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ABSTRACT. Th e preferred c-axes ori ent a tion (fabri c ) obse rved in cold polar ice is 
indu ced b y intracrys ta lline slip onl y when th e g ra in-bo unda ry mig ra tion ra te is low 
en o ug h (i. e . co rres po nding to g ra in g rowth o r l"Ota tion rec rys ta lli za ti on regimcs) . 
Fabrics rdl ec tth e entire th ermom echanica l hi story o fth c ice and strong ly innuence its 
m ec ha nica l beha viour. La rge \'iscoplas ti c a ni sotropy is a lways associ a ted with 
pron o un ced fabri cs . W c use a yi scopl as ti c self- co nsi stent (VPSC) po lyc rys ta l 
d eform a tion m od el to calcula re fa bri c dn·c1opmenl. I n thi s m od e l, s tress- a nd 
stra in-rate fi elds arc no t unifo rm within th e po lyc rys ta l a nd bo th equilibrium a nd 
compa tibilit y conditions arc fulfill ed. \V c compa re fabri cs m eas ured on thin sections 
a long th e GRIP icc core (central Gree nl a nd ) \I'ith th ose calcul a tcd d own to a d epth of 
2800 m . Beha \'iours predicted by uniform stress a nd uniform strain bounds a re 
presented for compa ri son. Predi c ti o ns of th e \ ' PSC Ill od el a rc in close agree m ent with 
m easurem ents within th e uppe r 650 m, whi ch co rres po nds to th e entire g ra in-g rowth 
zone. D eeper down , th e simul a ted fa bri c streng th appea rs to b e too high , A simple 
ca lcul a ti on shows th a t this disc repa ncy ma ~ ' be fully a ttributed to th e effec ts o f rota tion 
recrys talli zati on . 

1. INTRODUCTION Le G ac , 1982 ; Gundes trup a nd H a nse n, 1984; Sho ji a nd 
La ngway. 1988; Budd a nd J ac ka , 1989) . This pro pe rt y 
rcnde rs th e iso trop ic N ort o n H o fT co nstituti\'e rel a ti o n 
( th e " Gl en la \l''' ) in adequate fo r m od elling large-scale ice 

0011' in co ld ice shee ts. Po lycrys ta l a niso trop y m a y 

introduce 00\1' in sta bility a nd co uld be th e cause of thc 

di sturbed strati g ra ph y obse rved be lo\\' 2850 m d c pth in 
th e GRfP co re. L1iboutry ( 1993 ) ha s pro posed a n 
a ni so tropi c co nstituti\T rel a ti o n (o r po la r ice. where th e 
rh co logiea l para m e ters are d e termin cd from th c poll'

crys tal Ca bric . H owel"C r, sin ce fa brics d cvc lop \\'ith s tra in. 

th ese para m e te rs must a lso cha nge as th c ice d efo rms. A 

m ore ge nera l d escrip ti on o r th e mecha nical beh a \'io ur is 
g i\ 'C n by ph ysica ll y based po lyn ),s tal deform a ti on m od
els. whi ch rc la te th e d elo rm a ti o n or indi\ 'idua l g ra ins 10 

th a t o f th e \I'ho le po lycrysra l. Th c aim of thi s pa per is to 

compa re l ~lbric d nTlopm ent simulated with such a n 

a pproac h \I'ith th a t m easured al ong th e GRIP ice co re. 

Studi es o f se\T ra l d ee p Ice co rcs h a lT re\'ealed th e 
d Cl'c1 o pm cn t o f hi g h Iy preferred c-axes o rien la ti o ns 

(G O\l' a nd \\' illi a m son , 1976; H erron and o th ers, 1985; 

LipenkO\' a nd o th e rs, 1989 ) . A d e ta iled stud y o f th e 

textures a nd fa bri cs in th e GRfP ice co re, drill ed a t 
SUlllmit (centra l G ree nl and ) during th e yea rs 1989 92, 
was d esc ribed in d e ta il by Tho rsteinsso n a nd o th e rs 
( 1995 , in press !. An v u tline or th e eI'o lu ti on o f th ese 

p a ra m e ters in th e inte rl'a l 100- 2800 m is present cd in thi s 

paper (sec ti o n 3 ) . 
Fa bri cs ge ne ra ll y renec t th e entire d efo rm a ti on hi sto ry 

of ice panic les, rro lll th eir d eposition a l th e ice-shee t 
surface d o wn to th e ir prese nt d e p th (DLI\'a l a nd 
C aste ln a u , 1995 1. P o la r Ice di spl ays a n in c reas in g 

\' isco pl as ti c a ni so tropy as th e l ~lbric d e\Tlops. j\ large 

stra in-rate ya ri a ti on with th e direc ti o n or th e a pplied 

stress has bee n o bse rlTd in bo th la bo ra tory a nd in-silU 
m cas urem ents (Russcll-H ead a nd Buclcl, 1979; DLI\ 'a l a nd 

19+ 

Intrac rys talline di sloca ti on g lid e is th e d ominant 
ddo rlllalioll mod e 1'0 1' po lyc rystallill e ice (Pimi ent a a nd 
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Duva l, 1989) . I ce crys tals display an extreme vi scoplasti c 

ani so tropy, with only two independ ent easy-glide direc
tions (bas al g lide ) . Th e contri bu tion to the total 
d eform a tion of other slip sys tems such as clim b of basal 
di sloca tions on prismatic pla nes or non-basal dislocation 

glide is not sig nificant (Duval a nd others, 1983; Fukuda 

and o th e rs, 1987) . Within a pol ycrys ta l, th e deformation 
of grains must be compatible, i.e . th e fo rmation of ga ps 
be tween adj ace nt g ra ins a nd a n overl a p of two adjacent 
c rys ta llogra phic latti ces is not poss ible. In the case oC 
hexagona l crys tals, Hutchinson (1977) has shown that 

onl y four independent slip sys tems pe r g ra in a re sufTi cient. 

