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ABSTRACT. We discuss the nature of the twofold record of cosmogenic nuclides in ice sheets, of nuclei produced in the
atmosphere, and of nuclei produced in situ due to interactions of cosmic-ray particles with oxygen nuclei in ice. We show
that a wealth of geophysical information, in principle, can be derived from a suitable combination of nuclides in ice
deposited at different latitudes. Such knowledge includes temporal changes in the cosmic-ray flux, in the geomagnetic field
and in climate. The rate of deposition of cosmogenic atmospheric nuclei in ice depends on the global cosmic-ray flux and
a host of climatic factors. The global cosmic-ray flux, in turn, depends on the level of solar activity, and of the geomagnetic
dipole field. Thus, the task of deconvolution of the record of cosmogenic nuclides is difficult, but can be facilitated by
considering the recently discovered record of in-situ-produced cosmogenic **C, whose production rate at high latitudes is
independent of the geomagnetic dipole field (Lal 1992b). We also present a brief review of work done to date and new
prospects for deciphering geophysical records using ice sheets.

INTRODUCTION

Seven long-lived cosmogenic nuclides with half-lives exceeding ten years, *H, *Si, C, *Cl, *Al,
°Be and ®Kr, have been studied in polar ice (Coachman, Enns & Scholander 1958; Lal & Peters
1967; Aegerter et al. 1969; Fireman & Norris 1982; Elmore et al. 1987; Beer et al. 1983;
Nijampurkar, Bhandari & Puri 1984; Oeschger 198S5; Stauffer 1989; Craig et al. 1990). These
investigations have focused on changes in historic/prehistoric cosmic-ray flux and terrestrial
climate, and on ages of ice deposits. In this paper, we discuss applications of these nuclides for
the study of prehistoric changes in cosmic-ray flux, due either to variations in the Earth’s
geomagnetic field or to a nearby supernova event. Thus, for this study, we do not consider the
relatively short-lived nuclides, *H and *Si. We also exclude *Cl; the relation of its concentration
to meteorological factors makes it difficult to correlate the record with changes in cosmic-ray flux
(Elmore et al. 1987).

The remaining nuclides, °Be, “C, Al and ®'Kr, with different half-lives, chemistry and production
mechanisms, promise to be helpful in unravelling the nature of changes in the prehistoric cosmic-
ray flux. Several cosmic-ray events, with rapid and slow changes have been identified in the “C
record in tree rings, and in the °Be record in polar ice (Suess 1970; Kocharov 1990; Stuiver et al.
1991; Raisbeck et al. 1981, 1990, 1992; Raisbeck & Yiou 1988; Beer et al. 1983, 1984, 1988).
However, because similar time scales are involved in climatic changes, and because these climatic
changes produce significant modulations in cosmogenic records (Lal 1985, 1987), it is not always
possible to assert what fraction of the amplitude modulation in the record is due to change in the
cosmic-ray flux.

Two prominent records are seen in the records mentioned above:

1. The 200-year periodicity and a slow variation on time scales of 5-10 ka in C/"*C ratios
in tree rings
2. Spikes in °Be concentrations in polar ice, particularly at ~35 and 60 ka BP.
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In this paper, we discuss causative mechanisms for variations in cosmogenic nuclide abundances.
No consensus exists at present for causes of the prominent changes; extreme views are often
presented. For example, in the case of '*C variations, one group advocates that these fluctuations
are due entirely to changes in the cosmic-ray flux, primarily because of changes in solar activity
and in the geomagnetic field (Stuiver et al. 1991; Damon & Sonett 1991). Another view attributes
the fluctuations to a major climatic component (Lal 1985). In the case of the °Be record in ice
sheets, concentration enhancements have been attributed to an increased cosmic-ray flux due to
interstellar shock waves (Sonett, Morfill & Jokipii 1987) and to nearby supernova explosions
(Kocharov & Konstantinov 1983; Kocharov 1990). Lal (1987) and Lal and Lingenfelter (1991)
discuss recent controversies.

INTERPRETATION OF THE COSMOGENIC RECORD

The cosmic-ray-flux incident on the Earth is more variable in time than that in interstellar space.
First, the solar plasma modulates the incoming cosmic-ray flux in an energy-dependent fashion
(Garcia-Munoz, Mason & Simpson 1977; Castagnoli & Lal 1980). The magnitude of production
depends on solar activity, which displays a range of characteristic periods, e.g., ca. 11, 80, 200 and
2000 yr (Damon & Sonett 1991). The geomagnetic field of the Earth, principally the dipole field,
determines the cosmic-ray flux at different geomagnetic latitudes. The field (dipole?) appears to
have undergone dramatic changes in the past 80 ka (c¢f. Mazaud et al. 1991). The production rates
of *C and “Be for different levels of solar activity and geomagnetic field intensities can be
calculated fairly accurately (Lal 1988, 1992a, b).

