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ABSTRACT. The a im of deep ice drilling on L aw Dome, Anta rc ti ca, has been to ex­
ploit the special cha racteri stics o f L aw Dome summ it , i. e. Iow tem p e raLUre and hig h ac­
c umul a ti o n near a n ice di v id e, to obta in a hi g h-reso luti o n ice co re for clim a ti c / 
e lwironmenta l studi es of the H o locene a nd the L ast Glacial M a xi mum (LGM ). Dri 11 ing 
was comple ted in February 1993, when basal ice conta ining sma ll fragments of rock was 
reached a t a depth of 11 96 m. Acc urate ice dating, obtained by counting a nnua l layers 
revea led by fine-deta il bIHO, peroxide a nd electrical-conducti\ ·it y measurements, is con­
tinuous down to 399 m, co rres po nding to a da te o f I\D 1304. Sulpha te concentrati o n Ill ea­
su rements, m ade a rou nd dept hs where cond ucti v i t y trac i ng i nd ica tes \'olcanic fa llo ut , 
a ll ow confirm atio n of the dating (for Ag ung in 1963 a nd Tambo ra in (815) or estim a tes of 
the erupti o n d a te from the ice da ting (for the Kuwae, Va nuatu, erupti on ~1+57) . The lower 
part of the co re is dated by extra polating the layer-counting usi ng a si mple model o f the 
ice [low. At the LG~I, ice-fabric measurements show a la rge dec rease (250 to 1+ Illm 2 ) in 
crys tal size a nd a na rrow m ax imum in (-ax is verti ca lity. The m a in zone of strong sing le­
pole fabrics however, is loca ted higher up in a broad zone around 900 m. Oxygen-i so to pe 
(15 180 ) meas urements show H olocene ice down to 111 3 m, the LGNI a t 11 33 m a nd warm 
( bl~O about the same as H olocene) ice near the base of the ice shee t. The LGM/H olocene 
0180 shift o f 7.0%0, onl y ~ I %0 la rger than for Vosto k, indicates tha t Law Dome rem a ined 
a n independent ice cap and was not ove rridden by th e inland ice sheet in the Glac ia l. 

INTRODUCTION 

Law Dome is a small (200 km di a meter) ice cap situated a t 
the C' dge of th e ma in East Anta rctic ice sheet but with inde­
pendent ice [l ow (Pfitzner, 1980). The Dome projec ts into the 
predomina ntl y eas terl y a tmospheric circula tio n produced 
by low-prcs ure systems centred a round 65° S (Bromwich, 
1988), a nd the di sturbancc it produces in the [low results in 
cxceptiona ll y high acc umul a ti o n: up to 1.2 m ice eCJui va lelll 
on the eas te rn side of the D ome. The Dome Summit South 
(DSS) drilling site is 4.6 km south-so uthwes t of the highest 
point on th e do me (AOOl ). A loca ti on map is show n in Fig­
ure I and a "wire mesh" vi ew o f the bedrock topography in 
Fig ure 2. 

ceased ",hen the drill c ullers we re d a m aged on a la rge r, 
basa l roc k frag m e nt whi ch grooved the co re but was no t 
r eco \·e red . Th e d e pth o f" th e ice h as bee n meas ured by 
radio-echo sounding (RES) at 1220 m; however, due to the 
tra nsmit pulse no t being properl y reco rded, the uncerta inty 
in th e depth is es tim a ted at 20 m. Th e a mount of silty basal 
ice is therefore no t kn own but is p roba bly less than 20 Ill. 

Th e a im o f the drilling has bee n to produce a n acc u­
rately dated ice-co re enviro nmental reco rd , with good time 
resolution in the Holocene, a nd ex tend ing back thro ugh the 
Last Glac ia ll\lax imum (LGl\l ). The site facilita tes this be­
ca use the hig h a nnu al acc umul ation results in un a mbig uous 
a nnu al ice layers which ca n be reli abl y detec ted by a va ri ety 
of measurem ents a nd coullled to p roduce acc ura le dating. 

Fi eld wo rk sta rted in 1987 88 with th erma l drilling to 
96 111 . Th e 270 mill d ia llle ter bo rehole made by the la rge­
di a meter th erm a l drill was cased to a depth o f 82 m. In the 
foll owing season an 18 m x 7 m x 5 m hig h co rruga ted­
sleel arch shelter was se t up ove r the cas ing, a nd the drill 
win ch a nd s upport equipm e nt in sta lled. Th e e lectro­
mechanica l drill was completed a nd tested ove r the next 2 
yea rs. Elec tro mecha nical drilling to a depth o f 553 m was 
ca rri ed o ut in 1991 92, a nd the rema inde r o f the drilling 
was completed in 1992- 93. Silt y ice conta ining sm all rock 
frag mel1ls w as reached a t a depth of 11 96 m, a nd drilling 
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Fig. I. Lomtioll mall q[ DSS 011 Law Dome showing gLacio ­
logiral data . Elevation {ontollrs are Light lines. Acc1lmulation 
contollrs in kg 117 - 2 

