
Comment on `Scaling factors for production rates of in situ
produced cosmogenic nuclides: a critical reevaluation'

by Tibor J. Dunai

Darin Desilets a;*, Marek Zreda a, Nathaniel A. Lifton b

a Department of Hydrology and Water Resources, University of Arizona, Tucson, AZ 85721, USA
b Department of Geosciences, University of Arizona, Tucson, AZ 85721, USA

Received 8 December 2000; received in revised form 23 February 2001; accepted 23 February 2001

1. Introduction

In a recent paper, Dunai [1] discusses several
problems with the altitude and latitude scaling
of production rates given by [2^4]. Dunai de-
scribes three major £aws in Lal's scaling: (1) cos-
mic-ray measurements are ordered according to
geomagnetic latitude calculated from an axial di-
pole representation of the geomagnetic ¢eld; (2)
the high-altitude (atmospheric depth 580^770 g
cm32) attenuation length at 41³N geomagnetic
latitude is assumed to be constant down to sea
level ; and (3) the scaling expression is given in
terms of elevation rather than atmospheric depth.
In an attempt to improve on Lal's scaling, Dunai
derives a new scaling model following a procedure
similar to that of [4], but incorporating some neu-
tron monitor, nuclear emulsion and cloud cham-
ber data unavailable to [4]. In this comment we
show that Dunai's scaling model is based on sev-
eral false assumptions. Due to the signi¢cance of
these false assumptions, we ¢nd no evidence that

Dunai's scaling model represents an improvement
over Lal's scaling model. We also point out that
geological factors a¡ecting production of cosmo-
genic nuclides can be di¤cult to evaluate, and
suggest that the 3He data [5] used to con¢rm the
Dunai [1] scaling may underestimate production
rates.

2. Neutron monitor data

The neutron monitor data now available far
exceed those available to Lal [4], but unfortu-
nately Dunai limits his analysis to data collected
in the 1950s. Since the 1950s, numerous latitude
and altitude surveys of nucleon intensity have
been conducted with neutron monitors (e.g., [6^
13]), of which Dunai appears unaware. These sur-
veys adequately characterize the nucleon attenua-
tion length (VN) as a function of atmospheric
depth and cut-o¡ rigidity, and therefore the pro-
cedure described by Dunai of linking latitude
curves is unnecessary (by using a constant VN at
one latitude to link latitude curves at di¡erent
altitudes, a constant VN at all latitudes can be
calculated). By linking latitude curves, Dunai as-
sumes that the attenuation length is constant be-
tween sea level and 4000 m. This is a poor as-
sumption, since the neutron monitor attenuation
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length varies with altitude by about 8 g cm32

between sea level and 4000 m at low latitudes [7].

3. Instrumental biases

The neutron monitor data cited in section 2
provides a fairly detailed picture of how the neu-
tron monitor counting rate varies with latitude,
altitude and solar activity. These data, however,
should not be used without ¢rst correcting the
neutron monitor counting rate for instrumental
biases. For example, correcting the high-latitude,
sea-level neutron monitor attenuation length
(1NM) for the e¡ects of muons and constant back-
ground contributions decreases 1NM by about 10
g cm32 [7]. The size of this correction should in-
crease towards lower latitudes and decrease to-
wards higher elevations.

A correction is also needed to account for the
energy bias of the neutron monitor response. This
correction is important because the nucleon at-
tenuation length decreases with increasing median
nucleon energy [14,15]. The neutron monitor re-
sponse is biased towards the high end of the nu-
cleon energy spectrum because relatively high-en-
ergy nucleons (Es 400 MeV) are counted by the
neutron monitor more times than lower-energy
nucleons (E6 400 MeV) [14,15]. The size of this
correction should increase with both decreasing
latitude and increasing altitude.

