubble within a same volume, the 
pressure of the gas bubble strongly exceeds the 
dissociation pressure of the hydrate so that the hydrate 



cannot dissociate. However, gas molecules might escape 
from the hydrate \0 icc core surfaces and other sinks by 
molecular diffusion in icc. When some part of the 
hydrate cages becomes empty of gas molecules, the 
hydrate lattice collapses into icc. Then, empty space 
appears because of the smaller volume of ice than 
hydrate. Gas molecules are supplied to the space from 
the hydrate until the bubble pressure reaches the 
dissociation prcssure. Therefore, the bubble pressure 
must be kcpt at the dissociation prcssure until all the 
hydrate dissociates to ice and gas, and the dissociation 
rate is limited by diffusion of gas molecules in icc. 
Since the diffusion coefficient of gas molecules in ice 
must have a large tempcrature dependence, the life time 
of hydrates strongly depends on the storage temperature 
as described above. 
(2) Gas fractionation during storage 

Since the pressure of a gas bubble being dissociated 
from hydrate is kept at the dissociation pressure (much 
higher than atmospheric pressure) as described above, 
diffusion of gas molecules takes place toward icc core 
surfaces. Thcn, fractionation of gases occurs similar to 
the easc of the transition zonc, which means preferential 
escape of O2 than N 2 from thc icc core. Ikeda el al. [33] 
modcled this process, and calculated the N 2/0 2 ratios as 
functions of storage tempcrature and time. Berciter el al. 
[34] also calculatcd changes in CO2 concentration and 
Oi N 2 ratio for storagc durations up to 38 years. Thcse 
rcsults agrcc with ex perimental measurements. 
(3) Segregation of gas molecules and cloudy bands 

Gas molecules dissolved in ice becomc cxcessivc by 
depressurization after pulling out the ice from deep icc 
sheets. According to eq. ( I), much smaller equilibrium 
concentrations of gasses must be attained, e.g. , about an 
one-hundredth rcduction is requircd for ice pulled out 
from about 1100 m depth. Thcrefore, icc just aftcr 
having been pulled out from decp icc sheets includes 
some amount of excess gas molecules, e.g. , Nz and O2 in 
the order of 10.10 mol are included in 1 mm] of ice. 
Moreover, additional gas molecules arc suppl ied to ice 
from hydrates being dissociatcd. 

Thcsc gas molecules segregate to sinks in the icc, 
although some parts of them escape to the atmosphere 
from surfaces of icc cores. Most effective sinks for gas 
molecules must be microparticles as mentioned in the 
preceding subsection, because their rough surface helps 
nucleation of gas bubbles in a similar way as fo r 
nucleation of hydrates. Then, micro-bubbles arc formed 
around the microparticles. Since it is known that the 
number concentrations of the microparticles have 
annual variations, thc micro-bubbles distribute 
corresponding to the annual layers, so that so-called 
cloudy bands arc formed. The cloudy bands become 
gradually visible with timc after pulling out the ice core 
from the decp ice shcet becausc of rather slow 
molecular diffusion in icc. 
(4) Segrcgation and generation ofself-intcrstitials 

Summarizing the nature and behavior of intrinsic 
point dcfccts (molecular defects) in icc may be useful 
for further understanding of icc core records. A crystal 
in general contains point defects in thermal equilibrium, 
of which concentrations can be expressed as functions 
of tcmperature T and pressure p, 

where Ee, Vr and Sf arc the formation energy, formation 
volume and formation entropy of the point defect, 
respectively. For point defects in icc, we should 
distinguish those violating the icc rules (protonic 
defects) from those violating the lattice periodicity 
(molecular defects). The protonic defects, ion pairs and 
D-L pairs, largely determine the electrical properties of 
icc, while molecular defects are responsible for 
self-diffusion in ice. 

Diffusion cocfficients of the point defects are 
expresscd by 

D = D exp( E", +pV", ) 
o k T ' , 

(14) 

where Em and Vm arc the migration energy and 

Table 2. Paramelers of pain I defecls alld self-diffusion ill ice [38}. 

Protonic dcfects 

Molecular defccts 

Self-diffusion 

Point defects Concentration at 0 °C 
C (in mole fraction)· 

D- L pair 4.0xlO·7 

[on pair 5.5x I0·12 

Self-interstitials 2.8x I 0~ 

Vacancy _10.8 

Self-diffusion coefficient (icc): O S!) 

Self-diffusion coefficient (QLL on surface) 

Self-diffusion coefficient (waler) 

·5.1 X 10.5 moUmm3 for Icc Ih. 
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FOmlation 
energy: £( 

0.34 cV 

0.48 

0040 

0.35 

Diffusion 
coefficient; 0 

lAx I 0.9 m2/s 

_ 10.8 

2.0xlO·9 

5.6xlO·15 

3.2xlO·1l 

1.3xlO·9 

Migration 
energy; Em 

0.24 cV 

- 0 

0.16 

0.34 

0.60 

0.24 

0.19 



Table 3. Selfillferstitial (SI) parameters for ice {35. 36. 

38I 

E, S, V, E. D, V. 
(oV) (oV) (m2/s) 

0.40 4.9k8 -0.260 0.16 1.8x I 0-6 0.400 

0: molecular volume of icc (3.26 X 10·29m3) 

migration vol ume of the poinl defects, respcctively. The 
conccntrations and diffusion coefficicnts of thc point 
defects in icc are summarized in Table 2 [35-38]. 

In icc, self-interstili .. ls outnumber vacancies, so Ihal 
CS1»CV at Icast .. bove - 50 °C, and therefore Ihc 
self-diffusion coefficient D SD is approxi matel y equal to 
thc product of CS1 and DSI measured separately, or 
Dsn""CsP sl' The parameters for the self-interstitials in 
icc were delennined by Ihe x-ray topographic method as 
shown in Table 3 (35. 36]. 

Since self-interstitials become supersaturatcd by 
cooling according to eq. (13), excess self-interstitials 
should move away to a free surface or segregate to 
dislocation loops ofintcrstitialtypc as shown in Figs. 8 
(a) and (b) [39-42J. In contrast, dislocation loops of 
vacancy type (Figs. 8 (c) and (d» arc generated by 
heating as sourecs of self-interstitials to attain a higher 
concentration CS1 in icc [39-42]. 

For example, whcn icc is cooled down to _30 °C 
from 0 °C, the equi librium concentration of 
self-intcrstitials decreases from lA X 10.10 moVmm3 to 
1.7 X 10.11 mol/mm;, or supersaturation of about 800% 
is introduced. In contrast. supcrsaturation of only 2% is 
introduced by depressurization from 10 MPa to 0.1 MPa. 
Therefore, we consider the behavior of dislocations to 

be causcd by tempemt ure changes only. 
The excess self-interstitials segregate into many 

dislocation loops, of which numbers and shapes depend 
on the cooling rate [39-42]. This process is rather fast ; 
for example. the growt h of d islocation loops ceases 
within one hour after a temperature change of about 
10 °C. Then, the dislocation loops with stacking faults 
gradually shrink and disappear at a constant temperature 
because of the surfacc tension of stacking faults (40, 41]. 
This shrink process is rather slow; for example, it takes 
more than a daYal-20°C for the loop radii ofa few mm. 
In many cases, howcver, the dislocation loops without 
Slacking faults remain after a long aging time at a 
constant temperature because a shrinkage force due to a 
line tension of a dislocation is too small 10 cause a climb 
motion of the dislocation for very large radii of the 
loops. 