aTe the heavier Lines. Measured ice-sheet 
sUI/ace velocities are inriimled by a T1'OWS q[scale length. The 
highesl /Join t on the dome is the a/Je.l" rif Ilze sl/ rve] triangLe 
nearest DSS. ( Ada/Jledfrom Xie alld oliters (/989).) 
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Fig. 2. "r ' "ire mesh" view q/ the bedrock and ice SII1/ace aTOu nd 
Law Dome summit. The SIUVl!)I grid is 15 km x 15 km, and 
the bedrock is exaggerated ill the vertical b)'Jive times. The 
sll1Jace ice veloeifY is zero near (just 110rth q/) the highest 
/)oil1t on the dome, AOOl. 

On-site m easurements were m ade of elec trica l conduc­
tivity, peroxide concentration, cr ysta l size and ori entation, 
a nd samples were cut for oxygen isotope ratio (818 0 ), deu­
terium excess (8 = 8D - (180 ) a nd lOBe de termin a tion . 
Conti nuous m eas urements stopped a t 391 m b ecause of 
time constra ints and the difTi eulty of handling brittle core. 
Crysta l size a nd ori entati on fabrics 11'(' 1'(' measured ove r the 
full depth of the core. Ice from 552 1190 m was ex tremely 
brittle and was left in the dril ling shelter to stra in reli e, ·e 
over the 1993 w inter. The bOllom 6 m of ice had no visible 
bubbles and was not brittle. 

DRILLING SITE 

The high acc umul ation and mod erate ice thi ckness nea r 
Law Dome summit result in a n extended Holocene record, 
the Wiseonsin /H olocene tra nsition being quite close to the 
bedroc k. Prev ious wo rk o n L aw Dom e (l\10rga n and 
M cCray, 1985) a nd rece nt a na lys is of Gree nla nd cores 
(Taylor and o thers, 1993) suggest that flow di stortions and 
zones of enh a nced shea r in th e lower laye rs of ice shee ts 
can produce di sturbances in ice-co re da ta record s. The 
DSS site was se lec ted using RES to identify areas where 
lamina r within-ice echoes ex tended to the g reates t depth. 
These echoes (vvhich are produced by small changes in the 
permittivity of the ice, e.g. from differing impurity levels) 
a rc generally thought to indicate past ice-shee t surfaces. 
On the basis th at the lamina r echoes indicate relatively un­
disturbed ice now, the DSS site is removed from the summit 
(and ice di vide) because RES th ere shows bedrock hills up 
to 250 m hig h, a nd within-ice laye r echoe indica te dis­
turbed ice fl ow a t up to one-third of the ice thi ckness from 
the bedrock (H a mley and others, 1986). DSS is 4.6 km south­
southwest (bearing 195°) from the summit in a n a rea of re­
lati vely level bedrock (see Fig. 3). 

The dyna mics of the Law Dome ice shee t r e fl ect the 
cast- wes t accumulati on gradient ac ross the dome. On the 
wes tern side, acc umul ati on vari es from 0 to 0.7 m a I (ice 
equiva lent ), a nd ice surface veloc iti es a re ge ne ra ll y less 
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Fig. 3. RES /)rq/ile along thej70wlinefimn the DSS borelzole 
upstream to the dome summit, AOOl. 

tha n 10 m a I. To the east, however, accumulation reaches 
1.4 m a- I, and at DE08, just 16 km downs lope from the sum­
mit , acc umula tion is 1.2 m a I, a nd th e ice Oo\\' towa rd s 
vVilli amson Glacier reaches 18 m a I. DSS is on the accumu­
latio n isopleth which crosses the summ it, and has a surface 
velocity of 2.9 m a I a t 220°. The RES profile shown in Fig­
ure 3 runs from DSS upstream to th e dome summit at AOO!. 

The mean annual temperature a t DSS is - 2!.8°C, low 
eno ugh to genera lly preclude melt in summer. Visibl e strati­
gra phy of the core indicates many thin glaze layers; how­
e ve r, th ese a r e fa irl y uniforml y di s tributed a nd a r c 
th erefore thought to be due to the action of wind on persist­
ing surfaces ra the r tha n to radi a tion in the summ er. Site 
pa r ameters are summarised in1a ble 1. 

