
some of the ice in the Lewis Cliff ice tongue is exceeded only
by ice in the core drilled at Station Vostock where 8180 values
as low as -62%o were reported by Lorius et al. (1985).

A second interesting feature of the data in the figure is the
change in the 8180 parameter from 43.1 0/oo at station 500W to
-53.1 0/oo at station 600W. The decrease of this value by 10%o
implies a major change in the average annual temperature at
the time and place where this ice originally formed. Conse-
quently, the ice having 8180 values less than -52%o is labeled
"cold" in the figure, implying that the ice formed during a
glacial epoch. The ice having 8180 values between —43%o and
-48%o formed under "warm" climatic conditions during an
interglacial epoch similar to the present time.

The dividing line between "cold" and "warm" ice may be
represented by a color change in the ice of the Lewis Cliff ice
tongue, noticed by John Schutt (personal communication). In
addition, Cassidy et al. (1992) mentioned that oxygen isotope
analyses across this boundary indicate that the ice on the
western side formed under cold climatic conditions, consis-
tent with the data presented in this report.

This research was supported by National Science Foun-
dation grants OPP 88-16236 and OPP 91-18485.
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Studies of cosmogenic in situ produced carbon-14 in polar
accumulation and ablation ice

D. LAL, Geological Research Division, Scripps Institution of Oceanography, University of California at San Diego,
La Jolla, California 92093-0220

A.J.T. JuLL and D.J. DONAHUE, National Science Foundation, Arizona Accelerator Mass Spectrometry Facility,
University ofArizona, Tucson, Arizona 85721

Although remarkably pure, polar ice contains a suite of
I-ILextraneous substances that serve as direct and proxy links
to the paleoenvironment. These substances—stable and
radioactive isotopes, chemical compounds, and particles—
are being studied to delineate different aspects of geophysical
and environmental changes in the past (Langway, Oeschger,
and Dansgaard 1985; Dansgaard et al. 1993; Taylor et al.
1993). A relatively new addition to the useful tracers is the
radionuclide carbon-14 ( 14C), which is directly produced in
situ in the ice lattice primarily by nuclear interactions of cos-
mic-ray energetic neutrons with oxygen nuclei. In this article,
we summarize the highlights of the work done thus far on
studies of the in situ produced 14C in accumulation and abla-
tion ice and indicate the potential of the in situ 14C as a tracer
for ice dynamics.

The in situ-produced 14C was discovered in Allan Hills
and Cul-de-Sac * ablation ice (Lal et al. 1990), confirming the
possibility suggested earlier by Fireman and Norris (1982)
that an appreciable amount of 14C in accumulation ice may
have been produced in situ. Since then, we have also studied

4The designations "Cul-de-Sac" and 'Main Icefield" used in this article are
not official names but the features are distinct geographic units.

several accumulation samples from Antarctica and found
considerable excess 14C activity above that expected from
trapping of atmospheric carbon dioxide (CO 2) (Jull et al. in
preparation). We first discuss the expected production rate of
14C in ice and the expected in situ 14C concentrations in accu-
mulation and ablation ice and then present the highlights of
the results.

In situ 14C production is expected to occur from nuclear
spallations of oxygen by fast neutrons in the ice lattice and by
the capture of thermal neutrons in any nitrogen occluded in
the ice. Although no direct measurements of in situ 14C pro-
duction rates in ice have been made, fairly "direct" experi-
mental estimates have been formulated of the production of
14C in oxygen; these estimates are based on studies of 14C in
rocks exposed in known geometry at different altitudes and
latitudes (Jull et al. 1989; La! 1991). Most of the production of
14C in rocks occurs due to nuclear spallation of oxygen (La!
1991). Consequently, using the known altitude-latitude varia-
tion in the flux of nuclear active particles of the cosmic radia-
tion in the atmosphere, the altitudinal variation of in situ 14C

production in polar regions can be easily estimated. The pre-
sent best estimates are 47, 99, 190, and 330 atoms 14C per
gram of ice per year [' 4C/(g iceyr)J at 1, 2, 3, and 4 kilometers
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(km), respectively (Lal 1991). These estimates include about 2
percent of the production due to thermal neutron capture in
trapped atmospheric nitrogen in ice.

