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Abstract

Cosmogenic nuclide production rates depend critically on the spatio-temporal distribution of cosmic-ray nucleon
fluxes. Since the 1950s, measurements of the altitude, latitude and solar modulation dependencies of secondary
cosmic-ray fluxes have been obtained by numerous investigators. However, until recently there has been no attempt to
thoroughly evaluate the large body of modern cosmic-ray literature, to explain systematic discrepancies between
measurements or to put these data into a rigorous theoretical framework appropriate for cosmogenic dating. The
most important parameter to be constrained is the dependence of neutron intensity on atmospheric depth. Our
analysis shows that effective nucleon attenuation lengths measured with neutron monitors over altitudes 0-5000 m
range from 128 to 142 g cm™2 at effective vertical cutoff rigidities of 0.5 and 14.9 GV, respectively. Effective
attenuation lengths derived from thermal neutron data are somewhat higher, ranging from 134 to 155 g cm ™2 at the
same cutoff rigidities and over the same altitudes. We attribute the difference to a combination of two factors: the
neutron monitor is more sensitive to the higher end of the nucleon energy spectrum, and the shape of the nucleon
energy spectrum shifts towards lower energies with increasing atmospheric depth. We have derived separate scaling
models for thermal neutron reactions and spallation reactions based on a comprehensive analysis of cosmic-ray survey
data. By assuming that cosmic-ray intensity depends only on atmospheric depth and effective vertical cutoff rigidity,
these models can be used to correct production rates for temporal changes in geomagnetic intensity using
paleomagnetic records.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction face exposure dating is limited by the accuracy of
nuclide production rates. Ideally, production rates
The reliability of cosmogenic methods of sur- are calibrated on landforms that have simple ex-

posure histories and that have been dated accu-

rately and precisely by independent methods.
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sponding to a few locations and exposure periods
are therefore applied to landforms where the time-
averaged cosmic-ray intensity may be different by
an order of magnitude or more from the intensity
at the calibration site. Differences in cosmic-ray
intensity at a sample site and a calibration site
are accounted for by multiplying the calibrated
production rate by a scaling factor.

Cosmic-ray intensity on Earth varies spatially
due to the interaction of primary cosmic rays
with terrestrial and interplanetary magnetic fields
and because cosmic rays are attenuated by terres-
trial matter. Temporal variations are related
mostly to changes in geomagnetic, heliospheric
and galactic properties that occur on time scales
ranging from minutes (e.g. isolated solar flare
events) to millennia (e.g. the Earth’s magnetic di-
pole moment). Spatial and temporal variations
are linked, since time-dependent variations of
the cosmic-ray flux affect some locations on Earth
more than others. The 11-yr solar cycle, for exam-
ple, affects only the cosmic-ray flux at high and
mid-latitudes, whereas variations of the geomag-
netic dipole intensity affect mainly the mid- and
low-latitude flux.

Here, we use measured cosmic-ray fluxes to de-
rive scaling formulas for nucleon-induced spalla-
tion reactions and thermal neutron absorption re-
actions. Our recognition that high-energy neutron
reactions and thermal neutron reactions may re-
quire different scaling models is an important ad-
vance over previous work. Although the models
derived by Lal [1], and reported in [2] also imply
that scaling models should include the energy de-
pendence of nuclide production (excitation func-
tion), Lal [2] gives a parameterization only for the
fluxes of nucleons of E>40 MeV. Discrepancies
between cosmic-ray surveys conducted with neu-
tron monitors and with unshielded proportional
counters (Section 4) suggest that the altitude de-
pendence of cosmogenic nuclide production is
more sensitive to energy than was appreciated
by Lal [1,2].

The emphasis of this work is on scaling high-
energy spallation reactions and thermal neutron
absorption reactions. Because the primary data
on high-energy nucleons come from neutron mon-
itors, which are also somewhat sensitive to muon

fluxes, we derive scaling formulas for fast muon
and slow negative muon fluxes so that corrections
can be applied to neutron monitor counting rates.
These functions can also be used to scale cosmo-
genic nuclide production by fast and slow muons.

Two important differences between our work
(as well as that of [3]) and other models are that
we express secondary cosmic-ray fluxes as a func-
tion of mass shielding depth (x) in units of g cm 2,
in contrast to [2], who used elevation, and as a
function of effective vertical cutoff rigidity (Rc) in
units of GV, in contrast to [2], who used geomag-
netic latitude, and [4] who used geomagnetic in-
clination. Because x and Rc change over time, the
long-term behavior of these parameters must be
estimated at both the sample site and the calibra-
tion site. The problem of determining Rc from
geographic position and magnetic field intensity
is discussed later in this paper, whereas the depen-
dence of mass shielding depth on elevation has
been discussed by [5,6].

2. Review of scaling models derived from
cosmic-ray data

Lal’s [1,2] is the most widely cited scaling mod-
el. Drawbacks to his pioneering work are that:
(1) Cosmic-ray measurements from latitude sur-
veys are ordered according to geomagnetic lati-
tude calculated from an axially symmetric cen-
tered dipole model. Such a model does not
accurately describe the geomagnetic field’s ability
to deflect primary cosmic rays [3,4,6]. (2) Atmo-
spheric depth (pressure) data from altitude surveys
were converted to elevation using the US standard
atmosphere, 1976. The model therefore does not
account for spatial variations in the atmospheric
pressure structure [4-6]. (3) The model assumes
that the shape of the nucleon energy spectrum is
independent of altitude at energies below 400
MeV. Measurements performed more recently
suggest that the energy spectrum may soften sig-
nificantly towards sea level, even at energies below
400 MeV [6]. (4) Measurements taken since the
1950s, representing the vast majority of cosmic-
ray data, are not included [6,7]. (5) The effects
of solar activity are not explicitly addressed [7].
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Dunai [4] has proposed a major revision to
Lal’s [1,2] model. Although his work is more re-
cent than [1,2], Dunai’s [4] model is also based on
a small subset of the cosmic-ray data from the
1950s [6]. In addition, Dunai [4] orders cosmic-
ray data according to geomagnetic inclination,
which, like geomagnetic latitude, has a non-
unique relation with cosmic-ray intensity [8]. He
[4] also neglects the effect of solar activity and
implicitly assumes that the energy spectrum is in-
dependent of altitude (see discussion in [§8]). For
these reasons, both the accuracy and reported un-
certainty (e.g. ~2% in the sea-level latitude
curve) of Dunai’s [4] scaling model are question-
able.

An important difference between the scaling
models of [2] and [4] is the dependence of nucleon
fluxes on altitude. Dunai’s [4] scaling model con-
sistently gives effective attenuation lengths that
are about 5% lower than those calculated from
Lal’s [2] model. The different attenuation lengths
result in a ~10% difference between the two
models when production rates are scaled between
1033 and 600 g cm™2 (05000 m). The two au-
thors also give sea-level neutron fluxes that are
different by as much as 12%, even though their
scaling models utilize the same sea-level neutron
monitor survey [9] as a baseline. Given such dis-
crepancies, and considering the inherent problems
with these models, there is an obvious need to
investigate the scaling problem in more detail.

Only one published scaling model has been de-
rived entirely from neutron monitor data [10].
That model utilized an extensive survey by Car-
michael et al. [11-15] to predict the altitude and
latitude dependence of soft fail rates in integrated
circuits. Another scaling model for cosmogenic
nuclide production based primarily on neutron
monitor data (including the results of [11-15])
has been proposed by Lifton [3].

3. Scaling model for spallation reactions

3.1. Data selection

Since the invention of the neutron monitor in
the early 1950s, a wide range of atmospheric

depths, cutoff rigidities and solar conditions
have been measured [7]. These surveys have
yielded consistent results, although there exist mi-
nor discrepancies due to differences in instrumen-
tal responses and experimental procedures.