ICE-CORE DATING 

The high acc umula tion and the ab sence of ve ry stro ng 
wind s a t Law D o m e summit (see d a ta of Alli son a nd 
others, 1993) result in the formati on and prese rvation of ex­
ceptiona ll y clear a nnua l accumu lation layers. The seasona l 
acc umul a ti on laye r s a re detec ted by fine-detail (10- 15 
points per yea r) 818 0 , H 20 2 (Sigg a nd Neftel 1988), trace­
chemicals and elec trical-conductivity (H a mmer, 1980) mea­
surem ents. 8180 is the pr incipa l indicator, the other mea­
surements being used if necessary to resolve ambig uiti es. 
This is effective because different mechanisms produce the 
seasonal cycle in the d ifferent parameters. Only the irregula­
rities in snowfall and acc umulati on affect a ll parameters, but 
at DSS these arc relatively small. Th e clea rest indicator is 
the perox ide trace because its production is modulated by 
the regula rly va rying so la r radi a tion; howewr, th e non­
automated peroxide m easurements a re ve ry time-consum­
ing, so the record is no t complete. Figure 4 shows a sec tion 

Table 1. DSS site /)(l1"(lJneters 

Lat itude 
Lo ngitude 
Surface c1c\·a ti a n 
Dista nce from dome SU I1l 111 it 

I ce thi cknes, I by R ES ) 
Bo rcholc depth 

"[ea n a nnual tempera ture 
T em p. at bO llO m of barchalc 
Last 50 years· mea n accumulat ion 
Surface ice moyc mCnt 
i\lC'a n wind speed 

66°46' II "S 
11 2 -18'25" E 
1370 m 
4.68 km at 195-

1220 ± 25m 
I 193 .6 m below th e 

1987- 88 surface 
-~ 1 .8°C 

6.9-C 
0.70 m (ice eq ui\·a lc nt ) 
2.9 m a 1 at 220" 
8.3 m s 1 
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of fin e-de ta il measurements. Currentl y, laye l--co unting is 
continuous to 399 m (AD 1304), and spot measurements of 
layer thickness (from fin e-deta il isotope and peroxide mea­
surements) are used to constra in a n ice-Omv modcl which is 
used to extrapolate the d ating further dow n. The deepes t 
a nnual layers so fa r detec ted (by peroxide ) a re a t 1080111 
where the th ickness is 18 mm . Ultimately it is expec ted that 
acc urare dating will be obta ined by layer-counting a nd in­
terpolati on to a depth of about 1100 m (",8000 BP). 

r n th e 683 yea rs of co nti nuous isotope d a ta there a rc 
about 15 pl aces \\·here the a nnua l 5180 cycles a re ambig u­
ous. Cross-ch ecking with p eroxide and elec trica l-conduc­
ti vity da ta resokes a bout h a lf of these, leaving a da ting 
uncertaint y of I % . An abso lute check on the dating is ob­
tained by identifying fallout from well-dated volca nic erup­
tions. The eruption dates o f Ag ung (1963), Kra ka tau (1883) 
a nd Tambora (1815) a ll ag ree with the da ting from laye r­
counting, a lthough the exact p os ition of the Kra katau peak 
is not clea r, b ecause the su lphate-poor erupt ion is almos t 
masked by bac kground sea-salt sulphate. A la rge sulphate 
peak found a t a depth corresp onding to the a ustra l sum­
mer 11·58 59 is assumed to be due to th e eruprion of 
Kuwae, Va nua tu. The size of this eruption, which !\ Ionzier 
a nd othe rs (1994) sugges t is o ne of the la rges t in th e las t 
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Fig. 4. Fine-delaiI 5 t8 0 , /Je1"o ride. eLeciriraL condurlivilj' and 
sulphate data. The1(nnbora ( Indoll esia ) volcanic eruption qf 
1815 is seen as Ihe small enhancement inlhe condllctiviO' pro­

J ile and the /IIuch Imger increase ill sulph ate cO ll eentmtion 
around 133 III depth. The data around 132 m are one of the 
more am b//!,uollS sections qJ the record. 

jlIorgan and others: D eep ice drilling all Law Dome 

10000 yea rs, has o nl y recently been recognised because the 
ca ldera is submerged. It is the largest peak in the DSS 
record , wirh nearl y 1.5 rime as much sulphate as the nex t 
la rges t, Gunung Tambora in 1815. M Ol1zier and oth e rs used 
radioca rbon daring to place the eruption ofKuwae be tween 
1420 and 1450; however, Pang (1993) has used historical data 
to obta in a precise d ate of 1453. D a ta from severa l Anta rctic 
a nd Greenla nd cores (Langway and others, 1995) put the 
d a te between 1450 a nd 146+, with the best-dated co res g i\'­
ing 1457 and 1+59. Both the GI5 (Mi zuo) co re (M oore a nd 
o thers, 1991 ) and the GISP2 core, Greenland (Ziclinski a nd 
o the rs, 1994), g i\ "C the date of Kuwae as 1459 60, m a king 
Pa ng's earli er da te difficult to accommodate. C urrent DSS 
layer-counting el a tes the onset o f fal lout to late 1458, which 
implies an eruptio n in 1457, since ae rosols il*Cled in miel- or 
low latitudes genera ll y take 6 12 m o nths to diffuse to the 
po lar regions (H a nd ler, 1989) and entry into the pola r stra­
tosphere usuall y occurs in spring a fte r the breakdown of the 
po la r \'ortex (D eshler and orhers, 1992). A ge nerous inter­
pretati on of the acc umul ati on laye rs is required to find an 
extra 4 years in th e DSS record be tween the fixed point at 
1815 and 1+57. C o nfirmati on of the d a te of this eruption by 
a ll alt ernative prec ision method (e.g. tree-ring counting) is 
required. Ice-co re sulphate leve ls from \'olcanic fa ll out a re 
shown in Figure 5. 