In ice accumulating at a constant rate—designated as s
and measured in centimeters per year (cmyr')—total con-
centration of atmospheric-trapped and in situ produced CT(x)
at depth x (cm) is given by the following (Lal, Nishiizumi, and
Arnold 1987):

*

e4ctive depth for

 •.•..•1'-...•

on

 - ..firn
* j6 "	*	 *	 *

•	•*	•e.*	•

:	•s: p =0.82g cm3

snow surface

depth at which pores
are pinched off, and
air trapping begins

where T is the age of the ice since its accumulation as firn,
and t0 is the time interval required for the formation of ice; Co
is the concentration of 14C trapped with air during the firn-to-
ice transition; k is the disintegration constant of 14C; P0 is the
in situ production rate of "C in ice at the site, at surface; and
A is the absorption mean free path for nuclear active particles
of the cosmic radiation in ice, approximately 150 grams per
square centimeter (gcm-2) (Lal et al. 1987). In equation (1),
the first term on the right-hand side is for the atmospheric-
trapped 14C. This equation is valid only if air in the firn is in
diffusive equilibrium with the surface air; otherwise, an
appropriate value smaller than t o must be used. Stauffer
(1989) has discussed the accumulation of atmospheric gases
by firn and ice. The Greenland Ice Sheet Project (GISP) stud-
ies show that atmospheric gases are retained by ice in gas
pore volumes only on closure of these volumes. This retention
occurs only at a critical density of firn, about 0.82 grams per
cubic centimeter (gcm- 3) equivalent to a depth of 60-80
meters of firn. Above this depth, the void spaces are perme-
able to atmospheric air. This result is confirmed by the argon-
39 data of Loosli (1979). The second term in equation (1) gives
the concentration of the in situ 14C, most of which is pro-
duced when the weight of the overlying ice is less than 3-4 A,
that is, during the firn stage.

A schematic diagram outlining the stages at which in situ
14C is produced and atmospheric 'C is trapped is shown in
the figure.

In equation (1), the implicit assumption is that x=sT, and
we can rewrite this equation:

Ci(x)=eT,	(2)
D(s)	)]

where

D(s)=(ps/A)-A	 (3)

The ratio of in situ 14C to trapped "C activity in an accumu-
lating ice sample is then given by R,

R

	

	 sCA insitu) = Pe- 'o 
	e") ,	(4)

C,(trapped) C0D(s)

independent of the age of the ice, as would also be expected.
For a range of ice accumulation rates, say 1-100 cmyr-', the

A schematic diagram of an ice accumulation zone showing the
characteristic depth zones where in situ production occurs during
accumulation, pores in firn close, and ice forms, locking in the
atmospheric and in situ 140.

value of D(s) lies between 6x10 3 and 6x10 1 per year; hence,
for samples of age exceeding 1,000 years, the term within the
brackets in equation (4) is close to unity. Also, because the
value of t0 ranges between 100 and 300 years, the term eXto is
close to unity within a few percent. The relation in equation
(4) then simplifies to the following:

R-	0	
(5)

C0D(s)

(5,)
C0ps	 5

For more exact calculations, we must of course use equation
(4), but the approximate identity (5') is useful to see the rela-
tive contributions of in situ and trapped 14C in accumulation
samples. [Typical value of trapped CO 2 concentration in ice is
0.03 cubic centimeters per kilogram ice. Taking the 14C/12C
ratio in "modern" carbon to be 1.17x10 12 , the value of Co for
modern carbon is found to be 9.43x102 atoms 14C per gram
ice.]

The concentration of in situ produced 14C increases at
first with depth, in the interval 0< x < Xm, where xm is given
by the following (Lal et al. 1987):

Xmax 	sA in(ps/AA)	 (6)
ps-AA

At depths of x > Xm, the concentration decreases, slowly at
first and then exponentially, with a characteristic depth of
approximately sIX in the region where the relation x=sT is
valid (equation 1).

60-80 m

C7{x) = Coe -4 t0 ) + P0 (e`X-e-PX)
p--A	5	A	

(1)
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7iw eticallyexpected l4Cconcentrations in 'young" subsurface ice due to cosmogenicin situ production of'4Cfrom (Jfl

Newall Glacier	1.75	 4.2	 83
Dye 	 2.48	50	 137
Dominion Range	2.7	 3.5	 220

	

3.2	 25	 220
GISP II	 3.2	 15	 220

	

3.2	 7	 220
Dome C	 3.24	 3.7	 158
Vostok	 3.5	 2.24	 255
aArranged in order of increasing altitude.
bCorrted for atmospheric pressure.

For a steady-state ablation model (Lal et al. 1987), the
steady-state concentration, C(x), at depth x(cm) from the sur-
face due to in situ production is as follows:

D -AC(x)=1-0e	 (7)
A + pa/A

where P0 is the in situ production rate of 14C; p (gcm-3) is the
density of ice; A is the absorption mean free path (gcm-2) of
cosmic rays in ice, which equals 150 gcm- 2 (Lal et al. 1987);
and a is the rate of ablation of ice (cmyr').

