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CONCLUSION 

Th ere a re no tru e glaciers in the Pi cos de Europa M ass if 
but pe renni a l snowpa tches with urn where the p resence of 
sma ll foss il ice bodi es is possible. In the J ou N egro dep­
ress ion, one o f these snowpatc h es con ta ins peri g lacial ice 
a nd , a lso, the re could be ice inherited from th e Little l ee 
Age. H owever , these are examples of dead , no t m O\'ing, 
ice a nd they se rve to esta bli sh th e presence of sporadi c 
perm a frost in the Picos de Euro p a periglacia l be lt. 
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S IR , 

Glacial-ice ji'agmenls in An/arclic sea ice 

Sea ice, as the result of freez ing of sea wa ter, can have 
va ri ous tex tures determined b y the prel'a ilin g therma l 
a nd hydrod yna mic conditio ns during ice fOrIna tio n and 
subsequ ent g row th (Weeks a nd Ac kl ey, 1982; Ei c ken and 
La nge , 1989) . In th e Anta rc ti c, fl oodin g of surface snow 
also often lead s to snow-i ce fo rma ti on, gil'ing rise to a 
meteoric compo nent in th e sea ice (La ngc a nd o thers, 
1990; Eicke n a nd others, 1994), \\'hi ch has a granula r 
tex ture with gra ins of seve ra l millimeters up to some 
centimeters in size . Snow-i ce is believed to fo rm up to 4% 
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o f th e to tal sea-ICe vo lume in th e vV cdd ell Sea (E icken 
a nd o th ers, 1994) a nd perh aps m o re th a n twice as much 
in th e R oss, Amund sen a nd Bellings h a usen Seas Ue ITries 
a nd o thers, 1994) . 

H ere, \\ 'e repo rt a nOI'el fin d ing of glac ia l-i ce frag­
m ents (up to seve ra l centim eters in di a meter) in a sea-ice 
co re o bta in ed in th e Bellin gsh a use n Sea no rth of 
Alexand er Isla nd , Anta rcti ca . T o o ur kn owledge, g lacial 
ice has not pre\ 'io usly been desc ri bed as an im portan t 
component of sea ice, a lthough in t hi s co re it a mounted to 

20 % of the co re I'o lume. The fea tures of the co re, 
in c luding texture, sa linity and <5

IBO measuremen ts, a re 
rep o rted a nd the re le\ 'a nce of glac ia l ice fragmen ts as a 
component of the sea ice in this regio n of the Ant a rc ti c is 
discussed . 

GENERAL ICE-CORE PROPER TIES 

I ce coring was pa n o f a larger sea-i ce p rogram during a n 
exp edition of RV Polarslem to th e Bellingsha usen a nd 
Amundsen Seas in th e la te a ustra l summer of 1994 (Fig. 
I ; i\llill er a nd Gro bc, 1995). The ice co re was obta in ed o n 
29 J a nuary 1994 during an ice sta ti on at 68 4·0 .2' S, 
72 °37.3 ' \ \' . approxim a tel\' 11 na uti ca l miles (n .m .) sou th 
o f th e sea-i ce edge a nd 20 n.m . fi'o m the coast. Th e ice 
co nce ntration was 10/10 and th e ice fl oes we re most ly 10 
100 m in diameter w ith piled-up bras h in betll·ee n. Th ere 
was ha rdl y any ev id ence of ire d eform a ti on (sce H a as a nd 
Vi e hofr (1994) fo r a detailed d esc rip tion of ice co nd­
iti o ns) . The fl oe sa m p led was approx im ately 30 m x 40 m 
in size a nd had a mea n ice thi c kness of 3. 1 ± 1.1 rn , 
cove red with 0. 5 1 ± 0. 13 m of snow. A thi ckn ess pro fil e 
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Fig. I. ,11ajJ of lhe cruise Irack . The sile where l/ie glacial­
ice ji'agll1enls were fOllnd is marked b)1 all arrow. ALl oLiter 
coring siles dUTing lite eX/Jedi lion are indicaled k)' black 
circles . 

