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Analysis of borehole temperature and Greenland Ice Sheet Project II ice-core isotopic 
composition reveals that the warming from average glacial conditions to the Holocene in 
central Greenland was large, approximately 15°C. This is at least three times the coin- 
cident temperature change in the tropics and mid-latitudes. The coldest periods of the 
last glacial were probably 21 "C colder than at present over the Greenland ice sheet. 

T h e  Greenland Ice Sheet Project I1 
(GISP2) deep ice core has yielded a remark- 
able history of the  oxygen isotopic compo- 
sition of central Greenland snowfall [S1'O 
of ice ( I ) ]  that extends through the  last 
glacial period (2) .  T h e  nearby Greenland 
Ice Core Project (GRIP) record (3) is es- 
sentially identical for ice formed after the  
110,000-year-old Eelnian interglacial, and 
both are similar to  isotope histories oh- 
tained in other Greenland cores, giving 
confidence that these cores record aspects 
of regional climate (4) .  Using both empiri- 
cal data (5)  and physical ~nodels for isotope 
fractionation (6) ,  paleoclilnatologists have 
internreted 6 %  to  he a measure of envi- 
ron~nental  temperature T at  the  core site, 
through a simple relation that \ve call the  
isotopic paleothermometer: 6'" = aT + 
p,  here a and p are constants. There are 
two obstacles to makine this internretation " 

sound. First, the coefficients a and p are 
not known a priori (7-9) because many 
factors in addition to  local environmental 
temperature affect isotopic composition. 
These include chanpes in sea-surface co111- - 
position and temperature ( l a ) ,  changes in 
atlnospheric circulation (1 1 ), changes in 
cloud ternperature, \ \ ~ l ~ i c h  may be different 
from changes in surface temperature (12) ,  
challges in the  seasonality of precipitation 
(13),  and postdepositional isotopic ex- 
change in the  sllowpack (14).  Second, all of 
these factors may vary through time in such 
a way that a siqgle, linear relation h e t ~ e e n  
6'" and T is inappropriate. Thus, there is 
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strong m o t ~ v a t ~ o n  to seek paleotemperature 
inforlnation that is entirely independent of 
isotonic historv 115. 16)  to calibrate the  , , 

paleother~llollleter. W e  have obtained such 
inforlnation by lneasuring temperature a t  
depth in the  ice sheet, and we use this 
infor~nation to  evaluate a and p. 

During the summer of 1994, one of us 
(G.D.C.) lneasured temperature in the 3044- 
m-deep GISP2 core hole from 70 m helow 
the surface to the base of the ice sheet. A t  
that time, the therlnal perturbation from 
drilling had decayed to less than 0.04"C, so 
the telnperature in the  horehole matched 
the telnperature in the surrounding ice sheet 
at this accuracy and hetter (17).  T o  deter- 
mine the coefficients a and p in the isotopic 
paleotl~ermometer, we used the GISP2 6"O 
record and an  initial guess for a and p to 
specify a 100,000-year history of environ- 
mental temperature. W e  then calculated 
suhsurtace temperatures using T as the forc- 
ing function o n  the upper surface of the ice 
sheet in a linked heat- and ice-flow model. 
Finally, \ve adjusted a, P, and the geother- 
mal heat flux from the  underlying bedrock, 
using the Levenberg-Mariluardt method (1 8) 
to rnini~nize the mismatch between modeled 
and measured subsurface temperatures. For 
this purpose we defined the lnislnatch index 
J as a ~ e i g h t e d  integral over ice depth -t of 
the squared difference hetween  nodel led and 
measured subsurface temperatures (bf and O, 
respectively) 

Here a, and a, are weighting functions 
that assign relative importance to misfit in 
various parts of the borehole: a,, assigns 
lnore ~veight to the  upper part of the  hore- 
hole,  here the temperature does not de- 
pend o n  poorly known ice dynamical cluan-. 
tities, and a, assigns ~noi-e weight to the  , - 
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(1 9) .  T h e  solution that ~lliniruizes J is non- 
uniilue because 11.e are free to  choose f. 