A good cosmic-ray data set should have the
following characteristics: (1) the data should
have been collected using similar methods; (2)
the experimental methods should be given in de-
tail; (3) the instruments should be well-character-
ized; (4) the time, date, geographic coordinates
and barometric pressure at each measurement lo-
cation should be recorded; and (5) the data
should have extensive coverage in space and
time. Corrections for variations in the tempera-
ture structure of the atmosphere and high winds
(Bernoulli effect) may also improve the quality of
a data set [16], but the required meteorological
data are often not available for older surveys.

The survey that best meets the criteria above is
that conducted by Carmichael and collaborators
[11-15] over the International Quiet Sun Year
(IQSY), 1965-1966. It comprised 110 measure-
ments of nucleon intensity taken at atmospheric
depths of 1033-200 g cm™2 (0-12000 m), and at
cutoff rigidities of 0.5-13.3 GV. All measurements
at altitudes less than 5000 m (> 550 g cm™?2) were
collected with a land-based NM-64 and measure-
ments at higher altitudes were obtained using a
cross-calibrated monitor designed for airborne
measurements. Neutron monitor counts and
counting times are given along with the time,
date, barometric pressure, latitude, longitude
and effective vertical cutoff rigidity for each loca-
tion. This survey, described in five back-to-back
papers [11-15], is unmatched by any other alti-
tude survey in terms of the detailed experimental
description.

Another survey aimed at describing comprehen-
sively the neutron monitor attenuation length
(AnMm) was reported by Raubenheimer and Stoker
[17]. To prevent ambient thermal neutrons from
reaching the counter, this survey employed an
NM-64 monitor with a reflector thickness on all
sides double the usual 7.5 cm. There are four im-
portant differences between [17]’s survey and that
of [11-15]. First, because the reflector thickness
was doubled on top, the muon and nucleon en-
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ergy sensitivities of the monitor in [17] should be
slightly different from that of a standard NM-64
monitor. Second, many of the measurements were
taken during the 1969 solar maximum. At high
and mid-latitudes (Rc>5 GV) attenuation
lengths at solar maximum should be higher by
~7 g cm™2 than those at solar minimum [17].
Additional measurements were obtained by [17]
in 1971, when solar activity was lower than in
1969, but still higher than a typical solar mini-
mum. Third, all measurements were performed
from an airplane, most at altitudes greater than
1600 m (< 850 g cm™2). Carmichael et al.’s survey
extended to both greater and smaller atmospheric
depths [14]. Fourth, and most important for this
work, the original counting rates and counting
times have not been published by [17]. Nonethe-
less, despite numerous differences in experimental
conditions and approaches, the relation obtained
by [17], after normalizing to solar minimum, is in
good agreement with the one found by [15], with
attenuation lengths that are on average 2% lower
than Carmichael and Bercovitch’s [15].

Bachelet et al. [18] investigated the dependence
of Anm on Re and x by evaluating barometric
coefficients (the reciprocal of A) calculated from
58 stationary IGY and NM-64 monitors. Un-
fortunately, they do not give original data (count-
ing rates, counting time, atmospheric pressure) for
the neutron monitors, as do [11-15]. Nonetheless,
attenuation lengths derived by [18] for solar mini-
mum (1964-1965) are in good agreement with
Carmichael and Bercovitch’s 1965-1966 results
(Fig. 1), despite numerous differences in how the
attenuation lengths were derived and the slightly
different periods covered [15]. Corrected attenua-
tion lengths from [18] are on average only 1.5%
higher than those calculated from our regression
to data in [15] (Section 3.4).

Although the measurements of [17,18] are ex-
tensive, their data are not as amenable to analysis
as Carmichael and Bercovitch’s because original
counting rates and counting durations are not
published. Moreover, discrepancies between
[15,17,18] are small and are probably related to
minor systematic differences rather than random
measurement errors. To attempt to account for
these small systematic differences would not be
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Fig. 1. Attenuation lengths at sea level and solar minimum
from neutron monitor attenuation coefficients measured by
Bachelet et al. [18], Dorman et al. [20] and Carmichael and
Bercovitch [15]. The solid lines are from a surface fitted to
Carmichael and Bercovitch’s complete data set, which covers
a wide range of Rc and x [15].

worthwhile in view of larger systematic errors
(e.g. energy spectrum and solar activity) involved
in applying neutron measurements to cosmogenic
nuclides [6].

A precise and rigorous measurement of Any in
Antarctica (Rc <0.5) was performed during the
1997 solar minimum survey [16,19,20]. The at-
tenuation length was measured from a ship by
recording changes in counting rates caused by
small fluctuations in barometric pressure. The
neutron monitor counting rate was corrected for
the Bernoulli effect, sea-state effect (relevant only
to shipborne data) and temperature structure of
the atmosphere [19]. The attenuation length de-
rived at this location (Fig. 1) gives us further con-
fidence in the reliability of Carmichael et al.’s data
[11-15].

3.2. Parameterization of attenuation lengths from
neutron monitors

Throughout most of the atmosphere, the alti-
tude dependencies of secondary cosmic-ray fluxes
(/) are described by:
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d/ J

A BJ (1)
where x is atmospheric depth given in mass-
shielding units [g cm™2]. The rate of cosmic-ray
absorption is usually expressed by the atmospher-
ic attenuation length, A [g cm™2], or its reciprocal,
B [cm? g~!], the attenuation coefficient. The solu-
tion to Eq. 1 is the exponential relation:

Ty = Jyexp (’“;’”) = Jiexp(B(x1—x2)) 2)

where J; and J; are the fluxes at depths x; and x;.
It is sometimes more convenient to use S, which
represents the slope of dJ/dx versus J. Because 3
is a slope, the linear average of all B values over a
range of depths x; to x, gives the effective attenu-
ation coefficient between x; and x,. On the other
hand, A is often used because it carries the phys-
ical significance of being equivalent to the value of
Ax over which cosmic-ray flux changes by a factor
of e.

Originally, Carmichael and Bercovitch [15] de-
rived the neutron monitor attenuation coefficient,
B, as a function of Re and x from the neutron
monitor counting rates reported in [11,13]. These
results were given graphically, with the relation
Bnm(Re,x) drawn by hand. Carmichael and Peter-
son [21] later parameterized Carmichael and Ber-
covitch’s results using polynomials, but they did
not report the polynomial coefficients. To make
Carmichael and Bercovitch’s results useful for
scaling spallation reactions, we have parameter-
ized these results in terms of Axm using a poly-
nomial [15].

We derived attenuation lengths by following
the iterative procedure described by [15] for deriv-
ing Bam(Rce,x). A sea-level latitude curve was first
established from the counting rates at each survey
location. Although several survey locations were
nominally at sea level, most were at slightly higher
elevations and therefore the counting rates had to
be reduced (normalized) to sea level. We accom-
plished this by making an initial estimate for each
location of the effective attenuation length (Ae)
required to reduce the counting rate at x to the
sea-level counting rate at the same cutoff rigidity.
Then we parameterized the sea-level counting
rate, Jnum, using the Dorman function [20]:

Tnm(Re) = Jo[l—exp(—aR:")] (3)

where J is the high-latitude counting rate, and «
and k are fitting parameters. The first approxima-
tion to the sea-level latitude curve was then used
to calculate A.nm for each of the survey loca-
tions. A polynomial was fitted to Aenm(Rc,X)
by the inverse-variance method, and a second ap-
proximation to the latitude curve was established.
Variances of counting rates were determined by
assuming a Poissonian distribution of counting
events and using a correction for the multiplicity
effect [22]. The procedure was iterated four times,
giving a final R* of 0.986 (Fig. 2).

The true attenuation length was derived as a
continuous function of x from the effective at-
tenuation length by using the relation [15]:

B0 = Bel) + (v—x0) L8

(4)
where f=1/A, and xq is the pressure at sea level.

