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.\nsTR .\CT. The Camp Centurv, (;reenland, ice core was ITeO'TITd from a bore h o le ,,·hieh extended 
I :i75 111 frclln Iht, ..; urfac(' or the ( ;nTllblld ict' sheet to tht' ice /sub-i ct' illterfa ce. "I'hc bottolll 1:).7 III of 
the eOlT contain ()\Tr :1"(1 all<'rnating bands 111' ekar "nd debris-Iackn iee. The size of the included (kbl'i, 
ranges froln particles less than :2 !.I.1l1 in ciiarnctcr to particle aggregat es which arc a nlaxill1uIll of':~ nn in 
clianH'tcr: th(' ;tnTag(' debris ("olHTlltratioll is 0.:2+ 11

(, by w(·iglu. ' ('he dl'bris size. concclltratioll. and COlll­
position indicate that th(' debris originates from the till-like maltTial clirertlv below the debris-laden ice. 
' I'he t o tal gas COIl(Tlltralioll a\"('ragcs :')1 1111 /kg ict' compared to th(' a\'('rag'l' of 101 1111 1kg ict' for thl' top 
I T .... () Ill, ' rh(' ga~ COlllPOsili()1l of debris-hearing iet' has a pparelltly bel'n IlIOdificd by thl' oxidation o f lllc thanc 
as rdleel, 'd I,,' traces of melhanl', high CO, In'cl" and Ill'" 0, k,','ls ,,·ith res pert 10 atlllosplwric air. .\rgoll, 
which is not affected by tht' oxidation. shows all t'llri c hllll'lIt ill s;llllplt-S with IO\\T r ~as COIHTTltratiolls, Both 
the low gas eOlltTlItratioll ill tht' ddnis-ladt'll ZOlle alld th(' arg(lll enrichlllellt Inay he explained by the 
dO\\'!I\\·ard dilrus i{)1l or gases rrolll bubbly glacitT ice into <Ill originally huhhle-frec ZOIl(, of rcfroz('1\ lkbris­
ladell ic t', Ic(, texture and in'-fabrir allalyst's 1"('\"(' a I ('xln .. 'lllt' ly lillt'-graillcd ict' and highly p ref(, rred crystal 
ori(,lItatioIl ill the IO\\"(,rJllost It) III (If" tht' cort', ilHli cati llg a /.(111(' or high ddi)]"1l1alioll . 

R{Sl"~11~ , /.(/ .f!.lflCt' rhorgil' ti,' .I"/r/illl f'lIls (Ill ./illlr/ tit' 1(/ c(//olft' g/(lc;airt' rill (;roe·ll/a"d.. L' IH' carott(' de glace 
prO\'CIHlllt ch- Camp Century. Croi :nl<1llcl. a (~tc (':xtrail(' cI'un foragt' qui allcignit 1 :{75 111 dcpui., la su rt~H' {' 
dl' la caiotle groi.:nlanciais(· jusqu'a l·illll'r/;lCt· glan·liil. I.(·s 1:"),7 111<'-1IT.", tlu has ell' la earolt(· ("ollliellllcllt 
plus de :100 bandes alt('rll(~es d(' glac(' dain ' ("1 charg(',("" d(' Illati(\IT, I.a dim(,llsion elt's IllaltTiaux indus \"a 
de parliculcs dc 11l0illS eI(' 2 !1. 111 ('11 diCllll c' tn' ju .... qu·a dt 's agr<~gats qui Ollt jusqu"a : ~ ('111 dl' dial11ctrt': la 
rOllcent r a t iOI1 T110YCI1I1C ('11 scdill1CIlts ('st de n, 2+ 11" t'l1 pnids. I.a cl inH·lls ioll. la con Cl'I 11 ra t ion ('I la comp()sition 
des secliln(·nt. ... indiqu('nt qu ' ils pnn·il·1lIH·111 de cirp{)ts de tYPf' 1l1orainiqu(' l'xistant ciircctl'lllcllt ( ' Il-dess() u~ 
de la glace chargi-f' .. I.a COIHTlltratioll tot.ak ('11 gaz (' .... 1 ('11 TlH)~TIlIH' d(' 51 Illl kg eI(' glac('. tt ' IWUI" it. (,OI11paref 
an'(' la rl1oyt'IlIU' de lOt II1I , kg pour la glace du SOlllllH't it. I T+o In, I.a cOlllpositioll l'll gaz dl'!'I .... eclinlt'nt .... 
ch'lI-gcanl 1<1 glace a (',tt' apparCn1Ill(,1l1 Illoclifil~ (' p :u· I'oxyclation c1u Inethall(' rOn1111(' il I'{'"sort (k s tracC's d e 
tllcthane, dc haUl(' tCIH'ur ("11 C()1 ('1 de faibk COIHTlltratioll ('11 ()1 par rapport a la (,Olllpo...;itioll c\l' i";1ir 
all11osphcriqu(', I:argon qu(, l"ox ydatiol1 11 'a fT<TI< ' pa .... t'lIrichit It'S t~challtill()JIs qui Ollt L:t plus faibl( ' t( 'l ll'Ur 
('11 gaz, I.a faiblt' t('IH'ur ('11 ga z dans la ZOIlC' chargce cI(' 1l1at t~ riaux ('I son l'nrichiss("nH'l1t ('11 argoll P('U\"(,IlL 
(' tIT (,xpliqut's par la cliffusillll nTS le bas des gaz issus dc la glace bulleuse du glacier UTS la ZOIlC llrigilldle­
lIlent dt'poUlyue de bulks ell' la glacc rq>;<'it'e eharg,'e de ,t'clinwnls. l.es analvst,s d,' l<'xt ure de la glaee <'t 
tt 'or ient a tion c\t's axes opt iqu('s rc\'(::lcnl Ull(' glac(, it. grains trcs fins ct des oricl1tatiolls cristallill('~ pn:- ft' I'l'lIlicll('~ 
t res 1l1arquccs clans ks I () dt'l"t1icrs mc-t I"('S dl' la carottt', prnu\·ant que (TtI{' zone cst It- sir.g(' dt' 1l0011bn ' u sc:-. 
cOlltraintt's qui PI.'U\"(,lIt ('11"(' du('s :lUX ifJ'(:gulafit(~s elu lit.. 

