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free isoleucine. 
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tides and proteins provide additional evi- 
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slowly compared to the epimerization 
rate of the remaining terminally bound 
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slowly epimerizing free isoleucine re- 
sults in a decrease in the apparent first- 
order rate constant. Furthermore, in- 
asmuch as the amino acid sequence of 
calcified protein is unique for each spe- 
cies, the shape of the isoleucine epimeri- 
zation curves for fossils will be species- 
dependent; variable rates of isoleucine 
epimerization have already been demon- 
strated for different species of foraminif- 
era and mollusk shells (9). In order to use 
kinetics of amino acid epimerization- 
racemization for dating purposes, it is 
necessary, therefore, to establish inde- 
pendently the kinetics for each matrix or 
species of interest; kinetics obtained for 
one species may not be applicable to oth- 
er species. 
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The response of large ice sheets to cli- 
matic change is important to understand- 
ing the dynamics of the present-day ice 
sheets as well as to understanding the 
volumetric changes of ice during glacia- 
tions. A number of mechanisms have 
been proposed to account for ice sheet 
changes (1), but one of the simplest has 
escaped close attention in the literature. 

The temperature of an ice sheet is gen- 
erally somewhat less than freezing for 
most of the thickness. A climatic change 
in temperature at the surface is slowly 
propagated into the ice mass with the ice 
motion and by conduction. Because the 
creep of ice is temperature-sensitive, a 
climatic warming must cause an ice-flow 
acceleration some time later than the cli- 
matic change. 

It is possible to calculate the lag time 
from climatic warming to ice accelera- 
tion and the amount of acceleration. I 
have done this for the present-day West 
Antarctic ice sheet, and the slow thin- 
ning of the central portion (2) can be ex- 
plained in this way as a result of the 
Holocene warmth. The mechanism is al- 
so applicable to the former Laurentide 
and Scandinavian ice sheets, and the 
rapid expansions of those ice sheets, es- 
pecially at the end of the glaciation, 
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C, dt- V K0 + heat 
dt (1) (1) 

where 0 represents temperature, t is 
time, K is the conductivity, Cv is the heat 
capacity, and V is the gradient operator. 
Heat is released as a result of deforma- 
tion of the ice as it flows. In the central 

portion of an ice sheet, heat conduction 
is almost entirely in the vertical direc- 
tion, z, and horizontal advection and var- 
iations in conductivity and capacity are 
not very important. Applying these sim- 
plifications, Eq. 1 becomes 

O0 a20 : 0 
Cv- = K Cv w + heat 

at az2 Vz 

The vertical velocity of a particle in the 
ice sheet, Iwl, is about 0.2 m year-' at the 
top surface of a typical ice sheet and de- 
creases to near zero at the bed. 

Let the steady-state temperature be- 
fore a climatic change be described by 00 
and the temperature after a climatic 
change by 0 = 00 + 01. Thus, 01 repre- 
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Inland Ice Sheet Thinning Due to Holocene Warmth 

Abstract. The climatic warming of 10,000 years ago is now affecting the central 
portions of ice sheets, causing ice-flow acceleration. This process explains the pres- 
ent-day thinning of the ice sheet in West Antarctica. Former ice sheets must have 
also responded to climatic warming with a delay of thousands of years. This lag in 
response is important in the climatic interpretation of glacial deposits and of 
changes in ice volume obtained from deep-sea cores. 
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sents the climatic perturbation and 
a6o/at = 0. The steady-state heat flow is 

governed by 

z0= -K -C w + heat 
8z2 V8 

and nonsteady heat flow by 

= K 20 + K 201 
C v at az2 dz2 

80o a6, 
Cv -- w - Cv w + heat 

az az 

0 

(2) 

1000 

E 

(3) . 
- 

Changes in heat production associated 
with the increased velocity after the 
warming are second order to this calcu- 
lation and need not be included to de- 
scribe the first effects on ice flow. Such 
feedback effects would enhance some- 
what the ice thinning result obtained be- 
low. 

Subtracting Eq. 2 from Eq. 3 provides 
a description of the temperature per- 
turbation (3): 

ae1 K 20 _ 80 
At Cv az2 az 

(4) 

Equation 4 has been solved numerically, 
and the temperature perturbation due to 
a warming 10,000 years ago is illustrated 
in Fig. 1. 

A value for the warming at the top sur- 
face about 10,000 years ago can be ob- 
tained from the change of 7 per mil in the 
stable oxygen isotopic ratio (6180) of ice 
deposited before and after that time (4). 
Aldaz and Deutsch (5) established with 
data from the South Pole that, on the 
short term, a change in 8180 of 1.4 per 
mil is associated with an air temperature 
change of 1?C; from this, and the pres- 
ent-day geographic distribution of 8680 
and temperature, a top surface warming 
of about 5?C in Antarctica is inferred (6, 
7). There is a problem with using short- 
term variations to estimate long-term cli- 
matic changes in this way. However, few 
workers would question the sense of the 
temperature change some 10,000 years 
ago, and 5?C is a suitable round-figure 
value for this change. From Fig. 1, this 
causes a net warming of about 1?C at a 
depth of 2000 m, after 10,000 years. 