Due to th e low number of easy-slip sys tems in ice crystals, 
a non-uniform stress state d eve lops w ithin polyc rysta ls as 
d eform a tion proceeds and load is u-ansferred to gra ins 
poo rl y o ricnted fo r defo rmation b y basa l g lid e. As a 
res ult , th e stra in rate d ec reases by seve ra l o rd ers 01' 
m ag nitud e during th e primary c reep of pol ycrys tals 

Uacka , 1984) . In polar ice, g ra in-boundary mi g rati o n 
assoc ia ted with d yna mic recrys ta lliza ti on a lll'ays occ urs. 
Acco rdin g to Llibo utrv a nd DU\'a l ( 1985 ), this mi g ra tion 
ca n re li e\T incompa tibiliti es a t g ra in bound a ri es (GB) . A 

lower leve l o f internal stress is th en ex pected. 

Three regimes of d yna mic rec rys ta lliza ti on a re di s

tin g ui shed in po la r ice (Pimienta a nd Du\'a l, 1989; All ey, 
1992; Du val a nd Castelna u, 1995 ) : (i) Cra in growth , 
d ri ve n by th e s urf~lce energy o f GB. H ere, small e r g ra ins 
a rc consumed by la rge r onC's a nd th e a \'e rage crys ta l size 
increases lin ea rl y with tim e. Thi s regim e is o bsern' d 

ge nera ll y in th e upper fell' hundred m etres of th e la rge 

pola r ice shee ts. Since th ere is no co rrela ti on be twee n 
g ra in-size a nd crys ta llogra phic o ri entati on , thi s mec ha n
ism can influ ence fa bri c d e\'e!o pm ent onl y by re lax ing th e 
inte rn a l stress fi eld (C as te lna u a nd o th e rs, in press ) . ( ii ) 

R ota ti on rec rys ta lliza tion (polygo ni za ti o n ). This res ults 

in th e progressive miso ri enta ti on 0 (' sub-bo und a ri es , due 

to he terogeneo us d eform a ti on within g ra ins. GB migra te 
slowl y, with a \'e loc it y sli g htl y hi gher th a n th a t obse \yed 
ill th e g ra in g rowth r egime. Th e mi g ra ti on is dri\'e ll by 
bo th C B energy a nd stored stra in ene rgy. Acco rding to 
All ey a nd o th e rs ( 1995a ), th e polygo lli za ti o ll process 

co unte rac ts furth er g ra in-size inc rease du e to g ra in 

g ro\\'lh below +00 m d epth in th e Byrd S ta ti on co re 
(Anta rcti ca ). In simpl e shea r d eCo rma ti o n , this p rocess 
m ay sta bili ze th e single-max imum Ca bri c usua ll y ob
sern'd , \\'he re th e c axes a rc norma l to th e macroscopi c 

shear pl a ne (Du\'a l and Cas teln a u , 1995 ) . (iii ) l\lig rat ion 

recrys ta lli za ti on , res ultin g ('rom th e nuclea ti on o f g rains 

by C B bulging a nd th e ra pid mi g ra ti on o f CB. Th e fa bri c 
th en re ncc ts th e insta nta neo us st ress config ura tion. The 
stra in corres ponding to a \ \ 'a\'C of recrystalli za ti o n is 
a ro und 0.07 (Ste inema llll , 1954·) . This regim c o nl y occ urs 
a bo\'(' a criti ca l tempera ture of a bo ut 12 C. 

Th e a im of polyc rys ta l d eforma ti on m od els is to link 

th e microsco pi c \I'ith th e mac roscopic state, i.e. stress a nd 
stra in rate a t the gra in a nd po lycrys ta l sca les, res pec
ti n' ly. Such model s ll a \ 'C been deve loped in g lac io logy 
(,\ zu m <I a nd Higas hi. 1985 ; Fujita a nd o th ers, 198 7; 

All ey, 1988; LipenkO\ ' a nd o th e rs, 1989; Azum a, 1995 ) 

but onl y fo r uniaxi a l a nd bi axi a l stress sta tes . It is no t 

e\,ident how this kind of m od el can be ge nerali zed to an 
a rbitra ry stress sta te . 

.\ s ta ti c mod el (Sachs, 1928 ) has recentl y been a pplied 

to pol a r ice (Van d e l' V ee n and Whillans , 1994; 
Cas teln a u and Duval , 1994) . This model, which assumes 
a unifo rm stress sta te (i.e. eac h crys ta l is subj ec ted to the 
sa me stress ) , fulfils th e stress-equilibrium condition across 
GB. Howeyer, since only th e softest slip systems are active, 

th e deform a tion of adjacent g ra ins is incompatible. Th e 

other difTi culty inherent in thi s mod el, which provides a 
lower bound for the stress , is that th e rate of basal glide in 
eac h g ra in is adjusted to reprodu ce th e mechani cal 
res ponse or anisotropic pol yc rys ta l. Conseq uen tly , th is 
pa ram eter d epends on th e fa bri c (L1iboutry and Duval , 

1985 ). 

