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Abstract

We report concentrations of in situ cosmogenic '’Be and *'Ne from coexisting quartz and sanidine separates and of
cosmogenic *He in coexisting Fe-Ti-oxide minerals from ignimbritic successions of northern Chile (Oxaya and Lauca
ignimbrites). New mineral-isotope pairs such as sanidine and Fe-Ti-oxide minerals are helpful in quantitative geomorphology
for geological settings where the lithology lacks the commonly used minerals quartz, pyroxene or olivine. Production rates in
sanidine and Fe-Ti-oxide minerals were determined by normalizing nuclide concentrations to established production rates in
quartz. The experimentally determined production rates are compared to model production rates calculated with new cross-
sections for *He, *'Ne, and '’Be production from the individual target elements. The mean experimental >'Ne production rate
for five sanidine samples is 30.4+3.7 atoms g~ ' yr ! (30.4+5.4 atoms g~ ' yr ! including the uncertainty of the *'Ne
production rate in quartz, leNequ). This is in excellent agreement with the modelled value of 28.3 atoms g~ ' yr~ !, which has
an estimated uncertainty of 20%. The *'Ne production rate in sanidine is thus about 50% higher than that in quartz. The
cosmogenic neon in sanidine is entirely released in low temperature steps (400-600 °C) and no signs of an interfering
nucleogenic neon component were observed. This is in stark contrast to quartz and makes sanidine an attractive mineral for
terrestrial cosmogenic neon studies. *He diffuses out of the sanidine structure. Preliminary results also indicate that sanidine is
well suited for '°Be studies. The mean experimental '°Be production rate from two sanidine samples is 4.45 + 0.38 atoms g~ '
yr~ ' (4.45+0.42 atoms g~ ! yr ! including uncertainty of PloBequ), very close to the modelled value of 4.55 atoms g~ ' yr~ !,
which has an estimated uncertainty of 20%. We emphasize that '’Be and ?'Ne production in sanidine is composition dependent.
Therefore, major element analyses should be carried out and production rates calculated on a sample by sample basis.
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Fe-Ti-oxide minerals retain *He quantitatively. Experimentally derived production rates are in excellent agreement with new
values derived from physical modelling. The mean experimental *He production rate for five Fe-Ti-oxide minerals samples is
120+ 11 atoms g~ ' yr~' (120+ 12 atoms g~ ' yr~ ' including the uncertainties of P21Neqtz), compared to a mean modelled
value of 124 atoms g~ ' yr~ ', which has an estimated uncertainty of 20%. The variable chemical and structural composition of
the solid solution lines of Fe-Ti-oxide minerals has little effect on the total *He production rate. Cosmogenic *'Ne is not

produced in significant quantities in Fe—Ti-oxide minerals due to the absence of suitable target elements.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Terrestrial cosmogenic nuclides (TCN) such as
*He, '°Be, '*C, 2!'Ne, 2°Al and °Cl are widely used
in Quaternary Geology and Geomorphology for ex-
posure dating and erosion rate estimates (e.g., [1-4]).
The minerals most commonly utilized are quartz
("°Be, *'Ne, °Al), pyroxene and olivine (‘He,
2'Ne). Several studies have shown that quartz can
be cleaned reliably of meteoric '°Be [5,6] and retains
2'Ne quantitatively [4]. Both pyroxene and olivine
have been shown to retain both *He and ?'Ne [7—
11]. 3°Cl can be measured in any rock type, as whole
rock samples are used and the production rate is
calculated individually for each sample [3,12]. In
many situations, it would be desirable to rely on
other minerals, for example if the lithology does not
contain the minerals listed above. The search for the
optimal samples from a geomorphological perspective
would then not be compromised by the need to collect
samples with a suitable mineralogy.

*He is especially attractive because it is easily
measured due to its high production rates and low
detection limits [8,11,13]. Unfortunately, the most
commonly used target mineral quartz does not retain
He [9,14]. Recently, *He was investigated in garnet
[15], although the high U-Th concentrations in the
mineral required a careful assessment of the nucleo-
genic *He, i.e., He produced via the reaction of
®Li(n, o) *H—>He. *He-and *He-studies in magnetite
revealed quantitative retention [16—18]. On the other
hand, studies by [19,20] indicate that plagioclase
retains neither helium nor neon quantitatively.

