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Abstract

A set of time integrated cosmogenic 3He production rates in olivines for the last 1.35 Ma are presented. We
investigated three basaltic lava flow tops from Lanzarote, Canary Islands, Spain. The 40Ar/39Ar ages determined for
those basalt flows by incremental laser heating of leached groundmass samples are 152 þ 26 ka, 281 þ 19 ka and
1.35 þ 0.01 Ma ( þ 2c). Three or four different olivine phenocryst samples have been analyzed from each flow for their
cosmogenic 3He abundances. The resulting 3He production rates in olivine at sea level at 29³ latitude are 82 þ 14 and
82 þ 8 atoms g31 a31, as obtained from the 152 ka and 281 ka old flows, respectively. Considering effects of erosion on
the 1.35 Ma old flow we find that the production rate of 82 þ 8 atoms g31 a31 is consistent with the cosmogenic 3He
production during the last 1.35 Ma. There appears to be a 14% discrepancy between previously published production
rates derived at higher latitudes and altitudes if the scaling factors of Lal are used to compare results. This discrepancy
is greatly reduced, however, if the revised scaling factors of Dunai (this issue) are applied. Using the new scaling factors
we derive a production rate for cosmogenic 3He in olivine at sea level and high latitudes (s 60³) of 118 þ 11 atoms g31

a31 ( þ 2c). The correspondingly revised value of Cerling and Craig, and Ackert et al.) is 123 þ 6 atoms g31 a31 ( þ 2c).
The mean value of these two calibrations is 121 þ 6 atoms g31 a31 ( þ 2c). We suggest that the production rate of 121 þ 6
atoms g31 a31 at sea level and high latitudes may be applied to the complete time range where paleomagnetic data
indicate that there was no long-term averaged intensity variation in the Earth's magnetic field, i.e. over the last 10
Ma. ß 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The reliability of application of in-situ pro-
duced cosmogenic nuclides to dating of exposed

surfaces critically depends on the accurate knowl-
edge of production rates [6^8]. However, the pro-
duction rates vary spatially, and through time.
The spatial dependence is the combined e¡ect of
atmospheric depth, through absorption of pri-
mary and secondary cosmic rays (e.g. [9]), and
the in£uence of the geomagnetic ¢eld which de-
£ects the charged primary cosmic rays as a func-
tion of its horizontal ¢eld strength and inclination
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[10,11]. The temporal variation is mostly an ex-
pression of the secular variation of the geomag-
netic ¢eld (e.g. [12]). Changes in the intensity of
the Earth's magnetic ¢eld have been signi¢cant
throughout the past 800 ka [13]. The last 15 ka,
especially the last 10 ka, were characterized by
25^30% higher average virtual axial dipole mo-
ments (VADM) [5,13] as compared to the long-
term average VADM (s 100 ka) [13]. So far most
calibrations of in-situ cosmogenic nuclide produc-
tion rates are from surfaces younger than 18 ka
(e.g. [8,14^16] and refs. in [1]). Thus using these
production rates for dating of old surfaces the
ages may have a substantial bias and hence con-
siderable uncertainties.

We determined the cosmogenic 3He concentra-
tion in olivines from three exposed lava £ow tops
on Lanzarote, Canary Islands, Spain. The same
£ows were also dated with the 40Ar/39Ar-incre-
mental heating method. The resulting production
rates for 3He in olivine cover the time range 150^
280 ka and based on our experimental data it is
shown they can be extended to ages s 1.35 Ma.

2. Analytical methods

Incremental heating 40Ar/39Ar age determina-
tions were performed on leached basaltic ground-
mass samples using an argon laser probe com-
bined with a MAP 215-50 mass spectrometer
[17]. Sample preparation, acid leaching and mass
spectrometry are described in [18]. Plateau ages
were calculated as weighted means using 1/c2 as
weighting factor [19] and argon isotope isochron
ages as YORK2 least-square ¢ts with correlated
errors [20] on the basis of Taylor Creek Rhyolite
(TCR) sanidine as £ux monitor (28.34 Ma) [21].