3.3. Corrections to A, yy for muon and
background contributions

The contributions of muons and background to
the neutron monitor counting rate were removed
using the equation:

—_—— ——..— 1954 Rose et al.
10 \\ ———— 1964-65 Carmichael et al.
\\ = = 1996-1997 Villoresi et al.

08 10

07F 08F  1g6ses
Carmichael et al.
7k

Relative neutron monitor counting rate

05 1 1 1 1 1 1 1

R, (GV)

Fig. 2. The sea-level latitude effect at solar minimum, accord-
ing to Rose et al. [9], Carmichael et al. [11-14] and Villoresi
et al. [16], normalized at 13 GV.
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Table 1

Relative contributions to the neutron monitor counting rate at high latitude and sea level [57]

IGY monitor contribution

NM-64 monitor contribution

(%) (7o)
Neutrons 83.6£2.0 852+£2.0
Protons 7.4£1.0 72%£1.0
Pions 1.2£0.3 1.0£0.3
Fast muons 44108 3.6£0.8
Slow negative muons 24104 2.0+04
Background 1.0£0.1 1.0£0.1
n
ZQ N G, G Acy-(s)(Rc) =233+ 3.68Rc (7)
L FTA L AN Apy A

= = (5)
ANM Zci CN+ Cu-) + Cun) + Co

where J; and A; are the counting rate and attenu-
ation length, respectively, for the ith component
(note that this equation is incorrect in [6]). At sea
level and high latitude, contributions from nucle-
ons (Cn), slow negative muons (C,-(), fast
muons (Cyr)) and constant background (Cp), ac-
count for more than 98% of the neutron monitor
counting rate (Table 1).

Fast muon intensity was scaled for altitude and
latitude by using a parameterization of fast muon
data [7] collected with a muon telescope (MT-64)
during the IQSY survey [11,13]. This apparatus
consisted of two phosphor scintillators placed
above and below an NM-64, with the counting
circuits arranged in coincidence. The fast-muon
attenuation length, Ay, is described well (R*=
0.976) by:

Ay (Re,x) = ap + a1 Rc + x(a2Rc + a3) (6)

where ¢; are fitting coefficients (Table 2). Based on
a theoretical range—energy relation [23], muon en-
ergies above ~ 10 GeV are needed to penetrate
the 14 cm of lead and 22.5 cm of polyethylene of
an NM-64. The sea-level latitude dependence of
fast muon intensity (Fig. 3) is much less pro-
nounced than that of the neutron component.

The effective attenuation length for slow nega-
tive muons derived by [7] from measurements be-
tween 200 and 1033 g cm™2 [24-26] is described
by:

Slow muons are defined here to be those stopping
in 117-83 g cm™2 of air equivalent, which corre-
sponds to energies below approximately 0.3 GeV
[24-26]. Based on [7,27], we assume that the sea-
level latitude dependence for slow negative muons
is the same as that for fast muons.

3.4. Attenuation lengths for spallation reactions

Based on Carmichael and Bercovitch’s neutron
monitor data and the corrections described above,
the atmospheric attenuation coefficient for high-
energy (Emeda~120 MeV) spallation reactions
(Bsp) 18 well described by the relation [15]:

Bsp (Rc,x) = BamN(Re, X) =
n(1 +exp(—aR:¥))"! + (bo + b1 Rc + by RE)x+

(b3 + bsRc + b5Ré)X2 + (b6 + b7Rc + bgRé)X3 (8)

with the coefficients from Table 3. We expressed
these results in terms of S rather than A for the
convenience of calculating effective attenuation
lengths. In order to obtain a physically realistic
surface (Fig. 4) several parameters in Eq. 8§ were
constrained during the fitting procedure [7].

The effective attenuation length between two

Table 2

Coefficients for Eq. 6

ap 2.1658 x 109
a 8.7830x 10%
ap —1.3532x 1079
az 3.7859 x 10701
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arbitrary atmospheric depths x; and x; is calcu-
lated from the relation:

X2
/ dx

Ae(Re, X1, %) = ————
/ B(Rc, x)dx

©)

and therefore the effective attenuation length for
high-energy spallation reactions (Acsp) between
depths x; and x; is:
Ae,sp (RC>~’C17X2) =
X2—X1
n(1 +exp(—aRZF))~1 x4 1/2(bg + b1 Rc + by RZ)x2
+ 1/3(})3 + b4Rc + b5Ré)X3 + 1/4(})(, + b7Rc + bgR%)X4

X1

x2

(10)

Strictly speaking, the parameters in Table 3 are
valid only for R¢ from 0.5 to 13.3 GV, the limits
of Carmichael and Bercovitch’s coverage, and x
from 1033 to 500 g cm™2 [15]. However, our neu-
tron monitor measurements near Bangalore, India
in May, 2002 suggest that Eq. 10 can be accu-
rately extrapolated to Rc of 17.25 GV.

3.5. Latitude distribution of spallation reactions at
sea level

In order to calculate nucleon fluxes at any point
on Earth, the latitude distribution of nucleon
fluxes at some reference altitude is needed in ad-
dition to Eq. 10. The IQSY sea-level latitude sur-

Table 3

Coefficients for Eq. 8

n 9.9741x 1079
o 4.5318x 1070
k —8.1613x 1072
bo 6.3813x 10700
b —6.2639x 10797
by —5.1187x 1079
by —7.1914x 1079
by 1.1291x 1079
bs 1.7400x 1011
bs 2.5816x 10712
by —5.8588x 10713
bg —1.2168x 1014

1.02 - B

R?=0.968

0.98 -

Dorman function parameters:
0.96 |- o =38.51
k=1.03

Relative counting rate

0.94 |

Rc (GV)

Fig. 3. Dorman function (Eq. 3) fit to sea-level muon moni-
tor counting rates of [11-14].

vey (Fig. 2) [11-15] is adequate for this purpose.
However, other latitude surveys conducted with
neutron monitors (Table 4) provide a check on
Carmichael et al.’s sea-level measurements, and
extend the available measurements beyond
Rc=13.3 GV [11].

Because a main motivation for conducting sea-
level latitude surveys is the comparison of primary
cosmic-ray spectra over different solar minima,
most latitude surveys have been conducted during
solar quiescence. Their results consistently give a
latitude effect (defined here as the ratio of the
counting rate at Rc =14 GV to that at Rc=0
GYV) of ~0.56. Differences between the solar min-
imum survey reported by [9] (used by both Lal
[1,2] and Dunai [4] as a sea-level baseline), the
one reported by [11-15], and the most recent
one [16] are negligible (Fig. 2) when data are or-
dered according to R, but not when they are
ordered according to geomagnetic latitude (A)
[2], geomagnetic inclination (/) [4], or lower cutoff
rigidity calculated for a centered dipole field
(RE'®™eT) [28] (see Section 6).

We suggest using the Dorman function (Eq. 3)
parameters obtained from the most recent NM-64
survey [20] (Table 4) to scale spallation reactions,
because this survey is the most thorough and be-
cause it extends to Rc=16.6 GV.



28 D. Desilets, M. Zredal Earth and Planetary Science Letters 206 (2003) 2142

Fig. 4. Ayp(Rc,x) according to Eq. 8. To avoid overfitting the data, this surface was obtained under the constraints: dAs/0Rc7#0

and 0Asp/dx =0 only once at any R [7].