In this study we explore the usefulness of the
mineral sanidine and Fe-Ti-oxide mineral group for
exposure dating with cosmogenic noble gases and
19Be. Both minerals can coexist with quartz in silicic

volcanic rocks. This allows a reliable cross-calibra-
tion, since the production systematics of '°Be, *'Ne
and %°Al in quartz are well known [21-28]. We chose
seven samples from the ignimbrites of the Oxaya and
Lauca Formations of Northern Chile. These rocks
contain phenocrysts of quartz, sanidine and Fe-Ti-
oxide minerals and are therefore ideally suited to
study multiple nuclides in multiple target minerals.
Detailed '°Be and ?'Ne analyses in quartz samples in
these rocks are reported in Kober et al. [29] and
summarized in Table A, Background Data Set and
Table 2.

We will show below that *He in Fe-Ti-oxide
minerals (*Hep. 1;) and '°Be and ?'Ne in sanidine
("**Began, *'Negn) are well suited for TCN studies.
Conversely, *He,,, and *'Ne,, are of little use due
to poor retention of cosmogenic *He (*He,) in sani-
dine and low production rates of cosmogenic *'Ne
(*'Ne,) in Fe-Ti-oxide minerals, respectively. The
experimental production rates presented here are com-
pared to results from new model calculations for
cosmogenic nuclide production. The modelling is
based on new cross-sections for *He, 2'Ne, and '°Be
production from the relevant target elements.

2. Mineral aspects
2.1. Sanidine

Sanidine is a high-temperature/low-pressure alkali-
feldspar found most commonly in rhyolites, dacites,
trachytes and phonolites and less frequently in contact
metamorphic rocks. Sanidine can occur both as phe-
nocrysts and in the ground mass. Phenocrysts of
sanidine coexist with quartz or can be the sole phe-
nocrystic phase. If sanidine would be a mineral suit-
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able for TCN work, isotope studies could be extended
to volcanic regions where the rocks lack quartz or
pyroxene and where timescales longer than that dic-
tated by *°Cl-saturation are of interest. Compared to
plagioclase, alkali-feldspars are more resistant to
chemical attack and generally last longer in the sedi-
mentary and soil environment [30-32]. As will be
discussed below, the sanidine phenocrysts from the
studied ignimbrites appear fresh and contain no inci-
pient clay alteration.

Within the sanidine-lattice, Si and Al are disor-
dered which requires charge balance that is most
frequently accomplished with K-or Na-cations.
Thus, in contrast to quartz, the major element
composition of sanidines from different rocks can
differ with respect to the main target elements for
""Be and *'Ne production. The concentrations of
the target elements important for the production of
cosmogenic neon and beryllium in sanidine are
given in Table B, Background Data Set. Note that
sample CN104 for beryllium analysis is not pure
sanidine but likely contained about 20% of quartz.
Furthermore, sanidine has been suggested to retain Ar
isotopes due to a less complex lattice [33] compared
to plagioclase.

2.2. Fe-Ti-oxide minerals

Fe—Ti-oxide minerals like the endmembers magne-
tite and ulvospinel (with the solid solution line of
titatnomagnetite) and hematite and ilmenite (titanohe-
matites) are very common accessory minerals in ig-
neous and metamorphic rocks [34,35]. The usefulness
of Fe-Ti-oxide minerals in TCN studies by studying
*He was suggested by Bryce and Farley [18] using
magnetite and lately by Margerison et al. [36] using
ilmenite, whereas production of *'Ne is expected to be
too low [37].