Helium isotope determinations were performed
on high-purity olivine phenocryst separates
(s 98%), both utilizing a double vacuum furnace
with Mo-crucible and -liner (extraction tempera-
ture 1850³C) and a crushing device interfaced to a
puri¢cation line and a VG-5400 noble gas mass
spectrometer. The puri¢cation steps and analysis
of noble gases are described in [22].

The major element compositions of the olivine
phenocrysts were determined by multiple spot

analysis using a JEOL0 JSM-6400 microprobe.
U and Th concentrations of the basalts were de-
termined by INAA (Activation Laboratories Ltd.,
Ancaster, Ont., Canada).

3. Sample description

Lanzarote chosen as Quaternary volcanism on
this island provides a wealth of suitable surfaces,
which are mostly well preserved in the prevailing
arid climate. The presence of olivine in all our
samples indicates that rates of chemical weather-
ing were low throughout the entire exposure his-
tory ([23] and refs. therein). Furthermore the cli-
matic conditions eliminate the need to consider
e¡ects of snow cover that might be a problem
for sites at higher latitude [8]. Preserved marine
shorelines [24] indicate that vertical neo-tectonic
movements were small during the Quaternary.
The low latitude of Lanzarote (29³S) provides a
high sensitivity to temporal changes of the geo-
magnetic ¢eld, which is ideal for the purpose of
our study.

3.1. Tahiche

The east slope of Tahiche volcano, located
about 5 km north of Arrecife (Sheet Arrecife 48-
36, UTM grid coordinates : 28RTF432099), was
sampled. The sampling sites are at 195^200 m
altitude. The lava £ow tops at this location are
mostly well preserved. Care has been taken to
stay away from human structures (dry stone
walls) and depressions that accumulated soil.
Sampled sites are local highs. From the preserva-
tion of small scale £ow top features we estimate
the overall erosion of the sampling sites as less
than 2^4 mm. Thickness of samples was V5
cm. Vesicularity of the samples is 15^20%. As
the neutron £ux in the uppermost 10 g/cm2 of
the solid Earth is virtually constant [25], the pro-
duction of cosmogenic nuclides in the uppermost
V5 cm of the sampled £ow is likewise constant.
Therefore no depth correction is necessary. Sam-
ples TA1^3 were taken about 10 m from each
other. Topographic shielding at all three sites is
less than 1% and is corrected for. The olivine
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phenocrysts from the Tahiche £ow are Fo82�4.
The whole rock has U and Th concentrations of
0.9 þ 0.1 ppm and 3.1 þ 0.2 ppm, respectively.

3.2. Atalaya de Femes

A lava £ow covering a very shallow dipping £at
plain (V0.5³) about 4 km west of the peak of
Atalaya de Femes volcano was sampled (sheet
Femes 47-37, 28RFS146992). The sampling site
is at 35 m altitude. The lava £ow tops are well
preserved as thin blocks. However, the individual
£ow top blocks are part of a desert pavement. All
blocks are in original orientation. Estimated over-
all erosion of £ow top features at the sampling
sites is less than 2^4 mm. Sampled blocks were
V5 cm thick. Vesicularity of the samples is 10^
25%. Similar to the samples from the Tahiche
£ow no depth correction is necessary. For the
interpretation of the plain the genetic model for
desert pavement evolution tested by Wells and co-
workers [26] is applied. According to this model

the pavement clasts are vertically uplifted by
windblown dust. The model predicts that the
pavement clasts are continuously exposed since
the formation of the underlying lava £ow. To
test the validity of this model for the sampling
site four samples, AFB1^4, were taken about 5
m apart from each other. Topographic shielding
is less than 0.5%. The olivine phenocrysts from
the Atalaya de Femes £ow are Fo83�2. The whole
rock has U and Th concentrations of 0.5 þ 0.1
ppm and 1.7 þ 0.1 ppm, respectively.