Dating for the whole co re has been ca lculat ed using the 
D a nsgaard a nd.Jo hn sen (1969) m o difi ca tion o f rh e :\lye 
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tim e-sca le to ex tra polate the d a ting obta ined by laye r­
counting. This model assumes the vertical strain ra te is uni­
form from the surface down to a specific depth (break point ) 
a nd then decreases linearly to zero a t the bed. The equa tions 
stri ctly apply onl y a t an ice divide, o r a t a location where the 
ice thickness and acc umulation a re constalll upstream to the 
ice di vide. DSS is only four ice thi cknesses from the summit, 
and the thickness and acc umula ti on va ry lilll e in this di s­
ta nce, so the error introduced is sm a ll. 

For the DSS core, as noted earli er, the to ta l ice-shee t 
thi ckn ess is no t prec isel y know n a t this stage. For thi s 
reaso n, th e equ a ti o ns of Dansgaard a ndJohnse n (1969) 
have been recas t in term s of ice d epth rather th a n height 
above the base of the ice shee t. This g ives equations which 
a rc independ ent o f the ice-shee t thi ckness in th e r eg ion 
above the brea k point in ice fl ow (i.e. the point a t which 
the modell ed vertical stra in rate starts to dec rease ). L ayer 
thi ckn ess a nd age relati onships then simplify to: 

I. From the surface down to the b rea k point 

D - d 
Layer thickness, A(d) = ~AS 

D D 
Layer age. t (d) = ~ In D _ d 

2. At the break poin t (depth, dbreak = 2D - 1) 

T- D 
A(dbrcak) = ~AS 

D D 
t(dbrcak) = ~ In T _ D 

3. Below the break point 

A(d) = A(dbr<'ak) 

[ 
A( dbread t( cl ) - t( dbrrak )] -2 

. 1 + -----'-""-'----=- -'----'---------'--------'-
1 year 2(T - D) 

2D T- 2D + d 
t(d) = - d + t (dbre"d 

a T -
where cl is the ice-equivalent depth; AS and D arc th e in ter­
cepts of the above-break linea r region with a thickness a nd 
depth axes, res pecti vely; the pa ra m eter a is the ice-equiva­
le nt a nnu al acc umul a tion As/( I year ); and T is the ice­
equi valent total ice thi ckness. 

The layer-thi ckness data were fitted to this model using a 
non-linear least-squares algorithm [o r the parameters a, D 
a nd T . The thi ckness data and the fit a re plotted in Fig ure 6, 
a nd the va l ues deri" ed are: 

a = 0.6781 ± 0.0006 111 year- l 

D = 1054.4 ± 0.6111 

T = 1178±2 m 

The ice-equivalent quantiti es have been computed from a n 
exponential firn -density model (Pa terson, 1994, p. 14) based 
on measured densities. Dating 0[' pre-Holocene ice is probl e­
m atic. The effect of va ri ations in th e acc umulati on rate, ice­
sheet size and fl ow properti es 0[' the basal ice is difIicult to 
es tima te. The approach used to es timate ages prio r to the 
H oloce ne has been to appl y the sam e model a nd p a ra­
m eters with an adjusted acc umul ation rate of 40 % of the 
H olocene \·a lue. Us ing thi s method , th e computed age at 
th e LG~I is ~ 1 3 800 years. Based on the observed sensitivity 
of the model to erro rs in the measured layer thicknesses, and 
uncerta inti es in \Visconsin acc umula tion, the estima ted un­
ce rtainty in thi s age is approxim ately 20%. Modell ed ages 
impro\'e in accuracy at shall ower depths, with estim ated un-
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Fig. 6. DSS measll red al717 llalla),e1' th ickness (in ice equiva­
lent ) and the modeL da ta. T he top 391 In cif continuolls data 
have been smoothed with a Gallssianjilter cif RillS width 3 
yean. T he data points below 391 m are obtainedfrom typicalOI 
6 years' data, and the indicated errors are qf 1 CT amJ}litude. The 
broken line shows the best f'it model which is llsedJoI' dating. 

certa inties of ~ 10% a t 7000 years and "",5% at 4000 years. 
The d a ting obtained is shown with the isotope profil e in 
Figure 7. 

ISOTOPE/CLIMATE RECORDS 

The complete DSS 5180 profil e is hown in Figure 7. The 
da t a arc smo othed in th e depth dom a in by diffe ring 
amounts a t different depths to compensate fo r changes in 
the sampling interval a nd layer thickness. 