T h e  heat-flow colnponent of our lnodel 
is a numerical solution to the advection- 
diffusion equation with heat sources (2a) .  
T h e  model is one-dimensional (vertical). 
\\,it11 a lnovahle upper houndary to allow 
changes in the  ice sheet thickness. These 
chaqges, and the vertical ice velocity re- 
sponsihle for heat advection, are calculated 
with standard glaciologic assumptions for 
flow o n  the  flank of an  ice divide ~ v i t h  
silnple parameterizations to account for 
two-dimensional effects. In our model, the 
ice sheet responds to local changes in snow 
accumulation rate, surface temperature, and 
ice crystal fabric and to  distant challges in 
ice margin position (21 ). T o  calculate ver- 
tical heat advection lnost confidentlv, and 
to account for t~o-d imens iona l  effects o n  
ice particle we tuned the vertical 
velocity so that the  lllodern depth-age scale 
~natched our lnodel \vithin a s~nal l  toler- 
ance. Because of this tuning, our conclu- 
sions are insensitive to poorly known as- 
pects of the  ice dynamics. T h e  GISP2 
depth-age scale \vas deterlnined hy annual 
layer counts to ahout 40,000 years ago (40 
ka) and hy correlation to the ocean-core 
time scale (SPECIMAP) through analysis of 
the oxygen isotopic colnposition of O2 gas 
for older ice 122-24). 

T h e  snow accumulation rate history b(t) 
exerts a dolninant control o n  ice sheet 
thickness and vertical ice flow, and hence 
vertical heat advection. For the most recent 
35,000 years, we derived b(t) from the layer 
thickness measurements of Meese and 0th- 
ers (23) ,  corrected for ice-flow thinning. 
Our  correction uses strain calculations as 
done previously (24,  25),  hut we also in- 
cluded the  dependence of layer thinning o n  
the  thickness history of the ice sheet (26,  
27),  which in turn depends o n  the  temper- 
ature historv. Before 35 ka in the  model 

Fig. 1. The central Greenland 6'" history for the 
most recent 40,000 years. The smooth curve re- 
sults when this history is filtered to mimic the ther- 
mal averaging in the ice sheet 145). All temperature 
histories that give this same curve when filtered 
are indistinguishable to borehole thermometry 
129). The rght axis shows our calibrated temper- 
ature scale. 
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runs, we calculate b(t) from the oxygen 
isotopes using a linear correlation hetween 
S1'O and our b(t) for the most recent 
35,000 years (28) .  

Because heat diffusion damps high-fre- 
quency temperature changes as they propa- 
gate from the  surface down into the  ice 
sheet (thermal averaging), information o n  
rapid en\.ironmental temperature changes 
in the  past is poorly retained hy the  present- 
day temperature field 0 ( 2 )  in the  ice sheet 
(29) .  Thermal averaging is Illore extensive 
for older climatic events. In contrast, the  
GISP2 6130 record retains infornlation 
ahout rapid climatic changes. If n e  degrade 
the  S1'O record so that it retains onlv the  
age-dependent low-frequency content that 
can be recovered from the present-day tem- 
perature field (Fig. I ) ,  then the abrupt ter- 
mination of the  Younger Dryas, the  Young- 
er Dryas itself, and the  Balling/Allerad pe- 
riod heconle ruinor features of the  history, 
and earlier interstadial events are n o  longer 

evident. Thus, our isotope calihration is 
sensitive mainly to  the  long warming from 
full glacial conditions to  the  Holocene, and 
to Holocene temperature changes (3G). 

W e  find the  optimal linear paleother- 
lnolneter to he 6"O = 0.327T - 24.8 if we 
assume ice dynamics are well known (f = 1; 
refer to Eq. I ) ,  and 6'" = 0.335T - 24.5 
if we assume ice dynamics are poorly known 
(f = 1000) (31 ). Usi11g these calihration 
constants, we find a remarkahly good fit 
hetween the telnperatures measured in the  
horehole (Fig. 2) and the corresponding 
nlodeled temperatures; the  model accounts 
for 99.88% of the  variance of the  measured 
profile relative to steady-state. This is 
strong evidence that 6180 is indeed a faith- 
ful proxy for long-term average temperature 
at this site. There is no  hetter explanation 
for the success of such a simple calihration, 
given the  slllall nulnher of free paranleters 
in the  inversion. 

However, the  fit is not perfect. For in- 

Table 1. Sensitivity of a = dj6'80)ldT to changes in ice dynamlca quantities that are poorly known or 
uncertain (47). The constant a is most sensitive to adjustments of the age-depth relation (the time scale); 
however, even this sensitivity is minor. The 2O0 uncertainty in age at the Younger Dryas termination (1 680 
m in depth) is an estmate by Alley el a/. (24). 