A similar behavior of dislocation loops of vacancy 
type were observed by heating as shown in Figs. 8 (c) 
and (d). [n the case of vacancy type, however, multiple 
dislocation loops in Fig. 8 (d) should transform to a void 
as shown in Fig. 8 (c) when a strain energy due to the 

I-
(0) 

~I-
~ I-

--I :::;----
--1~ 

(b) 

~ 

--I 
/ 

/ 1-, 
(0) 

--i' / t-
- --I -..J-I--1.,/ 

(d) 

(0) 

Fig. 8. Dislocafioll loops gellerated by temperatllre 
changes ill ice: (a) a mOllolayer loop of illlerstitial 
type generated by cooling. (b) mllltiple loops of 
illlerslitial Iype gellerated by a rapid cooling. (c) a 
sj,lgle loop ofmc(lIfc), type generated by heating. alld 
(d) mllltiple loops generated by a rapid healillg. 
Pressllri::lIIiOl/ inlrQdllces a l'acallCY type ((c) or (d)). 
!l'hile all inferstilial type ((a) or (b)) is produced by 
depressllri::lI1iol/. (e) A void can be formed when {/ 
slrain energy due 10 tlfe mulfiple dislocalion loops 
exceeds the sllrface energy of a void. Note that 
sUlcking faults wilh the fault veelor p+c/2 are 
frequently obsen1ed (40J because this type of Slaking 
fill/It has the lowest fillllt energy (38]. atthough Ihe 
above figures are Simplified witholl( the hori::oll/al 
displacement p. 

multiple dislocation loops exceeds the surface energy of 
the void. This is the case for a rapid emission of Sl 's 
from the loops caused by a rapid heating. This 
Illechanism provides formation of a disk-shaped void 
lying on the basal plane. Subsequently, gas molecules 
segregate to the void from hydrates being dissociated, 
and the void grows as a gas bubble. 

All typcs of dislocation loops described above are 
invisible by an optical microscope, although thei r radii 
arc as large as several mm. Experimental observations 
of the dislocation loops were carried out using 
laboratory-grown icc crystals by x-ray topography [41]. 
In contrast, a void (or gas bubble) arc invisible by the 
x-ray topography but visible by an optical microseope 
because a void has no strain fields but it has a large 
difference in refractive indices from icc. 

2.4 Fresh angles on firn densification and gas 
fraction :llion 

It is well known that physical and chemical 
processes before and after precipitation on ice sheet 
surfaces can alter ice core records significantly, as 
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discussed by lizuka etal. on chemical reactions in the 
atmosphere and surfacc fim [17], Ekaykin and Lipcnkov 
on wind-driven redistribution of snow und 
post-depositional processes that al ter isotopic 
compositions [43J, Land'lis et af. on air mass transport 
related to d-excess and 170 m ... [44] and Weiler et al. on 
isoto pe ratios lmd CO2 concentrat ions in fim air [45] in 
this volume. In particular, fi m densification is a key 
process to understand signals stored in icc cores. 
However, it includes complex physical processes such 
as structural rearrangement of icc grains, pressure 
sintering and plastic deformation. Salamatin et al. 
developed a new theoretical model of dry snow/ fim 
densification in which all these physical processes were 
taken into consideration as included in this volume [46). 
They deduced characteristic feat ures of the densification 
process: for example, fractional contributions of grain 
rearrangement and plastic deformation of grains to a 
total compression rate as functions of depth. 

On the other hand, during bubble close-off ncar the 
bottom of fim, air in open channels is progressively 
enriched with relatively small atoms and molecules. To 
unde rstand the whole physical processes in fim, Fujita 
and others conducted a comprehensive study of the 
physical properties o f fim cores at Dome Fuji, 
Antarctica [47]. They measured physical properties 
including ( I ) the rclative dielectric perlllittivities in both 
the \'ert ical and horizontal planes by the open resonator 
method, (2) the bulk density at a resolution of 
millimeters by the X-ray transmission method, (3) the 
three-dimensional geometric structure of pore space by 
the X-ruy absorption mierotornography, and (4) crystal 
orientation fabrics by the X-ray pole-figure analysis. 

They found a very interesting behavior of fim as a 
function of depth. Fim ncar the surface of the icc sheet 
contains horizontal strata with thicknesses of sevcral 
centimeters thm are characterized by contrasting bulk 
density. Although density maxima exhibited a clear 
positive correlation with the strength of structural 
anisotropy and c-axis clustering around the vertical in 
the shallower part of the top 30 m, the correlation is 
revcrsed to negative in the deeper part. This means that 
initially low-density firn (IL DF) becomes denser than 
initiall y high-density firn (lHDF) in the deeper part by 
preferential deformation of weaker layers (ILDF). Then, 
the I HDF layers have their close-ofT at a deeper depth 
than those of the ILDF layers [47]. 

. I'rior to the above mentioned findi ngs, Bender [48] 
dIscovered cyelic variations in S(021N2), the relative 
deviation in the OfN2 ratio fro m the atmospheric 
composition, 111 the Vostok ice core, which 
corresponded to changes in summer insolation at 
Vostok: low 0(021N2) occurred at times of high summer 
insolation. Kawamura etal. [49] found essentially the 
same relationship in the Dome Fuj i ice core. They also 
found that the total air content (TAC) was synchronous 
wi th local summer solstice insolation: low TAC 
occurred at times of high summeT insolation. Raynaud 
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Fig. 9. Schematic diagram of the proposed mechanism 
for tlte lIIodultllion of conditions for gas di[fiISioll Ileal' 
the bollO/ll of jim ill the ice sheet as a reslIll of 
\'OrialiOIlS ill local insolalion. ILDF: Initially 
low-density jim. IHDF: Initial/y high-density jim {47}. 

el al. [50] presented changes in TAC of the EPICA 
~me C icc core, and proposed that long-term changes 
III TAC recorded in ice from the high Antaretic plateau 
were dominantly imprinted by local summer insolation. 
Summarizing the results obtained so fa r; stronger local 
insolation leads to a smaller O(OzfN2) and a smaller 
TAC. 

For ice core chronologies, several different methods 
arc used until now: identification of dated horizons 
along the cores, synchronization to other dated 
paleoclimatic records, counting of annual layers or 
modeling of the icc flow [51). Lemieux- Dudon et al. 
proposed a new dating method wit h a probabilistic 
approach to construct an opt imal icc chronology in this 
volume [51]. However, the correlation of local 
insolation with S(021N2) and TAC has an invaluable 
advantage over other Illet hods used in dating icc-cores 
[48-50, 52, 53], if the physical process to link the local 
insolation with the 0(021N2) and T AC is elucidated. 