ZUSA""E"FAsstrXG. f)(lJ .,chllllhr/"dl'lll' /':is (Ill/ (;"lIIdl' d"s groll/iilfdischl'll /·:i.,.ld,i/dI'J. Der Eisk'Tn nlll Camp 
Cent urv in Crii nlancl ",ur<.ie aus ,·inell1 Bohrloch eingdlracht, clas "on del' Ob(Tflachc clcs griinliindisehen 
Inlancleises bis zur Crcnzfliidt<, zwise-hell Eis uncl LnllTgruncl in 1 :175111 Tiel(- ITi c htt ,. Die it-lzten 15,7 m 
eles Kerns "lIthaltcn iibn :1"O IliilldlT , die wechsclwcisc aus kl a rertl uncl srhuttbclaclcnelll Eis brslchcn. Die 
C;n')ssc cies t'ingt'schloss(,II('n Schutt('s fl'icht \ ·on Partikdn 111it Durrhmcssern klcil1 ~'r als 2 !1.111 bis zu 
Partike lans:ullmlungt'll . cieJ'('1l ))urrhI11l'SS(T his 111(lxilnal :1 un h et ragt: Die mittlcl'c Schultkol1z(,lltratio n 
licgl bei o.:,LJ .. !I" dt's (;('\\'ichtt's, Cr()ssc. Konzt'lltration unci Zusamnl(,l1s('tzung eI('s Schu1tes lassclll.'rke l1llcn . 
dass di('scr a us delll g,'sehiehdihlllichel1 :\Iatcrial ullmitldbar unter clcm schut 1 bdaclel1cn Eis stamlllt. 
Die g,'samte l\.ollzel1trati o n all (;as"11 b('tragt illl ~Iillcl 51 ml pro kg Eis, 'Trglichl'11 mit clelll milti"lTn 
(;asgehalt "on 101 1111 pro kg Eis 1\',,' die nberst('n I :i4oll1. Dic Caszusamlllellselzung im sehultdurrhselzt,'n 
Eis wurde offensiehtlich clureh die Oxyclation "on Mcthan 'Tranclert, was si eh durch Spun'n ,'on ~lclhal1, 
hoh"ll CO,- uncl niedrigell O ,-Cchalt , "erglichcll ll1il atlllosphiirisrhcr !.uft ii usst'rl. :\rgo n, clas clureh die 
Oxydatioll nicht L)('einfiussl win!. ze igl einc .'\nrcichcrung in Proben ll1il gcringcll1 Casgchalt. Sowohl die 
ninJrig(' (;askollzt"llt rat ion in del" srhut t bclacicllcll Zone wic die :\rgonanrcichcl'ung lassen si rh clurch dit' 
(;asJiifusion (IU S blascnrcichen1 Gk1sCht'J'l'is ab,varts in rinc ursprlinglich blasenfrcic Zone wieclergl'frorl'lll'n. 
sehullbdaclelH'n Ei,,'s 'Tklaren. Analvst'll "on Eist""tur uncl-gefugc zeigcn exlrcm fcillkiirnigcs Eis uncl hoch 
a nisol n'pe l\.rislallocic nt icrung in den ulllers ten I u m dcs l\. c rlls; dies deulrt auf ('int: Zone hoher Druek­
konz"1l1ralion , Illiiglieherw,'isc inl"lge "on L nregdmass igkeilen clcs Fdsbn lcs. 

I:-.1TRODl'CTIO:--1 

A continuous 1375 m ice core was recovered in 1966 from Camp Century, Greenland 
(lat. 77 ° 10' );" long , 61 : 08' W .. elevation I 885 m) , The basal zone of this ice core contains 
numerous silt bands and small pebbles underlain by several meters of a till-like sub-ice 
material. This basal zone represents the first observed contact with debris-laden ice from the 
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interior of an ice sheet and as such provides an excellent opportunity to observe the effects of 
basal processes on glacier ice. Several mechanisms have been proposed for the incorporation 
of basal debris. Among these are the transportation of material a long shear planes 
(Goldthwait, 1951, 1960; Bishop, 1957), regelation (Kamb and LaChapelle, 1964; Boulton, 
[C 1 975] ) , dispersion of solid material due to the interactions between particles embedded in 
the ice and particles on the bcd (Boulton, 1967 , 1972, [C 1 975] ; Weertman, 1968; Holdsworth, 
1974), and surficial deposition on the ice sheet. However, a more commonly accepted concept 
is the freeze-on model , which postulates that the inclusion of debris in basal ice is due to a 
process of melting and subsequent refreezing of water at the base of an ice sheet (Weertman, 
1961, 1964, 1966, 1972 ) . A detailed investigation of the structure and composition of the 
Camp Century basal debris-laden ice was conducted in order to determine which of these 
mechanisms may have been responsible for the incorporation of debris. The investigation 
was divided into several component studies: ( I) the stratigraphy of the basal ice, (2) the size, 
concentration, and composition of the embedded debris, (3) the ice textures and fabrics , and 
(4) the volume and composition of gas inclusions. Evidence revealed through a laboratory 
investigation that any of these conditions ever existed in the basal ice, would contribute grea tl y 
to the development of flow laws for ice and the interpretation of its dynamic behavior. This 
in turn would provide greater accuracy in the dating of an ice-core sample from any given 
depth and would thus enhance the value of ice cores as paleoenvironmental indicators 
(Dansgaard and Johnsen, 1969) . 