It is interesting to note here that even if the ablation rate
were not constant in the past, the concentration C(x) will vary
exponentially with depth with a characteristic distance A/p,
the mean cosmic-ray absorption distance in ice. Further, the
mean time 1, over which the ablation rate is averaged by
equation (6), is given by A/ (pa). As an example, for a=5
cmyr', T=30 yr.

Samples of ablation ice from Allan Hills and Cul-de-Sac
offered the simplest case for testing the applicability of equa-
tion (6) for determining mean ice-ablation rates. The accu-
mulation ages of these samples are quite large (greater than
100,000 yr); see La! and Jull (1990) for experimental data and
discussions. Consequently, the expected 14C concentrations,
both due to trapped air and that produced during accumula-
tion, are expected to be negligible compared to those
observed, which are arising from in situ production during
the outcropping of the ice.

The measured total concentrations of 14C in the surface
ablation ice samples are in the range of 2,500-3,000 atoms 14C
per gram ice, yielding mean ablation rates of 5.8±0.7 and
7.6±0.8 cmyr-' for the two sites studied from the Allan Hills
Main Icefield, consistent with the values obtained with the
stake method (La! and Jull 1990).

Interestingly, most of the in situ cosmogenic 14C in the
Allan Hills ablation ice was in the form of carbon-14 monox-
ide ( 14C0); the ratio of 14C activities in the 14C0 and 14CO2
phases was approximately 1.5. This observation is not surpris-
ing; in fact, we had anticipated that most of the 14C activity

	

3,300	 3.4

	

460	 0.5

	

7,500	 8.7

	

1,400	 1.7

	

2,400	 2.9

	

5,100	 6.3

	

9,900	 12.2

	

19,000	 24.2

produced in ice might be in the 14C0 form (Lal et al. 1987; La!
and Jull 1990), based on observations of artificially produced
11C in different targets.

The latitude /altitude and the mean accumulation rates
for Dome C and Newall Glacier are given in the table. The
results of studies of firn and ice samples from these sites lead
us to the following conclusions Gull etal. 1993):
• The cosmogenic in situ 14C component dominates the

"trapped" 14C component, that arising from the air-
trapped/occluded ice, which is measured in individual
samples. The in situ 14C amounts are in good agreement
with the theoretically expected values (see table).

• The measured 14C0/ 14CO2 ratios decrease rapidly with
depth, even within the firn-strata. The concentrations of
14C0 are generally not measurable in the "ice."

These data seem to argue for quantitative trapping of in
situ 14C in accumulation ice, but in contrast to the case of
ablation ice, one notes that in accumulation ice, the 14C0
molecules formed initially are quickly oxidized to 14CO2.

The results for Newall Glacier and Dome C establish con-
clusively that in accumulation ice, an appreciable part of the
14C activity present can be due to in situ produced 14C. The
"excess" 14C above that due to trapping of "air" is quite con-
sistent with the theoretically expected values (see the table).
The corrections to the conventional 14C ages in accumulation
ice, if one does not consider the in situ production of 14C, are
therefore appreciable. The ages are considerably underesti-
mated. This holds even if one measures only the 14C activity
in the CO2 phase since in ablation ice the 14C0 phase gets
quickly converted to 14CO2.

In addition, in situ 14C can be shown to be potentially
very useful for determining temporal changes in accumula-
tion rates (see equation 1) and for determining changes in
cosmic-ray flux in about the past 40,000 years. The latter
problem has gained considerable importance in recent years
because studies of the cosmogenic nuclide, beryllium 10
( 10Be), in marine sediments and in ice samples have made a
good case for marked excursions in cosmic ray flux in the time
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period that is accessible with 'C (Raisbeck et al. 1987;
McHargue and Damon, unpublished data).

The realization of the full potential of the in situ pro-
duced 14C in accumulation ice must await a better under-
standing of the trapping efficiency and chemical behavior of
14CO 3 the principal chemical species formed after production
of 14G. In ablation ice, this does not appear to be a problem of
much concern. We are, therefore, attempting to study in
detail the physical and chemical behavior of the in situ-pro-
duced 14G in accumulation ice.

We are grateful to the U.S. and French antarctic programs
for ice samples and to M. Wahien and B. Deck for discussions
and technical help. We also thank L.J. Toolin, A.L. Hatheway,
and G.W. Burr of the University of Arizona for technical assis-
tance.
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