The 7.0%0 shift in 5180 between the L GlVI and the Holo­
cene is a bout the same as that for th e coas tal Law Dom e 
cores BHC -I and BHC-2 (M organ and M cCray, 1985); how­
ever, the transition is sha rper in DSS because a ll the ice o ri­
gina tes from the same site. In BHC- I and BHC-2 the surface 
ice is d ep os ited near t he drilling sites a t low eleva ti ons, 
while the dr f' per, older ice originated upstream from near 
the summit of the ice shee t. The 3.0%0 cha nge in surface 
5180 " a lu es betwee n the edge and th e summit of L aw 
Dom e therefore results in a curved Hol ocene 8180 profil e 
for the coastal cores which blends smoothl y into the transi­
tion to the LGM. This m akes it difIicult to determine acc u­
ra te ly th e size of th e H o loce ne/ LGl\II c ha nge beca use 
correc ting the profil es fo r deposition site is hindered by the 
lack o f a n acc urate time-sca le for the coas ta l cores. Th e 
7.0%0 Holocene/LGM 5180 shift at DSS is la rge r than tha t 
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found fo r inl and East Anta rctica where D o me C gave 5.8%0 
( Lo riu s a nd o th e rs, 1981 ), a nd Vos tok 6.0%0 (Jo uze l a nd 
othe rs, 1987). A la rge r isotopic shift fo r coas ta l co res was 
a lso obse rved in cores from Terre Adeli e (Yao and o the rs, 
1990). Yao and others a ttributed the additi o na l 6180 shift to 
addition a l tempera ture cha nge resulting from ice-shee t 
lowering a t the end of the LG~1. The re treat of the ice shee t 
a t th e end of the LGM, in response to increas ing sea level, 

does d ec rease surface elevati on at th e periphery more th a n 
nea r the centre; however, recent work sugges ts that changes 
were rela tive ly sma ll a round much of the m a rgin , a nd the 
ex pa nsion to the edge of the continental shelf was limited 
to the o url e t glac ie rs. D o mac k a nd o th e rs (1991) suppo rt 
thi s with sediment core data from Terre Adclie, and Goo d­
win (1993, 1995) uses geomorpholog ical evidence to estim a te 

th e expa nsion in th e L a"" D ome a rea to a bout 15 km. The 
DSS 8180 reco rd a lso r es tricts the a m o unt of ice-shee t ex­
pansio n in the Law Dome a rea. 

If, a t the LG M , th e Va nderford Glacier trough was ice­

fill ed a nd the main ice sheet extended out 60 100 km to the 
edge o f th e contin e nta l shelf as sugges ted by Cam e ro n 
(1964), L a \\' D ome wuuld have bee n ove rridde n by the 
ma in E ast Anta rcti c ice shee t (as indi ca ted by Budd a nd 
M o rga n, 1977). In thi s case, Las t Gl ac ia l ice fr om DSS 
wo uld have 8180 va lues renec ting its o ri g in a t a n inl a nd 
site of considerably hig her eleva ti on tha n th e present L a w 

MO/gan and a/h ers: DeeJ) ice drilling on Law Dome 

Dome summit. The shift to H olocene 8180 values would 
thus compri sc a global temperature signa l component a nd 
a compo ne nt due to the so urce shift to lo we r e levati ons 
nearer th e ocean. Ice inl a nd o f Law Dome a t a n elevati on 
of 2000 m ( th e estimated source region fo r a n O\'e rridden 
Law Dome ) has a present-day 8180 \'alue o f - 30%0. This is 
8%0 lower tha n present-day L aw Dome summit values a nd, 
combined with a temperature-induced cha nge o r 6%0, leads 
to a H olocenejLG I cha nge o f 14%0, twice the observed 
\·alue. There a rc a number o f o ther facto rs which inOuence 
8180 va lues a nd therefore contribute to the la rge r 0180 shift 
at coasta l sites. These include expa nsion of the ice sheet or 
ice shelves in a reas away fro m Law Dome, a nd increased 
sea-i ce cx tent in the glacia l, bo th of whi ch increase wa ter­
\'apour fracti onation by effec ti\'ely increasing the dista nce 
(rom wa te r-vapour sources; a nd cha nges in a tmospheric cir­
culation, esp ec ia ll y the la titude of the circul a ting Iow-pres­
sure system s which prov ide m os t of the precipita tion on th e 
coa'tal ice shee t. 