3. Sample site geology

The analysed samples stem from the Western Es-
carpment of the northern part of the Atacama Desert
and the Western Cordillera in northern Chile. This
area is characterized by a hyperarid to arid climate.
Active tectonics occurs due to the convergence of the
Nazca Plate below the South American continent,

leading to uplift of the Andes [38]. The hyperarid
climate in the northern branch of the Atacama Desert
results in very low erosion rates and hence in very old
preserved landscapes [39-42] similar to ice-free
regions in Antarctica [11]. Erosion rates at the north-
ern branch of the Atacama Desert derived from cos-
mogenic nuclide concentrations in quartz are <100
cm/My [29]. The Western Cordillera in turn receives
more rainfall and erosion rates may exceed 1000 cm/
My [29]. The samples studied are from resistant ig-
nimbrite (welded tuff) units of the volcano-sedimen-
tary Oxaya Formation (early Miocene, 19-25 My) and
from the less resistant Lauca Formation (Pliocene,
~2.7My) [43.,44]. Nominal exposure ages to cosmic
rays (uncorrected for erosion) are in the order of 1-3
My in case of the Oxaya ignimbrite samples and 10—
100 ky for the Lauca ignimbrite samples.

The rocks we studied are made up of 40-50%
phenocrysts of sanidine, quartz, plagioclase, biotite,
Fe-Ti-oxide minerals and hornblende (in order of
abundance) set in a matrix of partially devitrified
volcanic glass. Some shards are still visible. Both
quartz and sanidine are colourless, crystal clear and
up to 3 mm in diameter (mean size is about 1-2 mm).
Such large grain-sizes indicate that diffussional loss of
2"Ne,,s are negligible [14,45]. The quartz phenocrysts
are euhedral but strongly resorbed, with embayed
margins, and often contain glass inclusions (i.e.,
melt inclusions). Sanidine phenocrysts are euhedral
and blocky with sharp grain boundaries. They lack
any turbid areas which would indicate alteration to
clays. Plagioclase phenocrysts are invariably zoned
with turbid alteration areas concentrated within spe-
cific zones or in the cores. Margins are often irregular.
Fe-Ti-oxide minerals occur either as octahedral phe-
nocrysts or as aggregates in altered hornblende and
biotite (see also below). The maximum size of Fe—Ti-
oxide mineral grains is up to 1 mm, while the mean
grain size is ~0.3 mm.

4. Sample preparation and measurement
techniques

Rock samples (Oxaya ignimbrite: CN5, CNI19,
CN23, CNI111, CN201; Lauca ignimbrite: CN112,
CN113) were crushed and sieved to a grain size
range of 355-1000 um. The crushed rock was then
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etched several times with weak HF using a shaker
table [6,46]. This served to dissolve the volcanic
groundmass, biotite, hornblende and plagioclase,
while quartz, sanidine and Fe-Ti-oxide minerals
were enriched. Fe-Ti-oxide minerals were separated
using magnetic susceptibility. Sanidine and quartz
were separated and purified using heavy liquids (sani-
dine is found in the density fraction <2.62 g cm™ 3.
Fe-Ti-oxide minerals were analysed by thin section
examination and primary oxide minerals were pre-
dominately magnetite and ilmenite. Primary biotite
and hornblende were markedly altered to a mixture
of fine-grained Fe—Ti-oxide minerals. Bulk samples of
Fe-Ti-oxide minerals were powdered and mineralogi-
cally analysed using a Scintag XDS 2000 X-ray dif-
fractometer. Peak comparison indicates a hematite-
like composition with a constant offset likely due to
Ti-contents. We have also identified single mineral
grains of such composition in the magnetic fraction
using electron microprobe analysis on carbon coated
thin sections.

For the helium and neon measurements in sanidine,
pure mineral separates were hand-picked from the
enriched fraction which ensured that all grains with
adhering phases (e.g., glass) were removed. The sani-
dine separates were crushed to <100 pm and aliquots
of 40-80 mg were wrapped in commercial aluminium
foil. The Fe-Ti-oxide mineral separates were degassed
without further crushing. Noble gases were extracted
in steps by incremental heating between 200—1750 °C
(details given in data tables) in a molybdenum cruci-
ble. Released gases were cleaned in a stainless steel
extraction line equipped with Al/Zr-getters (SAES®)
and activated charcoal held at the temperature of
liquid nitrogen before He and Ne were expanded to
a cryogenic pump. Helium and neon were separated
by adsorbing neon at 14 K on stainless steel frits and
analyzing helium first. After the helium measure-
ments, neon was released from the Cryotrap at 50
K. Noble gas analyses were performed in a non-
commercial, all-metal magnetic sector mass-spectrom-
eter (90°, 210 mm radius) equipped with a modified
Baur—Signer ion source whose sensitivity is essential-
ly constant over the pressure range relevant for this
work [47]. The ion source is equipped with a com-
pressor device that increases the sensitivity compared
to a conventional source by factors of 120 and 200 for
*He and *'Ne, respectively [47]. Corrections for iso-