Clacio logical setting 
Camp Century is located in north-west Greenland at approximately 200 km from the 

west coast and 500 km from the present central ice divide. I t is in the net accumulation zone 
of the ice sheet in an area where there is some summer melt (Benson, 1959; Mock, 1965) . 
The length of the original Camp Century core was 1 375 m; the visible si lt bands and pebbles 
were observed only in the bottom 16 m « 1 %) of the core. The temperature at the base of 
the ice sheet is - 13°C (Hansen and Langway, 1966). Figure 1 shows the position of the Camp 
Century core and the zone of debris-laden ice with respect to an ideal ice sheet. 

8 

o 
c 

0 ' 

8 ' 
Fig. 1. Glaciological setting of the Camp Century core. D - D' represents the ice-sheet divide; C-C' represents the Camp Century 

core; B-B' represents the debris-laden zone. 
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Estimated age of Camp Century ice core 

The origin of the debris at the base of an ice sheet and the mechanism by which it was 
emplaced are critical elements in estimating ice-core age. The Camp Century core spans an 
estimated time period of about 125000 years (Dansgaard and others, 1969) . This age 
estimation is based on the model of Dansgaard and Johnsen (1969), which assumes that the 
ice sheet is frozen to its bed and that melt water has never existed a t the base of the ice sheet. 
If this assumption is correct, then the freeze-on mechanism proposed by Weertman (1961 ) 
does not apply to the Camp Century core. H owever, if a layer of water did exist at any time 
during the glacia l regime, then the age determination of Dansgaard and Johnsen ( 1969) may 
be greatly underesti mated (Weertman, 1976). The magnitude of the error near the bottom of 
the ice sheet would be of the order of (h/a)(h/y) , where h is the thickness of the ice sheet, a is 
the accumulation rate, and y is the elevation of an ice particle above the bed. For Camp 
Century, using an accumulation-rate of 35 cm /year of ice (Crozaz and Langway, 1966), the 
age of an ice pa rticle 20 m above the bed could be underestima ted by over 300000 years. 
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Fig. 2. PllOtogfll/,h of lhe hottom 17. 1 11/ of Ihe Cmu/, Celllur)" ice core. All/uhers re/iTeselll lhe curl' tuhe lIulI/hers. 
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(;0 1'(' samples 

.\ total of 16 core samples was selec ted for the component analyses. Three of the 16 
samples wer(' selected over a 3 m interval of clear g lacier ice immediatel y overlying the 
debris-l a dell zone (i.e . above 16 m from the ice /su b-i ce interface ). The remaining 13 samples 
were selected fi'om val'ious layers in the d ebris-laden zone. The core was originally 10.2 cm 
ill diamet er ; the sa mpl es used here consist ed of'8 cm le ngths of quart er core. Each sample was 
subdivided into pieces vvhich were used for ice texture and fabri c a nalyses. and for gas- and 
debris-concentration m easurements. Gas-composition analyses w ere performed on four 
samples which were selected from intervals adjacent to those used for other studies re ported 
here. Of these samples , one was taken from clear ice a bove the debris-laden zone ; three were 
taken from within the d ebris-laden zone. 

RESt ' LTS A N D DISC USSION 

Ice slratigrajil!l" 

/\ d e tail ed inspection of the debris-la d en zone was performed by transmitting light through 
the core in a cold laboratory where the temperature is maintained at - rooe. Megascopic 
features observed we re air bubbles, debris particles and aggregates , debris bands , and clear 
ice layers. [t was observed that the basa l 15.7 m of the Camp Century ice core contain over 
:100 alternating ba nds of clear and d e bris-laden ice (Fig. 2). The debris bands a nd the clear 
ice layers range from less than a millimeter to over a m eter in thickness and in the d e bris 
layers from light amber to dark brown in color. The embedded solid material ranges in size 
from pal·ticles so small that their prese nce is detected onl y by the color they impa rt to the ice 
to particle aggregates or blebs whi ch are a maximum of 2- 3 cm in diameter. The attitude of 
approximately 90o/() of the debris bands is within 5 ° of horizontal; thc remaining bands are 
inclined at angles up to about 15". Only 2 ° of the inclination can be due to the inclination of 
the core hole (personal communication from B. L. H a nsen ). Nearly spheri ca l air bubbles are 
visible throughout the entire zone, as are numerous disc-shaped bubbles similar to those 
descr i bed by Langwa y ( I 95Sr a]) and Gow (197 I) . 

Val'ious types of ice within the debris-laden zone were qualita tively classified according to 
color or light transmission . The categories consi sted of clear, light , medium, a nd dark. The 
term "clear" is here used to refer to ice within the debris-laden zone which shows no discolora­
tion due to debris and which has only a few visible particles . Using this light -tra nsmission 
classificat ion , the following di stribution was observed in t he 15.7 m d e bl' is-laden zone : 

IO U" clear. 
35°" li ght. 
.,)3()" medium, 

2"" dark. 

[n the zones designated light or medium , a bout 20" n of the deb ris-l a d e n iee is interspersed 
with numerous lenses of clear ice. The transitions be tween ba nds arc usuall y quit e di st inct: 
the order and thi ckness of the hands vary in a random manner. 