d erived fi"om drilling (Fig. 2) revea led tha t, alth o ug h the 
surface was ra the r fl a t, the unde rsid e o f the ice was hig hl y 
irregul ar. During drilling, ma n y g aps or I'oids gel 'e ral 
cen ti meters thi ck were pene tra ted . Th ese \\'elT rn a i n I y in 
th e upperm ost ice a nd may be c ha racteri sti c of summer 
sea ice in this regio n UeITri es a nd o th ers, 1994) . Some 
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driLlillg . The ice core waJ oblained (LI /)o.>ilioll O. 

larger \'o ids lI'e re measured as indi cated in Fi g ure 2. 
A 2. 12 m lo ng ice co re ( 10 c m diameter) was o btained 

a t pos ition 0 or th e lhi ckness pro[ile (Fig . 2 ) . The mea ll 

bulk sa linilY of' the corc was o nl y 1.52 ± 0 .83 psu, thc 
101l'CS l n tlu e o r th e 30 cores drill ed during th e e:-: pediti on 
(Fig. I ), which had a meall sa linity of 2.55 psu. The ice 
lI'as of orbicul a r g ranular te:-: ture throughout, \\,ith a 

slllall sect io n of co lumna r ice betll'ee n 1. 3+ a nd 1.47 m 
(see Eicken and La nge ( 1989 ) [o r nomencla III re ) , Th e 
g lac ia l-i ce pieces liTre distril)Utedm a inl y lI'ithin the 10llT r 
tll'o-thirds o f the core Fig. 3 ) . 
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FI~I!" 3, Scllelllalic drrn('illg oJ iCt'-lnlllre daJJes and 
diJlriblllioll of glarier-ireFagllle!llJ a .1 .WII frOIll ire Ihick 
serliollJ , The irreglllar slw/Je (1lhe Ihick snliolls is a 1'1'51111 
oJ dalllage (({liSI'd ~)' driLlillg and sawillg. 

PROPERTIES OF GLACIAL-ICE FRAGMENTS 

I mage a na lys is of' Figu re 3 shO\\'Cd lha t the frac ti on of' 
g lacial-i ce pi eces lI,ilhin th e LOta l a rea of the ice thi ck 
sec ti o lls lI'as 20.7(X). This ca n be considered th e \'o lum e 

1-1aaJ and Thomas: Cones/lolldellte 

fract ion of' g lac ia l ice in th e whole co re, The fragments 
\'a ri ed in size, r a n g in g fr om s ub- cen tim eter to a 
ma:-:imum of 15 cm in diameter, a lthough the majority 
we re less lh a ll 5 c m, Th e edges and co rners of the pi eces 
\\'ere genera ll y rounded , 

G lacier-i ce pieces cou ld ma inl y be di st inguished from 
sea ice bv th eir c h arac leri stic po re stru cture in rhe ice 
thi c k sec ti ons (Fi g. 4a, c ): they h ad a hi gh d ensil Y o f 
eq ua ll y di st ributed sma ll pores (less lhan I mm in 
di a m eler) and in m a ny pieces the pores \\'cre elongalcd 
a nd appea red to be a li g ned linea rl y a long laycrs of so m e 
mil li melers \\' idth. Gf'nerally. no pores surrounded the 
fragments to indi cate the boundary bel\lTen g lacia l a nd 
sea ice, Fine cracks. some centim e te rs in leng th , w hi c h 
crossed each o lh er at n u-ious a ng les lI'ere o l'tell \' isiblc 
IFig. +a, C l . l ee lhin sec tions. \,if'\\,ed belll'een crossed 
po lar ize rs, yield ed info rmation abo ul crys ta l strucl ure 

Fig. -1-. I'erlical ice Ihid (a . () alld Iltill (bJ) ,Ieeliolls al 
dejJlhs oJ 1.0-1- 1.14 (a,b) and 1.932.03111 (c.d), 
/)/lOlogra/)hed ill /lormal lighl a/ld belH'erll eros.leel 
/)olari::ers, rt'.I/)eclive[J'. Scale b(m are ill 111111. 
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(Fig. 4b, d ) . The texture of the pieces was typi cal of 
glacier ice (e.g. in terl ocking g rains ) and differen t from the 
polygo nal g ra nular structure of snow or sea ice (Ei cken 
and La nge, 1989) . However, b ecause grain-sizes ranged 
from some m illimeters to som e centimeters (Fig . 4d ), it 
was difficult to distingu ish between sea ice a nd iceberg ice 
from thin -sec tion ana lysis. 