3.3. Montanarroja

Remnants of a lava £ow on the plain about
2 km NW of the peak of Montanarroja volcano
were sampled (sheet Femes 47-37, 28RFS103948).
The sampling site is at 30 m altitude. Samples
were taken from the uppermost 5 cm of highly
vesicular, edge-rounded boulders. The boulders
in the sampled area were all in original position,
i.e. vesicularity increased markedly towards the
top of the boulders. By comparison with vesicular
sequences in older lava £ows exposed along the
nearby coast (V1 km) it is estimated that the

Table 1
40Ar/39Ar-incremental heating results of leached groundmass samples

Sample Weight
(mg)

Incremental heating (plateau ages) Inverse isochrona

n MSWD 39Ar % Age (ka) þ 2c MSWD 40Ar/36Arint þ 2c Age (ka) þ 2c

TA1 127 3 0.96 65.1 175 þ 11 0.46 330 þ 60 130 þ 70
TA2 130 3 1.1 60.1 260 þ 16 2.35 300 þ 150 240 þ 330
TA3 119 4 1.54 83.6 152 þ 26 1.82 292 þ 11 180 þ 110
best TA (TA3) 152 þ 26 ( þ 2c)
AFB1 113 3 1.33 67.0 272 þ 24 2.74 290 þ 80 320 þ 510
AFB2 116 no plateau obtained ^ ^ ^
AFB3 105 3 2.24 68.9 289 þ 29 4.49 290 þ 120 290 þ 330
mean age AFB (AFB1 and 3) 281 þ 19 ( þ 2se)
MRB1 118 no plateau obtained ^ ^ ^
MRB2 125 5 0.63 88.4 1336 þ 15 0.80 299 þ 22 1332 þ 35
MRB3a 137 3 1.96 67.2 1336 þ 19 0.15 306 þ 11 1314 þ 27
MRB3b 120 5 1.43 77.2 1365 þ 17 0.74 293 þ 2 1373 þ 17
mean age MRB (MRB2, 3a and 3b) 1346 þ 10 ( þ 2se)

n denotes number of steps included in calculation of plateau ages. 39Ar% gives the % of 39Ar released in the steps included in
the calculation. 40Ar/36Arint is the 40Ar/36Ar ratio of the intercept. The best representation of the age of the TA £ow is the age
obtained from sample TA3. Mean ages for the AFB and MRB £ows are calculated from plateau ages that agree within 2c. The
error quoted for those £ows is the mean error (se) of the mean age at the 95% con¢dence level. The full data sets are given as
an EPSL Online Background Dataset1.
aInverse isochrons are calculated over the steps that are part of the plateaus.

1 http://www.elsevier.nl/locate/epsl;
mirror site: http://www.elsevier.com/locate/epsl
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total vertical erosion of the boulders sampled can
be on the order of 20 cm. Vesicularity of the
samples is 15^20%. Assuming that the £ow
eroded by more than 5 cm the samples were cor-
rected for the decrease of cosmogenic production
with depth. The presence of ephemeral stream
beds in the vicinity (100 m) indicate the pos-
sibility of run o¡ erosion of the lava £ow top in
the past. Samples from three boulders were taken
(MRB1^3), about 5 m apart from each other.
Topographic shielding is less than 0.5%. The oli-
vine phenocrysts from the Montanarroja £ow are
Fo84�1. The whole rock has U and Th concentra-
tions of 0.7 þ 0.1 ppm and 2.8 þ 0.2 ppm, respec-
tively.