baric interferences for mass 20 have been applied for
YOAr"™" and H, "®0 but were always less than 2%. No
correction for CO3 " on **Ne was necessary. The low
corrections factors for doubly charged species were
the results of a low electron acceleration voltage of
45 V in the ion source. Data reduction followed e.g.,
study by Oberholzer et al. [48]. Helium in the Fe-Ti-
oxide minerals was analysed in a small gas fraction
only because ‘He-concentrations are as high as
10e"* em®STP g '. In addition, some of the Fe—
Ti-oxide minerals samples were measured by online
crushing in order to constrain possible contributions
from mantle derived *He. Nucleogenic *He (via the
reaction °Li(n,)’H — *He) has been estimated using
geological sample ages and measured Li, U and Th-
concentrations.

For the '’Be analyses, the quartz and the sanidine
mineral separates were further etched using weak HF
to ensure removal of meteoric '°Be. Next, following
procedures similar to those used to prepare quartz
[6,46], they were dissolved with concentrated HF
after addition of ’Be carrier. Be was separated and
purified using anion and cation exchange and selec-
tive pH controlled precipitations [46,49]. '°Be/’Be
ratios of the samples along with appropriate standards
and blanks were measured by accelerator mass spec-
trometry at the ETH/PSI tandem facility in Zurich
[50]. Blanks were on the order of (1-3)*10~'* for
'9Be/?Be and amounted to a subtraction of less than
4% for the samples discussed here.

Chemical analysis of sanidine samples was per-
formed by ICP-AES at Service d’Analyse des Roches
et des Minéraux CRPG-CNRS, Vandoeuvre-les-
Nancy-France). Li and other trace elements in Fe—
Ti-oxide minerals were measured by a PlasmaQuadru-
pole-ICP mass spectrometer at the ETH Isotope Lab
facilities.

5. Isotope data and calculation of experimental
production rates

5.1. Sanidine

Neon-concentrations of the sanidine samples are
summarized in Table 1. Cosmogenic >'Ne was calcu-
lated as excess over atmospheric composition (*'Ne/
2'Ne=0.00296; **Ne/**Ne=0.102; [51]) (Table 1).



Table 1

Neon concentrations and isotopic ratios in sanidine, production rate calculations and comparisons with modeled production rates

Sample 2ONe 2INe/?°Ne 2Ne/ 2Necosmo-san 2]Neqlz Factor P?'Negn experimental P?'Negn P?'Neg,,
2ONe (400+600 °C) san/qtz by P*'Ne,,=20.3 modelled modelled
#1010 *10-3 #1701 107 107 (Niedermann [23]) this study (Masarik [37])