The H o locene reco rd ( i.e. from just a fte r the LGMj 
H olocen e tra nsition to th e las t few hundred yea rs), incli­
ca tes a trend o f dec reasing b 180 \'a lues a mou nti ng to about 
0.6%0. Since a simila r trend is a lso observed in both Dome C 
and Vosto k the simpl est ex pl a na tion is a sm a ll decrease in 
globa l (o r a t leas t Southe rn H emisphere ) te mperature o f 
the order o f I C over the las t 10 000 years. Th e lowest 0180 
va lues in th e H oloce ne a re ac tu a ll y a ro und 150 m depth 
(depositi o n d a te ~AD 1800), co rresponding to the period of 
colder tempera tures a nd g lac ie r advance in the Northern 
H emisph e re sometimes know n as th e Littl e Ice Age. The 
record a lso suggests a re la ti ve ly rapid tempe ra ture ri se in 
the las t 100 years with present-day temperatures nea rly the 
sa me as th ose of th e ea rl y H o locene. A ltho ug h th e rapid 
recent ri se p robably indicates a rea l temperature increase, 
the longe r decreasing tre nd could be due to cha nges in ice­
shee t eleva ti o n. An e le\'a ti o n increase o f 185 m on Law 
Dome is required for th e 0.6%0 01 0 change (from the pre­
sent-day b l 8 0 jelevati on re la ti o n), and thi s wo uld be quite 
poss ibl e, o nl y requiring a 1.8 cm year 1 mass imba la nce (in 
a n acc um ulation of 69 em ) fo r 10000 yea rs. R ecent work by 
Goodwin (1993, 1995), howcver, indica tes a n e leva ti on in­
crease o f 30 50 m on La w D o me in res po n se to th e in­
creased aec ulllul a ti on in th e H olocene as compared with 
the glac ia l. An eleva ti on c ha nge of th e o rder o f 185 m in 
the \'icinit y o f D ome C orVosto k requires a la rge frac ti ona l 
change in acc umulation a nd therefore seem s much less like­

ly. 
Atthe bo ttom ofDSS is 6m of basa l ice which has 8180 

values slig htl y more negati ve than most of th e H olocene a nd 
the present-cl ay prec ipita ti o n . These 81 ~0 values indica te 
just slightl y lower tempera tures than today, a nd imply th a t 
the ice is from th e last Inte rg lacial, i. e. a t least 110000 yea rs 
old. A few micropa rtide m easurements which show num­
bers simil a r to H olocene ice reinforce thi s interpre ta ti on. 
I\n a lt e rn a ti \'C interpre t a ti o n is th a t thi s is e\ 'e n m o re 
ancient ice, from the ori g ina l build-up of the ice shee t. This 
interpre ta ti o n follows from compa ri son with basa l ice a t th e 
bottom o f the G reenl and ice sheet at G RIP which Souchez 
a nd oth ers (199+) propose is ~2 400 000 years old . If the ice 
is this old , however, its no w ra te m us t be essenti a lly ze ro, 
which impli es tha t a ll th e surface velocity o f the ice shee t 
comes fr o m d e fo rm a tio n a bove the basa l ice. For D SS, 
future measurements of the bo rchole defo rm a tion a im to 
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determine the interna l strain and if accurate enough wi ll 
put limits on the movement of the basal ice. 

CRYSTAL SIZE AND C-AXIS ORIENTATION 
FABRICS 

Crystal size and c-axi s orientations were m easured on-site 
foll owing core recover y, in order to avoid possible changes 
in c r ys ta l structure du e to stress r elease durin g co re 
sto rage. Thin sections, typically 0.4- 0.8 mm thick depend­
ing on crysta l size, were taken between 117.3 m and the bot­
tom core a t 1195.6 m at about 5 m spacing. Mean crystal a rea 
was d etermined by counting crys ta ls in a g iven area of a 
th in sec tion when the sec tion s were mounted between 
crossed polaroids. Crystal orientations were measured with 
a modified Rigsby stage (Morgan and others, 1984). In the 
fin e-g rained ice more than 100 crys tals in a section were 
measured, but in some zones with large crystals a full core 
section would contain less than 100 crystal s. Crystal size was 
measured in both hori zo ntal a nd vertica l thin sections, 
whi le c-axis ori entations were measured only in horizontal 
thin sections. Figure 8 shows profil es against depth, of crys­
tal mean a rea, mean ha lf-girdle angle a nd selected fabric 
di agrams. The top 300 m is the normal-crystal growth zone 
where the growth rate is controll ed mainly by temperature. 
For DSS, the mean area increases from 4.2 mm2 at 117.3 m to 
15 mm2 at about 300 m, and a regression fit of the data gives 
a cr ystal-g rowth rate ofO.0384 mm 2 year - I. This value cor-

responds to a temperature o f - 9.8 Q C using Paterson's (1994) 
reI a tion , bu t DSS boreho l e - tem peraru re m eas u rements 
show th at th e tempera ture from near surface to 400 m is 
approxim ately constant a t - 21 QC. The fas ter than expected 
growth ra te for thi s temperaLUre is att ributed to the rela­
tively high deform ati on ra te a t DSS which is a consequence 
of high accumul ati on. Although fabri c patterns a rc general­
ly close to random distributio n in the upper 200 m, a small 
amount of central tendency is apparent by 300 m , indicating 
significant deform ation by thi s depth (Li , 1996). At this stage 
of development, where crystals are much sm.all er than the 
equilibrium size for the st ress situation (Jacka and Li , 
1994), the higher strain rate facilitates the grain-boundary 
migration , which leads to la rger crystals. An even larger 
effect has b een obsen'ed in the DE08 core which comes 
from an even higher accumula tion site on Law D ome. 