On the basis of the banded structure and th e distinct bounda ri es between th e debris 
bands. it is poss ible to rej ect any tvpe o f dispersion or diffusion a long temperature. pressure. or 
concenu'a tion gradients as the primary m echanism for the emplacem e nt or the basal d ebris. 
By d efinition. such processes would be expected to produce a gradation of uniformly decreasing 
debris concentra tions ra ther than the bands of debris present here. Plain observation of the 
basa l stratigraphy does not provide clear ev idence en a bling differe ntiation between possible 
shear, freeze-on , and surtl cial deposition mecha nism s. 

https://doi.org/10.3189/S002214300002983X Published online by Cambridge University Press

https://doi.org/10.3189/S002214300002983X


DEB RIS AT THE BOTTOM OF THE GREENLAND I CE S HEET 

Debris alla( l'siJ 

The samples used in the debris a na lysis were the residue collected from core samples of 
the debris-laden ice whi c h were melted during a previous study. Due to the low concentra ti o ns 
of debris in the ice and limit ed sa mple size, it was necessa ry to choose sa mples from the areas 
of highes t particle conce nu-a ti on. Twcnt y-o ne samples were c hosen on the bas is of the amount 
of debris a nd the disu-ibutio n throughout the basal zone. The average sample weighed a bo ut 
0-:15 g and it was scparated by sieving and gravita ti ona l settling into three size ca tegori es : 

I I ) clay size (<... 2 :1.111 ). 

12) silt size ( 2 :.J.lIl 62 ,.un ). 
:) ) sa nd size \ > 62 !.J.11l w ith an obs('l"ved upper limit of 2.0 mm). 

The sa mple recovery during thl" size-sepa l'a ti on procedure averaged 98.7u" . For each sample 
the relat ive percentagT of each size frac tion was calcu la ted a nd normalized to 100u(I" The 
da ta ((H- each size fr ac ti on were fitted to a least-squares linea r regress ion where the relati ve 
percent age (.vd of material present in a give n size category is a fun cti on of dista nce (.\i ) from 
the bottom of the icc. The result s obt a ined wnc: 

clay-size fi-acti on l"i 

silt-size frac tion .vi 
sand-size frac ti on } ' i 

6.63 i 1.64.\i. 
30. 12 1 I .07.\" i . 
63.25 - 2·7 I Xi · 

An ana lysis of variance was performed a nd it was found tha t the increase in clay-sizc mat el'ia l 
with increas ing di sta nce fl-om the bottom and the cOlTesponding decrease in sand-size ma teri a l 
are sta ti sti ca ll y significa nt a t a 99"" confid ence level. 1n thc silt-size ca tegory. it was found 
that the amou nt of material does not vary significa ntl y from the mean value of ,vi = 39 .30. 
The particle-size distrihution and the significant regression li nes are shown in Fi gure 3. 

The presence or a regul ar varia ti on in gTa in-size with d ep th rai ses the ques tion of whether 
the debl-i s la\T rs arc a con formable sequence in whi ch the uppermos t m a te ri a l was the first 
to be emplaced a t the far thes t point up-stream and the lowes t debris laye r was more loca ll y 
deri ved and recen tl y emplaced. Boult on ( 197() ) sta ted that thi s would be the case for the 
freez ing h ypo thesis. w hereas a sheari ng mechanism might produce a random pa tt ern of de hri s 
layers. Souchez r (967) provided ev idence supportin g the idea tha t shearing results in a mixed 
sequence. If true, the gra in-size grada ti on in the Camp Cen tul-y ice might support a freezing 
mechanism. However , it is not possibl e to determine whether the decrease in particle size 
near the top of the debri s-l ade n ice reflec ts a gra in-size zonation in the sub-ice material. a 
geographi c variation on the sub-ice ma teria l, or a selective mechanism of incorpora tion. 

The gra in-size of th e embedded particles in the Camp Century basal ice ranges from less 
than 2 f.l.m to a bout 2.0 mm in di a meter. A single pebble about 2 cm in leng th was observed. 
These particles are considerably larger tha n the a tmospheri c dust particles found in modern 
Greenland snow and H o locenc and Wisconsin ice. The p a rti cu lates in the upper I 355 m 
of the Camp Century ice core range from 0.04 [.I.m to 8 [.I.m (Kumai , (977). This size differe nce 
supports the hypothesis that the basal debri s originated as subglaeial material rather than as 
atmospheri call y transported debris. 

While the particle sizes are la rge compared to atmospheric dust , they a rc cx trt'lll el y slll a ll 
when compared to the cobbles and boulders often associated with glac ia l debri s. These 
relatively small grai n-sizes imply that some type of selective process is operating ill the basa l 
ice. For example, Souchez ( 1967) and Boulton (rc I 975 ] ) have both suggested that the 
incorporation of small particles and the exclusion ofl arge ones may occur during the forma ti o n 
of regela tio n ice. A zone of individua l pa rticles suspended in the ice may result from the 
erosion of Iithified bedrock, whereas ice conta ining particle aggrega tes may res ult from the 
incorporation of un consolidated sed imen ts (Boulton , (9 70) . In the Camp Century basal ice 
there are many particle aggrega tes a nd the material direc tl y benea th the d ebris-laden ice 
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Fig. 3. Debris particle-size distribution. 
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horizon consists of an unconsolidated frozen till-like material (Hansen and Langway, 1966). 
This implies that a selective freezing mechanism is responsible for the incorporation of debris 
in the Camp Century core. 