Severi nghaus and Battle [52] and Kawamura et al. 
[49, 53] proposed models fo r the variations in S(021N2) 
on the basis of gas fractionation caused by molecular 
diffusion from air bubbles to open channels. Since O2 is 
preferent ially extracted from pressurized bubbles as 
described in subsection 2.1, a smaller S(Oi N2) is 
expected for a longer depth range of bubble close-ofT. A 
smaller T AC is also expected for a longer depth range 
of bubble closc-off because more gas molecules are 
extracted from bubbles to open channels for a larger 
pressure difference between bubbles and channels and a 
longer diffusion time. 

Based on the characteristic densifieation processes 
described above, Fujita et al. [47] proposed a model 
linking firn properties with conditions for the gas 
transport processes near the bottom of firn. The model 



explains successfully how strongcr local insolation lcads 
to bulk icc with a lower 8(Oi N2) and a smallcr T AC. 
According to thci r model, a strongc.r summer insolation 
increases the mechanical st rength of IHDF layers, and 
therefore it increases the upper limit of permeability of 
the layers and the depth range of bubble close-off, as 
shown in Fig. 9. Huttedi el al. also discuss impact of 
local insolation on snow metamorphism [54]. 

Fujita el (II. [47] suggested crushing events at Dome 
Fuji, or destructive deformation associated with vertical 
crushing in fim, on the basis of unusual dielectric 
anisotropy and unusual fragmented appearance of the 
structure in fim cores at a depth around 45 m. This 
crushing events and the reversal of density layers, ILDF 
and IHDF, described above arc important to better 
understand the seasonal variations of various signals 
recorded in deep icc cores. 

3. Behavior of various chemical trace 
species in ice sheets 

3. 1 Phase equilibria for c hemica l species in ice s heets 
Various chemical species deposited on the icc sheet 

surface might be transformed towards phase equilibria, 
or towards the most stable state of ice, depending on 
different compositions of species and temperatures. We 
conducted a systematic survey of chemical species 
included in icc cores by using a micro-Raman 
spectrometer to determine chemical forms of 
microparticles, SEM-EDS for element analyses and ion 
chromatography for high resolution concentration 
profiles of various ions. The results obtained until now 
can be summarized as fol1ows. 
(I) lizuka el al. [9] found that high-resolution 
concentration profiles of Na+ and Mg2+ during the 
Holocene arc almost identical with those of sot except 
close to the ice sheet surface. This finding suggests that 
these ions fonn Na2S04 and MgSO~ . In a similar way, 
lizuka el al. [55] found high-resolution concentration 
profiles of Ca2

->- well correlated with those of SO}· 
during thc LGM , suggesting the formation of CaS04. 
These suggestions were confirmed by micro-Raman 
measurements of the mieroparticles carried out by Ohno 
el al. [5]. Since they found poor correlations between 
cations (Na" and Mg2') and anions (S042") in snow 
samples close to the ice sheet surface, they claimed that 
chemical reactions must take place to form the sulfate 
salts by a rcaction of liquid H2S04 with solid NaCI and 
MgCh in surface snow. lizuka el al. [9] also found that 
excess concentrations of anions (SO/· and Cn had 
unifonn distributions for the case that concentrations of 
SO}· exceeded total concentrations of cations (Na+ and 
Mg""'). This result strongly suggests that excess anions 
free from formation of salt microparticies uniformly 
disperse in ice 10 form solid solutions. Consequently, we 
can say that cations do not migrate after deposition 
while anions do in icc. 
(2) By using the advantage of cations described above, 

lizuka el al. [56] proposed a high time-resolution 
analysis of sodium ion concentration profiles as an 
indicator of seasonal sea ice extent around Antarctica in 
the Holocene. 
(3) Since the salt mieroparticies found in ice cores have 
size distributions centered around several 1-1111, which is 
much larger than aerosols in the atmosphere, these 
micropartieles must be formed by coalescence or 
reactions of aerosol particles before and after deposition. 
In addition, the number concentration of the 
water-soluble microparticies is larger than that of the 
dust (water-insoluble mieroparticles) of about the same 
size [5 J. Consequently, we should take into 
consideration the water-soluble microparticies as well as 
water-insoluble mieroparticles to better understand 
physical properties that could be affected by 
microparticies, as to be discussed in subsection 3.3. 
(4) lizuka el 01. [7] deduced a diagram to dctemline 
major chemical forms in icc at a dcpth in which the 
concentrations of major ions arc known. This diagram 
agrees very wcil with the results obtained by the 
micro-Raman measurements, and cxplains the reason 
why those chemical forms are dominant at a certain 
depth. In addition, lizuka el 01. [8] devcioped a new 
sublimation method to carry out a rapid analysis of 
many mieroparticles by the SEM-EDS analysis, and 
confirmed as predicted by the diagram thaI the major 
chemica! fonn in LGM icc is CaS04 while Na2S04 and 
MgS04 arc predominant in Holocene ice. See the paper 
included in this volume for more details [17]. 
(5) A new mineral "meridianiite" , or MgS04 01 I H20 , 
was found in the Dome Fuji icc core by Genceli ef al. 
[57], although MgS04012H10 was assumed earlier. This 
fi nding suggests the importance of the phase 
equilibrium study of salt microparticies because 
different hydration numbers of sulfate salts must affcct 
aerosol radiative forcing significantly. 
(6) In case of the Greenland icc core, Sakurai el (1/. [58] 
found mieroparticles of CaCO) in the glacial icc, and 
CaS04 not only in the glacial icc but also in the 
Holocene icc. Careful attention has been paid on these 
compounds by paleoatmospheric researchers, because 
CaCO) reacts with acids 10 produce additional CO2 
which might disturb atmospheric CO2 concentrations. 

3.2 Eulecl ic depth 
The salt microparticlcs described in the preceding 

subsections transform to a liquid statc at a certain 
eutectic temperature, depending on the chemical species 
included in icc. For example, the eutectic temperatures 
of HCI , NaCI and Na2S04 arc -86.0"C, -21.2"C and 
-1.3"C, respectivcly. Since most cations exist in the 
chemica! forms of sulfate, nitrate and carbonate salts of 
which eutectic temperatures arc close to the melting 
temperature of icc, the original distributions of cations 
must be preserved as solid micropartieles throughout 
almost the whole depth. However, Sakurai found very 
recently that the eutectic depth of the sulfate salts 
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becomes much shallower when the sulfate salts coexist 
with other acids [IS]. 

Consequently, we need to know phase equilibrium 
states of a mixture of acids (H2S04, HCI, HNO j and 
H2COJ ), salts (chloride, sulfate, nitrate and carbonate 
salts) and water (H20). However, of course, some 
chemical species located very far from others cannot 
contribute to attain the phase equilibrium state. 
Assuming the diffusion coefficient of HCI in icc to be of 
the order of 10-10 m2/s at 250 K, the diffusion distance of 
HCI over thousand years becomes of the order of a 
meter. Therefore, the phase equilibrium state in ice 
sheets must be allained within a mixture (reaction) scale 
range of a mctcr. Please note that this docs not mean 
mixing of all chemical species within this scale range ; 
only anions move 10 allain the phasc equilibrium state, 
as described above. 

Although dry snow/tim is assumed in the above 
discussions, Moore and Orinsted [59] discuss ion 
fractionation causcd by seasonalmclting in this volume. 