4. A scaling model for thermal neutron reactions

4.1. Attenuation lengths for thermal neutron
reactions

Measurements of neutron multiplicity in neu-
tron monitors and of star-size distributions in
cloud chambers and nuclear emulsions suggest
that the nucleon attenuation length decreases

with increasing energy [6]. However, the impor-
tance of this effect at nucleon energies below
400 MeV is uncertain. Data from neutron multi-
plicity counters suggest that the effect may be im-
portant for scaling cosmogenic nuclides [6], con-
trary to earlier empirical and theoretical evidence
[1] and to recent modeling [29]. Although there
are currently insufficient data to fully describe
the energy dependence of the nucleon attenuation

Table 4
Sea-level latitude surveys of nucleon intensity, 1954-1997
Year Type of monitor o k JRE 14 GV [JRAO GV Source
Solar minimum 1954 1GY 8.241 0.8756 0.56 [91*
1965 1GY 9.236 0.9146 0.56 [581
1965 NM-64 9.819 0.9288 0.57 [112
1974 NM-64 7.28 0.83 0.56 [59]
1976 NM-64 8.953 0.9159 0.55 [607*
1987 NM-64 10.068 0.9519 0.56 [61]
10.446 0.9644 0.56
1997 NM-64 10.275 0.9615 0.56 [20]
BC® 9.694 0.9954 0.50
Solar maximum 1969 NM-64 7.79 0.83 0.58 [59]
1981 9-NMD¢ 10.88 0.92 0.62

@ Parameters reported by [61].

® Unshielded BF; proportional counter (sensitive to thermal neutrons).

¢ Leadless neutron monitor.
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length, it is likely that differences between attenu-
ation lengths for most spallation reactions should
be only 1-2 g cm™2. Because this is smaller than
uncertainties of empirical data, a single parame-
terization can be used to describe attenuation
lengths for spallation reactions. However, the dif-
ference between attenuation lengths for thermal
neutron reactions, Ay, and those for spallation
reactions, Asp, may be significant.

Although the altitude dependencies of fast and
thermal neutron fluxes have been measured in sev-
eral studies [30-33], reliable data are limited
mostly to high altitudes (<600 g cm™2, > 4350
m). Because the fluxes of fast neutrons (E~1
MeV) and thermal neutrons (E<0.5 eV) have
been experimentally shown to be in equilibrium
[31], in this paper we consider attenuation lengths
for fast neutrons (A¢) and thermal neutrons (Ay,)
to be equivalent. These energies are substantially
below the ~40 MeV required to induce spallation
reactions [2]. Note that our use of the term ‘fast
neutron’ is different from most of the cosmogenic
literature but is consistent with definitions from
nuclear physics (see [6] for definitions of fast neu-
trons and high-energy neutrons).

One of the most extensive surveys of thermal
neutrons was a series of balloon flights carrying

unshielded proportional counters [31]. Attenua-
tion lengths reported by [31] agree well with air-
plane and balloon measurements of fast neutrons
performed later [32] and with earlier values of
Ay, obtained with a shielded thermal neutron de-
tector [30] over the range 200-600 g cm 2. Un-
fortunately, these surveys were restricted to atmo-
spheric depths less than 715 g cm™2 (> 3200 m),
and the data obtained at depths greater than 400
g cm ™2 (<5750 m) have large uncertainties.

A comparison of attenuation lengths measured
by shielded and unshielded proportional counters
with those measured independently by neutron
monitors strongly suggests that the fluxes of neu-
trons of £>100 MeV and those of £<10 MeV
(Table 5) attenuate in the atmosphere at different
rates. These results are consistent with an energy
spectrum that softens toward sea level. The mag-
nitude of the difference between low- and high-
energy nucleon attenuation lengths measured in
the upper atmosphere is too large to be attributed
to either solar activity or any known instrumental
bias other than energy sensitivity [6].

In a more recent airborne survey [33], which
extended to lower elevation than previous surveys
[30-32], fast neutron fluxes were measured with
proportional counters shielded by 7.5 and 12.5

Table 5
Comparison of Ac, and Acp from various surveys with A, from Eq. 10
Year Ax? RcP Ac st Acsp
(g cm™?) (GV) (g cm™2) (g cm™?)
[30] 1947-49 200-600 <0.5 157 132
1.7 157 132
3.0 181 134
11.5 206 151
13.5 212 155
[31] 1952-54 200-715 <0.5 164 131
1.4 164 138
13.7 212 152
[32] 1964-71 200-715 <0.5 163£10 132
<0.5 172+13 132
4.5 181+28 141
17.0 215+28 163
[33,34] 1969 200-715 3.1 149 132
4.9 155 134
73 163 141
11.7 182 149
14.2 195 153

4 Measurements are not necessarily evenly spaced throughout Ax.

> Cutoff rigidities for [30] and [31] were interpolated from grid values for 1955 [62] or taken directly from [49].
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cm of paraffin. The relation between Ay, and at-
mospheric depth was fitted to a linear regression
by [33] (also reported in [34]). Throughout most
of the atmosphere, Ay, measured by [33] is greater
than Anmn (Eq. 10), but at high cutoff rigidities,
the relationship is reversed near sea level (Fig. 5).
This result is difficult to explain, since it would
imply that the energy spectrum of the omnidirec-
tional neutron flux hardens with depth in the low-
ermost 1000 m of atmosphere. This behavior is
probably incorrect and can be explained by a
lack of data near sea level (Mischke’s measure-
ments extend from 307 g cm™2 (9500 m) to 960
g cm~2 (680 m) [33]). To correct for this probable
artifact of Mischke’s regression [33], we modified
his relationship so that Ay, is always larger than
or equal to Anm N, even at depths greater than
~900 g cm 2 (<985 m) (Fig. 5). The attenuation
coefficient for thermal neutron fluxes in the depth
range 5001033 g cm™2 is given by:

B (Rc,x) = co + c1Re + caR% + (¢3 + c4Re)x+
(es5 + cRc)X? + (¢7 + cgRo) x> (11)
and the parameters c¢; are in Table 6. The effective

attenuation length over the depth interval x; to x;
is given by:

200 T T T T T T

R=133 GV
190

180 f Ayx) according to Mischke
——= A, () according to Eq. 11

170 k —-—" Auwnk) according to Eq. 8

150 -

Attenuation length (g cm?)
=
(2]
o
L)

140 -

130 |- 1

400 500 600 700 800 900 1000
Atmospheric depth (g cm™)

Fig. 5. Thermal neutron attenuation lengths at Rc=13.3 GV
[33], with correction at low altitude.

Aewn (Re,x1,X2) =
X2—X1
(C() + 1 Rc + CzRZC)x + 1/2(63 + C4Rc)x2 + ®
1/3(cs + ceRc)x? + 1/4(c7 + cgRc)x*

x1

(12)

Simultaneous measurements during a 1996-
1997 sea-level latitude survey [20] confirm that
Ay, approaches Any toward sea level. Aboard a
ship in Antarctica, Ay, was found to be 131+2 ¢
cm ™2, which is indistinguishable from the value of
129+ 1 g cm™2 for Anm (after removing the con-
tribution of muons according to Eq. 5 and Table
1) [20].

Attenuation lengths reported by [33] are about
10% lower than attenuation lengths reported by
others [30-32] for the fast and thermal neutron
fluxes. The reason for this difference may be
that Mischke’s instrument was more sensitive to
neutrons of higher energy [33]. However, given
that Ay, changes rapidly with atmospheric depth
and that [30-32] lack data in the lower atmo-
sphere, it is probably more accurate to use Misch-
ke’s results than to extrapolate the attenuation
lengths of [30-32] to sea level [33].

4.2. Latitude distribution of thermal neutron
reactions at sea level

The only reliable latitude data for thermal neu-
tron fluxes is the 1996-1997 sea-level latitude
survey that carried two bare BF; thermal neu-
tron counters along with the usual NM-64 [16].
The 10% greater latitude effect measured with
the bare counters implies that sea-level latitude
distribution of thermal neutron reactions (e.g.
3Cl(n,y)*Cl and “°Ca(n,y)*'Ca) should also be
scaled separately from spallation reactions (Table
4). We therefore suggest using the Dorman func-
tion (Eq. 3) parameters corresponding to the 1997
bare counter (BC) survey as a baseline for scaling
thermal neutron fluxes.