4. Results

The 40Ar/39Ar age results are summarized in
Table 1 and Fig. 1. The calculation of plateau

ages required data from at least three consecutive
temperature steps, which together comprise more
than 60% of the total 39Ar release, with each con-
tributing step yielding an age within two standard
deviations of the mean age [27]. All plateau
ages obtained are identical at the 95% con¢dence
level to the inverse isochron ages calculated from
the same steps. Intercepts of the inverse isochrons
are atmospheric at the 95% con¢dence level. A
plateau is considered acceptable when the
MSWD calculated for the plateau is close to 1.0
and 6 2.5 [28]. When analyses of multiple sam-
ples from a single £ow yielded a signi¢cant range
in ages, the lowest acceptable plateau age was
chosen because most processes causing scatter in
the age of such young rocks will tend to increase
the apparent age [29]. Hence we argue that the
youngest plateau age is the best representation
of the age of extrusion of the lava £ow. In case
we would miss to spot a trapped component, the
calculated ages would be biased towards higher

Fig. 1. 40Ar/39Ar ages plotted vs. the amount of 39Ar, with calculated plateau ages. A: Tahiche £ow samples. B: Atalaya de
Femes £ow samples. C: Montanarroja £ow samples. Discussion is given in the text. Errors throughout the ¢gures are 2c.
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values and calculated production rates could be
slightly underestimated.

The plateau ages of the three samples from the
Tahiche £ow give an age range between 152 and
260 ka. The high age of sample TA2 is due to an
unresolved contribution of trapped magmatic ar-
gon which is probably hosted in small olivines in
the groundmass that evaded handpicking. Also
for sample TA1 a trapped magmatic component
may not be excluded (40Ar/36Arint = 330 þ 60,
þ 2c). It also shows a disturbed plateau with evi-
dence for trapped argon in both the low and high
temperature steps. Thus the age obtained from
the three intermediate steps may be too high.
The steps from which the plateau age of sample

TA3 was calculated yield, however, a well de¢ned
atmospheric intercept for the inverse isochron
(40Ar/36Arint = 292 þ 11, þ 2c, Table 1). Thus for
this sample a trapped magmatic component can
be excluded for the four consecutive steps used for
the plateau age. The value of 152 þ 26 ka is there-
fore chosen as preferred age for the Tahiche £ow
and is later used for calibration of production
rates.

For two of three analyzed samples of the Ata-
laya de Femes £ow, plateau ages could be ob-
tained that are indistinguishable. The MSWD val-
ues of both plateau ages are acceptable (i.e. 6 2.5
[28]). Regression of the plateau steps does not
indicate a trapped Ar component di¡erent from

Fig. 1 (continued).
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air. For the calibration of production rates, the
mean of the two ages of 281 þ 19 ka is used as the
preferred age of the Atalaya de Femes £ow.

For three samples and a duplicate (MRB3a+b)
of the Montanarroja £ow plateau ages could be
obtained. The ages range between 1.34 and 1.37
Ma. The preferred age is 1.35 þ 0.01, calculated
from the arithmetic mean of three measurements.

The helium results are summarized in Table 2.
For each lava £ow one olivine sample has been
crushed to analyze the magmatic helium compo-
nent trapped in £uid inclusions. This helium com-
ponent is characterized by 3He/4He ratios between
6.42 Ra and 6.76 Ra (where Ra is the atmospheric
ratio of 1.39W1036). The helium released by fusion
experiments has in all cases a higher 3He/4He ra-
tio when compared to that of the corresponding
trapped component. Between 30^85% of the 3He
in the samples is cosmogenic (3Hecos).

To calculate the contribution of cosmogenic
3He it is necessary not only to correct for the
trapped component, but also consider the e¡ect
that implanted 4He has on the correction.
Although the analyzed olivine phenocrysts have
low U and Th concentrations of 6 0.05 ppm

and 6 0.15 ppm, respectively (using whole rock
concentrations and distribution coe¤cient6 0.05
[30]), the contribution of radiogenic 4He im-
planted as K-particles from the surrounding host
rock can be signi¢cant. If this implanted 4He is
erroneously attributed to the trapped magmatic
component, the magmatic 3He contribution will
be overestimated. Consequently the calculated
cosmogenic 3He concentration will be too low.
To estimate the contribution of implanted 4He
we assume a spherical geometry of the olivine
phenocrysts and use a slightly modi¢ed equation
from [31] :