The concentration of debris in the ice was determined for the 16 core samples by filtering 
melt water through a 0 .45 [.Lm "Millipore" filter. The values range from less than 0.001 % by 
weight in ice above the debris-laden zone to a maximum of 0.9 % in a sample taken from one 
of the dark-colored bands; the concentrations show no correlation with distance from the 
bottom. The debris-concentration values were compared with the ice-color designations of 
clear, light, medium, and dark that were assigned during the visual inspection of the core. 
On the basis of measured values, debris-concentration limits were established for the color 
classes. The average solid debris concentration in each color category was calculated. These 
averages were multiplied by the relative amount of ice present in each col or class, thus yielding 
an average debris concentration of 0.24 % by weight for the entire 15.7 m zone of debris-laden 
ice. The results are presented in Table I. The average debris concentration of 0.024 % 
obtained for the clear ice bands within the debris-laden zone compares favorably with the 
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silicate mineral concentration of 0.027 % estimated by Kumai ( 19 77 ) in his study on the Camp 
Century basa l ice. This concentra tion is approximately four orders of magnitude greater than 
that in modern Greenland snow (Murozumi and others, 1969; Kumai, 1977 ) and Holocene 
ice (Kumai , 1977), and three orders of magnitude greater than tha t in Wisconsin ice (Cragin 
and others, 1977). These high debris concentrations support a sub-ice origin for the debris, 
as also concluded by K umai ( 1977). 

T ABLE I. DEBRIS CONCENTRATION AND COLOR CLASSIFI CATION 

Debris concentration (wt %) 

Sample number * Clear Light Medium Dark 

1046A 0.000 
1046B 0.000 
1047 0.000 

1048B2 0. IS9 
1048C2 0.0 10 
1049D 0.181 

IOSOC3 0.463 
IOSIBI 0.039 
IOSICZ 0.93 1 

IOS3A I 0.2S2 
IOS3A2 0.024 
IOS3 C4 0.220 

IOS6B3 0.21 0 
IOS7B3 0.47 1 
IOS7C2 0.oS7 
IOS8B3 0.301 

Class average 0.000 0.024 0.IS2 0·3" 0.697 
Approximate class limits o.oo-o.oS 0.OS- 0.20 0.20- 0.40 > 0.40 

Average d ebris content in debris-laden zone (wt %) : 0.24. 
* Samples were taken from clear ice overl ying the d ebris-laden zone. 

A microscopic examination of the debris revealed grain shapes a nd textures ranging from 
highly angular and pitted to well-rounded and smoothly ground. A scanning electron 
microscopic examination of quartz and feldspa r particles from the Camp Century debris-laden 
zone by Whalley and Langway (in press), a nd W oo and others (1976), revealed similar 
textural observations. In both of these studies it was concluded that the rounded g rains are 
probably the end products of g lacial abrasion. I t appears that the embedded pa rticle shapes 
and tex tures reAec t those of the underlying till-l ike material and reveal little a bout the 
mechanism by which they were emplanted . 

An X-ray analysis was performed on six samples located at distances of 0 .6 I , 3.86, 8.35, 
15.42, and 15.71 m above the base of the ice sheet. The predominant mineral in each sample 
was found to be quartz; each sample also contains a plagioclase mineral identified as albite, 
some orthoclase, kaolinite, and hornblende. The similarity of a ll the X-ray patterns indicates 
that there is no significant mineralogical change over the entire 16 m debris-laden profile. 
This leads to the conclusion tha t either the sub-ice source material is of local orig in or that it 
is uniform in nature on a larger or regional basis. 

I ce texture and ice fabric 

Vertical sections (4 mm thick) of the 16 ice-core samples were prepared and photographed 
in transmitted light using the m ethod described by .Langway ( I 958[aJ). In thick section it 
was often difficult to differentia te between the gaseous and solid inclusions. ·Where air bubbles 
are easily recognized , they appear spherical to slightly elongated in the horizontal direction 
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pa ra ll e l to the base of the ice sheet; they exhibit a maximum length of about 0.7 mm. The 

stretching of air bubbl es has been attributed to shea r d e fo rma tion of ice but the degree to 

whi ch thi s occurs and the statistical reliability of elongation as an indica tor of shear strain has 

not been es ta blished (K a mb. 1973 ) ' In addition to the a ir bubbles. about 50 % of the samples 

contain numerous di sc-shaped inclusions. which are about 0.5 :2 mm in diameter and are 

oriented paralle l to the n ea r-hori zonta l debris bands . In a kw instan ces they form a swirling 

turbulent orientation. :\lthough the inclusions appear to be similar to the vapor figures 

described by :\Iakaya \I 956) , va por figures a re air-liTe. whneas these disc-shaped inclusions 

were obsnved :0 produce air bubhl es during melting . Similar katures have been previously 

described in both Greenland (Lang-way , 19581al ) a nd :\nta rcti c (Gow. 1971; Gow and 

\Villia m son, 1975) ice cores. They a re a ttribut ed to the relaxation of the ice core a fter 

recovery from its i ll situ confining st ress environIllent. 

It was also observed in thi ck sec tion t hat there is nei t her a bubble stratification in the basal 

ice as would be cxpected if the bubbl es were en trapped during the freezing of water (Corte, 

1962; Kamb and LaC h apell e. 1964 ; Bmi and Halle tt , 19 74). nor is there any apparent 

relationship between the position of the air bubbles and the em bedded particles . If the ice 

had been formed by a rcliTcz ing process. it would be expected that the particulate matter 

would a ct as sit es fOl" bubble nucleation and that bubbles would be present both on the surface 

of the particles and in lines extending li"om the pa nicle surface (Corte, 1962 ; Bari and 

Hallett , 1974). 
The thi ck sect ioll s wcre rcduced to thin sections of approximately 0.3 mm thickness using 

a microtome and WCl"!' photographed bet ween crossed pol a ri zing filt ers. I n thin sec tion it was 

observed tha t the ice Cl"ys tals were vny small and the crysta l ori enta tion was highly prl"ft·lTed. 