An o th e r simpl e theory was proposed b y T a ylor 
( 1938 ), in \\'hi ch th e strain is ass umed to be uniform 
(i.e . eac h crys ta l is subj ec ted to th e same stra in ). This 
m od el lead s to a n upper bo und fo r th e stress and is no t 
well suited for hi ghl y a ni so tropi c ma teri a ls. Indeed , [i\'e 

independ ent slip sys tems are rcquired to produce a ny 

a rbitra ry imposed stra in rate, since th e stra in-rate tensor 
possesses fi\ 'e independent components l ice being ass umed 
to be inco mpress ible ) . Furtherm o re, th e equilibrium 
conditi o n across th e CB is \·io lat ed. Applicati ons to 

geo logica l ma terials ha \'e bee n g i\'en by \\'enk a nd o th ers 

( 1986, 1989b ). R ea l polyc rys ta l bcha \iour necessarily li es 

be tween sta ti c a nd T ay lor es tim a ti o ns. 
A m o re reaso nabl e es timate o [ th e ma croscopi c 

!Jeh;\\'io ur ca n be obta in ed with th e \'iscoplas ti c sclr
consistent (VPSC ) th eo ry cl C\'C lo ped by Hutchinson 
( 19 76 ) a nd formula ted in a ge nera l way fo r th e la rge 

defo rm a ti on of a ni so tropi c ma tc ri a ls by l\10lin a ri and 

o th ers ( 1987 ). Within th e fo rmula ti o n o f l\Io lina ri a nd 
o th ers, th e stress- a nd stra ill-ra te field s are ca leul a ted in 
th e po lyc n 'sta l b >' soking stress equilibrium a nd incom
press ibilit y equ at io ns. Th e fo rm o f th e no n-lin ea r 

constituti \'C re la ti on of th e polycrysta l is no t ex pli citly 

kn own. Tt is a pproxim a ted b y its tange nt behm'iour in th e 

neighbo urh ood of th e a pplied stress on th e polyc rys ta l 
surfilce . The II-hole polyc rys tal \'o lum e is di sc re ti zed into 
slll a ll volum e e lement s, in w hi ch th e stress state is 
unifc) rm . In its simpl es t fo rm , th e \ 'PSC model consists 
o r rega rding each g ra in of th e pol)'C rys ta l as a n inc lusio n 

embed ded in a n infinite homogeneo us m cdium , II-hi ch 

be ha\' io ur re prese nt s th a t o f th e po l)·crys ta l. Thi s 
a pp rox i ma ted so l u ti o n h as a lso been prese n ted b y 
LelJl' nsohll a nd T Olll e ( 1993 ) Ic) r a ni so tro pic ma teri a ls 
a nd lI'ill be used in th e prese nt wo rk. Thi s a pproac h , 

bri efly present ed in sec ti on 2, predi c ts a n inte rm edi a te 

so lutio n be tween unifo rm stress a nd unifo rm strain 

bounds. Appli ca ti ons to rocks a nd meta ls ha\ 'C bee n 
g i\T n by \\'enk a nd o thers ( 1989a ), T ome a nd o th e rs 
( 199 1) a nd Lebell sohn an d T OIll (' ( 199+ \. Th e first 
a p pli ca ti on to ice po lycrysta ls was prese n ted by Cas te ln a u 
a nd o th ers in press 1. 

Th e GRIP ice co re \I'as drill ed exac tl y a t th e aC'lu a l 

cres t of th e Greenl a nd ice shee t. .\t thi s loca ti on , shear 
defo rlll a ti on is no t expect cd to be sig'nifi ca nt in compa r
ison with ax ia l d efo rm a ti on , a t leas t in lh e upper ha lC o f 
th e co re. Thi s situa ti o n lead s to re li a ble es timates of th e 

to tal d eformati o n o f th e ice \I' ith d epth . Th e d a ta 

ga th e red from th e GRl P co re thus o ffer a uniqu e 

poss ibilit y to tE's t po lYCTys ta l m oci els. fn thi s paper, liT 

compa re th e ra bri c d C\'e lopm ent o \)sen Td a lo ng th e 
CRI P ice co re [or th e d epth ra nge 0 2800 m using th a t 
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ca lcu la ted with the VPSC mod el of Lebensohn a nd T ome 
( 1993). Limit behaviours g iven by lower- a nd upper
bo und models a re also presented for compa rison. The 
va lidity o f the model, as well as the effec ts ofrecrys tall iza
tion p rocesses, will be discussed. 

2. DESCRIPTION OF POLYCRYSTAL MODELS 

In thi s sec ti on , we present the ma in equa ti ons of th e 
po lyc r ys ta l d efo rm a tio n m od els used in thi s wo rk 
(equa ti o ns a re ex pressed here using the Einstein summa
ti on conve ntio n on repea ted indices ). The read er will find 
more deta il s a bo ut genera l VPSC fo rm ula ti on in Hutch
inson (1976), M olina ri and others ( 1987), a nd a bo u t th e 

VPSC mod el we use in thi s work in Lebensohn a nd T o me 
(1993 ). A genera l ass umpti on of these models is th a t 
crys ta ls deform by di sloca ti on g lid e onl y a nd d ynami c 
rec rys ta lli za ti on processes a re not ta ken into acco unt. 