(Heating step("C)/ (ccSTP/g) (atoms/g) (atoms/g) (atoms/g/yr) (atoms/g/yr)  (atoms/g/yr)
heating time(min))
CN5S-Ne(400,30") 1.914+0.04 36.79+0.41 1.56+£0.01 32.74%0.63 20.01 £0.62 1.64£0.06 33.21%+3.54 30.15 24.74
CN5S-Ne(600,30") 1.77+0.04 3526+0.24 1.50+0.01
CNS5S-Ne(800,20) 1.59+0.04 493+£0.13 1.04£0.01
CN5S-Ne(1750,20") 4.79+£0.11 3.08+0.07 1.03+0.01
CN19S-Ne(400,30") 1.65+0.04 42.99+035 1.65+0.01 39.97+0.67 32.03+£048 1.25+£0.03 25.33+2.60 28.07 23.46
CN19S-Ne(600,30") 2.18+£0.04 40.90£0.31 1.60+0.01
CN19S-Ne(800,20") 1.3540.03 5.024+0.03 1.08+0.01
CN19S-Ne(1750,20") 0.73£0.02 3.69+0.03 1.02+0.01
CN23S-Ne(600,30") 3.934+0.07 38.80+£0.25 1.56+£0.01 37.80%0.77 22.64+042 1.67£0.05 33.89%3.51 29.75 24.38
CN23S-Ne(800,30") 0.81+£0.02 538+0.06 1.05+0.01
CN23S-Ne(1750,20") 1.18 £ 0.02 3.324+0.07 1.03£0.01
CN113S-Ne(200,30') 0.46 +£0.02 3.10+0.13  1.02+0.02 0.66+0.06 0.48+0.06 1.39+023 28.14+£542 26.44 22.7
CN113S-Ne(400,30") 1.34+0.02 3.77+£0.07 1.03+0.01
CN113S-Ne(600,30") 0.62+0.01 5.04+0.20 1.06+0.01
CN113S-Ne(800,20") 0.46+0.01 3.08+£0.13  1.02+0.02
CN113S-Ne(1750,15")  0.58 +0.01 3.18+0.10 1.02+0.01
CN201S-Ne(400,30") 1.29+0.02 46.86 £0.34 1.67£0.01 43.58+0.74 28.36+0.81 1.54+£0.05 31.19%+3.29 27.03 22.56
CN201S-Ne(600,30") 0.94+£0.02 114.69+036 2.69+0.01
CN201S-Ne(800,20") 0.52+0.01 4214£0.09 1.04+0.01
CN201S-Ne(1750,20)  0.47£0.01 331£0.03 1.03+0.01

Mean 30.35+3.67 28.29 23.56

production
rate
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Fig. 1. Neon-three-isotope diagram for sanidine samples. A) All data points of all samples fall on a straight line (solid line) which represents a
mixture of atmospheric and cosmogenic composition. Only the low temperature steps (<600 °C) plot significantly away from atmospheric
composition, indicating substantial release of cosmogenic neon. Modeling of a mean sanidine mixing line (dashed line) with new elemental
production rates agrees almost perfectly with the regression line through the data points (see text). For reference, the dotted line is a mixing line
for quartz [4,23]. B) Enlargement of the area showing the data of high temperature steps (800 and 1750 °C). These steps contain mostly
atmospheric Ne and neither major nucleogenic nor trapped contributions.

The neon data are shown in a three-isotope diagram in
Fig. 1. Excess *'Ne, was completely released in the
400 °C and 600 °C temperature steps. The 800 °C and
total fusion steps showed no significant 2N e excess
(Fig. 1B, 2), indicating no significant contributions

Neon-temperature release pattern: Sanidine
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from nucleogenic or magmatic neon in the high tem-
perature steps. This is in stark contrast to quartz
analyses which have shown non-cosmogenic compo-
nents released in the higher temperature steps [4]. The
800 °C steps always contributed less than 3% of the

Fig. 2. Percent of released 2'Ne oumo at each temperature step relative to total > Negosmeo. For sample CN23S no 400 °C step has been made. 200
°C-step of sample CN113 released 2% and is not shown in graph.
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total 2'Negycess signature and are not considered here
any further. The data of the low temperature steps in
Fig. la fall on a well-defined straight line
(y=1.4999+0.098; R*=0.9991). This indicates that
all the excess of *'Ne in the 400 and 600 °C steps is
entirely cosmogenic. We therefore adopt the sum of
the excess “'Ne (over atmospheric composition) in
the two low temperature steps as the total cosmogenic
2Ne fraction in the sanidine samples. Note that the
regression is almost identical to a mixing line between
atmospheric and cosmogenic neon derived from
model calculations, as discussed in more detail below.