5. Solar activity

Nucleon attenuation lengths measured at high
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Table 6

Coeflicients for Eq. 11

o 5.4196x 1079
¢ 2.2082x 10~%
e —5.1952%x 1077
c 7.2062 % 1070
c4 —1.9702x 107
cs —9.8334x 1079
6 3.4201x107%
7 4.9898 % 1012
cg —1.7192x 10712

latitudes [18,35] exhibit a strong dependence on
solar activity. This dependence is related to
changes in the energy spectrum of secondary nu-
cleons and to variations in the relative contribu-
tions of muons, background and nucleons to the
neutron monitor counting rate. As solar modula-
tion increases, the primary energy spectrum hard-
ens, and secondary cascades tend to penetrate
more deeply into the atmosphere. Although the
total counting rate of a neutron monitor decreases
with increasing solar modulation, the proportion
of counts from muons increases because muons
have a high-energy progenitor that is less sensitive
to solar modulation than is the nucleon flux.

The dependence of A.nmn on solar activity
was measured by Raubenheimer and Stoker [35]
at Rc=4.9 and 8.3 GV. These results, expressed
as the percent increase in the neutron monitor
attenuation length (%AAcnmN) over the solar
minimum value due to an increase in solar activ-
ity, are represented by:

%AA e MNN(Cpr, Re) = do +di Cpr + dr Cog+
(d3 + d4sCpr)Rc + (ds + de Cpr ) RE+

(d7 + dsCpr)RE (13)

where Cpg is the counting rate of the Deep River,
Ontario neutron monitor (Rc =1.02 GV, x=1016
g cm~2) relative to that in May 1965; the values
of the coefficients are given in Table 7. Rauben-
heimer and Stoker [35] found that changes in
A.nmN over the solar cycle are independent of
x, [18] found the dependence to be stronger at
greater atmospheric depths, and [21] found the

dependence to be greater at smaller atmospheric
depths [35]. Raubenheimer and Stoker [35] mea-
sured the greatest overall change in attenuation
length from solar maximum to solar minimum.
Given that experimental results have been contra-
dictory, additional measurements of the time de-
pendence of neutron monitor attenuation lengths
are needed.

The usefulness of Eq. 13 for geological applica-
tions is limited by the lack of a well-constrained
solar modulation record for times older than
~400 yr BP. There is some promise that records
of atmospheric radionuclides deposited in sedi-
ments and tree rings can shed light on past solar
modulation; however, the solar-activity signal in
these records is often obscured by natural process-
es on Earth. Although the behavior of solar mod-
ulation in the geologic past is not well known,
observations of solar modulation over the past
50 years place reasonable limits on the range of
the likely effective (integrated) solar modulation
levels for the past several hundreds of thousands
of years.

6. Temporal geomagnetic correction

Geomagnetic dipole intensity changes over time
[36] and so, therefore, do cutoff rigidities over
much of the Earth. The magnitude of the tempo-
ral variation in geomagnetic shielding depends on
latitude; low latitudes experience stronger fluctu-
ations in primary intensity than do high latitudes.
Near the geomagnetic poles, where the magnetic
field is mostly in the vertical direction, vertically
incident primaries are admitted to the Earth re-
gardless of dipole intensity.

Table 7

Coefficients for Eq. 13

do 4.5414 % 100!
d —4.1363x 101!
d, —4.1691 X 10100
ds —4.9907 X 1070
ds 5.0619 x 1010
ds 3.3590x 107!
ds —3.4601x 107!
dy —1.0562x 10792
dy 1.0964 X 10792
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Time-averaged Rc (and also A and I, which
serve analogous functions) can be calculated
from geomagnetic field models. For durations
longer than 20000 yr, a geocentric axial dipole
field is usually assumed (the GAD hypothesis)
(e.g. [4,37.38]). The basis of the GAD hypothesis
is that higher-order components of the geomag-
netic field are short-lived, and that over the long
term, transitory non-dipole features have cancel-
ing effects, so that the field averages to a simple
dipole. Terrestrial and marine records of the in-
tensity and position of this assumed dipole are
available from several authors (e.g. [36,39-42]).

In this section we demonstrate how the scaling
models derived in Sections 3 and 4 can be used to
correct for fluctuations in dipole intensity. We
assume that an accurate paleointensity record is
available and that for periods greater than 20 000
yr the GAD hypothesis is valid. Although addi-
tional work is needed to constrain the paleomag-
netic record and to determine the minimum aver-
aging period necessary for the GAD hypothesis to
apply, these issues will not be discussed here.
Also, we disregard the effects of solar modulation,
as did previous investigators working with empir-
ical data [2.,4].

Several investigators have explicitly addressed
the problem of correcting cosmogenic nuclide
production rates for temporal fluctuations in di-
pole intensity and position. Bierman and Clapp
[43] developed a correction model based on Lal’s
scaling formula and published field strength/ri-
gidity relationships [2]. Licciardi et al. [37] inves-
tigated the effects of polar wander on production
rates at 44.3°N latitude. Liciardi et al. [37] and
Phillips et al. [44] considered the effects of varia-
tions in the dipole intensity and concluded that
they are negligible for their mid-latitude locations.

Shanahan and Zreda [38] gave the first pub-
lished description of a dipole intensity correction
at the geomagnetic equator. This correction uti-
lized Lal’s scaling model and a relation between
global atmospheric production rates of cosmogen-
ic nuclides (Q) and magnetic dipole intensity (M)
given by [2,45]:

This expression was derived from a numerical in-
tegration over all latitudes of a first-order analyt-
ical relation describing primary particle motion in
a dipole field.

The geomagnetic correction model described in
this section improves on previous approaches
[38,43] in two important ways: it is based on a
model that better describes the current distribu-
tion of cosmic-ray intensity and it does not rely
on Eq. 14.

The applicability of Eq. 14 to scaling in situ
cosmogenic production rates is limited by several
factors. First, in deriving Eq. 14 Elsasser et al.
[45] assumed that the nuclide production per pri-
mary cosmic-ray particle in a column of atmo-
sphere is independent of primary energy. This al-
lowed [45] to assume that global production is a
function only of the total primary cosmic-ray flux.
However, later work [46] showed that nuclide pro-
duction per primary particle increases by a factor
of 2.7 from 60° to 0° geomagnetic latitude, and
therefore that the energy spectrum of primaries is
an important factor in global cosmogenic nuclide
production. Second, Elsasser et al. [45] assumed a
simple power law function for the integral pri-
mary energy spectrum that was based on early
data from the 1940s and early 1950s. Better esti-
mates (e.g. [47]) are now available. Unfortunately,
these assumptions, which were explicitly stated by
[45], are often overlooked. Third, the greatest ob-
stacle to using Eq. 14 is that there is no rigorous
way to relate the dipole-intensity dependence of
global production rates to local production rates
using Lal’s [2] scaling model, because the param-
eterization given by [2] is valid only to an altitude
of 10 km (~260 g cm™?), whereas most atmo-
spheric cosmogenic nuclides are produced at alti-
tudes above 10 km [46].