At the grain leve l, th e resok ed shear stress o n th e sli p 
sys tem S is given by 

s - 7'"' S Tt" - ij' ij (1) 

where § deno tes the mi croscopic dev ia tori e Ca uchy stress 
tensor. Th e Sc hmid tenso r r ' expresses the ori enta ti on of 

the slip sys tem S rela ti ve to th e reference fra me in which §. 

is calcul a ted so tha t 

bln} + b]nj 
2 

(2) 

where n ' a nd b S a re, respec ti vely , unit \"ecto rs para llel to 

the . lip-pla ne norma l a nd to the slip direc ti on associa ted 

with the system s . The shea r ra te ~(~ on the sys tem s is 
g iven by th e following power law : 

is = io T;~ T,: 
1 

'1"'-1 , 
TO TiJ 

(3) 

where i'o is a referencc shea r rate, a nd rI;~ a nd TO' d enote, 
res pec ti ve ly, th e stress sensiti\'ity a nd th e reference 
reso h-ed shea r stress (RRSS ) or the sys tem s. Finall y. 
the stra in ra te Q a t the crys ta l sca le IS g l\'en by a 
summ a ti on over a ll 5 slip sys tem:, hence 

S 

dij = 2: i'srL . (4) 
8= 1 

W c call §. a nd D the cl eviato ri c Cauchy st ress a nd stra in
ra te tcnso rs, respec tive ly, a ppli ed uni fo rml y o n th c 

polyc rys ta l surfacc. Th e aim of polyc rys tal d eforma tion 

models is to eva lu a te the microscop ic sta te within a 
po lyc rys ta lline aggrega te. The \'o lu me avc rage (deno ted 
( . . . ) ) ormicroscopic stress a nd stra in ra te must be equa l to 
th e corresponding m acroscopic q ua ntiti es 

(5) 

a nd 

(6) 

Thus, a rela ti on linking microscopic a nd mac rosco pi c 
sta tes must be introduccd . This mi cro- mac ro rela ti on 

complctely d etermines the res ponse of the polycrys ta l. 

196 

~.Q at infinity 

.. ........ \ ............. . 
infinite HEM : 

1 -r-~'~ 
=NL 

interaction 
equation 

Fig . I . CalClllatioll scheme of the fPSC model: each grain 
is considered as an inclusioll ill a homogeneolls equivalent 
medium, whose mechanical behaviour is that of the 
jJ00lc1yslal. 

Th e calcul a ti on principl e o f the VPSC model, which li es 
betwee n sta ti c (sij = Sij ) a nd T ay lor (d ij = D ij ) limi ts, is 
schema ti ca ll y presented in Fig ure I: each gra in of the 

po lyc r ys ta l is rep laced by a n elli psoid a l i ncl usio n 
embedd ed in a n infinite homogeneous equi\'alent medium 
(HEM ), whose beha \"i our is equi valent to th a t of the 
whole polycrys ta l. Th e constilUti\"e rela ti o n of the HEi\I 
is a rcsult of the calc ul a ti o n a nd is given in th e 

neighbo urhood ofS: by the first-o rd er T aylor ex pa nsio n 

of th e non-linear constituti ve rela ti on of the polycrys ta l 
(which is no t kn own ). It ta kes th e foll owing pseud o-linear 
form , whi ch is fra me-ind iITerent: 

(7) 

~, ~, D a nd D d efin e here d evia tori c stress a nd stra in 
ra tes , respec ti vely, a t infinity a nd within the HEM . 
M (lg) is the rourth-ra nk tange nt compli a nce tensor, whi ch 
depends on :s. a nd a lso on structure pa ra meters. The stress 
a nd stra in rate within th e inclusion (i .e. th e g ra in ) a rc 

ass umed ( 0 be uniform. T he so-ca ll ed "one-site" a pprox

ima ti o n has been used by Lebensohn a nd T om e (1993), 
i.e . th e ca lcula ti on of stress a nd st ra in ra te of a g ra in does 
no t ta ke into acco un t the innu enee o r neighbo uri ng 
g t·a ins. Consequentl y, o nl ), the interac ti on between the 
g ra in a nd the H E i\1 is consid ered . This trea tment leads to 

a n in te rac ti on equa ti on tha t linea rl y rela tes stress a nd 

stra in ra te in each g ra in with those on the pol),c rys ta l 
sur faces (Es helby, 1957; Hill , 1965; L ebensohn a nd 
T ome, 1993) so th a t 

dij - D ij = -1\I ijkl (Ski - Ski) . (8) 

Th e interac ti on tenso r M ca n be ex pressed as a 
homogeneous fun cti on of degree I in M (lg) a nd depends 
o n the sha pe or the incl usion . In th e VPSC mod el 0 [" 

Lebensohn a nd T ome, the macroscopic compli a nce a nd 
the interac ti o n tenso r a rc Cull ), de termined. This a llows 

the HEJ.I to ha ve a ny a ni so tropic res ponse. 
Once converge nce is ac hi eved , th c ro ta tion ra te W C of 

crys tallogra phic axes, which dctermines th e fa bri c evo lu
t io n, is ca lcul a ted fo r eac h g ra in . It is gi\'en by th e 
differencc between the ro ta ti on ra te of th e HEl\f in the 
neig hbourh ood of the consid ered g ra in a nd the ro ta ti on 

ra te o f the grain itself. \\'hcn the mac roscopic ro ta tio n is 
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null , it is ex p resscd as 

w',.'), == w~ · - wT?· 
I) '.I 

(9) 

for th e \ ' PSC model. The microsco pic plas ti c ro ta tio n 
ra te w P depends on a ll shea r ra tes"Y" in a gra in a nd o n th e 
ori en ta tion vecto rs n ' a nd b". The ro ta ti o ll ra te w eof th e 
ellipsoid depends on th e stra in-ra te d e\'ia ti on (d ij - D ij ), 

o n th e g ra in shape a nd on th e mac roscop ic compli a nce 
M (tg ) . \\' ithin th e T ay lo r mod el, w " \'a ni shes, a nd 

Eq ua ti on (9 ) gi\'cS 

(10) 