The experimentally determined >'Ne production
rates for sanidine (*'Neg,,) are presented in Table 1.
These values were calculated using the nuclide con-
centration of *'Ne in quartz (21Neqtz) from the same
samples determined earlier (Table A, Background
Data Set). In order to derive a production rate of
2Negn (leNesan) for each sample the ratio of 2Ne
concentrations (21Nesan/ 21Neqtz) was multiplied with
the P21Neth:20.3i4.0 atoms g ' yr ' [22,23] at
sea level/high latitude. The P21NeqtZ follows a scaling
according to Lal [1] (see Table 1 of [23]). This pro-
cedure implicitly assumes that the production rate
ratios of *'Ne from various elements are independent
of altitude and latitude and that *'Ne has been quan-
titatively retained in both quartz and sanidine. The
model calculations below will verify these assump-
tions for the latitude range of interest here. The mean
empirical production rate for *'Ne in sanidine is
30.4+3.7 atoms g~ ' yr~'. The stated error represents
the standard-deviation of the values of the five indi-
vidual samples and partly the inhomogeneous target
element composition (as discussed further down).
Including the PZINeth uncertainty [23], the empirical
2Ne production rate for sanidine is 30.4 + 5.6 atoms
gmt ¥ . The production rate in sanidine is therefore
about 50% higher than that in quartz (20.3 £4.0
atoms g~ ' yr~ ! [22,23]).

Table 2

Concentrations of *He in sanidine (Table C, Back-
ground Data Set) were all close to the blank values
with *He/?'Negosmo ratios below any reasonable pro-
duction rate ratio. This indicates that sanidine, like
quartz, is not quantitatively retentive for cosmogenic
He [4,14,52].

Concentrations of '°Be for two sanidine samples are
presented in Table 2. Again, we use the ratio of '°Be
concentrations in sanidine to quartz and the '°Be pro-
duction rate of 5.44 +0.19 atoms gq, Py 1 28] to
calculate preliminary '’Be production rates for sani-
dine. The mean of this value is 4.45 + 0.38 atoms g~ '
yr ! (4454042 atoms g ' yr ' including the
PlOBeth uncertainty). Here, the stated uncertainty
represents the error of the mean value. The '°Be pro-
duction rate in sanidine is thus about 80% as efficient as
in quartz.

The fact that the '°Be concentrations measured in
both sanidines are on the order of 80% of the '°Be
concentrations measured in coexisting quartz, gives
confidence that the sanidines had been completely
cleaned of meteoric '’Be. This is in contrast to several
other minerals besides quartz which have been shown
to be difficult to be cleaned of meteoric contaminants
[6,53-56]. In case of the studied ignimbrite samples,
the lack of meteoric '°Be may be due to the absence of
secondary weathering minerals (clay, plagioclase) in
sanidine which can take up meteoric '°Be during for-
mation [56].

6. Fe-Ti-oxide minerals

Fe-Ti-oxide minerals were degassed by step-wise
heating up to a final temperature of 1750 °C (Tables
3, D, Background Data Set). Both, *He and *He, were
released simultaneously and over a rather broad tem-
perature interval, usually between 800 and 1400 °C,
with only a small percentage of the gas being released

Beryllium-concentrations in quartz and sanidine, production rate calculations and comparisons with modeled production rates

Sample Quartz 198 Sanidine '°Be Factor 10Beqtz/ P'°Be using PIOBeth:5.44 P'"%Begun modeling P'""Begn modeling
10 Begun (Kubik and Ivy-Ochs [28])  this study (Masarik [37])
107 atoms/g 107 atoms/g atoms/g/yr atoms/g/yr atoms/g/yr
CN19 3.46+0.09 2.68£0.15 0.77 £ 0.05 4.21+0.50 4.50 4.87
CN104 2.22+0.07 1.91+0.13 0.86+0.06 4.69£0.58 4.60 5.08