Consequently. the ice-c rysta l bounda l'ics w('re not well defined and the average crysta l area 

could not be lIIeasured in the mann el' described by Langway (1958 rbJ ) . In this study an 

estimate of average cr ys tal ui amct Cl" was obtained by d e termining the crystal-boundary density 

in at least six traverses of the sec tioll. The small crystal size and the highly preferred o rien ta­

tion also preventeu measurclll cnt of individual crys tal orientations using the Rigs by-t ype 

unive rsal stage . . \ qualitative fabri c a n a lys is was thnefore made on these sections by es tima­

ting the percentage alTa whi ch \\Tllt to ex tinction at o n c position . 

The average ice-c rys tal diameters from a single traverse of a thin sec tion ra nged from 

0.47 to 6.14 mm; the avnage diametel" p er section ranges from 0.62 to 3.84 mill. The average 

dia m e ters for each sample are shown in Figure 4. A significant break in ice-crys ta l size di a ­

me ter occurs a t a distance of approximately 10 m from the bottom of the ice shee t. In the 

lower 10 m of the core . the ice is uniformly fin e-gra ined with an average crystal diamet er of 

only 0 .79 mm. VVithin the nex t 8 m thelT is a four-fold increase in crystal size. Similar 

changes in ice-crys tal size were report ed to occur at the boundaries between clear and d e bris­

laden ice in basal ice from Terre Adelie , Antarctica (Lorius , 1967), -and from the base of 

Meserve Glacier , Ant a rc ti ca (Andenon , 1974) . Lorius (1967) attributed the change to an 

increase in the stresses in zones where small crystals we re observed. Such a change in stresses , 

possibly due to bedrock irregulariti es, could also explain the crystal-size change obsCl"ved 

here. 
A second element, which appears to be related to ice-crys tal size, is the uniformity o f the 

debris concentration. Samples with uniform debris concentr~\lions, as d ete rmined by sample 

color, exhibit uniform tex tures regardless of whether th e ice is light 0[" dark. or whe ther the 

ice crystals are large or small. On the o ther hand. in areas where debris is concentrated in 

bands, the ice crystals in those bands are consistently smaller than in the adjacent ice. Simila r 

results were reported in his Meserve Glacier repon by Anderton (1974) , who a ttributed the 

fin e crystal size to differential shear acting across the d ebris-laden zone . Shumskiy ( 1958) a nd 

Swinzow (1964) also attributed small crystal sizes in d ebris-laden ice to the exist en ce of 

differential shearing within those layers. 
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The changes in crystal size are assoc ia ted with cha nges in thc icc fa bri cs _ In the bottom 
10 m , where the ice is fine-grain cd. the ice ex hibits a hig hl y preferred vertical orientation of 
optic axes. In a ll the samples from this zone it was estimatcd tha t 75-- 95 v" of the ice crys ta ls 
were extinct within a rotation of on ly a couple ofdegrecs_ .\hove thi s bott om 10 m . thc degrec 
of preferred orientation diminishes rapidl y to less than 50 u", The icc crysta ls in the debris 
bands do exhibit a preferrcd oricn tation but in some cases it is less cxtreme than in thc adjacent 
Ice. 

On the basis of the gra in-size and fabrics in the Camp Ccnturv basa l ice core , it is poss ibl e 
to make a conjecture about the existing stress strain conditions \Shumskiy. 1958; Steinema nn , 
1958 ; Rigsby , 1960 ; Kamb , 1973) ' Thc zone of extremely fin e-gra ined ice and the presence 
of highl y preferred orientations in thi s lowe r basal zone indi ca te that it is a zone of relat ively 
high shear d eformation . Th e larger ice c rysta ls and th c w eaker crys tal orientations of the 
overlying basa l ice imply that thc shcar strcss and total strain a re less tha n in the bottom ice. 
It is not possible to det em1ine whcthcr the r elat ively fin e-g rained na ture of ice within the 
d ebris bands is due to the existcnce of relatively high shear deformation or w hether the solid 
particles inhibit grain recrys talliza tion . 

It is interesting to note the difference between the size and orientation of ice crystals at 
th e base of Camp Centur y where, in 1966, the temperature was measured to be -13°C 
(Hansen and Langway, 1966) and those from the base of BYI'd Station, Antarctica, where the 
ice was at its pressure-melting temperature and melt water was present at the time of drilling 
in 1968 (Gow, 1970) . The ice crystals from Byrd Station are about two orders of magnitude 
larger than those at Camp Century, and the fabric orientation is much weaker than observed 
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in overlying ice (Cow, 1970, 1971). Cow attributed this situation to annealing of the ice 
occurring at temperatures near melting. The striking difference between the two reflects the 
vast difference in thermal conditions between the two locations. 

Gas analysis 

Density and total gas-content measurements were performed on the 16 core samples 
following the procedures used by Langway (1958[a] ). Gas-composition analyses were per­
formed on four samples at the University of Bern, Switzerland, under the direction of H. 
Oeschger. 