This rela ti o n is a lso used II'ithin th e sta ti c mod el. Tt 

implies th a t th e rota ti on 0(' th e neighbo urhood o f each 

g ra in (th e local ro ta ti on ) is null. Thus, th e sta t ic model is 
inco herent , since ro ta ti o ns a rc comple te ly constra ined , 
a nd deform a ti o ns com ple te ly fi-ee, 

III this study, gra in shape is no t upd a ted during th e 
deforma ti on (i,e. gra ins rema in spherica l) , This para
meter is no t lou ndto h ave a sig nifi cant inOu ence on l~l bri c 

d e\'Clo pment a long th e G RIP co re. lee crys tal s a re 
ass umed to defo rm b y d isloca ti o n g li de o n basa l 
{0001} (1120), pri smatic {O l I o} (2TIO) a nd pyra mida l 
{1l22}(1l23) slip sys tems. i\ stress ex ponent 77" = 3 is 
ta ken for a ll sys tems. In ice shee ts, th e stress ex ponent 11 of 

polyc rys ta llin e ice li es be twee n 1 a nd 3 (L1iboutry a nd 

Du\'a l, 1985 ), H OII'e\'er , it has been \'e rifi ed th a t th e va lu e 
of n has litt le in nuence on th e res ults present ed here. The 
R RSS fo r basa l, p l'isma t ic a nd py ra m ida l sI i p was tu ned 
in o rd er to rep roduce, with th e \'PS C: model , th e 
mecha ni ca l behm'iour o f bo th a monoc rys ta l a nd a n 

iso t ropic po lyc rys ta l (Cas telna u a nd o th ers, in press ) so 
th a t 

-r U<t.-;o[ 
'0 20 

(11 ) 
Topyrorn ido/ 

200 

A \'e ry la rge res ista nce is th en a ttributed to non-basa l 

sys tems, U nd er th ese condi ti ons, th e contri bu ti on o f basa l 
slip to rh e to ta l d efo rm a ti on is more th a n 90°!., with th e 
, ' PS C model a nd mo re th a n 99% with th e sta li c m od e l. 
H owever, it represents o nl y 40% with th e T aylor mod el, 
i,e. the rem a ining 60% a re du e to pri sma ti c a nd 

pyra mida l slip, This es tima ti o n is no t sa ti sfac tory since 
a \'e ry low d ens ity o f no n-basa l disloca ti o ns is obse rved in 
ice crys ta ls ( Fukud a a nd o th ers, 1987). On th e o ther 
ha nd , for co nditions leadin g lo TI = 3, th e stra in rate o ran 
iso t ropi c polyc rys ta l ca lcula ted wi th th e sta ti c mod el is 

tll'O ord ers of magnitud e la rge r th a n th a t d e termined 

experim enta ll y for th e sa me stress. Thus, sta ti c a nd 

T ay lor mod els cannot be used for rea li sti c modelling of 
polyc rys ta llin e ice beha \ 'io ur. 

3. EVOLUTION OF TEXTURES AND FABRICS IN 
THE GRIP CORE 

Fig ure 2 presents a n o udine of th e el'oluti on of textures 
a nd fa brics (fo r more detail s, sce Tho rste insson and 
o thers, 1995, in press ), toge th er \\'ith th e stra in hi story 
(Da hl-J ensen a nd o thers, 1993; person a l communica ti on 

fro m S ,J . J ohnsen ), lemperature profile Uo hnsen a nd 
o th ers, 1995 ) a nd es tima ted time-scale (D a nsgaa rd a nd 
o th ers, 1993 ) , 

The sc hema ti c g ra in-size profil e is sholm in Fig urc 2a . 

Betll'een 100 a nd 650 m , a \T rage crys ta l size increases 
linea rl y with time in th e regim e of no rm a l g rain g rowth, 
Below 650 m, no rurth er increase in gra in-size is obsen TeL 
The enti re int e rya l 650 2800 m a p pea rs to be a lTen ed by 
th e subdi \'ision of crys ta ls due to ro ta ti on recrys ta lli za 
ti on, This process likely ca uses th e ha lt in gra in g rOlnh a t 

650 m d epth , Th e trans iti o n fro m H o locene ice to 
\\'isconsin glacia l ice is encountered a t 1625 m d epth 
a nd gra in-size d ec reases as th e ice age is c l1le red , This ca n 
p ro ba bl y bc at tribuled to th e effec ts of solubl e impurities, 
II'hich a rc he li e\'Cd to impede GB mig ra ti on if present in 
suffi cientl y hig h concentra ti ons (All ey a nd o th ers 1986; 

Pa te rson , 199 1), The G RIP d a ta show a n a n ti-co rrela ti on 
be tll'een g ra in-size a nd so luble impurity concentra ti o n, 
pa rti c ul a rl y in th e lower \\' isconsin a nd " Eemi a n" ice 
belol\' 2800 m (Tho rsteinsso l1 a nd olhers, 1995. in press) , 
Below 2600 111 , g ra in-sizc sta rts increasing aga in , p roba bl y 
due to th e hig her ice tempera ture, Coa rse-gra in ed ice is 

fo und in th e "Eemi a n" a nd " Pre-Eemi a n" ice below 
2800 m , There is clea r indi ca ti on th a t mig ra ti o n rec rys
ta lli za ti on is assoc iated I" ith this lex ture, The re lati ,'C ly 
hig h tempera ture in lhi s zo ne ( > 15 C ) is compa tibl e 
with thi s rc-c rys ta lli za ti o n regime, Th e fa bri c of d eep ice, 

be tween 2800 m a nd 3028 m (bedroc k), has proba bl y 

been a llcc ted by thi s ra pid rec rys ta lli za ti o n process a nd is 
thus no t considered in this stud y, 