F implanted � 3S=4R� S3=16R3

where S is the mean stopping range of K-particles,
R the radius of the sphere and Fimplanted is the
fraction of 4He implanted into the sphere relative
to the 4He produced in an identical volume of
host rock. The equation is valid for RES. The
mean stopping ranges for K-particles in materials
with densities similar to olivine and basalt are
19.7, 22.8 and 22.5 Wm, for 238U, 235U and
232Th, respectively [31]. As the radius of the

Table 2
Helium heating results

Sample Weight
(mg)

3He/4He crush
(U1036) þ 2c

3He/4He melting
(U1035) þ 2c

4He atoms/g
(U1012) þ 2c

3Hea
cos atoms/g

(U106) þ 2c
Prod. rateb at sea level 29³ lat.
(atoms g31 a31) þ 2c

TA1 317 ^ 1.41 þ 0.07 2.54 þ 0.04 13.7 þ 2.6 78 þ 20
TA2 284 8.97 þ 0.55 1.66 þ 0.05 1.87 þ 0.03 14.7 þ 1.9 85 þ 17
TA3 301 ^ 3.07 þ 0.11 0.634 þ 0.009 14.3 þ 1.0 82 þ 14

mean ( þ 2se) 14.2 þ 1.0 82 þ 14
AFB1 296 ^ 2.00 þ 0.03 2.13 þ 0.03 24.1 þ 1.5 85 þ 12
AFB2 325 ^ 2.02 þ 0.06 1.99 þ 0.03 23.2 þ 1.4 82 þ 12
AFB3 288 8.93 þ 0.18 1.43 þ 0.04 4.04 þ 0.06 22.3 þ 2.0 79 þ 15
AFB4 273 ^ 1.33 þ 0.04 5.30 þ 0.08 23.9 þ 2.5 84 þ 18

mean ( þ 2se) 23.4 þ 0.9 82 þ 8
MRB1 212 ^ 6.14 þ 0.15 1.63 þ 0.02 92.2 þ 4.8 68 þ 7
MRB2 245 ^ 7.87 þ 0.18 1.11 þ 0.02 84.3 þ 4.3 63 þ 6
MRB3 261 9.40 þ 0.47 7.12 þ 0.16 1.50 þ 0.02 100.5 þ 4.7 73 þ 7

mean ( þ 2se) 92.3 þ 2.7 69 þ 4

Errors include the reproducibility of calibrations throughout the period the measurements were performed (abundances þ 1%, ra-
tios þ 2%; þ 2c) and the uncertainty of the amount of calibration gas ( þ 1%, þ 2c), all errors are fully propagated. Mean 3Hecos

concentrations are given with twice the mean error as uncertainty. The mean production rates are calculated using the best/mean
ages in Table 1 and the mean 3Hecos concentrations. The error quoted is the mean error (se) of the mean production rate at the
95% con¢dence level. See text for further explanation.
aCorrected for magmatic helium and implanted 4He, the MRB samples are also depth corrected.
bTo calculate the production rate at sea level at 29³ latitude an attenuation mean path length (1) of 145 g/cm2 was used [4].
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spheres we take 150 þ 50 Wm as obtained from
thin sections. Using the above equation we calcu-
late for samples TA, AFB and MRB that
5.9U1010, 6.8U1010 and 5.0U1011 atoms 4He
g31 were implanted, respectively. The relative
contribution to the overall 4He in the olivines is
2^9% for TA samples, 1^3% for AFB samples and
30^45% for MRB samples. Considering the im-
planted 4He, the calculated concentrations of
3Hecos* (Table 2) are 3^5% higher than those ob-
tained when implantation is ignored.