Prior to the availability of the record of long-lived cosmogenic radionuclides in ice sheets, the most
useful accessible long time series of a cosmogenic radionuclide was that of 'C in tree rings. A
time series now exists to ~10° BP for '°Be (Raisbeck et al. 1990). Beer et al. (1988) compared the
"C time series in tree rings with the '*Be time series in ice. They concluded that both series show
similar short-term trends; the 200-yr cycle in the “C record is also clearly seen in the °Be record,
but the geomagnetic dipole field variation seen prominently in the *C record is not apparent in the
"%Be sequence. In a recent high-resolution study of ®Be concentration in a south Greenland ice core
from Dye 3, Beer et al. (1990) found a fairly large amplitude variation with a period of 11 yr.

Pre-Holocene °Be concentrations in polar ice are higher than those during the Holocene. The
principal cause of this variation is believed to be lower precipitation rates during cooler periods,
evidenced by the good inverse correlation between °Be concentration and 80 values of ice
(Raisbeck & Yiou 1988). In the pre-Holocene '°Be time series in Vostok ice, two prominent peaks
are present at ~35 and 60 ka BP, which are not correlated with 80 (see Sonett 1992).

Explanations have been offered for observed oscillations and excursions in the time series of “C
in tree rings and of 'Be in ice sheets. Bard et al. (1990) extended the “C/**C time series back to
30 ka BP, and observed larger amplitude variability than in the Holocene period. For “C, whose
principal reservoir is the ocean, it may be that climatic changes, along with corresponding changes
in ocean chemistry and in parameters governing atmosphere-ocean *“C exchange, would strongly
modulate atmospheric **C/"*C ratios. Theoretical considerations for the Holocene (Lal 1985) seem
to support this. However, as mentioned above, there appears to be a general consensus that
variations in *C/"C ratios are related primarily to changes in cosmic-ray flux, due either to
variation in the geomagnetic dipole field (¢f. Damon & Sonett 1991; Stuiver et al. 1991; Bard et
al. 1990), or in solar activity (cf. Damon & Sonett 1991; Stuiver et al. 1991).

A question exists regarding the cause of enhanced C/*?C events observed in corals, and the high
"Be concentration in ice samples in the (10-150) x 10° BP epoch. Raisbeck et al. (1992) recently
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considered this question in detail, and concluded that the only likely reason is that *C and °Be
were produced in ratios much higher than those due to the galactic cosmic-ray flux. The
mechanism of this production is not yet clear; solar flare particles, supernova shock waves or
y-rays are suspected (Raisbeck ef al. 1992; see also Sonett 1992).

Direct production of the radionuclides, °H, *C, “Be, in ice is expected from nuclear spallation of
oxygen in ice. Lal, Nishiizumi and Arnold (1987) estimated their production rates; they showed
that in-situ C could be detected easily, but the expected concentration of in-situ °Be is much
lower than that added to ice from the removal of atmospheric °Be, by one order of magnitude.

Thus, the application of in-situ 'Be to ice sheets should be considered only in special cases. For
example, if the rate of ice accumulation decreases rapidly, a higher in-situ production rate of °Be
would result. In theory, then, changes in ice accumulation rates can possibly be delineated using
in-situ "Be.

In-situ production rates of *C in surface polar ice are estimated to be 15, 38, 84, 164 and 480 C
atoms (g ice-yr)’, at altitudes of O (sea level), 1, 2, 3 and 5 km, respectively (Lal et al. 1990).
Recent data have shown that *C accumulated during ablation agrees well with these expectations,
yielding model ablation ages for Allan Hills and Cul-de-Sac ablation ice consistent with those
measured using the stake method (Lal et al. 1990). Measurements in progress also establish high
retention of in-situ *C in accumulation ice (Jull & Lal, ms. in preparation).

Lal, Nishiizumi and Arnold (1987) and Lal and Jull (1990) have discussed expected concentrations
of C in accumulation and ablation ice. For a constant accumulation rate, the peak C
concentration in the ice, C, is

C, = 0.176 .1:_0

where s is the accumulation rate, and P, is the production rate of C in ice at the surface. Thus,
the resulting concentration of '*C produced in situ is inversely proportional to the ice accumulation
rate, s, and proportional to the '“C surface production rate, P,. A similar effect is mimicked by
atmospheric '’Be deposited in ice by wet precipitation.

Any changes in the dipole moment of the Earth's geomagnetic field would not change the in-situ
production rate of “C or '°Be in ice in the polar regions. But the concentrations of atmospheric *C
and '“Be would respond to changes in the Earth’s dipole field.

In light of the foregoing, we recognize three principal records (time series) of long-lived
cosmogenic nuclides in ice, which contain clues to temporal variations in geophysical parameters:

1. Atmospheric cosmogenic nuclides present in air trapped during firn-ice transition, namely
He, “C and ®'Kr

2. Atmospheric cosmogenic nuclides deposited by wet precipitation, namely *H, °Be, Al
and *Cl

3. In-situ cosmogenic nuclides produced by nuclear spallation of oxygen in ice, namely °H,
"Be and “C.

Nuclides in Category (1)

Temporal changes in the relative proportions of *He : *He : N, in trapped air in ice are expected
due to changes in: 1) temperature at the base of the exosphere; 2) solar wind accretion of *He;
3) changes in the cosmic-ray production rates of *H and *He in the atmosphere. In principle, then,
much useful information can be obtained from such studies. During strong polar blackout events
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caused by large solar flares, or during brief periods of low or zero geomagnetic field intensity,
appreciable amounts of solar *He (with *He/*He ratios ~200 times the atmospheric value), may be
accreted.