Model ad~ustment 

No marginal retreat 
Intial temperature 4'C warmer 
lnltlal temperature 4'C colder 
No north-south spreading 
Use uncorrected bjt ) 
No fabric evolution 
Age reduced by 2% at 1680 m 

and by 20°a at 2800-m depth 
Age Increased by 2O0 at 1680 m 

and by 20% at 2800-m depth 
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Fig. 2. Comparison of measured and modeled temperatures within the Ice sheet, as functions of height 
above the Ice sheet bed (normallzed to the thickness of the ice sheet). (A) The full Ice sheet thickness. At 
ths  scale, the measurements and the optimal model results are indistinguishable. (B) The upper part of 
the ice sheet. The Llttle Ice Age. the md-Holocene warmth, and the cold glacal are immediately evident 
In the telnperature profile, a s  they are in the GRIP hole (46). The temperature increases considerably 
toward the bed because of geothermal heating. The best possible fli wth the approxmate modern spatial 
value of a = 0.65 per mi 'C-' (5) IS a poor match to the data. 
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stance, the  isotope record underpredicts the  
magnitude of cooling in the  late Holocene. 
If we allow some time variation of a ( 3 2 ) ,  1 
is nlinimized with a .= 0.33 per nlil O C '  

(33) during the deglacial transition. For 
much of the  Holocene the  optinla1 value for 
a is 0.25 per mil " C P 1 .  In  the  most recent 
several centuries, for which higher frequen- 
cy climate changes are resolved hy the  hore- 
hole temperatures, a beconles larger (0.46 
per nlil 'C- ' )  and closer to the value in- 
ferred fro111 nlodern temperature records 
(33) .  Our  result shows that the  general 
circulation model of Jouzel r t  al. (8) can 
provide hetter estimates of past values of a 
than the value of 0.60 to  0.67 per mil "C- '  
derived from the modern spatial correla- 
tion; they predict a = 0.43 per mil " C P 1  for 
the  deglacial transition hy linking changes 
in atmospheric circulation and source tern- 
perature to  a physical nlodel of isotope frac- 
tionation (34).  

T h e  low value of a that we find for the 
deglacial transition is well-constrained (Fig. 
3 )  and insensitive to  changes in ice dynam- 
ical paranleters (Table 1) .  T h e  average tem- 
perature difference b e t ~ \ ~ e e n  the  Wisconsin 
Glaciation and the  Holocene is therefore 
large (Fig. I ) ,  14' t o  16OC, and the  coldest 
periods of the  last glacial were prohahly 
21°C colder than at present (Fig. 1) .  T h e  
climatic deglacial temperature cha~ lge  (at  
constant elevation) nlay he l o  to 2°C larger 
than this hecause the  Greenland ice sheet 
was probably thinner during the  glacial as a 
result of a substantial reduction in accumu- 
lation rate. Geologic evidence suggests that 
the  margins of the  ice sheet retracted by 
about 100 km during the Wisconsin-Holo- 
cene transition (35).  Using this value, and 
assuming a sylnrnetrical retreat of east and 
west margins, we estimate that the  ice sheet 
thickened hy 250 m from the  last glacial 
maximum to  the  present, and a t  least 100 m 
from average glacial conditions to  the  
present (36).  
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n (per mil "C.') 

Fig. 3. The mismatch J between modeled and 
measured borehole temperature profes, normal- 
ized to its mnimum value, a s  a functlon of a .  The 
well-defned mlnlmum shows the location of the 
optimal value for a.  0.327 per mi 'C-'. To pro- 
duce ths  curve, we chose values for a ,  then in- 
verted for p and the geothermal flux to optimize 
the fit. 
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Recent estimates of the Wisconsin-to-
Holocene warming in the low mid-latitudes 
are 4° to 6°C. This result is based on a 
variety of methods, including snow line de
pression studies (37), palynology (38), no
ble gas paleothermometry applied to ground 
water (39), and stable-isotope paleother
mometry applied to coral reefs (40, 41). 
The ~8°C temperature change commonly 
inferred from ice-core isotopic records (37), 
including those from the new GISP2 and 
GRIP cores (2, 4), using the modern spatial 
value for a of 0.60 to 0.67 per mil °C"~1, is 
only slightly larger than recent estimates 
from the tropics. By contrast, we have 
shown that the temperature change in cen
tral Greenland was three to four times larg
er than that in the tropics, a result that is 
consistent with borehole temperature anal
yses at Dye 3 in southern Greenland (42). 
Many models have suggested that initially 
minor changes in global temperature will be 
magnified in the Arctic, with possibly ma
jor consequences for sea level and planetary 
albedo (43). Our data not only confirm that 
such amplification happened in the past but 
also show this amplification to be larger 
than generally thought. 
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layer thckness anayss of Bolzan etal. :261. H o > ~ e v -  
er >we cannot be conf~dent that th~s th~ckness n -  
crease mplles a greater cllmatlc temperature 
change, because the d~fference betvjeen cloud and 
surface temperatures also may have changed 