5. Discussion

The 3Hecos concentrations in TA and AFB
samples cluster tightly around mean values of

14.2 þ 1.0U106 and 23.4 þ 0.8U106 atoms/g, re-
spectively (Table 2). Therefore, the assumption
of a simple exposure history for TA samples
and using the model of [26] for desert pavement
evolution for AFB samples (see Section 3) are
justi¢ed. Consequently the 3Hecos concentrations
obtained for those samples can be used for pro-
duction rate calibration. The 3Hecos concentra-
tions in the MRB samples, however, scatter sig-
ni¢cantly. This is the result of variable erosion
that a¡ected the MRB samples as was noted
from the ¢eld evidence. Taking those e¡ects into
account, the results of the MRB samples, how-
ever, can be used to test whether the calculated
production rates of the younger samples are com-
patible with observed 3Hecos concentrations.

Combining the 40Ar/39Ar ages with the 3Hecos

concentrations we calculate production rates of
3Hecos in olivine. To obtain production rates at
sea level an attenuation mean path length 1 of
145 g/cm2 is used [4]. The resulting mean produc-
tion rates are 82 þ 14 and 82 þ 8 atoms 3He g31

a31 for sample clusters TA and AFB, respectively
(Table 2 and Fig. 2). Thus the production rates
are indistinguishable which supports the reliability
of the calibration. The mean virtual axial dipole
moments (VADM) over the last 158 ka and 276
ka di¡er by less than 1% [13]. Thus the produc-
tion rates must be indistinguishable. Therefore we
treat means of sample clusters TA and AFB as
samples from the same population and derive a
mean production rate for the last 276 ka of 82 þ 8
atoms 3He g31 a31 in olivine at sea level and 29³
latitude.

The production rates calculated for samples
MRB1^3 are mostly lower than the mean value
of 82 þ 8 atoms g31 a31, only sample MRB3
(73 þ 7 atoms g31 a31) overlaps with the produc-
tion rate obtained from the two younger £ows TA
and AFB. When considering the erosion deduced
for the sampled surfaces (V20 þ 5 cm; assuming
linear erosion over 1.35 Ma), however, the picture
changes and all three samples overlap with the
mean production rate calculated from the TA
and AFB £ows (Fig. 2). The correction for erosion
is inevitably paired with an increased uncertainty.
Although, even if the estimates of erosion would
vary by a factor of two the overlap still persists.

Fig. 2. 3Hecos concentration of olivine phenocrysts corrected
for altitude plotted vs. the 40Ar/39Ar age of the host basalt.
Numbers to the left of TA and AFB sample clusters give the
mean production rate of 3Hecos derived for those clusters.
The solid line illustrates the mean production rate of the TA
and AFB sample clusters (82 þ 8 atoms g31 a31), the stippled
line marks the 2c error envelope. MRBcor (R) denotes MRB
samples corrected for e¡ects of erosion (see text), the larger
error bars for the corrected samples are the result of the un-
certainty on the assumed amount of erosion. Please note that
the points of MRBcor are shifted to the left for reasons of
clarity only. Their 40Ar/39Ar age is of course the same as for
uncorrected MRB samples. The shaded areas denote the du-
ration of geomagnetic polarity chrons and subchrons in the
calibration time range. Errors throughout the ¢gure are 2c.
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Therefore, we conclude that the production rates
calculated for the last 281 ka may be extended to
1.35 Ma. The apparent constancy of time aver-
aged cosmogenic production rates over the last
1.35 Ma years implies that the average intensity
of the geomagnetic ¢eld has been relatively con-
stant, despite of the combined e¡ects of three ma-
jor reversals that occurred during the time span of
the current calibration (Fig. 1). This ¢nding is in
perfect agreement with paleointensity data of the
geomagnetic ¢eld over the last 10 Ma indicating
that intensities of normal and reverse polarities
are indistinguishable and long-term mean values
are similar ([5] and refs. therein). Therefore we
suggest that further extension of the calibration
range beyond 1.35 Ma is justi¢ed up to at least
10 Ma.