3.3 Fresh angles on gra in boundary (G B) migra tion 
wi th micropar ticies 

A depth profile of ice grain diameters is one of the 
fundamental data in ice core research. The avcrage grain 
diameter increases with depth as a result of grain growth 
driven by OB encrgy. However, the depth profile shows 
in general significant decreases corresponding to cold 
climates (see for example [60-62]). Since higher 
concentrations of dust (water-insoluble microparticles) 
in a cold climate might suppress grain growth 
significantly, the dccreases could be understood by the 
distribution of the dust. As described in the preceding 
subsection, however, the number concentration of the 
watcr-soluble microparticles is larger than that of the 
dust (watcr-insoluble mieroparticles) of about the same 
size. Thcrcfore, water-soluble microparticlcs suppress 
the grain growth morc cffectively than dust. Moreover, 
wc should take into consideration transformation of 
watcr-soluble mieroparticlcs to liquid droplets bclow 
their eutectic depths. 

First, I will reconsider mechanisms for dragging 
effects of mieroparticles on OB migration. Since 
pinn ing effects of micropanieles on OB migration have 
been studied by many authors. I will focus on the point 
that has not been considered until now. Although 
previolls theoretical studies have established thc effccts 
of variolls inclusions (insoluble and soluble impurities, 
air-bubbles and elathrate hydrates) on grain growth in 
icc [60-63], we should take into account interaction with 
water-soluble micropanieles III addition to the 
well-known inclusions. 

GB migration is driven by a driving force per unit 
area of OB F due 10 OB curvature and the difference in 
strain energies stored in adjacent grains. Fig. JO (a) 
shows a concave OB when the migrating OB encounters 
a microparticle. This negative curvature acts as a 
backward force for the OS migration and a fonvard 

• 

G' 

(.( ('( (,( 

Fig. 10. Mieroparticle drags for graill boundary (GB) 
migration. (a) Water-insoluble llI/emparticle (dust). 
(b) Water-soluble llIieroparticle 0/" datharate hydrate, 
(c) Liquid droplet. 

force for thc micropanicle. This force can be exprcssed 
as nrYGII for the microparticle of radius r and the OB 
frec energy YGII [63]. Then, an average normal stress 
applied on the front surface of the microparticle can be 
expressed as 

( IS) 
r 

Substituting YGII = 60 mJ/m2 and r =1 ~m. we obtain 
0.12 MPa for the stress o. This stress is sufficiently 
large to activate now of self-interstitials (S is), as shown 
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Fig. II. Grain boulldmy (GB) migration in ice. 
Microparticles of which the radii are smaller thall a 
critical radius rr move together with the GB as 
shown ill (a)-(e). Sillce I"c becomes smaller for a 
larger GB \Ielocity v. miclvparticles are leji behilld 
the GB moving IVilh a larger v as shown in (d). 
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in Fig. 10 (a). Then, the mieropanicle can move 
together with the GB unless F is larger than that 
required to separate GBs from mieropanicles, although 
it has been assumed in the literature that the 
mieropanicles do not move [61, 63]. Very slow 
migration ofGBs together with mieropanicles should be 
taken into consideration because the growth process 
takes place over a long period of time. 

Since a net flux of self-interstitials results by the 
forward force , the micropanicle moves at a velocity \I 

limited by the diffusive accommodation. Sincc a larger 
panicle requires removal of a larger volume of icc in 
fron t of the mieroparticle and a longer diffusion distance, 
v becomes smaller for larger micropanicles. Therefore, 
there ex ists an upper limit of radius "c for a 
micropanicle that can move together with a GB. 

Fig. II illustrates schematically the behavior of 
micropanicles with different diameters during GB 
migration. Mieroparticles of which the radi i arc smaller 
than a critical radi us "c move together with the GB, as 
shown in (a)-(e). Sinee,.c becomes smaller for a larger 
GB velocity v (larger driving force F), the 
microparticles lined up arc left behind the GB of which 
the velocity becomes much larger than it was be fore, as 
shown in (d). 

Alley el al. fonn ulated the extrinsic effects on grain 
growth in three different cases: micropanicle drag, 
bubble drag and impurity drag [63]. For micropanicle 
drag, we should consider water-soluble mieroparticles 
and clathrate hydrates 111 addition to dust 
(water-insoluble micropanicles). Fig. 10 (b) illustrates 
this case schematically. The mieropanicle moves 
together with the GB by growth and dissociation of the 
microparticle in addition to Sl diffusion around the 
microparticle, as shown in Fig 10 (b). This additional 
growth/dissociation process increases the mobility of 
water-soluble microparticles and clathrate hydrates than 
the water-insoluble microparticlcs, although the process 
is still very slow. 

Fig. 10 (c) shows an interaction of a liquid droplet 
with a migrating GB. In this case, migration ofa droplet 
is caused by melting of icc in front of the droplet 
followed by freez ing of water in the rear of the droplet. 
This process must be faster than the cases shown in Figs. 
10 (a) and (b), and therefore many droplets can move 
with GBs. Consequently, coalescence of droplets 
happens to form larger droplets during GB migration. 
Fig. 10 (c) illustrates the case for the interface energy 
between the liquid and icc X.I being lager than YGrJ2. In 
contrast, the liquid droplet should disappear to spread 
into GB if n-I is smaller than YOIJ2. Sakurai found the 
former case in the Dome Fuji ice core [15]. 

For soluble-impurity drag, on the other hand, most 
of ions should be excluded because they foml solid 
micropanicles, as described above. Only a few anions 
such as cr, SO/- and NO]' being in excess from 
formation of salt micropanicles should be considered as 
soluble impurities. 

Taking all factors stated above into consideration, 
the extrinsic effects on grain growth should be 
reexamined. As a typical example, let us consider 
correlations of grain growth rates with concentrations of 
three different ions, Na +, Mg2

+ and CaH
. Sinee the 

major chemical fo rm of water-soluble micropanicles in 
LGM ice is CaS04 while Na2S04 and MgS04 arc 
predominant in Holocene icc [17], the concentration of 
Ca2

+ shows a good correlation with the growth rates in 
LGM, and the sum of concentrations of Na + and Mg2+ 
dose in Holocene. However, these good correlations do 
not result from soluble impurity effects at all, but from 
microparticle effects. 

4. Behavior of dislocations and ice sheet 
dynamics 

The main purpose of this section is to summarize 
anisotropic deformation modes in icc in order to make a 
bridge between physics of atomistic stmctures of icc 
and glacier dynamics on a macroscopic scale. First [ 
will briefly review the elcmcntary theory of dislocations 
in icc according to the previous review article [38]. In 
the second step, applying the elementary theory, I will 
introduce a new picture of characteristic deformation 
modes in ice, which must be important to better 
understand the physical properties of icc cores and the 
dynamics of glaciers and ice sheets. 

4.1 Possible BU"gers veclors and slip syslems in ice 
The possible slip systems in a given crystal can be 

predicted by the following criteria [64]. 
( I) Low sel f-energy requirement 

Since the sclf-energy of a dislocation Ed is 
proportional to the square of the Burgers vector length 
as expressed in eq.(16), only a few different types of 
dislocations with shon Burgers vectors can ex ist in a 
real crystal. 