Some of the la rge r fragmen ts we re cut from th e ice and 
the sa linity a nd the rat io of oxygen iso topes 1BO ; 160 
measured. Saliniti es were zero or slightl y above zero. b1BO, 
the difference be tween the ra tio 1BO ; 160 in the sample and 
in a stand a rd (VSMOW: Vi enna Standard Mean O cean 
Water), ranged fi'om - 14.4 to - 10.8%0 (mean - 11.9%0). 
These values a re proba bl y small overestimates, because of 
a possible contamination with sea salt during sample 
preparation, indica ted by the slightl y elevated salinities. 

DISCUSSION 

From th e properties de cri bed above , it is evident th at the 
fragments contained within the sea ice were of glac ial 
origin: salinity and bl BO values, together with sh ape and 
pore structure, made it possible to differentiate between 
the sea ice a nd th e glac ia l ice. Texture, as d etermined 
from thin-section analysis, was the main aid in dis­
tinguishing between fragmen ts of snow-ice a nd glacia l ice. 
This und erlin es the importa nce of ca refu l inspection of 
sea-ice co res to avoid mi sinterpretat io"n of g lacia l 
fragments , especially since b 1BO of snow-ice can be very 
close to the val ues for glacia l ice measured here Ueffries 
and others (1994) measured bl BO as low as - 18%0 in the 
weste rn Bellingsha usen Sea) . Sin ce glacial-ice fragmen ts 
could a lso have sizes in the r ange of some m eters, they 
could a lso contribute to larger ice-floe fea tures such as 
surface roughness being misinterpreted as a pre sure 
ridge. 

It is most likely that the glacial fragments we re 
in corpora ted in autu mn o r winter durin g sea-i ce 
formation in an area with g lacia l brash or in th e vicini ty 
of icebergs . The glacial fragments were di stributed mainly 
ove r the lower two-thirds of the core (Fig . 3) down to 

2.1 2 m d ep th. Since the glacial fragm ents were bou yant, 
there must have been turb ulent condi tions during initial 
ice form a tion or later ra fting a nd deform ation. P robab ly 
both processes were invo lved . Ice growth , as in "the 
pancake-cycle" (Lange and o thers, 1989), influenced by 
strong wave ac tion wo uld exp la in the orbi cul ar granula r 
texture. Although the surface of the fl oe was rath er fl at, 
the undula tions and gaps a long the thi ckness profil e 
indicate that d eformationa l processes ac ted during the 
hi story of th e floe (Fig. 2) . Additionall y, th e sec ti on of 
columnar ice at 1.34 m depth m ay demarcate the former 
und erside of the floe, where congelat ion of ice commenced 
after a clo. ed ice cover had form ed. Later rafting may 
have co ntributed to further thicken ing of the fl oc, 
including iceberg pieces that were origin a lly inco rpor­
a ted furth er a bove. 

Crocker ( 1993 ) desc ri bed an in ve rse exponenti al 
relationship in th e size dist ributions of particles calved 
per calving e\·ent from Arctic icebe rgs. Due to his 
methodology, th e distributio n ends a t a lower limi t of 
0.5 m, but he sta ted th a t below this limit numbers of 
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pieces decrease toward zero for very small fragments. For 
the pieces described here, thi s seem s no t to be the case, 
since no larger fragments were found and no grow lers 
were observed a long the thickness profi le (Fig. 2) . W c 
sp eculate th a t thi s iceberg brash had a lready been in the 
water for a consid era ble time, and was close to complete 
m elting. Therefore , th e bits found in th e core a re th e last 
remn ants of tha t bras h but, alth oug h smaller, th ey m ay 
still resemble the size distibution after ca lving. 