We now compare our long-term production
rate of 82 þ 8 atoms 3He g31 a31 obtained at
29³ latitude with the only other long-term calibra-
tion available to date [2]. In the study of [2] cli-
nopyroxene phenocrysts from 47³S latitude from
a 128 ka old basalt £ow were analyzed. The au-
thors suggest that the production rate of [1] of
115 þ 6 ( þ 2c) atoms 3He g31 a31 for olivines at
sea level high latitudes (s 60³), derived from
V18 ka surfaces, is consistent with their results.
We take the view, however, that the agreement is
fortuitous as the mean virtual axial dipole mo-
ment (VADM) of the Earth's magnetic ¢eld was
1.3 times stronger over the last 18 ka as compared
to the last 128 ka [13]. Thus the average produc-
tion rates at the site of calibration of [1] were 9%
lower, assuming the axial dipole assumption is
true (using the cut o¡ energy cosmic ray £ux re-
lation in [4]). However, also the axial dipole as-
sumption for young samples 6 20 ka is problem-
atic [5,8] and deviations from that assumption
have a strong e¡ect as to the high sensitivity of
cosmic ray £ux to the inclination of the geomag-
netic ¢eld [10,32]. Resolving this problem for the
young calibration sites used by [1] is beyond the
scope of this paper and we will limit the compar-
ison to the results of [2] which are unproblematic
with respect to the axial dipole assumption. The
mean VADM over the last 128 ka was only 1.5%
lower than average over the 152 ka or 281 ka [13],
the time ranges relevant for the current calibra-

tion. Thus the production rates at 47³S, the lati-
tude of the calibration site of [2] were virtually the
same over the last 128 ka as over the 152 ka or
281 ka.

Using the scaling factors of [3] and production
rate of 115 þ 8 ( þ 2c) atoms 3He g31 a31 [2] we
calculate that at sea level and 29³ latitude the
production rate for 3He in olivine should be
94 þ 5 ( þ 2c) atoms g31 a31. However, the value
obtained by us is 14% lower. Thus, assuming that
our data set is valid, either the production rate of
115 þ 6 atoms g31 a31 ( þ 2c) or the scaling fac-
tors of [3] do not well describe the cosmogenic
production at the sampling sites at 29³ and 46³.

A recent reevaluation of scaling factors [4]
showed that, when using the scaling factors of
Lal [3] at sea level and low latitudes (20^40³),
the corresponding production rates will be up to
18% too high. At sea level and 29³ latitude (sites
of the present study) the di¡erence is 17%. Like-
wise at the location of the calibration site of [2],
the production rates will be V7% too high. Thus
the apparent discrepancy of 14% between produc-
tion rates is greatly reduced, V10% di¡erence can
be explained by the use of scaling factors of [3] by
[2] alone. The remaining di¡erence of 4% is not
signi¢cant. Both the analytical uncertainty and
the uncertainty of scaling factors (V2^3%) [4]
can account for the di¡erence. We take the
good agreement between calibration sites at 47³
and 29³ latitude as indication that the revised
scaling factors of [4] provide a good description
of the latitude dependence of cosmogenic nuclide
production. For a detailed discussion of the qual-
itative and quantitative di¡erences between the
new scaling factors and those of [3] we refer to [4].

Based on the revised scaling factors of [4] we
obtain an integrated production rate of cosmo-
genic 3He in olivine at sea level and high latitudes
of 118 þ 11 atoms 3He g31 a31 ( þ 2c). The corre-
spondingly revised value of [2] is 123 þ 6 atoms
g31 a31, þ 2c. We suggest that the mean of these
values, 121 þ 6 ( þ 2c) atoms g31 a31 at sea level
and high latitudes, may be applied to the com-
plete time range where paleomagnetic data indi-
cate that there was no long-term averaged inten-
sity variation in the Earth's magnetic ¢eld, i.e.
over the last 10 Ma ([5] and refs. therein).
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