The cloud chamber and emulsion data cited by
Dunai ([16^18]) are also biased towards the higher
end of the nucleon energy spectrum. The cloud
chamber experiment by Brown [16], for example,
undercounted one- and two-prong stars (low en-
ergy disintegrations) while Dixit [17] and Roe-
derer [18] neglected these altogether. In the silver
bromide emulsions used by [17] and [18], one- and
two-star prongs correspond to energies of about
41 MeV and 90 MeV, respectively [16]. Again, the
e¡ect here is to underestimate the nucleon attenu-
ation length. We corrected the data of [16] for this
e¡ect using the procedure outlined by Lal ([4], p.
67) and have obtained a value of 137 þ 5 g cm32

for the £ux-weighted attenuation length of nucle-
ons with Es 40 MeV. This compares to a value
of 132 þ 4 g cm32 given by [16] (and cited by

Dunai) for the uncorrected nucleon attenuation
length between 700 and 1032 g cm32.

4. Inclination versus e¡ective cuto¡ rigidity for
ordering neutron monitor data

A unique feature of Dunai's work is his use of
geomagnetic inclination for ordering neutron
monitor data. Since the late 1960s, most neutron
monitor measurements have been ordered in
terms of e¡ective vertical cuto¡ rigidity (PC)
[19^21]. The reliability of PC has been con¢rmed
by numerous sea-level latitude surveys that show
a smooth and consistent relationship between cut-
o¡ rigidity and nucleon intensity [11^13,19].

In contrast, the relationship between inclination
and the neutron intensity given by Dunai ([1], Fig.
3a) is rough and non-unique. Dunai observes a

Fig. 1. Sea-level neutron monitor data from Rose et al. [8]
ordered according to (a) e¡ective vertical cuto¡ rigidity (PC)
and (b) geomagnetic inclination.
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large discrepancy between neutron monitor data
collected by Rose et al. [22] in the South Atlantic,
Antarctic Sea and elsewhere ([1], p. 164).
Although Dunai attributes the discrepancy to a
highly anomalous ¢eld in this area ([1], p. 164),
the inconsistencies between latitude survey data
clearly indicate the inadequacy of using inclina-
tion for ordering neutron intensity data. In Fig.
1, we show that trajectory-derived cuto¡s e¡ec-
tively order the data of [22] and eliminate the
anomalies seen in Dunai's ¢gure 3. Contrary to
Dunai's statement that the dipolar equation (Du-
nai's equation 1) is essentially the same as `trajec-
tory tracing' of cosmic-ray particles ([1], p. 158),
the two types of cuto¡s di¡er considerably in
both how they are derived and how they order
neutron monitor data. The dipolar equation is
an analytical solution to the equations of charged
particle motion in a dipole ¢eld [23], whereas the
trajectory tracing is a numerical method of calcu-
lating cuto¡s in an empirically derived model of
the real geomagnetic ¢eld. Dunai's equation 2 is
nothing more than a modi¢ed version of the di-
polar equation that still does not adequately ac-
count for the e¡ects of the real geomagnetic ¢eld.

The main problem with ordering neutron mon-
itor data according to geomagnetic inclination is
that the e¡ects of the eccentric dipole ¢eld are
inadequately characterized. The method described
by Dunai of linking latitude curves is valid only if
the two curves cross the geomagnetic equator at
nearly the same cuto¡ rigidity. However, Dunai
links the sea-level survey of Rose et al. [22], which
crosses the geomagnetic equator at 14 GV, with
the airborne survey of Sandstro«m [24], which
crosses at 17.4 GV, using a high-latitude attenu-
ation length. This causes the low-latitude counting
rate to appear to increase with a greater 1N than
the true 1N.

5. Solar activity and the latitude e¡ect

Dunai incorrectly assumes that the overall
shape of the neutron £ux versus latitude curves
at large atmospheric depth (s 600 g cm32) is
not a¡ected by solar modulation of the primary
£ux ([1], p. 163). He supports this claim by citing

the results of Lockwood [25], who observed that
£uctuations in the sea-level neutron monitor
counting rates at Chicago, Ottawa and Durham,
New Hampshire were of the same magnitude
from 1954 to 1957 as those observed atop of
Mt. Washington, New Hampshire (V820 g
cm32). However, because all of these monitors
were at low cuto¡s (PCV2 GV), it is impossible
to ascertain the e¡ect of solar activity on the
shape of the neutron £ux versus latitude curve
from [25].