The fact tha t thi s is the first recording of glacia l-i ce 
fr agments within sea ice raises th e question of how 
widespread this ph enomenon is and whether or no t it is 
peculi ar to the Bellings hausen Sea? During th e expedit­
ion , a la rge number of icebergs (mos tl y less th an I km in 
size ) were obse rved , especia ll y a round Alexa nd er Isla nd 
a nd in Ronne Entra nce where mo re than 100 icebergs 
were counted in m a ny of th e regul a r 2 h ice obsen·a tio ns 
(H aas and Viehoff, 1994). Within the pack ice th ey were 
m a inl y tabu lar , while in the open sea they were sm a ller 
and of no parti cul a r shape. In th e open sea, the icebergs 
were often surround ed by areas (up to severa l square 
kilom eters ) of icebe rg brash, including growlers a nd ve ry 
sm a ll ice pieces less th an a few me te rs in diameter. Thus, 
th e Bellings hausen Sea is e\·id entl y a region in wh ich a 
hig h degree of ice berg disintegra ti o n will occur. This 
wo uld sugges t th a t g lacial ice is likely to contri bute to sea­
ice thi ckn ess over a wider area. 

Th e blSO data do not allow the d etermination of the 
r egion or ice sh el f fr om whi ch the ice fragments 
originated . Clearl y, it is mos t likely that they ca me from 
th e nearby Wordi e, Ceorge V I , \ Vilkins or Bach I ce 
Shelves. Th is is supported by blBO values fro m the 
Alexander Island region, given by Peel and C la usen 
(1982 ), who meas ured a range with a mean of 15%0, 
simila r to our values, especially considering the probable 
conta mination of o ur samples with sea wa ter. 

Specu la ting a boul the consequences of a tmospheri c 
warming, it is possibl e tha t glacier fragments may become 
a more important component to overall sea-ice thi c kn ess . 
A scenario simila r to th e recent rapid di sintegration of the 
W o rdi e Tce Shelf (D oa ke and Vaughan, 199 1) could a lso 
occur within the ice shelves west o f Alexander I sla nd. 
This wou ld result in even higher numbers of icebergs, 
alth ough at least for th e Wilkins Ice Shelf, Va ugha n a nd 
others (1993) have predicted a melting of the ice shelf 
ra th er than it breaking off. Considering the huge vo lume 
of ice contained within the ice shelves and icebergs, 
glacia ll y deri ved bras h, either fl oating or incorpora ted 
into the sea ice, co uld even parti a ll y compensa te fo r th e 
sea-ice retrea t in this region obse rved by J akobs and 
Comiso (1993 ) . This cou ld also app ly to the \\ ' edde ll Sea, 
if the Larsen Ice Shelf, located near the climatic limit of 
viability, starts to disin tegrate. H owever , genera l ice-drift 
patterns may result in a significa nt d ifference between the 
Belli ngshausen Sea a nd the Wedd e ll Sea: ca lving from , 
a nd deteriora tion of icebergs, mainl y results from wa\·e 
action , and is therefo re mostly limited to open wa ter 
(W adhams, 1988 ) . For iceberg fragments to occur within 
sea ice, it is th erefore necessary th at the sea a ro und th e 
iceberg bras h freezes shortl y after th e e\·ent. Littl e is 
known abo ut drift patterns in the Bellingshausen Sea but, 
if th ey are ori ented toward th e contin ent (Tal bot, 1988), 
this ice could be prese rved within th e pack-ice region. In 
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th t' western \\'edd ell Sea, th e Wedd ell G y re is known to 
tra nsport ice bergs away from thc sca-i ce zone, so ma kin g 
th e incorporat ion of g lacia l ice into sca ice a less probable 
cI'c n t. 
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