The measuremen ts of c-axis orienta ti on (Fig. 2b ) ha , 'e 
reyeal ecl a stead y fa bri c d evelo pment in th e core, from 
rand om ori enta ti on a t th e surfa ce to Cl stron gly prefe rred 

o ri e nt a ti o n in th e d ee per parts , A \T rti ca l sing le 

maximum has formed a t 2200 m a nd persists d own to 
2800 m de p th, No sha rp contras t in th e fa bric st reng th is 
obsen 'ed across th e Holocene- \\' isconsin climatic tra nsi
ti on , Th e stead y evoluti on o f th e fa bric is compa tible with 
th e ice-di\ 'id e loca ti o n of th e Summit drill site, wh ere lh e 

ice movement is ma inl y \'e rti ca ll y d ownwa rds a nd ha rdl y 

a ny ho ri zo nta l mOl'ement has been reco rd ed (persona l 
communica ti on from :"i, S, Gundes trup ) , Since Summit is 
loca ted a t the to p o r a do me, ice proba bl y d eforms by 
IT rti cal uni ax ia l compression, The circular sha pe of the 
GRIP l ~l bri cs is compa tibl e with thi s d eforma ti on sta te 

(A ll ey, 1988 ). 
Th e time-sca le for th e GRIP core (Fig , 2e) re li es o n 

a nnu a l-l ayer co unling in th e H olocene ice a nd now 
mod ellillg dccper d ow n (Da nsgaa rd and o lh ers, 1993 ) 
using a simple Dansgaa rd- Jo hnsen type now Ill od el 

(D ansgaard a nd J o hnsen, 1969). The pa ra meters of thi s 

mod el IITrc d e termin ed such that th e resulting lim e-sca le 

ma tches the age o f d a ted reference horizons d own to 
1625 m depth, This mod el ass umes stead y ice surface a nd 
stead,' beel rock (hori zo nta l, constant elC\'a tion ), Th e 
present acc umulati on ra lC (0,23 m ice equil'al ent yea r 1) 
represents th e m ea n a nnua l a ccumula ti on ra te during the 

whole Ho locene peri od. Th e \Trti cal d eformation rate is 
supposed to be consta nt (with d epth ) from the surface 
el ol\'n to a d epth of 1750 m (Dahl J ensen a nd o th ers, 
1993 ), D ee per d own , th e IT rti cal stra in ra te is ass umed to 
d ec rease linea rl y II'ith d epth , rea ching a ze ro I'a lu e a t th e 
bedrock, T ota l thinning of a nnua l la ye rs from th eir initial 
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Fig. 2. (a) Schematic grain-size /;rofiles from the CRI P core. T he f ull curve shows average horizontal C1Jstal diameters, 
the dashed curve vertical diameters ( Thorsteinsson and others . 1995b ) . ( b) Selected c-arisJabric diagrams from Jive 
different de/Jths in the CRI P core: 249.2, 991.1 , 1625.8, 2064.2 and 2696.1 m. The centre oJ the diagrams indicates the ill
sitll vertical direction ( Thorsteinssoll alld others, 1995b ). (c) Ratio 0. / 0.0 of the /Jresent thickness of the annual /a)'er in the 
ice sheet to the oj'iginal thickness of the same layer during its depositioll at the slI1Jace ( Da/t!- J ensen and others, 1993,
jJersollal communicationJrom S. ]. ] ohnsen) . ( d) T emjJerature profile in the CRIP borehole (J ohnsen and others, 1995). 
( e) Estimated time-scale ( Dansgaard and others, 1993). 

thi ckn ess (a t the surface) lO their present lhickn ess (d eep 
in th e icc shee t) has a lso been d eri ved by this now mod el. 

The profile of the annua l-l aye r thi ckn ess ra ti o a/ao is 

presentr d in Fig ure 2c. Th ese d a ta yield th e cumula ti ve 
\"C nica l stra in Ezz (d cforma ti on g radi ent ) which th e ice 
has been subj ec ted to a long th e ice cO I-e a nd 

a 
- = 1 + Ezz . 
ao 

(12) 

These res ults indica te th a t th e GRIP ice has ex peri enced 
considera ble ve rti ca l com pression: 0.25 a t 650 m , 0 .64 a t 
1625 m a nd mo re th a n 0 .9 below 2400 m d epLh. 

I ce tempera lUrc (Fig . 2d ) d oes nOl d ev ia te more th a n 
0. 5°e fro m th e present mea n annua l surface tempera ture 

(-32°C) in th e uppe rmos t 1800 m of th e drillhole . Below 

thi s d epth , th e tempera ture increases stcadil y to - 15°C a t 
2800 m , a nd reac hes - 9°C a t th e botto m o f th c hole . 

4. RESULTS AND DISCUSSION 

Fa bric d evelopm cnt along th c GRIP co re was simula ted 
with the vpse mod el. R esults wi ll a lso be compa red lO 
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th ose o b ta ined with stati c a nd T ay lor mod els. The inili a l 
polyc rysta l, which is a n input for th e mod els, is ra ndoml y 

ori ented a nd conta ins 200 grains. The imposed d eform a 

ti on is a ve rti ca l uni ax ia l compression. The polyc rys ta l 
mod els re la te the fa bric pa tte rn to th e ve rti cal d eform
a ti on Ezz . Th e d epth co rresponding to th e simula ted 
fa brics is ca lc ul a ted using the eS lim a tion of th e a nnua l
layer thi ckn ess ra lio 0, /0,0 (Fig . 2c ). 