The nuclides, *C and 8Kz, can provide a record of atmospheric **C/**C and ®'Kr/Kr ratios, which
depend on several parameters. The relatively shorter-lived 14C provides information regarding
average cosmic-ray flux over a period of ca. 10* years prior to ice formation. This record will
reflect changes in the geomagnetic field and any changes in the cosmic-ray flux due to a nearby
supernova; cosmic-ray-flux modulations due to solar activity variations will largely be averaged
out. On the other hand, the nuclide, ®'Kr (produced in thermal neutron capture by *Kr), will
average out changes in solar activity and presumably the geomagnetic field, judging from variations
in the geomagnetic field intensity during the past 80 ka (Mazaud et al. 1991). Any temporal
deviations in #Kr/Kr ratios would then be due primarily to a nearby supernova event or other event
that changes the cosmic-ray flux in the vicinity of the solar system (Sonett, Morfill & Jokipii 1987;
Kocharov & Konstantinov 1983; Kocharov 1990; see also Sonett 1992).

Nuclides in Categories (2) and (3)

We have briefly outlined the observed records of *Cl and '°Be in ice; concentrations derive
primarily from their removal from atmospheric inventories by wet precipitation. The nuclides, %l
(and %Al), cannot be produced significantly in situ in ice.

In Table 1, we show the response of different nuclides to changes in geophysical and astrophysical
parameters for nuclides in categories (2) and (3). Among the nuclides considered, %Al is the only
one whose concentration in ice would be sensitive to temporal changes in the flux of cosmic dust.

TABLE 1. Comments on the response of the record of cosmic-ray nuclides in ice sheets in
polar/temperate latitudes to changes in cosmic-ray flux arising from three different mechanisms

In-situ production in ice sheets Depositional flux
Cause of Polar regions  Temperate latitudes Polar regions Temperate latitudes
change e “Be MC "Be Be Al "Be Al
Geomagnetic ~ x x v v vw) v(w) viw) V(W)
dipole field
Solar activity Vv v x x viw) v(w) x X
Nearby
supernova v v viw) v(w) Vv v Viw) V(w)

v = a good signal is expected
(w) = a weak or a weaker signal
x = no signal is expected

It is important to note that some cosmogenic records are of integral type, whereas others are of
differential type. Records of trapped C and 8'Kr are integral records, whereas the record of in-situ-
produced '*C is a differential record; the depositional flux of °Be also yields a differential record.
Integral records are low-pass records; higher frequencies are attenuated more severely. For
example, assume that the observed excursions in '?Be concentrations at 35 and 60 ka BP are due
to nearby supernova explosions. If these events led to cosmic-ray-intensity increases lasting for
effective average periods of ~1 ka, the average ®'Kr/Kr ratios in 0-30 ka ice may only show a
small increase of ~0.7% for a 100% increase in cosmic-ray flux. The attenuation would be much
less in the case of atmospheric trapped *C.
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CONCLUSIONS

We have discussed three principal records of cosmogenic nuclides in ice sheets: atmospheric
nuclides trapped with air occluded in ice, atmospheric nuclides deposited by wet precipitation, and
nuclides produced in situ in ice by spallation of oxygen in ice. Records of long-lived nuclides are
available in each case. Deconvolution of the records to delineate temporal changes in the following
geophysical parameters: 1) cosmic-ray intensity in the heliosphere; 2) geomagnetic dipole field
intensity; and 3) solar activity is complex, however. Climatic changes produce appreciable pertur-
bations in these records. We have shown that a careful study of the three records can delineate the
cause of temporal variation in each.

A case in point concerns the observed sharp changes in the concentrations of °Be in Vostok ice
at ~35 and 60 ka BP. Do these constitute a record of nearby supernova explosions? If there was
an appreciable change in the cosmic-ray flux in the heliosphere due to a nearby supernova, one
would expect an increase in the in-situ '*C production rate also, as well as in the ratio of “C/12C
in the trapped air. However, resultant changes in °Be concentration would be much larger, because
the latter is an integral record.

Therefore, we hope that the current debate regarding causes for the observed oscillations and
excursions in the time series of cosmogenic nuclides can be addressed from a combined study of
cosmogenic records in ice and in tree rings. Studies in ice sheets in temperate latitudes would be
of particular significance in describing temporal changes in the geomagnetic dipole field. It would
be useful to include studies of cosmogenic *Si in ice deposited during 50-300 BP in investigating
climatic effects during its removal from the atmosphere, expected to be similar to that for 1°Be.
However, in the case of '’Be, appreciable amounts can be redeposited by recirculation of
atmospheric dust; this is not expected to be important in the case of 32Si.
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