Crysta l g rowth between 300 a nd 1000 m is characterised 
by large fluctuation around a general increase in crystal size. 
Crystal fabrics continue to streng then, with strong single­
maxi m um patterns forming betwcen 620 and 1000 m, sug­
gesting tha t simple shear becomcs dominant with increasing 
depth. The development of the single-ma ximum fabri cs 
is errat ic, however, with som e rel ati\"ely weak (less con­
centrated ) patterns often found between strong single­
maximum fabrics. Detailed comparison between crystal size 
and fabric profil es shows tha t variations of crysta l size a re 
strongly rela ted to crys tal fabrics, with the larger crystal-size 
sections having weaker fabri cs a nd the smaller ones having 

Mean crystal size (mm 2 ) 
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Fig. 8. Summary rif ice-crystal structure. Average crystal size and mean Clystal angle ( c-axis co -latitude) vs dellth. A selection of 
fabric diagrams is included. 
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stronger fabrics as shown in Figure 8. The reason for thi , 'ar­
ia tio n is not kn own a t thi s stage, a lthough the ice-now feed­
bac k mecha ni sm ( in which mort' o ri e nted ec ti ons h ave 
enh a nced deform a tion which in turn enhances ori enta tion 
a nd sma ll er c r ys t a ls by pol ygoni zation ) can ma i nta i n or 
m agnify initial va ri a tions. Further im"Cstigations of the dif­
ferences in physical properti es (such a s chemica l a nd p a rticu­
la te concentrations) between the la rge a nd slll a ll crys ta l icc 
a re pl anned. 

Below about 1000 m, crys ta l size r apidly increases with 
d epth, from about 70 mm 2 to greater than Ij OO mm2 near 
the bottom of th e core, in associa ti o n with th l' development 
o f multi-max imum fabric pattern s. This ice appea rs to cor­
resp ond to zones with low shear defo rm ation rates a nd hig h 
tem pera tures (borehole temperatu res increase from a bo ut 
- 14 lO rC ). The hig hly compressed time-sca le in the 
basa l ice a llows the la rge cr ys tals to be de\-e loped b y a p­
prox imately th e same growth rate as in the upper level s. At 
the bottom o f the co re (11 95.6 m ) th e ice conta in s a la rge 
amo unt offin c \'isible impurity and exhibits very fin e c rys­
tals (area ,,-6.9 mm 2 ) with a strong sing le-m aximum fa bric. 
A vertical thin sec ti o n shows the sudde n change from la rge 
c r ys tal s in clean ice to fin e crys ta ls in silt )' ice within a few 
millimetres. Whil e the small crys ta ls m ay be a result o f in­
hibited growth , res tra ined by the la rge a mountofimpuriti es 
(K oe rner a nd Fi sher 1979), th e s tro ng single-m a ximum 
fabri c impli es th a t the ice is unde rgoing (or a t leas t has 
unde rgo ne) co nside ra bl e shear d eformati on. Ti son a nd 
oth ers (1994) sugges t th a t Greenl a nd ice which exhibit s a 
s imil a r fabric is locall y formed ice which was overridden 
a nd entra ined by th e g rowing ice shee t. Shear defo rm a tion 
occurring in th e g rowth phase produced the well-develo ped 
fabri c which was then presen 'ed in the nearl y stag na nt ice 
by th e high pa rticl e content which limits recrys ta lli zati o n. 
Alo ng with th e ge nera l trend of c rysta l g rowth a nd d e­
c rease of fabric stre ng th in th e las t 200 m of th e co re, a 
sharp re ve rsa l o f th e trend , ove r a few metres, is fo und 
a round 11 33 m. At thi s depth. which corresponds exac tly to 
th e LGM as indicated by the ox yge n-i sotope da ta, c r ys ta l 
size drops abruprly from around 300 mm 2 to 1+ mm2 in as­
socia tion with development of ver y stro ng single-m a xi mum 
fa bric. Prelimina r y particl e measure m ents (Coulte r-coun­
te r technique) have ShO\\"I1 th a t th e pa rticle concentra ti on 
a t 11 33 m is about 1- 2 mag nitud es hi g her th a n a bove or 
belo w the LGl\I. There is al so some evidence from initia l 
bore holc logg ing o f a shea r ba nd of hi gh hori zo nta l now 
ra te at thi s depth , but confirmati o n a nd mag nitude d e ter­
min a ti on must wa it until the bore hol e is rc-logged in th e 
futur e. Fin e c r ys ta ls a nd stro ng s ing le-ma ximum (-a xi s 
fabri cs a rc commonly found in \\'isconsin (and pa rticul a rly 
LGl\f ) ice, but the cause is still not c lear. Paterson (1991 ) has 
concluded tha t som e of the so lubl e impuriti es such as chlor­
id e a nd sulph a te impede g ra in-bo unda ry mig ra tion a nd 
g ra in g rowth so that the cr ys tal s re m a in sl11all , a nd rh l' 
sm a ll crys ta ls facilita te the develo pment of the single-max­
imum fabric by sp eeding up rec r ys ta lli zati on. The p os iti\'e 
feedback to ice d e form ati on the n furth er streng the ns the 
fabric a nd kee ps th e cr ys ta ls sm a ll. Pa terson limits hi s con­
clusion to a reas where the Wi sconsi n ice ex ists in the lower 
part of ice thickn ess a nd where the stress configura tion pro­
duces simple shear deform ati on. 