Several experiments since [25] have demon-
strated that even at depths ranging from 680 to
1033 g cm32 the shape of the latitude curve de-
pends considerably on solar activity (Fig. 2) [26^
29]. From solar minimum to solar maximum, the
high-latitude sea-level nucleon £ux decreases by
about 8%, whereas at 680 g cm32 the £ux de-
creases by about 21%. At low latitudes (V14
GV), solar modulations have a negligible e¡ect
on sea-level neutron intensity [26], while at 680 g
cm32 the neutron £ux varies by only about 5%
[30].

Fig. 2. Latitude surveys of nucleon intensity conducted at so-
lar maximum and solar minimum, normalized at 14 GV. Air-
borne and sea-level curves correspond to atmospheric depths
of 680 g cm32 and 1033 g cm32, respectively.
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6. Measurements of cosmogenic 3He

Geological samples can be used to test scaling
models derived from neutron data [31], however,
the uncertainty associated with geological samples
is typically larger than the uncertainty in measure-
ments of cosmic-ray intensity. This uncertainty is
due to geological factors, such as erosion and ash
cover, and analytical factors, such as errors in
calculation of implanted 4He. Here, we address
three potential problems that may have a¡ected
the 3He results of Dunai and Wijbrans [5] used to
validate the scaling of [1]. First, the erosion depth
of 2^4 mm reported in [5] is remarkably low for
lava £ows in the age range 150^280 ky. If the
erosion rates reported in [5] are real, these lava
£ows could provide the best samples for calibra-
tion of other cosmogenic nuclides, such as 36Cl.

Second, Dunai and Wijbrans [5] make no cor-
rection for sample thickness (in their case always
about 5 cm). They assume that the neutron inten-
sity is constant in the top 10 g cm32 of rock, and,
therefore, the production rate of 3He is constant
in the top 5 cm. But this constant neutron inten-
sity result was derived using Monte Carlo simu-
lations [32], with resolution insu¤cient for accu-
rate determination of the shape of the neutron
intensity function. The accuracy of these compu-
tations has not been con¢rmed empirically and
should be used with caution. Correcting the 3He
data of [5] for sample thickness using an exponen-
tial model would increase the production rates by
approximately 3%.

Third, Dunai and Wijbrans [5] collected a small
number of samples from each lava £ow, and all
samples from the same lava £ow were within 10 m
of each other. This sampling strategy makes the
results vulnerable to e¡ects of shielding by soil or
ash, which might have been present at some time.
Problems associated with spatially varying ash
cover and erosion may be minimized by collecting
more samples from a wider area.

In addition to the above potential problems,
Ackert et al.'s [33] and Dunai and Wijbrans' [5]
3He data are not directly comparable because of
the following considerations. First, the 3He data
reported by Dunai and Wijbrans [5] have been
corrected for implanted 4He; the data in Ackert

et al. [33] have not. If the correction for Ackert et
al.'s samples is similar to the corrections in [5], the
production rate of Ackert et al. would decrease by
approximately 10%. Second, Ackert et al.'s [33]
production rates are on clinopyroxene. Although
3He production rates are not strongly composi-
tion-dependent, variability of up to 8% is pre-
dicted by theory [2,32]. Third, Ackert et al. [33]
corrected for sample thickness using the attenua-
tion length of 160 g cm32 ; Dunai and Wijbrans
[5] made no such corrections. Fourth, and most
important, the production rate reported by Ackert
et al. [33] was preliminary. It has been revised due
to new 40Ar/39Ar and K^Ar ages obtained from
new samples, which were better suited to the tech-
nique (R. Ackert, personal communication, Octo-
ber 2000), and 3He measurements in olivine. The
new production rate is 25% higher than that re-
ported by [33]. It cannot be reconciled with the
production rate of [5] using the scaling formula-
tion proposed by Dunai [1], and neither can the
two production rates be reconciled using Lal's [2]
scaling.

Acknowledgements

We thank Robert Ackert for providing useful
information on 3He production rates. We also
thank Devendra Lal for his comments. This
work was supported by National Science Founda-
tion Grants EAR-0001191 and EAR-9614366 and
Packard Fellowship 95-1832.[RV]

References

[1] T.J. Dunai, Scaling factors for production rates of in situ
produced cosmogenic nuclides: a critical reevaluation,
Earth Planet. Sci. Lett. 176 (2000) 157^169.