E = Kb~ In laR
) 

d 4!l" b ' 
(16) 

where K is the energy facto r expressed by the elastic 
constants, a the core parameter (approximately equal to 
2 fo r ice), and R the outer eutotT radius. When a 
dislocation lies along the center of a cylinder, R equals 
it's radius. For a regular dislocation array in a small 
angle grain boundary, R is half of the disloeation 
spacing. Thus, the self~energy Ed depends on the sample 
size and the dislocation arrangement. The energy factor 
K equals f.I for screw dislocations and Jv'(I - v) for edge 
dislocations in isotropic continua, where f.Iand vare the 
shear modulus and the Poisson ratio, respectively. 
Burgers vectors and relative energies of possible 
dislocations in icc arc listed in Table 4. 

(2) Low Peierls stress requirement 

The Peierls stress 1"1' is the maximum laniee 
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resistance stress for glide motion of a d islocation, and 

according to the Peierls-Nabbarro model it is given by 

2jt 2" d 
T p =-exp(--·_), 

I-v I-v b 
(17) 

where d is the spacing of the gl ide planes and b the 
Burgers vector length [64]. The magnitude of the Peierls 
stress changes drastically with the value of d/b, and 
hence depends on the crystal structure. Therefore, 
because low-index planes have a larger lattice spacing d, 
dislocation glides on low-index planes arc predominant 
over those on higher index planes. 

For icc, basal planes {0001 }, two types of prismatic 
planes { l IDO} and {H20}, and two types of pyramidal 
planes {TOll} and {fI22} have relatively large d. 
Considering possible Burgers vectors of the perfect 
dislocations listed in Table 4, possible slip (glide) 
systems, combinations of slip directions and slip planes, 
in ice can be summarized as shown in Fig, 12 [38]. 
(3) Stacking fault restriction 

When the energy of a stacking fault lying on a 
certain lattice plane is sufficiently low, the dislocation 
extends into a ribbon-like structure on the lattice plane. 
The motion of the extended dislocation is strongly 
restricted on the plane of the extension. This restriction 
is very strong in icc, as described in the foHowing 
subsections. 

4.2 W hy is the basal slip syste m predominant over a ll 
other slip systems? 

If all slip systems shown in Fig. 12 were equally 
active in the deformation of icc, plastic ity of ice should 
be much more isotropic. Therefore, the third criterion 
(stacking faults) should be considered. As discussed in 
the previous review [38], since the stacking fault on the 
basal plane has a very low energy in icc, a complete 
understanding of dislocation behavior in icc involves 
panial dislocations. A perfect dislocation h must 
dissociatc into partial dislocations with smaller Burgers 
vectors hi and h l provided that b">b I

2+b/, and thc 
energy of stacking faults associated with this 
dissociation is sufficiently low. 

All of the perfect dislocations lying on the basal 
planes arc stabilized by dissociating into two partial 
dislocations. The separation of the two partial 
dislocations in equilibrium \II in Fig. 13 is calculated by 
equating the repulsive force between the two partial 
dislocations with the attractive force due to the stacking 
fault. The caleulated cquilibrium separations in icc arc 
extremely large compared to those in other materials. 
This is because the widths for icc arc more than several 
ten tillles the Burgers vectors, while those for mctals 
and semiconductors arc only about several times the 
Burgers vectors. 

Consequently, all types of dislocations in icc arc 
widely extended on the basal planes. It requires a very 
large stress to shrink the extended dislocations [37]. In 

m., 
" ,., '" '" 

'" ,., 
Fig. 12. Possible slip (glide) systems ill ice {3SI 
M Basal: <lIl0>/{OOOI} 

- - - --
(b) PrismUlit:: <lIl0>/IIIOOj. <OOOI >/{ IIOO} ami <lll3>/IIIOOj 

(c) Second Pri"/Ilalic: <OOOI>/{ IllO) 
- - --

(d) I)'ramidal: <lIl0>/{ 1011) and <lIl3>/{IOII} 

(e) Second I)'ramida!: <11l3>/lllll} 

·NOlalion: <slip direclion>/{slip plane}. where <hkil> and {ilkill 

express groll/'S of eqllh'olem direl'lions om/ plane,'. respeclhv:ly. 

Table 4. Bllrgers vectors of dislocatiOIlS ill ice {3S]. 

Type of 
Burgers vcctor 

dislocation 

a 0.452 nm 

Perfect , 0.736 nm 

o+c 0.863 nm 

p 0.261 nlll 

Partial C/2 0.368 nm 

p+cl2 0.451 nm 

Self-energy 
(relative to 0) 

2.7 

3.6 

0.33 

0.66 

1.0 

u =(1/3)<1120> p =(\ /3)< IOIO> 

(' = <0001 > p+cl2 = (1 /6)<2023> 

U+ C' = (1 /3)<1123> 
• See subsection 4.2 for the two types of dislocations: 
perfect and partial dislocations. 

exceptional cases, however, there exist short segments 
of perfect dislocations lying on the non-basal planes and 
perfect dislocations lying 011 the basal plane ncar a free 
surface [37]. Dislocations ill an arbitrary direction 
within a crystal should have a terrace-like stmcture (or a 
stable configuration) such as shown in Fig. 14 (a). 
Under deformation, the most preferable configurations 
arc those shown in Figs. 14 (b) and (c); i.e., a short 
dislocation segment gliding on a non-basal plane 
foHowed by a dislocation dipole lying on the basal 
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Fig. 13. An eXlended dis/oCOlion formed by dissocialion 
of a pelfect dis/OCOIion u = (1/3)<1120> inlO IWo 
partial dislocations p = (1 /3)<1070> willi a slacking 
filllil /yillg 011 Ihe basal plane (37). The open circles 
denole Ihe oxygell atoms in a slacking seqllence of the 
hexagonal ice /h while Ihe filled circles denole Ihose ill 
the C/lbic ice Ic. The eX/ellded width w is 55 11m fo/" the 
edge dislocation ill ice (37,38J. 

planes arc generated preferentially [37, 38J. In cOnlrast, 
all slip systems becomes active close to a free surface. 
Accordingly, only near a free surface, purc screw 
dislocations can cross slip from the basal plane to a 
non-basal plane, vice versa [37, 4\]. 

Since several molecular layers of the cubic structure 
Ie occur by introducing a stacking fa ult [38, 41], we can 
say that the unusual nature of dislocations in icc 
described above origi nates in the very sma!! energy 
difference between hexagonal icc Ih and cubic icc Ie, 
although Ih is more stable than Ie at all temperatures. 