Recently, Dunai [28] proposed a temporal geo-
magnetic scaling model based on measurements of
paleo-inclination and paleo-horizontal field inten-
sity at a sample site. This model uses a relation
derived by Rothwell [48] from the Stormer equa-
tion for the lower cutoff rigidity of a primary
proton in an axial-dipole field:

30
Ritmmer(l dpl) = E]\/[()COSA‘)udpl [GV] (15)

¢
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where RY'©™(14p) is the Stormer lower cutoff

rigidity as a function of geomagnetic latitude in
a dipole field (Aqpl), 7. [m] is the radius of the
Earth and M, [A m?] is the dipole intensity. Roth-
well [48] substituted Aqp1 in Eq. 15 with geomag-
netic inclination (/4p1) using a relation that applies
only to a dipole field:

tan Idpl = 2tan ﬂvdpl (16)

He also substituted a relation between dipole in-
tensity and horizontal field intensity (Hgp1) that is
valid only for a dipole field:
Hdpl = MQI‘;SCOS ldpl (17)
The result is a relation between RP'©™", horizon-
tal field strength and magnetic inclination:

. 30 H
Ritormer (Idplv Hdpl) = ngﬁzizldpl [GV} (18)

Because the geomagnetic field far from the
Earth influences primary cosmic-ray trajectories,
it is always necessary to assume a model of the
entire geomagnetic field when calculating cutoff
rigidity. In applying Eq. 18 to the real geomag-
netic field, one assumes that Ry can be estimated
by replacing the Earth’s complex (short-term)
magnetic field with a dipole whose magnitude
and direction are determined only by the magni-
tude and direction of the local surface field [48].
Rothwell [48] recognized that the path of a cos-
mic-ray particle is determined not only by the
field at the surface, but also by the main dipole
field, and suggested that the value of R¢ should
lie between RY'™"(A4p1) and RY'©™(I,H), where
I and H are calculated from the real magnetic
field. Due to the inherent limitations of Eq. 18,
Rothwell [48] advocated using this expression only
in conjunction with an empirical relation that he
gives in [48]. He showed that Eq. 18 does not
satisfactorily align cosmic-ray data from different
latitude transects into a unique relationship (Fig.
6). The inadequacy of RP“™(I,H) is also dem-
onstrated by Dunai’s figure 1 in [4], which shows
a non-unique relation between cutoff rigidity and
nucleon intensity (cosmic-ray intensity varies by
12% between some locations at constant RP©r™mer

11 T T T T T T T

10 <

—eo— N. hemisphere
—o— S. hemisphere

09

08

Relative counting rate

0.7
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05 1 1 1 1 1 1 1
RLS‘ rrrrr (LH) (GV)

Fig. 6. Neutron monitor counting rates at sea level ordered
according to R$©°™er(J F) where I and H are from the sur-
face field [48].

(I,H)) and Dunai’s figure 1 in [28], which suggests
that at 620 g cm™2 (4300 m) nucleon intensity is
nearly constant with increasing cutoff rigidity be-
yond 12 GV. The physical reality is that the
Earth’s magnetic field at large distances (many
Earth radii) influences cosmic rays, and that
knowledge of the surface field is useful only inso-
far as it helps to constrain models of the entire
geomagnetic field. Because Eq. 18 poorly accounts
for the distribution of cosmic rays in the present
geomagnetic field (Fig. 6), it should be used with
caution in paleomagnetic fields, and its limitations
should be well understood.

6.1. Geomagnetic scaling based on R¢

The problem of scaling production rates for
fluctuations in dipole intensity is simplified when
cosmic-ray data are ordered according to Rc. Rc
is calculated by tracing cosmic-ray trajectories in
a model of the geomagnetic field [49]. If we as-
sume that cosmic-ray intensity at a given atmo-
spheric depth is a unique function of R¢, then the
main challenge is calculating Rc for past epochs
at the sample site and calibration site. This as-
sumption allows recent cosmic-ray measurements
to be directly applied to paleomagnetic fields.

Usually the approximation is made that over
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Fig. 7. The latitude dependence of R¢ in an axially symmet-
ric centered-dipole field at dipole intensities ranging from
0.25 to 1.25 times the 1945 reference value (M, =8.084 X 10>
A m? [50]). The lines are according to Eq. 19.

periods greater than ~ 20000 yr, the average be-
havior of the geomagnetic field converges to an
axially symmetric centered-dipole field [4,29,37]
with an integrated dipole intensity that depends
on the exposure period. We therefore calculated
Rc for an axially symmetric centered-dipole field
having an intensity ranging from 1.25 to 0.25
times the 1945 value of 8.084x10%2 A m? [50]
(Fig. 7). We used the numerical trajectory tracing
code and the methods described by [20,49] to
trace the paths of anti-protons analytically ejected
from the Earth in the vertical direction. Particles
escaping the geomagnetic field to infinity corre-
spond to the trajectories of primary cosmic-ray
protons that are admitted to the Earth. The low-
er, upper and effective cutoffs (Ry, Ry and Rc¢)
were calculated by tracing particles at 0.01 GV
intervals. Rc was calculated by subtracting the
total of the allowed rigidity intervals from the
highest forbidden rigidity interval (Ry) (Fig. 8).
These results are described (R >0.999) by:

i=6 M i
Reap =Y (Ei +fi (Vo) ) /151111 (19)
P

with the parameters from Table 8. These param-

eters are valid between Aqp =0° and 55°. Above
Adpl =55°, cosmic-ray fluxes are unaffected by
changes in dipole intensity. Note that in Eq. 19,
Adpl 1s raised to the ith power.

For the special case in which the GAD hypoth-
esis is invalid and a time series of / and H is
available at the sample site, but data at other
locations are too few to constrain the entire field,
there are several methods of calculating either the
lower vertical cutoff rigidity or effective vertical
cutoff rigidity. Based broadly on the methods pro-
posed by [48] and partially adopted by [28], we
calculated cutoff rigidities using three approaches.
The first approach assumes an axially symmetric
centered-dipole field with a known pole position.
The second approach assumes a centered-dipole
field with the axial position determined only by
a local value of I and H. The third approach is to
take the mean of the values from the first two
approaches. For each of these approaches, we
separately applied Egs. 15 and 19.

55GV =
X <R
\\\\
R,
50GV =
=_e—-c-2 R
45GV |-
0OGV =

@) (b)

Fig. 8. (a) The penumbral structure for vertically incident
cosmic-ray protons, 20 km above Tucson, AZ (32.1°N,
249.1°E) calculated by tracing cosmic-ray trajectories through
International Geomagnetic Reference Field 1995. Forbidden
rigidity intervals are shaded. (b) Rc is calculated by subtract-
ing the sum of the allowed rigidity intervals from Ry.
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Table 8
Coeflicients for Eq. 19
€ fr

i=0 —4.3077x 1079 1.4792 % 107!
1 2.4352% 10792 —6.6799 X 10~
2 —4.6757x 1079 3.5714%x 1079
3 3.3287x 107 2.8005x 1079
4 —1.0993x 1079 —2.3902X 1079
5 1.7037 % 10797 6.6179x 1077
6 —1.0043x 1079 —5.0283x 1079

Cutoff rigidities were calculated on a 5° latitude
by 15° longitude grid using a 10th degree spher-
ical harmonics representation of International
Geomagnetic Reference Field (IGRF) 1980. We
compared these results to effective vertical cutoff
rigidities calculated by [51] for IGRF 1980. The
purpose of the calculations was to determine
which method gives the closest approximations
of cutoff rigidities derived by trajectory tracing,
and to quantify the discrepancies (Table 9). Effec-
tive vertical cutoffs calculated from an average of
the first and second methods proved superior,
with the estimated vertical cutoff rigidity being
on average within 1 GV and no more than 3.5
GV from the true value [51]. Cutoffs calculated
using Eq. 15 for lower cutoff rigidity also give a
reasonable, but slightly less accurate approxima-
tion to Rc. The uncertainty in applying each of
these methods to real cosmogenic dating scenarios
is difficult to assess, since the position of the mag-
netic poles and local measurements of / and H
have associated uncertainties (which may be cor-
related), and since errors in paleo-cutoff rigidity
estimates tend to have canceling effects over large
integration periods.

6.2. Calculating time-integrated cosmic-ray fluxes

The equations ordinarily used for interpreting
cosmogenic radionuclide data assume that the
production rate (P) at a sample location is con-
stant with time [2,52]. This approximation allows
for a straightforward analytical solution to the
problem of calculating exposure age (¢) from mea-

sured sample inventories of spallogenic nuclides
(NVmeas) [2,52]:

1 sp
meas (l o g/ A spiss> eXp( xss/ 5p,ss)

[exp(et/Aspss)—exp(—t(Adec + €/ Aspss))]+
Noexp(—A dect) (20)

where Py, is the production rate of a spallogenic
nuclide at the land surface, € is the erosion rate
[g cm™2 yr!], Aqec is the decay constant, xg is the
depth of a sample below the Earth’s surface
[g cm 2], Agpss is the effective subsurface attenu-
ation length for spallogenic nuclide production
[g cm™2] and N, is the inherited inventory.