The density of all core samples was less than that of bubble-free ice, despite the presence of 
visible debris in many of the samples. This is readily explained by the low concentration of 
debris and the amount of air in the samples which counteracts the higher density of the debris. 
There was no correlation between the amount of debris and density, nor was there a correla­
tion between amount of debris and volume of air. The volume of gas, corrected to s.t.p., in 
the 16 samples ranged between 34 and 64 ml jkg ice with an average of 51 ml jkg ice. These gas 
concentrations are on average about 50% lower than those in the rest of the Camp Century 
core where the average gas concentration is 108 ml jkg ice in the upper I 100 m and 101 ml jkg 
ice in the I 100- 1 300 m interval (Herron and Langway, 1978). 
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One explanation for the low air content in the basal ice is that it may have originated at a 
higher elevation during a previous glaciation. Dansgaard and others ( 1969) have suggested 
that the oxygen-isotope data from the lowest 20 m of the ice core may represent periods of 
glaciation. Rayna ud and Lorius ( 1973) have reported that a decrease in ai r content may 
reflect altitudinal increases during glaciation. Assuming their values of 7 mm Hgj IOo m 
for the pressure-elevation gradient and 0.9 degj 100 m for the temperature-elevation gradient, 
it would require a 5 000 m increase above the present-day Camp Century elevation to explain 
the low gas conten t in the Camp Century basal ice. Such an elevation increase is a factor of 4 
greater than that proposed by R aynaud and Lorius ( 1973) for the Wisconsi nan glaciation, 
and it is probably unrealistic. 

The amount of a ir present in these samples is also incompatible with a simple freeze-on 
process during which gases would be expelled (Coachman and others, 1958 ; Bari and Hallett , 
1974) . Thc average to ta l gas content of 5 1 ml jkg ice is approximately half-way between the 
expected values of near zero for a simple freezing model and near 100 for the overlying glacier 
ice. The abnorma l gas con tent may be explained by a model in which bubble-free debris­
laden ice was originally incorporated a t the base of the ice sheet by a simple freeze-on 
mechanism. If the base of the ice sheet remained near its pressure-melting point, it would 
then be possible for the soluble gas to diffuse (Weiss and others, 1972; Berner and others, 
1977) downward along a three-dimensional vein network such as that predicted by Nye and 
Frank ( 1973) and observed by Raymond and Harrison (1975). In this manner, air might be 
introduced to the debris-laden ice. A gas-concentration profile which might result from such 
a process is shown in Figure 5. The assumptions made in the calculation of this profile were 
that 16 m of debris-laden ice were originally air-free, the overlying ice had an air content of 
I 10 ml jkg ice, the diffusion continued through the ice /sub-ice interface, the diffusion constant 
was 10- 5 cmz/s, and the time was 10 000 years. In each case the assumptions made were those 
least favorable to the diffusion model, and changing any of them would reduce the time 
necessary to reach the measured gas levels in the basal ice. 

If gaseous diffusion has occurred, then it should be reflected in the gas composition. The 
gas-composition data presented in Table II (personal communication from H. Oeschger) 
appear to be somewhat complicated by the oxidation of methane in samples containing 
debris . Samples Band C, which contain debris, both contain a trace of methane, and both 
display low Oz levels and high CO, levels with respect to atmospheric air. Original gas 
compositions were calculated assuming that the original CO, content was its present-day 
value of 0.03 % and that the excess CO, was produced either by a simple oxidation of 
methane: 

CH4 + 20z ±:> CO2 + 2H,O, 

or by the oxidation scheme described by Robbins and others (1973) : 

0·9CH4 + I. 70z ±=> 0.2CO + O. 7CO, + I.8H zO 

(Table I1 ). Identical calculations were performed assuming an original CO, content of 0.2 % . 
In a ll cases, the calculations produced a composition similar to atmospheric. 

Regardless of these complications in the gas composition, the most soluble gas component, 
Ar, does exh ibit behavior which is compatible with gaseous diffusion . There is a relationship 
between per cent Ar and total gas content such that Ar is most enriched in samples with the 
least amount of air. The enrichment of Ar in the debris-laden zone ought to be coupled with 
a depletion of Ar in the upper zone where diffusion originated. This is the combined effect 
of the relatively high solubility of Ar in water and the relatively fast diffusion of Ar with 
respect to Nz. The process of selective gaseous transport envisioned here is similar to the 
selective gaseous removal model for temperate glaciers proposed by Berner and others 
(1977)· 
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TAIIl.E 11. GAS CO\1PO~ITl n:'\· 

S(/lIIplf t 'Tulfll ,t.: rI ., :\, 0 , .\r CO, :\r :\ , 0, ,' :\ , .\r 0 , 

11" kg lOO 10 lit() 

Aft'flsllrrd com/m,f jlioll 

.\ 1;+.lj ;11. I I 20·75 o,IH 0.20 1.20 2.fi6 +51 
B +Li,7 7'j . I I 18.7+ l ,oH 1,07 I .:n ·2· :li 5· 76 
(; 5G':l 7'l.