4.3 Fundamental deror mat ion modes of ice 
We consider the three typical cases for plastic 

deformation of icc under uniaxial compression. as 
shown in Fig. ! 5. As it was well established in the 
1950's and 1960's by very many experiments, icc can be 
deformed easily only in case (c) but hardly de forms in 
case (a). The case (b) is also hard to deform, but some 
extent of slip defonnations were suggested by 
observations of slip lines on the surface . Dislocation 
mechanisms responsible for these three typical cases arc 
discussed as follows. 
(I) Uniaxial deformation parallel to the c-axis: Case (a) 

A dislocat ion mechanism responsible for this casc 
was depicted as shown in Fig. 16 by Hondoh [38] . Only 
pyramidal slip systems among the slip systems shown in 
Fig. 12 arc responsible fo r this case. A short segment of 
screw dislocation with the Burgers vector a+(' glides on 
a pyramidal plane, followed by an edge dislocation 
dipole lying on the basal planes. Then, a local shear 
deformation occurs as shown in Fig. 16. However, this 
slip plane docs not extend its area because the 
dislocations generated on the basal planes arc sessile, or 
cannot glide at all. Successive generation of dislocation 
di poles from the same source at surface or grain 

/ 

(a ) 

(000 ]) , _ _____ screw·d;pole __ 

~ " 
~/ -

,", 

(e ) 

Fig. 14. Possible cOllfigura/iolls of dislocaliolls in ice: 
(a) stable configura/ioll, (b) and (c) 1\\"0 possible 
sl/"llCfl/res of dislocation dipoles responsible for 
deforllla/ioll of ice {38}. 

J 
J. . .... o-8~is 

t - ,,-

t t t 
very hard Hard Soft 

{- I {bl (ol 

Fig. 15. Three difJel"ell/ cases for /llIiaxial 
deformatioll . The clossijicalioll ··soft ", ··hard" and 
'·WI)' hard" (Ire to be clarified ill terms of 
dislocalioll beh(lviors described ill s/lbseclioll 4.3 
olld ill Fig. 21. 

boundary is suppressed by the sessile dislocations. 
Instead, similar local slips occur by chance at many 
other places 111 the specimen, so that many 
discontinuous slip planes are left. In this deformation 
mode, therefore, the generated dislocations with the 
Burgers vector of o+£' contribute little to the 
defonnation of the whole specimen. 

Si nce the dislocation a+(' can be dissociated into two 
dislocations u and (. as shown in Fig.!7 (b), the 
dislocation a ean glide on the basal plane by a repulsive 
force between successively generated dislocations a, in 
spite of no applied shear stress on the basal plane. Since 
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many different pyramidal slip systems are active, a 
characteristic deformation such as shown in Fig. 17 (d) 
becomes possible. Notc that thcre is no defonnation 
parallel to the compression axis in both Figs. 17 (c) and 
(d). Instead, a very large tensile stress concentration 
occurs at thc center of the figure, and therefore cleavage 
cracks appear parallcl to the basal planes although a 
compressive force is applied (A. Miyamoto, private 
communication). Successive generation of dislocations 
must wail unt il the concentrated stresses will be relcased 
by generation of cracks and/or climb motion of 
dislocations c. Then, the specimen deforms in thc 
dirce tion of the compression axis. Since such a climb 
motion of dislocat ions requires diffusion of watcr 
molecules, the deformation rate is very small in this 
cllse. which is well known fro m the laboratory 
experiments [65]. 

As a result of relaxation processes of thc dislocation 
arrangements described above, edge dislocation arrays 
lire left as shown in Fig. 17 (e). This proccss providcs a 
fo rmmion mechanism of small-angle tilt GBs lying on 
the basal planes. 
(2) Uniaxial deformation nomlalto the c-axis: Case (b) 

Both prismatic slip systems and pyramidal slip 
systems become activc in this case. For the laller, the 
same argument as for case (a) holds. For the former, a 
responsible dislocation mechanism is shown in Fig. 18; 
i.e., an edge dislocation segment gliding on a non-basal 
plane followed by a screw dislocation dipole lying on 
the basal plane governs the deformation in this case. 
This mechani sm is si milar 10 the case (a), but it has an 
important diffcrence in that dislocations of the dipole 
with the Burgcrs vector u are glissile on the basal planes. 
Thercforc, successive generation of Ihe dislocation 
dipoles activates Ihe basal slip systems in spite of no 
applied shear stress on the basal planes. 

T he same dislocation mechanism as for the 
pyramidal slip systems shown in Fig. 17 must be active 
in this case too, but contribution of the pyramidal slip 
system to a total deformation can be neglected 
compared to the prismatic slip systcms becausc of its 
very slow process as described above. 

In the case (b), therefore, the specimen dcfomlS by 
coopera tive operation of non-basal slip systems and the 
basal slip system as shown in the photograph of an ice 
surface in Fig. 19 (66]. Howevcr. generation of the 
disloclliion dipole follows a sort of random process at 
surfaces (or grain boundaries). and therefore there arc 
no entire slip planes, unlike the case (c) to be described. 
This is the reason why prismatic deformation is hardly 
observed in icc, in spite of faste r movement of 
dislocations on the prismatic planes compared to those 
on the basal planes. 
(3) Uniaxial dcformation inclined to the c-ax is: Case (c) 

All slip systems arc active in this case because shear 
stresses are exened not only basal planes but also 
pri smatic and pyramidal planes. A typical explanation 
fo r basal glide in icc is shown in Fig. 20 (a). According 

·r 
t 

g,." ",~ .. 
11." 

, . 
~.:.--

"/c'" , 
"y, 

Fig. /6. A possible dis/oemion mechanism for tlte 
uniaxial de/ormation pawffel to the c-a.r:is (case (a) of 
Fig. 15). 

BurgCf5 vector: b ,. G C 

/ 
t ,., '" 

,,) 

) "111 , 
SmdanglloG8 

,.) 

Fig. 17. Possible disloclIIion arrallgemellfs formed by 
fimher IInillxial de/ormation IXlralle/fo fhe c·axis. 

10 the results by x-ray diffraction topography, howevcr, 
this is not the predominant dislocation mcchanism for 
the actual deformation process of icc. Owing to much 
faster movement of non-basal glide than glide on the 
basal planes [66}, gcnerution of the dislocation dipoles 
is predominant in this case, as it is also shown in Figs. 
20 (b)·(d). Dislocation velocities and other parameters 
for glide motion of dislocations in icc are summarized 
in the previous revicw anicle [38}. 

Since. unlikc the former two cases, entire slip across 
the whole speci men is possiblc in either case of Fig. 20 
(a) or (c), icc can be casily deformed in this case , which 
is thus designated an easy glide or easy deformation 
modc. Howevcr, it is wonhwhile to emphasize that the 
basal glide is introduced by the non-basal dislocations, 
and almost all slip systems are activated even in the 
easy de formation mode. The contributions of these 
non-basa l dislocations to the entire deformation are very 
small bccause of the short segmented dislocations. 

According 10 the above mentioned mechanisms, 
dislocation dipoles should be generated fi rst for all cases. 
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Non-bllS.l.hp plana 

tl Tool,jnlOI,{IOllj./ITll) 

o-axis -
t 

BurgeD vectors: 
b '" a, a+c 

Fig. 18. A possible dislocalion mechanism for Ihe 
prismatic slip ~yslems (case (b) of Fig. 15). 

The distance between dipoles L in Fig. 16 is inversely 
proportional to the shear stress -r on the non-basal plane 
as 

(18) 
T 

For the Burgers vector a and r= 0. 1 MPa, the distance L 
is equal to about 10 ).1m. In case (c), this distance 
approximately corresponds to separat ion distances of 
slip lines observed on icc surfaces. 