37. W. S. Broecker and G. H. Denton, Geochrm. Cos- 
rnoco,:,~. Acta 53. 2465 (1989) 

38. Foss  and other data are revev!ed by regon n H E 
Wr~ght et a / .  Eds.. Glonal Chmates slnce the Last 
Glactal Maxtrnurn (Unv of Mnnesota Press Mnne- 
apolis 1993) 

39. M Stute etal. , Sc~ence 269 379 :19951. 
40 J. W. Beck et ai  . ~ b ~ d .  257, 644 (1992), T P. Guil- 

derson. R. G Farbanks, J. L Rubenstone. !bid. 263 
663 :I 9941 

41 Estmates of the tropical glacialHolocene warmng 
based on plankton~c m~crofoss assemblages are 

cons~derably smaller [CLIMAP Project Members. 
Geol Soc A n .  ilAap Cilari Ser. ilAC-36 11 981 ) ,  (40)] 
Ths dscrepancy s not resolved, but a ~ . i de r  varety 
of evdence ndcates -3'C of l;5!armng. 

42. nterpretatlon of borehole temperaillre data from 
Dye 3 must include strong horzontal heat advecton. 
whch has probably changed through tme,  and larg- 
er uncertalnt~es n the accumulat~on h ~ s t o y  com- 
pared to GISP2 The GlSP2 core has shown the 
glacal accumuaton rate to be approxmately one- 
t i i rd that of the Holocene (24). For this accum~~la ton 
rate contrast, t ~ . o  analyses of Dye 3 temperature 
(76. 44) lnd~cate an approxmately 14°C deglaclal 
temperature change 

43. for summa^], seeJ. T Houghton G J. Jenkns. J. J. 
Ephra~~ms.  Eds . Cl~mate Cliange, The IPCC Soen- 
t~hc Assessment (Cambr~dge Un~v. Press. Cam- 
br~dge, 1990). 

44 J F~restone. J Glacioi 41, 39 :I 995). 
45 Our f t e r  IS the resoluton kernel of Backus-Glbert 

nverslon; W Menke. Geophys~cal Data Analvs~s. 

Superplasticity in Earth's Lower Mantle: 
Evidence from Seismic Anisotropy 

and Rock Physics 
Shun-ichiro Karato,* Shuqing Zhang, Hans-Rudolf Wenk 

In contrast to the upper mantle, the lower mantle of the Earth is elastically nearly isotropic, 
although its dominant constituent mineral [(Mg,Fe)SiO, perovskite] is highly anisotropic. 
On the basis of high-temperature experiments on fabric development in an analog CaTiO, 
perovskite and the elastic constants of MgSiO, perovskite, the seismic anisotropy was 
calculated for the lower mantle. The results show that absence of anisotropy is strong 
evidence for deformation by superplasticity. In this case, no significant transient creep is 
expected in the lower mantle and the viscosity of the lower mantle is sensitive to grain 
size; hence, a reduction in grain size will result in rheological weakening. 

Rheologlcal  properties have an  important 
influence o n  the  nature of flow In the deeo 
interior of the Earth, but both laboratory 
and theoretical studies of deep mantle rhe- 
ology have sigllificant limitations. Qua~l t i -  
tative measurements of the strength of ina- 
terials under high pressures and tempera- 
tures are difficult, and no  rheological mea- 
sureinents have been performed under 
lower lnantle co~lditions. Neither the rheo- 
logical co~lstitutive relation (that is, the 
dependence of viscosity o n  stress or grain 
size or both) nor the absolute values of 
viscosity of the  lo\ver mantle are well con- 
strained (1) .  T h e  rheology of the  Earth's 
deep interior can be inferred from laboi-ato- 
ry data only after a large extrapolation in 
time scales, whlch i~ltroduces a slg~lificant 
ainount of uncertainty. Slinilarly, theoreti- 
cal estlinates of rheological properties of the  
Earth's deep interior froin time-dependent 
deformation are difficult to make because of 
( I )  the poor sensitivity of the data to rheo- 
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logical properties of the  deep portions of the 
Earth ( 2 ) ,  (i i)  the ~ ~ n c e r t a l n t ~ e s  in some key 
input parameters such as the meltl~lg hlsto- 
rv of ice sheets (3)  in the analvsis of the 
postglacial rebound, or ( ILL)  the density-to- 
\~eloclty c ~ n \ ~ e r s l o n  fact01 (4)  in the anal- 
\sls of the  eeold. 