This warming within the ice causes 
more rapid ice deformation. The temper- 
ature sensitivity of ice in creep is de- 
scribed by an activation energy which 
has been determined from laboratory ex- 
periments to be in the range of 50 to 200 
kJ/mole (8, 9). A favored value is 70 kJ/ 
mole (9). Differentiating the Arrhenius 
relation (8), these activation energies re- 
sult in a temperature sensitivity of ice 
creep of 9 to 33 percent per degree Cel- 
sius, with about 10 percent being pre- 
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Fig. 1. Calculated temperature perturbation in 
central West Antarctica, 10,000 years after a 
surface temperature change (12). 

ferred. The central part of the West Ant- 
arctic ice sheet, where the temperature 
perturbation calculation applies, is there- 
fore expected to be flowing 10 to 30 per- 
cent faster than it was 10,000 years ago. 
A more exact method of calculation, 
based on an integration of the relative 
changes in ice velocity through the ice 
thickness, gives about the same result. 

A comparison of the ice outflow rate in 
central West Antarctica with present- 
day snow accumulation rates shows that 
the ice velocity is about 20 percent great- 
er than the velocity needed for steady 
state and the ice sheet must be thinning 
(2). In earlier publications (2) I have ar- 
gued that the most probable explanation 
for this imbalance is reduced net snow 
accumulation and that values some thou- 
sands of years ago must have been larger 
than those measured for the period 1964 
through 1974. I argued against an ice out- 
flow acceleration because I was unable 

to devise a satisfactory mechanism for 
uniform acceleration. The theory pre- 
sented here provides such a mechanism, 
and it predicts the appropriate amount of 
excessive ice flow. Reduced net snow 
accumulation is a possible interpretation 
for part of the imbalance; however, the 
warming effect described here is suf- 
ficient, and I consider it the best ex- 
planation for the thinning in central West 
Antarctica. 

Figure 2 demonstrates the time pro- 
gression of warming. The warming at 
depth depends on the time and amount of 
surface warming and not critically on the 
suddenness of surface warming. The 
warming is taken as having started 
10,000 years ago, but the date is also not 
critical. At about 15,000 years after the 
surface warming, the effect at 2000 m is 
about twice that after 10,000 years, and, 
within the uncertainties of the amount of 
warming and the activation energy, a 
warming at that time is also consistent 
with the measured thinning. 

This theory applies to those parts of 
ice sheets where the motion is caused 
primarily by internal deformation, and it 
describes only the effect of surface tem- 
perature changes. Changes in net snow 
accumulation are not treated here be- 
cause data are lacking on even the sense 
of possible changes. The effects of sea- 
level changes or changes in the controls 
on bottom sliding are not addressed 
here. 

This theory is expected to apply to the 
central portions of all ice sheets. There 
are no data with which to test the appli- 
cation of the theory to East Antarctica. 
The lag time there is very much longer 
than for West Antarctica because of the 
small accumulation rate. Data from 
Greenland show thickening in the central 
area (10) which, if correct, would suggest 
that the thinning due to warming is more 
than compensated by, perhaps, in- 
creased Holocene snow accumulation in 
Greenland. 

-10000 -8000 -6000 -4000 -2000 0 2000 4000 6000 8000 10000 

Time (years) Present day Time (years) 

Fig. 2. Time progression of deep temperature change. The calculations apply to central West 
Antarctica. The time needed for surface temperature changes to affect deep ice is longer for 
thick ice sheets and for ice sheets with smaller snow accumulation rates, and shorter for thin ice 
sheets and for ice sheets with larger snow accumulation rates. 
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The theory is important to inter- 
pretations of ice-marginal changes. As 
developed above, the theory does not di- 
rectly describe the reaction of the outer 
portions of ice sheets because the flow 
there is dominated by bottom sliding. 
The ice thickness in these outer portions 
is controlled, in large part, by the supply 
of ice from the interior. Increased ice ex- 
port from the central areas, as a delayed 
response to climatic warming, must be 
accommodated by ice thickening and an 
advance of the ice sheet margin. Because 
of central ice sheet warming, ice sheets 
are expected to advance some thousands 
of years after the warming. A marginal 
advance or at least a thickening of the 
marginal areas of West Antarctica is 
therefore expected in the future. The 
rather rapid final advance of the Lauren- 
tide and Scandinavian ice sheets (11) 
may have been in response to such a 
warming and not to a cooling, as has 
sometimes been inferred. 