8 :1 '7. 81; 1 .00 1. :11 1. :.15 2.2+ 5,1)0 
D 5'"H 78 ·5I) 20, 1+ 1. 00 O. :{O 1. :.1 7 2.56 +·Y7 

.\ \·nage 78.90 19·37 1.0 1 0.72 1. 27 2..jli 5 · 'l'l 

Origil/(/l cOIII/JOsitillll 

.. \ ssume CO, o.of1 n a nd C H , :.20,:!::;2 H ,O 

.\ 65. 0 77-98 21.05 0·94 n,o:l 1.20 2.70 +-It; 
B +7. 2 78 .:W :.In,6 1 1.07 o.n:l 1·37 2.6:1 5. 1<) 
C 57 .0 78 .82 20, 16 0·99 o.n:l 1. 2 5 2.56 +9n 
D 59· fi 78.35 :.w.62 1.00 n.o:l I. 27 2.6:1 +8+ 

.-\ ",' rage 78 .36 20.6 1 I .(JU o.o:! 1.27 :.2.6:1 +84 

.\ ssunH' 'CO, 0.03 ° 0 and 0.9C H, 1.70, :!::; 0 .2CO ()·7 CO, 1.8 H,O 

:\ 65. 1 77.92 2 1. I I o.cq n.o3 1. 20 :.2.7 1 -1·-14 
B 47·+ 77 ·95 20·95 I .O(i n.o:l 1':17 2.6<) 5.08 
C 57·3 78 .+0 20 ·59 0·9H O,O:l 1.:.2 5 2.6:1 4·77 
0 59.6 78 .26 20.72 1.00 0.0:1 1. 27 2.65 4.81 

.. \\Tr'!ge 78 . 1 :3 20 ,8+ 1 .00 0.0:1 1. '27 :.2.67 +·77 
.r\tlnosphcr ic a ir ! 78.oB 20·95 0·93 0.0:1 1. 20 2.68 +.+fi 

* Cas-com pos ition measurement s performed at L-ni",' rsitv of Bern (personal communica tio n from H. 
Ocsc:hgIT I. 

t Sample .\ ta ken from abo\"l' debt'is-Iaden zonr a t drpth of I 356.26 m. 
Sample B taken from ice contai n ing debris at depth of I 36 1.67 m. 
Sample ( : taken from ice contain ing debris at depth of I :163.86 m. 
Sample D taken from dear ice w ithin debris-Iaclen zone al depth of I 363.91 m. 

! eRe hll1ldhook of chl'll/iJt~l' fllld p'~ )".fi(s . Fij(l':follr th editioll (\\ ·east. 1(73). 

S\ ' ~IM A RY AND CONCLUSIONS 

The debris-la den zone in the Camp Century basal ice represents the first observed contac t 
with d ebri s-laden ice from the interior of a continental ice sheet. The presence of debris 
with in the lowes t 15.7 m of ice suggests tha t d ebris incorporation is not confined to ice 
marginal a reas. An inves tigat ion of the structu re a nd composition of the ice and its solid and 
gaseous inclusions provides va luabl e informa tion concerning the origin and deformational 
history of the basal ice . 

On the basis of the debris a na lys is, it is concl uded tha t the source of the debris is the fi'ozen 
till at the base of the ice sheet rather than surfic ia l deposits. This conclusion is based on 
(a) large particle sizes relative to a tmospherica ll y transported dust , (b ) high debris concentra­
tions relative to a tmosphericall y transported debris , and (c) textural fea tures indicating glacial 
abrasion. In addition , the mineralogical compos ition of the debris is compatible with a till­
like origin , and the color of the debris-laden ice is similar to the color of the underlying till 
material. 

The gas analysis provides evidence which supports the freezing-on mechanism for the 
origin of the Camp Century basal ice . Although the gas composition has been somewhat 
modified , the argon content a nd the gas concent ra tion in the debris-laden zone indicate that 
gaseous diffusion has occurred. The diffusion model accounts for the presence of gas inclusions 
in the ice , the lack of bubble stratification, and the lack of spa tia l r ela tionship between bubbles 
and solid particles without discrediting the freeze-on model. The select ive mechanism of 
freezing can account for the small particle sizes in the debris-laden zone. \Vhile other 
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mechanisms, in particular regelation. may pIa\' a m le in the incorporation of debri s at the 
base of the Camp Century core. it appears that fr eeze-on is th e dominant process . The ice 
texture and fabrics .in the Camp Century basa l ice prm'ide val uable information concern ing 
recent conditions at the base of the ice shee t. Th e extremely fine-grained highly oriented ice 
crystals in the lowest 10 m implY that it is a zone of high deforma tion. 
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DIS C USSION 

L. A. LLIBOUTRY: Did you make a ny comparison with the shear morames of the TUTO 
ra mp ? 

S. L. H ERRON: W e have not exa mined material from the shear mora ines ; however, there are 
vast differences be tween these a nd the Camp Century debris-lad en ice. For example, the 
shear moraines have bands of bubble-free ice and zones with la rge pa rticles and boulders, 
none of which are present in the C a mp Century core. 

T . ]. H UGH ES: There is a controversy a mong glacial geologists as to whe ther the Greenla nd ice 
shee t was larger a nd merged wi th Ellesmere Isla nd ice 20 000 years ago. If not, then your 
postula ted basal-melting event occurred in a present basal melting zone somewhere between 
Camp Century a nd the Greenla nd ice divide. But, if merger occurred , your basa l-melting 
event may have occurred in a former basal-melting zone that was much closer to Camp 
Century, with ice moving from a m ore north-eastern ice divide. I s there anything in your 
a na lysis, in conjunction with other work , that would allow you to distinguish between these 
two possibili ties? In particular, simple-shear creep tests on your ice cores a t the pressure­
melting point and at the present basal tempera ture should tell you the maximum distance 
from Camp Century at which the basal-freezing event could have ta ken place 20 000 years 
ago. W as it IQ km, 100 km, or wha t ? 

H ERRON: Our present model requires a bout 10000 years of diffusion to introduce air into the 
debris-laden zone. Aside from this, it is impossible to tell when a nd where basal melting 
occurred . 

D. A. FISHER: Do you know wha t sized particles are m ainly responsible for your discoloured 
layers, i.e. have you any size distribution? 

H ERRON : I t appears that the clay-size particles are largely responsible ; however, a sys tematic 
study of colour versus particle size has not been done. 
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