[2] D. Lal, Cosmic ray labeling of erosion surfaces: in situ
nuclide production rates and erosion models, Earth Plan-
et. Sci. Lett. 104 (1991) 424^439.

[3] D. Lal, P.K. Malhotra, B. Peters, On the production of
radioisotopes in the atmosphere by cosmic radiation and
their application to meteorology, J. Atmos. Terr. Phys. 12
(1958) 306^328.

[4] D. Lal, Investigation of Nuclear Interactions Produced by
Cosmic Rays, PhD Thesis, Univ. Bombay, 1958.

[5] T.J. Dunai, J.R. Wijbrans, Long-term cosmogenic 3He

EPSL 5816 10-5-01

D. Desilets et al. / Earth and Planetary Science Letters 188 (2001) 283^287286



production rates (152 ka-1.35 Ma) from 40Ar/39Ar dated
basalt £ows at 29³N latitude, Earth Planet. Sci. Lett. 176
(2000) 147^156.

[6] F. Bachelet, P. Balata, E. Dyring, N. Iucci, Attenuation
coe¤cients of the cosmic ray nucleonic component in the
lower atmosphere, Nuovo Cimento 35 (1965) 23^35.

[7] H. Carmichael, M. Bercovitch, V. Analysis of IQSY cos-
mic-ray survey measurements, Can. J. Phys. 47 (1969)
2073^2093.

[8] B.C. Raubenheimer, P.H. Stoker, Various aspects of the
attenuation coe¤cient of a neutron monitor, J. Geophys.
Res. 79 (1974) 5069^5076.

[9] H. Coxell, M.A. Pomerantz, S.P. Agarwal, Survey of cos-
mic-ray intensity in the lower atmosphere, J. Geophys.
Res. 71 (1965) 143^154.

[10] H. Carmichael, M. Bercovitch, J.F. Steljes, M. Magidin, I.
Cosmic-ray latitude survey in North America in summer,
1965, Can. J. Phys. 47 (1969) 2037^2050.

[11] M.S. Potgieter, H. Moraal, B.C. Raubenheimer, P.H.
Stoker, Modulation of cosmic rays during solar minimum.
Part 3. Comparison of the latitude distributions for the
periods of solar minimum during 1954, 1965 and 1976, S.
Afr. J. Phys. 3 (1980) 90^94.

[12] H. Moraal, M.S. Potgieter, P.H. Stoker, Neutron monitor
latitude survey of cosmic ray intensity during the 1986/
1987 solar minimum, J. Geophys. Res. 94 (1989) 1459^
1464.

[13] G. Villoresi, N. Iucci, F. Re, F. Signoretti, N. Zangrilli, S.
Cecchini, M. Parisi, C. Signorini, M.I. Tyasto, O.A. Dan-
ilova, N.G. Ptitsyna, Latitude survey of cosmic ray nucle-
onic component during 1996^1997 from Italy to Antarc-
tica, in: 8th Annual GIFCO Conference 58, Bologna,
1997.

[14] R.A. Nobles, R.A. Alber, E.B. Hughes, L.L. Newkirk, M.
Walt, Neutron multiplicity monitor observations during
1965, J. Geophys. Res. 72 (1967) 3817^3827.

[15] W.K. Gri¤ths, C.V. Harmon, C.J. Hatton, P.L. Marsden,
P. Ryder, The intensity variations of selected multiplicities
in the Leeds NM64 neutron monitor, Can. J. Phys. 46
(1968) S1044^S1047.

[16] W.W. Brown, Cosmic-ray nuclear interactions in gases,
Phys. Rev. 93 (1954) 528^534.

[17] K.R. Dixit, The statistics of 29000 stars observed in nu-
clear emulsions in Kenya, Z. Naturforsch. 10a (1955) 339^
341.

[18] J.G. Roederer, Uë ber die Absorption der Nukleonenkom-
ponente der kosmischen Strahlung in 321³ geomagne-
tischer Breite, Z. Naturforsch. 7a (1952) 765^771.