4.4 Strain energy sto red in ice by defo rmation 
As described in the preceding subsection, ICC 

deforms in a very characteristic way depending on the 
deformation modes. As a summary of the rather 
complicated arguments in the preceding subsection, 
strain rates of ice and strain energies stored in icc by 
deformation with different orientations arc summarized 
in Fig. 21. In the case of uniaxial defonnation parallel to 
the e-axis, icc hardly deforms, but a very large strain 
energy can be stored in icc because unstable dislocation 
arrangements are generated by the deformation. 

Considering the above-mentioned mechanisms, we 
can say that the stra in energy stored in icc cannot be 
expressed in !emts of densities of dislocations ineluded 
in icc. It is possible that icc contains very high-energy 
dislocation configurations with rather low densities of 
dislocations. The configurations in Figs. 17 (c) and (d) 
have very much larger strain energies than small angle 
grain boundaries eve n if these configurations have the 
same dislocation density. 

4.5 Forma tion of sma ll-angle grain boundaries 
Dislocations generated by deformation imeract and 

react to fonn a new configuration of lower energy. This 
reaction is driven by interaction forces between the 
dislocations, and it requires diffusion of water 
molecules (S is) in many cases. As a result of the 
reaction, small-angle GBs (sub-GBs) arc formed if 

o.tom.\lon by .;oc;ca.'" pn....-.Iip. 
_by_alipa 

Fig. 19. CIW/"{/clerislic deformation by the prismatic 
slip systems. Successive generalion of dislocation 
dipoles causes macroscopic deformatioll as showlI by 
a hill-like structure 011 the surj(lce (after J. Mugul"llfl/a) 
(66]. The vertical Ihin lilies muSI be caused by the 
basal slips as ilfuslrated ill the inset. so Ihat they 
cOllllecllhe discOlllillllOIlS prismmic slip plalles. 

temperature is sufficiently high to activate the diffusion 
of SIs. In ease of icc, stable smaH-angle GBs should be 
composed of only dislocations lying on the basal planes, 
of which the Burgers vector is a or c, because only short 
segmented dislocations can ex ist on non-basal planes. 
Therefore, we should consider the following three cases 
for stable small-angle GBs in icc. 
(I ) Twist GB parallel to the basal plane: a dislocation 
net composed of two sets of screw dislocations with the 
Burgers vector a. The rotation axis is normal to the GB 
plane, or parallel to the c-axis. Small-angle GBs of this 
type can be formed by all three deformation modes 

Screw di$l. i I 

'"' 
Fig. 20. A dislocation mechanism for rhe /ll/iaxial 
dejormolion inc/ined 10 the c-w.:is, (case (c) of Fig. 
/5). Note thm Ihe dislocation mechanisms described 
in the cases (a) and (b) are also aclive ;n rhis case. 
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t t 
Non-basal 

"-, 
SHppla!'H!l 

S\JlIlnrate: CeliO" « B eLu « BeLa 

Stared ene'llY: E~O" » E, .la » E~La 

Fig. 21. Strain rates and stored ellergies in ice 
deformed in different oriellfatiolls. Three difJerelll 
cases shown ill Fig. 15 call be classified ill ferms of 
rhe dislocation behaviors: glissile or sessile 
dis/ocalions. and COlI/illllOIlS or discomillllolls slip 
plal/es (see lex/for (IJe derail offhe mechanisms). Note 
thaI dislocations all 1I01l-bosa/ planes are shorl 
segmell1s a/which leng/hs are c\pressed by eq. (18). 

shown in Fig. 15. 
(2) Tilt OB approximately parallel to the basal plane: a 
dislocation array composed of edge dislocations with 
the Burgers vector c. The rotation axis lies on the basal 
plane. Small-angle GBs of this type can be formed only 
in the deformation mode (a) in Fig 15. The fomtation 
mechanism is schematically shown in Figs. 16 and 17. 
For a grain including small-angle GBs of this type, a 
stress must have been exeJ1ed to activate the pyramidal 
slips. 
(3) Tilt GB nonnalto the basal plane: veJ1ically aligned 
edge dislocations with the Burgers vector (l lying on the 
different basal planes. There are two cases for the GB 
plane: {ITOO} and {H20}. In the fomler case, screw 
components are included in the dislocation array, while 
the dislocation array is composed of pure edge 
dislocations in the latter case. Small-angle GBs of this 
type can be formed by all three deformation modes 
shown in Fig. 15. 

It should be emphasized that a twist GB normal to 
the basal plane is not stable because it requires screw 
dislocations lying on the non-basal plancs. Moreover, in 
addition to the above three cases, there are many other 
possible configurations for dislocation walls in ice 
under deformation, although their dislocation structures 
must change towards onc of the three stable struct ures 
during aging without further deformation. 

4.6 Fresh angles on recrystallization 
As pointed oUI by Jacka and Li [67], a small-circle 

girdle crystal orientation fabric can be formed instead of 
a single maximum in uniaxial defomtation tests for a 

certain range of temperatures and stresses. This 
behavior of fabrics can be well understood if we take 
into consideration strain energies stored by deformation, 
as described in Fig. 21. A large strain energy is stored in 
a grain with c-axis oriented parallel to the deformation 
axis if the applied stress is large enough to activate the 
dislocation mechanism shown in Fig. 17. In addition to 
this condition, if the temperature is high enough for 
recrystallization, the grains with c-axis parallel to the 
dcfommtion axis should disappear because of large 
strain energies stored in the grains, and thcn a smal1 
girdle fabric is formed. 

It should be cmph<lsized that all slip systems should 
be considered to bettcr understand the fabric evolution 
in icc sheets, although only basal slip systems have been 
considered so far. Formation of small-angle GBs, for 
examplc, can be understood as a result of non-basal 
slips as described in the preccding subsection and by 
Weikusat el {II. in this volume [68]. Montagnat el {II. 

[69] and Svensson el {II. [70] also discuss dislocation 
substructures fornled in recrystallization proeesscs. 

Moreover, Donoghue and Jacka [71] show in this 
volume that the depths at which stress changes from 
predominantly near-vertical compressIOn to 
predominantly ncar-horizontal simple shear zones can 
be detected by stress patterns within the Law Dome icc 
cap on the basis of crystal fabric data. According to 
Jacka and Li [72], the steady-state (or equilibrium) 
crystal size decreases with an increase in octahedral 
shear strcss as a result of a "balance" between the grain 
growth and the deformation. These results strongly 
suggest that the effect of the flow itself on grain size 
should be taken into consideration in addition to the 
normal grain growth. 

s. Radio-echo sounding based on dielectric 
proper ties of ice 

Recent development of new methods in radio-echo 
sounding on icc shects provides also typical examples of 
microphysics successfully applied to macroscopic scale 
phenomena, see for example Refs. [73-76]. 