These considerations are important to 
the interpretation, in terms of climate, of 

changes in continental ice volumes ob- 
tained from studies on ocean bottom 
cores. A general and simple climatic 
warming would immediately affect ice 
volume by increasing net ablation and 
runoff from the ablation zones. This 
would be followed, some thousands of 

years later, by an ice advance and by an 
increase in the area of ablation zones due 
to the delayed warming effect on the cen- 
tral ice sheet. The most dramatic de- 
crease in the continental ice volumes 
may be expected after the climatic 
warmth penetrates into the central ice 
sheet and the ice sheet margin sub- 

sequently advances. 
I. M. WHILLANS 

Department of Geology and Mineralogy 
and Institute of Polar Studies, 
Ohio State University, 
Columbus 43210 
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estimated from the geochemical balance. 

The relative reactivities of elements in 
the marine hydrosphere can be deter- 
mined from a knowledge of the average 
time an element spends in the oceans (1). 
Barth (2) and Goldberg and Arrhenius (3) 
have defined the mean residence time T 
of an element as 

T= A/Q (1) 

where A is the total quantity of the ele- 
ment in the sea and Q is its rate of in- 
troduction or removal; in the steady 
state, these two rates become equal and 
either can be used (4). As a first approxi- 
mation, Goldberg and Arrhenius consid- 
ered a single cycle of introduction and 
deposition, and estimated the residence 
times of 15 major and minor elements. 
The results obtained were found to vary 
between 2.6 x 108 years for the most 
soluble element, Na, and between 100 
and 160 years for the most quickly pre- 
cipitating elements such as Al, Fe, and 
Ti. Using the same method, Merrill et al. 
(5) estimated the residence time of Be to 
be 150 years (6). 

Arnold (7) has examined the useful- 
ness of more complex models, in particu- 
lar, one that consists of three independ- 
ent cycles: a cycle for the soluble frac- 
tion (including exchangeable sorbed 
ions), an inshore particulate cycle, and a 
pelagic particulate cycle. He concluded 
that the bulk of each of the three ele- 
ments, Al, Fe, and Ti, pass through the 
ocean in particulate form, so that their 
residence times are largely controlled by 
the particulate cycles. Assuming a very 
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perturbation are expended there in more or less 
ice freezing or melting. Parameters used in the 
calculations are as follows: ice thickness, 3000 
m; vertical velocity, 0.17 m year-' downward at 
the top surface, decreasing linearly to zero at the 
bottom; and thermal diffusivity, 1.2 x 10-6 m2 
sec-1. The constraint on bottom temperature 
does not greatly affect the results because, even 
for an unconstrained bottom temperature, the 
warming at the bottom is very small after 10,000 
years. 
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short residence time for the nearshore 
particulates, Arnold deduced that the 
residence time of the pelagic clay parti- 
cles may be much more than a hundred 
years and therefore comparable to the 
estimated general mixing time for the 
oceans (which is on the order of 103 
years). This residence time may there- 
fore represent a geophysical phenome- 
non, the mixing of the oceans, through 
which the residence times for nearly all 
elements in particulate form should be 
about the same (8). 

The true reactivity for each element 
should therefore be reflected in the resi- 
dence time of the soluble fraction. Since 
the particulate cycles dominate over the 
cycle for the soluble fraction for Al, Fe, 
and Ti, however, it has been very diffi- 
cult to estimate the residence time of the 
soluble fraction from classical consid- 
erations of the geochemical balance of 
each element. We propose here the use 
of the naturally occurring radioactive 
tracers 10Be and 26AI for this estimate. 
These nuclides are produced by the bom- 
bardment of atmospheric constituents by 
cosmic rays. Their half-lives [1.5 x 106 
years for 10Be and 0.716 x 106 years for 
26Al (9)] are long enough so that the ra- 
dioactive decay is negligible in com- 
parison with the residence times in the 
marine hydrosphere. 

We consider an average 1-cm2 column 
in the ocean. We use Eq. 1, but here A is 
the total quantity of 1'Be (or 26Al) in the 
column and Q is the annual deposition 
rate of 1'Be (or 26Al) per square centime- 
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Oceanic Residence Times of Dissolved Beryllium and 

Aluminum Deduced from Cosmogenic Tracers 10Be and 26A1 

Abstract. The residence times of the soluble fractions of beryllium and aluminum 
in seawater are estimated to be 1500 years or more. These residence times are esti- 
matedfrom a comparison of the annual deposition rates of cosmogenic beryllium-10 
and aluminum-26 with the concentrations of beryllium-10 and aluminum-26 in sea- 
water estimated from the specific activities of these radionuclides in an authigenic 
mineral assembly such as a manganese nodule. These residence times are greater by 
an order of magnitude than the mean residence times of beryllium and aluminum 
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