[19] M.A. Shea, D.F. Smart, J.R. McCall, A ¢ve degree by
¢fteen degree world grid of trajectory-determined vertical
cuto¡ rigidities, Can. J. Phys. 46 (1968) S1098^S1101.

[20] M.A. Shea, D.F. Smart, A world grid of calculated cos-

mic ray vertical cuto¡ rigidities for 1980.0, in: 18th Inter-
national Cosmic Ray Conference, pp. 415^418, 1983.

[21] M.A. Shea, D.F. Smart, L.C. Gentile, Estimating cosmic
ray vertical cuto¡ rigidities as a function of the McIlwain
L-parameter for di¡erent epochs of the geomagnetic ¢eld,
Phys. Earth Planet. Inter. 48 (1987) 200^205.

[22] D.C. Rose, K.B. Fenton, J. Katzman, J.A. Simpson, Lat-
itude e¡ects of the cosmic ray nucleon and meson compo-
nents at sea level from the Arctic to the Antarctic, Can. J.
Phys. 34 (1956) 968^984.

[23] A. Bhattacharyya, B. Mitra, Changes in cosmic ray cut-
o¡ rigidities due to secular variations of the geomagnetic
¢eld, Ann. Geophys. Atmos. Hydrospheres Space Sci. 15
(1997) 734^739.

[24] A.E. Sandstro«m, Cosmic ray soft component measure-
ments during a £ight from Scandinavia across the North
Pole and around Asia and Europe, Nuovo Cimento VIII,
Serie X (1958) Suppl., 263^276.

[25] J.A. Lockwood, Variations in the cosmic-ray nucleonic
intensity, Phys. Rev. 112 (1958) 1750^1758.

[26] M.A. Forman, The relation between latitude and solar-
cycle variations in the neutron-monitor mass-absorption
coe¤cient, Can. J. Phys. 46 (1968) S1087^S1089.

[27] F. Bachelet, N. Iucci, G. Villoresi, N. Zangrilli, The cos-
mic-ray spectral modulation above 2 GV. IV. The In£u-
ence on the attenuation coe¤cient of the nucleonic com-
ponent, Nuovo Cimento 11B (1972) 1^12.

[28] T.M. Aleksanyan, I.V. Dorman, L.I. Dorman, V.K. Ba-
bayan, A.V. Belov, Y.L. Blokh, N.S. Kaminer, V.K. Kor-
otkov, I.Y. Libin, A.A. Manshilina, Y.E. Mashkov, I.V.
Mymrina, S.I. Rogovaya, A.M. Sitnov, K.F. Yudakhin,
V. Yanke, Geomagnetic e¡ects in cosmic rays and spec-
trum of the increase before magnetic storms, Izv. Akad.
Nauk SSSR Ser. Fiz. 46 (1982) 1689^1691.

[29] D.W. Kent, M.A. Pomerantz, Cosmic ray intensity varia-
tions in the lower atmosphere, J. Geophys. Res. 76 (1971)
1652^1661.

[30] D.W. Kent, H. Coxell, M.A. Pomerantz, Latitude survey
of the frequency of multiple events in an airborne neutron
monitor, Can. J. Phys. 46 (1968) S1082^S1086.

[31] M.G. Zreda, F.M. Phillips, D. Elmore, P.W. Kubik, P.
Sharma, R.I. Dorn, Cosmogenic chlorine-36 production
rates in terrestrial rocks, Earth Planet. Sci. Lett. 105
(1991) 94^109.

[32] J. Masarik, R.C. Reedy, Terrestrial cosmogenic-nuclide
production systematics calculated from numerical simula-
tions, Earth Planet. Sci. Lett. 136 (1995) 381^396.

[33] R.P. Ackert, D.J. Barclay, H.W. Borns, P.E. Calkin,
M.D. Kurz, J.L. Fastook, E.J. Steig, Measurements of
past ice sheet elevations in interior West Antarctica, Sci-
ence 286 (1999) 276^280.

EPSL 5816 10-5-01

D. Desilets et al. / Earth and Planetary Science Letters 188 (2001) 283^287 287