Frequency dependence of dielectric propcJ1ies of ice 
was applied to detect internal layers due to changes in 
acidity and in crystal-orientation fabric , separately. The 
Internal reflection layers due to changes in acidity are 
useful to calculate accumulation rates in the past, while 
those due to crystal orientation fabric are important for 
icc sheet flow analyses [74, 75]. Moreover, it was 
suggested by Fujita ef (II. [76] that birefringence 
occurring on a macroscopic scale within ice sheets can 
be applied to detect internal sub-structures related to 
past icc sheet flow. Multi+frequeney methods and 
polarization methods in radio-ccho sounding must be 
powerful tool to extend information obtained from icc 
eorcs over a widc ice shcet area. 
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6. Summary: toward nanoglaciology 

The physical properties of icc cores have been 
recognized as important fundamental data in icc core 
research; however, il has also been recognized that for 
the purpose of paleoclimatic and paleoenvironmental 
reconstructions, these data arc less important when 
compared \0 the isotope, gas and chemical analysis data. 
Nevertheless, as described In this overvIew, 
microphysical ice sheet processes become important not 
only to better our understanding of the signals recorded 
in icc cores, but also to deduce information invaluable 
to paleoclimatic and paleoenvironmental reconstructions. 
Moreover, the dislocation mechanisms for different 
deformation modes provide the fundamental 
understanding needed for modeling the anisotropic flow 
dynamics of icc sheets. 

Great progress has been made in this decade through 
the usc of laboratory equipment designcd for application 
to matcrials science. From this versatility we should 
leam the importance of integrating different disciplines. 
Faria [77] , Faria el {II. [78] and Kirchner and Faria [79] 
discuss multidisciplinary icc core research and the 
multiscale structures of Antarctica, while Gagliardini el 

al. refer to flow/deformation modeling on different 
scales [13]. 

As schematically illustrated in Figs. 22 and 23, new 
prospects in glaciology can arise by bridging the gap 
between macroscopic phenomena in glaciology and 
physical processes taking place on a nanometer scale, 
and we call this lIallogladology. However, since 
nanoglaciology should cover various phenomena at very 
different scales as shown in Fig. 22, a structural 
hierarchy must be considered. In the case of icc sheet 
dynamics, for example, there are several different levels 
within the structural hierarchy varying from nanometer 
to kilometer scales as shown in Fig. 23. 

At the base of the hierarchy in Fig. 23, the positions 
of a number of molecules have to be described for a 
plastic deformation. Although molecular dynamics 

o 

Gtaciotogy 

Nanoglaciology 
Mletephy$lcs 

Fig. 21. Toward 1I(111oglaci%gy. 
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simulations make it possible to calculate the positions of 
all molecules during defomlation, it is impossible to 
extend this method to ice sheet flow dynamics. Instead, 
by introducing the concept of dislocation, the same 
phenomenon can be explaincd by describing the 
behavior of only a few dislocations, as shown in the 
second step of the hierarchy. As can be seen in this 
example, we have to develop a new concept or theory to 
give an essentially simplified picture of a complex 
phenomenon, in order to jump to a higher hierarchical 
level. On the other hand, to improve the icc sheet flow 
model at the top of the hierarchy, we have to take into 
consideration the processes or mechanisms revealed at 
lower hierarchical leveL Recent developments in 
anisotropic flow dynamics provides invaluable 
examples for this purpose [12, 13, SO] , although we still 
have many missing links between the base and the top 
of the hierarchy sequence seen in Fig. 23. 

Future prospects for research into the fundamental 
aspects and applications ofnanoglaciology can be stated 
as follows. 
(I) Atmospheric aerosols in thc past 

Icc cores can be a unique archivc of atmospheric 
aerosols in the past since water-soluble and insoluble 
mieroparticles arc present. For reliable reconstructions 
of past radiat! ve forcing caused by atmospheric aerosols, 
we must know the concentrations and size distributions 
of the aerosol particles together with their chemical 
forms, including the hydration numbers. Such data can 
be obtained from icc cores as described in this article, 
paying careful attention to post-depositional alteration 
of the microparticles. 
(2) Application of the lizuka diagram to deduce new 
information on paleoclimate and paleoenvironment 

As described in scetion 3, lizuka ef (I/. [7] developed 
a diagram to help asccrtain the major chemical forms 
that remain stable in ice at particular depths where the 
principal concentrations of ions arc known. This 
diagram provides a grcat facility in indicating the major 
chemical forms of microparticles, or aerosols, without 
di rect observation. Much more rcliable analyses for 
palco-aerosols arc expected through using this scheme, 
in conjunction with the results of chemical analyses that 
we already have. 

In addition to the application of the lizuka diagram, 
depth profiles of water-soluble mieroparticlcs arc also 
required to furthcr refine the records. Thc sublimation 
mcthod developed by lizuka will assist in the effective 
collection of these microparticles. 
(3) Application of dislocation mechanisms to 
anisotropic ice sheet flow models 

Icc sheet flow models should include all the physical 
processes that might affect flow dynamics. As described 
in section 4, dislocations during movement within the 
non-basal planes play important roles in generation of 
thc basal dislocations and thc stored strain energy. 
Moreovcr, the intcraction behavior of dislocation and 
grain boundaries should be taken into consideration for 

the icc flow law, as discussed by Louchet et (I/. [Sl] in 
this volume. It is mosl challenging to dcvelop icc shect 
now models in which dislocation mechanisms are 
involved. Although anisotropy is already considered in 
recently dcveloped flow models [12, 13 , SO], it is 
required to construct the missing links shown in Fig. 23. 
(4) Reconsideration of the texture evolution 

As described in subsections 3.3 and 4.6, new phases 
in the texture evolution can be expected if we take into 
consideration water-soluble microparticles and all of the 
slip systems including the characteristic behavior of 
non-basal dislocation. This is important in linking 
anisotropic now models with dislocation behavior, and 
in order to deduce new infomlation on past icc sheets. 
(5) Modeling of firn densification processes 

As described in subscetion 2.4, almost all of the 
physical processes related to fim densification have 
been revealed by recent experimental and theorctical 
studies. A new advanced modcl is required to assemble 
all of the tim dcnsifieation processes. [t is necessary to 
establish more rcliable methods for the determination of 
icc core chronology and to idcntify new proxy 
indicators for paleoclimate and paleoenvironment. 
(6) Fresh views on radio-echo sounding 

As briefly described in section 5, the data obtained 
by the new methods of radio-echo sounding arc 
invaluable in extending the information obtaincd from 
ice corc analyses ovc·r a wide icc sheet area. In 
particular, the radio-echo sounding data related to 
crystal-oricntation fabric must bc important to improve 
anisotropic icc shcet flow models. 
(7) Reconsideration of high time-resolution records 

Since the behaviors of chemical species and gas 
molecules in icc sheets have been clarified as described 
in th is article, reconsideration is required on reliability 
and accuracy of various proxies, related to atmospheric 
and climate changes. It is particularly important to have 
a complete understanding of the physicallchemieal 
processes in order to establish reliability in the high 
time-resolution of ice core records [56, S2]. 

It should be emphasized that both atmospheric air, 
including greenhouse gasses and aerosols, and icc sheets 
situatcd around thc north and south poles arc most 
important key players in the global climate system. lee 
cores arc an archive of invaluable data contributing 
toward the understanding of the past bchavior of both 
players. This archive has a huge potcntial in thc future 
advancement of knowledge of the Earth's climate and 
environment. 
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