The time dependence of production rates can be
taken into account by discretizing the exposure
period into n time intervals of width A¢;, and cal-
culating an effective production rate (PSAp“) over
each At;. The equation relating exposure age to
production rates [2] is then given by:

i=n PA[i
Nee = S —Xeo/ A <
calc Z ()u t £/A sp755> exp( Xss/ sp,ss)

=1
[exp(€ALi/ Aspss) —exp(—Ati(Adec + €/ Aspss)) |+

Ny eXp(— A decAAt;) (21)

where NAt;—; is the inventory from the preceding
time step. For i=1, NAt;—; corresponds to the
inherited inventory.

Egs. 20 and 21 require additional terms if ther-
mal and epithermal neutron reactions are impor-
tant, as in the production of **Cl [52]. The depth
dependencies of thermal and epithermal neutron
fluxes follow the form of a triple exponential:
Aexp(— Bx)+Cexp(—Dx)+Eexp(—x/Amss), Where
the parameters 4, B, C, D and E for a given
material are calculated from physical and chem-
ical properties [53], and A is the subsurface
attenuation length for thermal neutron reactions,
which can be assumed to be the same as for spal-
lation reactions. If the profile of combined epi-
thermal and thermal neutron production can be
fitted to a single triple-exponential function, then
the discretized form of the buildup equation for
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Table 9

A comparison of methods of estimating Rc from limited geomagnetic data

Field model/method

Average residual

Average absolute residual ~Maximum absolute residual

(GV) (GV) (GV)

RE™eT (a) axially Storsymmetric centered dipole 0.6 2.0 6.9

(b) centered dipole with pole at 78.81°N 0.6 2.5 5.4

(c) dipole field constructed from surface 0.4 1.5 5.7

values of I and H

(d) average R from (b) and (c) 0.5 1.0 4.5
R gpl (a) axially symmetric centered dipole 0.0 1.9 5.3

(b) centered dipole with pole at 78.81° N 0.0 1.4 4.9

(c) dipole field constructed from surface —0.21 1.4 5.5

values of 7 and H

(d) average of (b) and (c) 0.0 0.8 3.5

The average residual is the average difference between Rc calculated by [51] on a 5° latitude by 15° longitude grid for the IGRF
1980 field and R estimated for the same field by the methods listed below. These comparisons cover the range —55° and 55° lati-

tude.

combined thermal, epithermal and spallogenic
production is:

i=n PAL
_ sp _
Neaic = Z Aaee + E/A s eXp( xss/A sp‘ss)

=1
[exp(€ALi/Aspss)—exp(—Ali(Agec + €/ Aspss))]

P
+ <m A exp(—Bxss)[exp(BeAt;) —exp(—A decAl;)]

i
+ <,1dccﬁpg> C exp(—Dxs) [exp(DeAL;) —exp(—A gecAt;)]

(ot

— | E —Xss/ A thss At/ A th s
ldec i E/Alh.ss> eXP( xaa/ th,»)[exp(‘g !/ lh,bb)

7exp(7ldecAli)] + NAIH eXp(*l decA[i) (22)

For each additional production mechanism hav-
ing an exponential depth dependence in the sub-
surface (e.g. slow negative muons and fast
muons), an additional term of the same form as
the first terms on the right-hand sides of Egs. 21
and 22 may be added, with the subsurface attenu-
ation length for that component substituted for
Ass. The production rates for fast muons and
slow muons can be scaled from the calibration
site to the sample site using the scaling formulas
in Section 3.3.

The exposure duration is found by calculating
the number of time steps (n) needed to make the
calculated nuclide inventory for a sample, Ny,

equal to the measured nuclide inventory of a sam-
ple (NVmeas):
t = nAt; (23)

Because the accuracy of Eq. 23 depends on the
size of the time steps, it may be necessary to make
At; smaller than would be justified by the resolu-
tion of the geomagnetic record alone.

A first approximation to the surface exposure
age (t.pp) can be calculated from Eqgs. 20-22 by
neglecting geomagnetic effects. A second approx-
imation of » is obtained from #,,,/Af;. This value
of n is then used in Eq. 21 or Eq. 22 to calculate a
first approximation of Nggc. If Neaie > Npeas then
n should be decreased on the next iteration. If
Neale < Nmeas then n should be increased. This iter-
ative procedure yields exposure ages that converge
on the true exposure age.

Egs. 21 and 22 require knowledge of the pro-
duction rate at a sample site over each time step.
A calibrated production rate (Pg) corresponding
to a different location and exposure period can be
used at any given sample site if differences in at-
mospheric shielding, cutoff rigidity, topographic
shielding, and sample depth are taken into ac-
count by applying scaling factors:

PA :ftoprsszc,x(Ati)Pclb (24)

The factor fiopo accounts for differences in topo-
graphic shielding and exposure angle at the sam-
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ple site and calibration site. If both sample site
and calibration site are flat and unobstructed,
Jiopo = 1. The factor fi normalizes the subsurface
production rate at the calibration site to surface
production rate. Since most of the reported pro-
duction rates are already normalized to the sur-
face value, fi is usually equal to 1. The factor
Jfrex(At;), which accounts for differences in x
and Rc between calibration site and sample site,
may have a strong time dependence and therefore
should be calculated for each At¢;. This scaling
factor is given by:

avg

Frex(Aty) = Jfgt;i) 25)

where J3% is the average cosmic-ray flux at the
calibration site and J(At;) is the cosmic-ray flux at
the sample site during time interval i. In applying
Eq. 25, it is necessary to know only the relative
nucleon fluxes, which can be calculated from the
effective attenuation lengths and latitude curves in
Sections 3 and 4. The average cosmic-ray flux at
the calibration site is given by:

Jive _ chlb(RC7x)d[
clb fdl

which must be integrated numerically over the
exposure duration of the calibration site. A sam-
ple calculation demonstrating our geomagnetic
procedure is available as a Background Data Set!.

Temporal variations in dipole intensity can also
be accounted for in a less rigorous way by calcu-
lating a single effective production rate at the
sample site. This effective production rate can be
obtained by calculating an effective Rc for the
sample site, which is calculated from the average
MIM, over the exposure period. Although this
approach is less rigorous than the one described
above, it can be used to gain an initial estimate of
the temporal geomagnetic effect.

Masarik et al. [29] have suggested that geomag-
netic corrections calculated by [38] for equatorial
stromatolite samples with ages of 8-12 kyr may
be too large. According to [38], the correction was
approximately +20%, whereas [29] computed a

(26)

! http://wwwelsevier.nl/locate/epsl/

correction of —1%. Our calculations based on
the scaling model given here and the Sint-200 rec-
ord [36] also give a correction that is smaller and
in the opposite direction (~ —5%). Because the
production rates used by [38] were based mostly
on calibration sites at high and mid-latitudes, the
production rates at the calibration sites should be
mostly independent of dipole intensity. However,
near the equator, neutron fluxes were generally
greater over the past §-12 kyr, meaning that pro-
duction rates were higher and that uncorrected
ages would to be too old.

7. Comparison and validation of scaling models

In order to compare scaling models given by
[2,4] with the ones derived here, it is necessary
to express these models according to common el-
evation and geomagnetic parameters. Because the
models given here and by [4] are already ordered
according to atmospheric depth [g cm™?], we ex-
pressed Lal’s [2] scaling model in terms of atmo-
spheric depth. The US standard atmosphere,
1976, which [2] used to convert his original scaling
model [1] from pressure units to elevation units,
was used to reverse that transformation. We con-
verted R¢ in our models and geomagnetic inclina-
tion in Dunai’s model [4] to geomagnetic latitude
in a centered dipole field having the 1945 dipole
intensity, M, =8.084 x10?> A m? [50].