C ow a nd \Vi II ia mson (1976) a nd Budd andJac ka (1989) 
ha \ 'e shown th a t simple shea r d e fo rm a ti on res ults in ice 
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with sing le-max imum fa bric and fin e c r ys ta l size. Further 
work by Jacka and Li (1994) has shown th a t the stead y-sta te 
crys ta l size inversely depe nds on the mag n itude of the stress. 
In stead y-sta te terti a ry fl ow, higher stress r es ults in sma ll e r 
crysta l size, In Law D o m e, most of th e strong sing le­
maximum fabric ice with sm a ll crys ta ls h as been found a t a 
depth well above Wi scon sin ice (Xie, 1985; Li and othe rs, 
1988). At DSS, the minimum crystal . ize found between 600 
and 1000 m genera ll y corresponds to a stronge r sing le­
maximum fa bri c. Th e sm a ller cr ys ta l s izes ha \'e similar 
\'alues lO th ose found in \Vi sconsin ice where strong single­
max i mum fabric occurs (1133 m). Recent 1 aboratory ice-de­
fo rm a tion tes ts using ice samples ca refull y se lected fro m 
Holocene a nd Wisconsin ice from Gree nl a nd , Agassiz a nd 
Anta rc tic ice sheets have fo und that \\'isco nsin ice at the te r­
ti a r y deformati on stage h as no specia l pro perti e ,either in ice 
now o r in c rys ta l size a nd fabric (Wa ng, 1994). This implies 
th a t th e st ro ng sing le -m a ximum/fin e c r ys ta l- size fa bri c 
found in pola r ice sheets at th e LGN! is no t sol ely clue to high 
impurit y le\'els but must a lso be dri\ 'en by conditi ons in the 
ice shee t. It is obse rved th a t the LGM shea r zone usua l Iv 
a ri ses where this laye r is situated at a depth where the shea'r 
stress is Cl maximum, stress in the ice a t g reater depth being 
reduced by the eITect o f bedrock reli ef (Budd and Rowden­
Ri ch, 1985). To help a nswer the questi ons ra ised by the fabric 
and now variati ons, a nnealing experime nts using samples 
with simil a r crys tal size a nd fabrics ca refull y selected fro m 
the DSS co re at \'a ri ous d epths in the H o locene, Wi sconsin 
and pre-\\'i sconsin period s a re being perfo rmed. 

CONCLUSION 

The DSS ice core conta ins 1113 m o f" H olocene ice (6180 ~ 
- 22%0,), 20 m of LG M /H olocene tra nsiti o n ice, 54 m of ice 
from the Las t Glac ia l (61°0 = - 26 to - 28%0,) and a bo ut 
9 m o f ba sal ice with 618 0 rv 22%0. The 6Hl O value of thr 
ice fro m th e glacial confi rms that Law D o me ex isted as a n 
inde p e ndent ice shee t a t thi s tim e. Th e la rge thi ckn ess of 
Ho locc ne ice, and the r a pid thinning which results in the 
entire g lac ia l being compressed into 5+ m , is a consequence 
of th e ve r y high acc umul a tion rate a t the. ite. Al so res ulting 
from the high acc umul a ti o n a rc the clea rl y defined a nnua l 
laye rs, whi ch permit acc ura te d a ting (± I % ) by simply 
co unting layers down fro m the surface . Fa ll out from th e 
erupti o ns of Agung a nd Ta mbora is used to confirm th e d a t­
ing, whil e the erupti o n d a te of Kuwa e, Va nuatu , is put a t 
1+57 by th e ice-core daring. The linea r thinning found in 
the to p 1000 m impli es uniform stra in , a nd the meas ured 
strain ra te is used in a simple model o f the ice now to ex tra­
pola te the dating towards tl1f' hrdrock. Ice-crys ta l size gen­
erall y inc reases down th e core exce pt a t the LGl\[ wh ere 
th e re is a di stinct minimum. Crysta l fa bric developm e nt 
co rre la tes inversely with size both ge ne ra ll y a nd in th e 
sm a ll-sca le vari ati ons. 
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