Fig ure 3 shows th e GRIP c-axi s fa bric o bserved a t 

99 1.1 m d ep th, compa red to th a t fo und with sta ti c, vpse 
a nd T ay lor polyc rysta l mod els for a ve rti ca l d eform a ti on 
of 0. 38 7, co rrcs ponding to a bout th c sa me d epth (990 m ). 
\ Ve fo und lh a t th e ge nera l GRIP fa bric pa ttern can be 
reproduced Ilumeri call y. caxcs ro ta te towa rds th e princi

pa l direc ti on o[ compression, i .e. towa rds th e in-situ 

\"Crtica l direc ti on. With the sta ti c mod el, th e fab ri c 
pa tte rn shows a sm a ll circular g irdlc. H owcve r, th e 
distribul ion of c axes a round th e verti ca l predicted wi lh 
eac h m od c l a ppea rs to be very d i [[c rc n l. A ve ry 
pronoun ced fa bric is fo und with th e sta ti c mod el a nd a 

much more open one with the T ay lor mod el. The se lf

consistent es tim a te gives a n intermedi a te res ult, close to 

th a t of th e sta ti c mod el. At a d epth o f 990 m, th e 
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Fig . 3. COlllparison if (a) the Jabric fJattern oJ tlte CRI P 
ice Jar a de/Jth oJ 991.1 m ( TllOrsLeillsson and others, 
1995b ) , with Jabrics simulated ill ullia \ial compressioll 
with ( b) static , ( e) VPSC and (d) Tay/or mode/fo] a 
vertical strain of 0.387, (orres/Jolldillg to a dejJth if 990 m. 
The centre oJ the diagrams illdicates the ill -sitl! vertical 
directioll ( a) alld tlte directioll if con/pressioll (b- d) . 

measured GRIP fabri c li es between th e es tim a ti o ns of 
VPSC a nd T ay lor mod els. 

Le t us no\\' compa re in-situ and simula ted fa bric 
concentrations for th e whole 0 2800 m ra nge of dep th. In 
Figure 4, th e a\'erage distribution of c-axes ori entations is 

represen ted wi th a sta ti sti ca l parame ter. c axes are trea ted 

as unit vec to rs (d enoted c9) within a hem isphere. Th e 
streng th of orientation R is proportional to th e norm of 
the Slim of a ll c9 vec tors so th a t 

(13) 

\\'here N is the to ta l number of gra ins in the polycrystal. 
The parameter R is eq ua l to 0 % for a randomly oriented 
pol),crystal a nd takes a maximal value of 100 0

;', when a ll 

c axes are exac tl y para ll el (Wallbrecher, 1978) . From 

Fig ure 4, th e diffe rence between ave rage fa bric concen
tt'a ti o n predicted by sta ti c and vpse models becomes 
sig nifi ca nt onl y when th e streng th of o ri ent a ti o n is higher 
than 80 % , i. e. for strong ly pronounced fabrics. Bo th 
models reproduce \"er)' well th e streng th o f" o ri enta tion of 
th e GR] P ice fro m the surface dO\\"I1 to 650 m d epth . 

From Fig ure 2a, this d epth range exac tl y co rresponds to 
th e entire gra in-growth zo ne. Below 650 m , it clea rl y 
appears that the in-situ fabric evo lution ra te is lower th a n 
th a t predicted by th e \lPS C mode l. According to 
Cas te lna u a nd o th ers (in press ), thi s model also gives a 

good es tima tion of the fa bric concentra ti on for Vostok 

( 1720 m ) a nd Dome e (850 m ) ice (Anta rc ti ca ) . Th ese ice 
sa mples come from within th e gra in growth zo ne of th e 
Antarctic ice sheet. 

Below 2000 m d epth, th e streng th of o rien ta ti on of th e 
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Fig. 4. Evolution of the strength of orientatioll with depth . 

Results of static, r PSC alld Ta)'/or models, compared to 
the measured GRIP data ( triallgles) . The dash-dot-dol 
ClIrl'e is a /Jo[YllomiaIJit oJthese data . CRIP data areJrolll 
TllOrsteillSJolI and others ( 1995b ) . 

GRIP co re is best es tim ated uSlllg the T ay lor bound 
model. HO\\'e\'e r , th e microscop ic beha\"iour 111 Ice 
polycrystals is \'Cry badly es tima ted using this model , 
which requires a la rge ac ti\'a ti on of non-basal sys tems. 
Thus, the Taylor mod el ca nno t be invoked fo r a rea list ic 

prediction of tex ture development. Features of simple 

shea r (fo lds) a re o bser\"ed in the GRIP ore below 2483 m 
dep th (Alley and others, 1995b). But simula ted a nd 
measured fabrics stan to diffe r a t onl y 650 m . In a n ice 
shee t, the horizontal shea r stress may increase linearly 
with depth a nd \\'ith the surface slope . Simple shear ca n 

then ha rdl y be th e predominant d eform a tion in th e upper 
part of the GRIP core a nd ca nn ot ex pla in this dis
c repancy. The assumption made in th e D ansgaa rd
J ohnse ll fl ow model on th e \'aria ti on of th e vertical st ra in 
ra te with depth co uld a ffec t results onl y belo\\' 1625m 
d epth. For Holocene ice, th e ass umption of th e constant 

\'e rti ca l st ra in ra te is assessed by direc t measurements of 
th e \'(' rti ca l stra in. \Ye th erefore sugges t that th e slow 
fabric e\'o lutio n below 650 m , as com pa red with the 
modelled ones, is probably a LLributed to th e effects of 
dynamic recrystallization. 