Different latitude effects are given by our sea-
level NM-64 curve, Lal’s sea-level curve and Du-
nai’s sea-level curve (both derived from [9]) (Fig.
9) because latitude survey data were ordered ac-
cording to different geomagnetic cutoff parame-
ters by the respective authors [2,4]. Effective ver-
tical cutoff rigidity, used in this work, is the only
one that gives a unique relationship for latitude
survey data, regardless of the survey route. The
shapes of both Lal’s and Dunai’s latitude curves
depend on the longitudes as well as the latitudes
covered by the surveys they used [2,4]. Conceiv-
ably, the discrepancies in Fig. 9 could have been
larger, given the non-unique relations that geo-
magnetic latitude and geomagnetic inclination
have with primary cosmic-ray intensity.

Altitude effects given here are also different
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Fig. 9. A comparison of sea-level latitude curves given in
this work with ones reported by Lal [2] and Dunai [4]. Geo-
magnetic latitude corresponds to an axially symmetric cen-
tered-dipole representation of the 1945 field (M, =8.084 X
1022 A m? [50]).

from those given by [2,4]. Dunai’s attenuation
lengths are closer to attenuation lengths we give
for spallation reactions, whereas Lal’s are closer
to our thermal neutron attenuation lengths [2,4].
This latter result is expected, since both Lal’s
model and our model for thermal neutron reac-
tions incorporate data from shielded and un-
shielded proportional counters, which consistently
give higher attenuation lengths than other instru-
ments [2].

Recent measurements of cosmogenic nuclide
production in artificial targets [54] afford the op-
portunity to validate our attenuation length mod-
el for spallation reactions at a single Rc and over
a small range of atmospheric depths. Three water
targets were exposed at 960 g cm ™2 (620 m), 644 g
cm™2 (3810 m) and 570 g cm™2 (4745 m) on
Mount Blanc, France from February, 1993 to
May, 1994 (Rc=4.82 GV, geomagnetic lati-
tude =40.5°, I=61.7° for epoch 1995) [54]. The
effective attenuation length of 130+4 g cm™?
measured for '°Be production in oxygen compares
well with both the effective attenuation length giv-
en in this work for spallation reactions and the
attenuation length given by [4] for nuclear reac-
tions (both are 131 g cm™2). A value of 148 g

cm ™ is obtained for this location from Lal’s poly-
nomial for nuclear disintegrations [2]. The neu-
tron monitor data on which our spallation scaling
model is based are particularly well-suited to scal-
ing '°Be production because neutron monitors are
sensitive to the same portion of the nucleon spec-
trum that produces the '°O(n,x)'"Be reaction (Ta-
ble 10). Future work with artificial or geological
targets should focus on low-latitude, high-altitude
locations because this is where discrepancies be-
tween scaling models are greatest (Fig. 10).

8. Uncertainty in scaling models

The uncertainty in applying neutron monitor
data to scaling factors is difficult to assess [6,7].
Others [3,4] have based their uncertainty estimates
on the scatter of data around their regressions. In
our model, the 16 uncertainty is negligible in our
weighted fit to the 110 neutron monitor attenu-
ation lengths derived from [11-13]. Before dif-
ferentiating (Eq. 4) and correcting for muons
(Eq. 5) the average 1o uncertainty in attenuation
lengths from our regression is 1%, whereas a
weighted average gives 0.1%.

Propagating the uncertainties from the
weighted regression through Egs. 4 and 5 yields
a final average 1o uncertainty of 0.5% in the
corrected neutron monitor attenuation lengths
(AnmN) from Eq. 8. This uncertainty assumes
that the uncertainties on the relative contributions
of muons and nucleons (Table 1) are uncorre-
lated, and that attenuation lengths for muons

Table 10

Median energies for cosmogenic nuclide production by nucle-
ons [7] and for the neutron monitor response to neutrons
[57], both at high latitude and sea level

Emed
(MeV)
Reaction K(n,x)*Cl 13
Ca(n,x)**Cl 55
Si(n,x)* Al 70
O(n,x)'*C 105
O(n,x)''Be 140
Neutron monitor NM-64 130
IGY 160

1o uncertainties are approximately 25%.
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Fig. 10. A comparison of attenuation lengths derived in this
work with attenuation lengths calculated from Lal’s [2] poly-
nomial for neutron fluxes and attenuation lengths given by
Dunai [4]. Geomagnetic latitude is calculated from an axially
symmetric centered-dipole field with a dipole moment (M)
of 8.084x 102 A m? (1945 value [50]).

(Egs. 6 and 7) are correct to within an assumed
lo uncertainty of 20%. The low uncertainty in
AnmN (Eq. 8) shows only that our regression is
an excellent fit to Carmichael’s [11-13] data, and
that the correction for muons does not substan-
tially increase the uncertainty of our model.

For calculating uncertainties on scaled produc-
tion rates, an uncertainty of 0.5% in A, is unre-
alistically low, since it does not account for un-
certainties related to biases in energy sensitivity
and solar activity. At high latitudes, A, varies
by about ~4% over the 11-yr solar cycle (Eq.
13), and instrumental biases in energy sensitivity
are small (Fig. 10). At low latitudes, A, is unaf-
fected by solar activity, but uncertainties in the
energy bias of Ay, become important. An average
lo uncertainty of +5/—2% in Ay, over all latitudes
is therefore recommended as a more realistic esti-

mate for scaling production rates. Uncertainty is
lower on the negative side because the neutron
monitor is sensitive to higher energies than are
most of the important spallation reactions (Table
10), meaning that Ay n should give a lower limit
for Ag,. The attenuation length for thermal neu-
tron reactions (Ay,) is not as well-constrained, and
a realistic uncertainty is *6%. Continued efforts
are needed to obtain more rigorous and meaning-
ful estimates of uncertainty in scaling models.

9. Conclusions

Our analysis of published cosmic-ray data sug-
gests that separate scaling models should be used
for thermal neutron absorption reactions and for
spallation reactions. We found that neutron mon-
itors give throughout a wide range of atmospheric
depths lower attenuation lengths than do propor-
tional counters. A recent latitude survey shows
that neutron monitors also yield a less pro-
nounced latitude effect than do proportional
counters. Given that proportional counters mea-
sure neutrons at a lower range of energies (mostly
neutrons of £<10 MeV) than neutron monitors
(mostly nucleons of E>50 MeV), these findings
are consistent with a nucleon energy spectrum
that shifts towards lower energies with increasing
depth in the atmosphere. If, to the contrary, the
shape of the nucleon energy spectrum is invariant
in the troposphere, as suggested by recent model
calculations [29], then systematic discrepancies be-
tween attenuation lengths measured with neutron
monitors and those measured in the fast to ther-
mal neutron range must be explained in some
other way. Without the assumption of a softening
energy spectrum, there is currently no basis to
accept one type of neutron measurement over
the other.

A rigorous correction for temporal variations in
the geomagnetic field can be applied to produc-
tion rates directly from the scaling models given
here. The accuracy of this correction depends
mainly on the robustness of altitude-latitude scal-
ing models and on the reliability of the geomag-
netic record. The main assumption of our tempo-
ral-geomagnetic correction is that at any given
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atmospheric depth, cosmic-ray intensity varies
uniquely as a function of Rc. For paleomagnetic
fields having poorly constrained configurations, as
is usually the case in cosmogenic dating, it may be
necessary to assume a geocentric axially symmet-
ric dipole field in order to calculate Rc, although
this assumption is not intrinsic to our model.
Others working on the scaling aspect of cosmo-
genic nuclide systematics [4,54-56] seemed to have
reached at least one common conclusion with us:
that additional theoretical and experimental cos-
mic-ray research is needed to improve the accura-
cy and robustness of surface exposure dating, and
to open new applications of cosmogenic nuclides.
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