O n e  strategy to get around these diffl- 
culties is to combl~le  seislnoloeical observa- 

u 

tions of anisotropy and laboratory st~ldies of 
deformation-induced lattice preferred ori- 
entation [for example (5)]. T h e  anisotropic 
structure of ileformed lnaterials depends o n  
deformation inecha~llsills (and deformation 
geometry) [for a review, see (6)], and anlso- 
tropic structures can be observed seismo- 
logically as far down as the center ( that  is, 
Inner core) of the Earth (7). Plastic defor- 
ination by diffusion or superplastic creep 
will result in a n  isotronlc structure, whereas 
deformatio~l by dislocatio~l creep or twin- 
nine results 111 an  anisotrooic structure. 

u 

Thus, a l t l ~ o ~ ~ g l ~  this approach will not p r o ,  
vide direct estimates of the  absolute values 
of viscosities, it aro\~ides illforlnation as to , . 
the rheological constitutive relation (stress 
or grain-size dependence of \~lscosity) and 
hence 11ldirectly i11Jlcates rheological dis- 
continuities or weakening associated with 

Discrete lnverse Theory (Academc Press. San D -  
ego revsed ed. 19891. pp. 71 -72 

46. N S Gundestrup D. Dahl-Jensen. S. J. Johnsen. A. 
Poss~. Cold Reg Sc;. Teco. 21.399 :1993) analyses 
pendng (D. Dahl-Jensen and S. Johnsen, In prepa- 
raton) 

47 For the no north-south spreadng " we assumed 
that the Ice flov! s tv!o-dmensonal feast-west and 
vertcall. The uncorrected accumuaton rate hstory 
has not been corrected for thckness changes of the 
Ice sheet. For "no fabrc evolution, there is no en- 
hancement of Ice softness for Ice deposted durng 
glacal tmes. 
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grain-size reductLon (5. 8). 
Here we apply thls strategy to the lo\ver 

mantle. O n e  of the nlost striking obser\~a- 
tions of the lower illalltle 1s the absence of 
significant seislnic anisotropy (9)  even 
though the dolnl~lant  mineral 111 the  lower 
mantle, orthorhombic (Mg,Fe)SiO, pe- 
rovskite, has significa~lt elastic anisotropy 
(1 0. 1 1 ) .  T h e  absence of observed anisot- 
ropy in the lo\ver mantle could be attribut- 
ed to ( i )  chaotic convection; (i i)  linlited 
plastic de fo rmat io~~;  (ili) the allisotroplc 
structure in the lower mantle \vhich hau- 
pens to be such that,  for seismic nraves 
tra\~ellng nearly vertically [such as those 
used in  seislnoloeical studies 19)1, the  . > 

amount  of shear \vave splitting is sinall 
(1 2 ) ;  or ( I V )  the  fact that  the  deforlnation 
does not  result in a n  ailisotronic structure. 
T h e  first hypothesis means that  the  lower 
mantle materials could have anlsotrouic 
structure (possibly due to deforrnatlon by 
dislocatio~l creep),  but the  scale of coher- 
en t  deforlnatioil is much smaller than  the  
length of typical seismic wave paths (for 
ScS or SKS) so that ,  011 average, n o  ap- 
preciable anisotropy \vould be detected. 
This  hypothesis 1s unlikely because selslnic 
tonlography indicates that  the  lower man-  
tle structure is doininated by 1lo1g wave 
length features (13) ,  and a high viscosity 
of the  lower lnantle \\,ill make chaotic 
convectloll iiifflcult t o  achieve (14) .  T h e  
second hypothesis 1s also ~lntellable be- 
cause selsmic tomography i~ldlcates the  
presence of dow~lgoing and upwelling cur- 
rents in the  lower mantle (15) ,  and the  
Rayleigh number for the  lower lnalltle is 
likely to  exceed the  critical value [see, for 
example, ( 1 ) I .  Discrimination of the  last 
t\vo alter11atil.e~ reuuires a n  investleation 
of the  relation bet\veen the  nature of de- 
formation and seismic anisotropy 111 lower 
lnantle materials. 

T h e  most iiirect data o n  this subject 
must ultimately colne from high-pressure, 
high-temperature deforlnation experiments 
performed o n  polycrystalline (hlg,Fe)SiO, 
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