The nuclea ti on of ne\\' stra in-free gra ins by sub-g ra in 

rotation is ex pected below 650 m depth in th e GRIP co re. 
According to Thorsteinsson a nd o th ers (in press ) , sub
g ra in boundari es in th e GRIP ice were first observed a t 
380 m d epth a nd a ppea r frequently belo \\' 600 m. The 
ha lt in g ra in grow th below 650 m was a ttributed to thi s 

polygo ni za tion effe c t, whi ch co uld a lso be the origin of th e 

slower fabric-dn'e lopm ent ra te below 650 m. I n th e 
fo llow ing sec tion , we a ttempt to g ive a quantita tive 
est ima te of th e effec t of thi s rec r ),sta lli za ti o n process. W e 
will chec k \\'he th er this regime is compa tibl e with the 
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observed grain-SIze, vertical d eformation rate, fa bric 
evolution and grain sh a pe, at leas t a bo\'e a depth of 
1625 m . 

Let us now ass ume th a t grain growth still occurs below 
650 m d epth but is counteracted by rotation recrystalli za 
tion. According to Du va l and Castelnau (1995) , the GB 
migration rates within a rotation recrys ta llization regime 
a nd wi thin a g rain-growth regime are of the same order of 
magnitude. The variation of ice temperature from th e ice
sheet surface down to 1800 m depth is less th a n 0.5°C. 
Th us, ice tem pera ture ca n be consid ered as bei ng 
constan t with depth. According to the Dansgaa rd~ 

Jo hnse n model used to est imate th e time-sca le , a consta nt 
d efo rm ation ra te down to 1750 m dep th seems La be a 
good es timate of the in-situ flow. \lVe can th en consider, as 
a first approximation , th a t the g rain-growth ra te (d efin ed 
as the growth rate of mean g rain a rea measured on thin 
secti ons) is cons ta nt for a ll th e Holocene ice a nd is equ al 
to the value found by Thorsteinsson and others (in press) 
for d epth s between 0 and 650m (K =3 .8x 10 3 

mm2 year I) . With thi s va lu e, a consta nt g ra in-size 

bet ween 650 a nd 1625 m depth is ob tained if each grain 
is su bd ivided into two parts every 2000 years. 

\lVhen rotation recrystallization occ urs, the misorien
tation of sub-boundaries increases until the criti ca l a nglc 
28c , which determines th e tra nsiti o n between sub

boundary and grain boundary. is reached. According to 

Poiri er ( 1985), the com monly adopted value for thi s 
criti cal angle is about 1O~ 15 a. As shown in Figure 5, a n 
increasing misori enta tion produces ch a nges in gra in 
dimensions. Th e associated strain ra te can be easil y 
calculated and is found to be less than 4% of the vertical 
strain rate estimated at Summit ( ~IO~lyear I) . Poly

gonization effect does th en not signifi cantly contribute to 
the tot a l deform a tion. This result is in accordance with 
the initial assumption of a constant strain rate down to a 
d epth of 1750 m. 

W e consider now a grain £i-o m th e GRIP ice a t 

991.1 m d epth, with a c axis forming a 45° angle to the 

verti cal. Th e tim e needed by this c axis to rotate towards 
20° from the vertical, as deforma tion proceeds, can be 
es tim a ted wi th the VPSC model. Th e res ult is about 1800 
yea rs, a value which is of the same order as the 2000 years 
found above. This means that rotation recrys tallization is 

not eITicient enough to be the predominant process for 

fabric d evelopment, i.e . to produce fabrics completely 
different from those due to intracrys talline slip. However, 
the forma tion of new grains by th e progressive miso r
ientation of sub-boundaries should slow down th e 
development of fabrics by slip . The di sc repancy between 

the evolution of fa brics along the GRIP core and that 

given by the VPSC model (Fig. 4) can be ex plained by 
th e occurrence oC this physica l process . Furth ermore, a 
critical misori ent.ation of 10~ 15° is compatible with the 
most concentra ted fahri c found in the GR I P core (a t 
2586m depth ), which di splays an aperture half-angle of 
1 O~20° . 

Finally , due to the vertical compression , initiall y 
spherical grains will be presen t after 2000 yea rs, an 
aspect ratio (i.e. the ra tio of horizontal size to vertica l 
size) of 1.4 on average . Due to rotation recrys tallization , 
the mean aspect ratio of grains deep in the GRIP core 

should then be around 1.2. This va lue compares well with 
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Fig. 5. Progressive misorimtalion 0./ a sub-boundary and 
associated deforlllation. 

that measured on thin sec tions between depth s of650 and 

1625m, which is 1.32 on average (Fig. 2a). 
This simple ca lcul a tion is onl y a rou gh quantit.ati\'e 

estimate of the influence of rOlalion rec rys talliza tion on 
fabric de\ 'e lo pment. But it appears that thi s recrys ta lli za
tion regime is full y compatible with the tex tures and 
fa bri cs of th e GRIP ices a bo\'e 1625 m and could 
completely explain the constant grain-size and the slower 
fa bri c c1 e\'elopm ent below 650 m. A simila r conclusion, 
resulti ng from the observation of the distribu tion of c-axes 
orientation in the Byre! Station core, was given by Alley 
a nd others (1995a) . 

W e have shown in thi s stud y that the VPSC model 

provides a good es tima te of th e c-axis fabric d evelopm ent 
within the grain-growth zone. Below 650 m depth , the 
innuenee of d yna mic ree rys ta llization is significa nt. A 
simple ca lculation shows that rotation rec rysta lli za tion 
could completely ex pla in disc repancies between model 

predictions a nd observations. The introduction within the 

VPSC polycrys tal model of the effect of this recrys talli za
tion regime needs to be investigated to improve the 
simulation of fa bric d eve lopment in polar ices. 
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