Mean 445+0.38 4.55 4.98
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Table 3
Helium and neon concentrations and ratios in Fe—Ti-oxide samples
Sample He “He 3He/*He R/R, Total *He Total *Heye 11/ PHepe 1 using
2 lNecosmo—qtz 2 1I\qutz Pz 1I\qutz = 203
*10- 12 #10-6 £10-6 #10° #107 (Niedermann [23])
(Heating step (°C)/ (ccSTP/g) (ccSTP/g) (atoms/g) (atoms/g) (atoms/g/yr)
heating time (min))
CN5Mt(800,30") 11.64+0.72 3.524+0.04 331+£021 238 1.137+0.053 20.01+0.62 5.68+0.32 11531+13.21
CN5Mt(1400,30") 30.68£1.83 4574005 6.71+041 4.83
CN5Mt(1750,20") —0.01£0.04 —0.02£0.02
CN19Mt(600,30") 10.69+0.27 36.11+0.64 030+0.01 021 1.7274+0.054 32.03+0.48 5.394+0.19 109.42+11.58
CNI9Mt(1000,30')  20.71+0.53 168.16+3.00 0.12+0.01 0.09
CN19Mt(1400,30')  32.09+1.91 37.18+0.44 0.86%+0.05 0.62
CN19Mt(1750,20") 0.78 +0.09 0.54+£0.02 1.44+0.17 1.04
CN23Mt(600,30") 7344044 13.17+£0.09 0.56%0.03 040 1.349+0.045 22.64+042 596+023 120.94+12.94
CN23Mt(800,30") 345+0.23  31.28+0.22 0.11+0.01 0.08
CN23Mt(1000,30") 1424+085 29.87+0.21 048+0.03 0.34
CN23Mt(1200,30')  22.83+1.34 22.61+0.16 1.01£0.06 0.73
CN23Mt(1400,30') 1.89+0.13 0.84+0.01 223+0.15 1.61
CN23Mt(1750,20') 0.47 +£0.05 0.18+0.01 2.58+0.27 1.86
CN111Mt(200,30") 0.04+£0.01 0.00+0.01 1822+2.65 13.11 0915+0.006 13.42+0.51 6.82+0.26 138.46+14.85
CNI111Mt(400,30) 0.03+0.01 0.08+0.01 0.46+0.08 0.33
CN111Mt(600,30) 1.1940.03 3.06+0.03 0.39+£0.01 0.28
CNI111Mt(800,20") 1.5440.03 3.72+0.03 0.41+£0.01 0.30
CN111Mt(1000,20") 1.94+0.03 2.974+0.02 0.65+0.01 0.47
CNI111Mt(1200,30")  17.33+0.17 10.55+0.09 1.64+0.02 1.18
CN111Mt(1400,20") 11.08 £0.12 328+0.03 338+0.05 243
CNI111Mt(1600,15") 0.90+0.02 0.19+0.01 4.79+0.13 3.45
CN112Mt(1000,20’) ~ 2.69+0.07 15254+0.18 0.18+0.01 0.13  0.1494+0.002  2.61+0.09 5714022 11593+12.42
CN112Mt(1400,20)  2.79+0.06 7.12+0.08 0.39+0.01 0.28
CN112Mt(1600,15") 0.06 +0.01 0.11+0.00 0.55+0.11 0.40
Mean 120.01 £11.09
P*Hey._1;, mean modelled, this study 124
P*Hey,,, experimental (Bryce and Farley 69-77
2002; [18])
PHe,y,, modelled (Masarik 2002; [37]) 63.5

Helium-3-Fe-Ti production rate calculation and comparison with modelled and experimentally established production rates.

at either lower or higher temperatures. The final tem-
perature steps (1750 °C) contained little gas, suggest-
ing complete degassing at <1400 °C (Fig. A,
Background Data Set). *He in all steps of all samples
is assumed to be entirely of cosmogenic origin and is
used for production rate calculations. As we will show
below non-cosmogenic contributions can be neglected.

Similar to sanidine, *He production rates for Fe—
Ti-oxide minerals were calculated by using the *'Ne
concentrations of quartz from the same sample
(Table A, Background Data Set) and the procedure
delineated above. Resulting *He production rates are
presented in Table 3. The mean of 120 + 11 atoms g/
y~ ' (120 + 12 atoms g,;tl y*1 including the PZINeth

uncertainty, [23]) is considerably higher than a previ-
ous value obtained from numerical simulations of 63
atoms g, y ' by Masarik [37] or the preliminary
experimentally determined value of 69—77 atoms g
y~ ! of Bryce and Farley [18].

The Ne-three-isotope diagram (Fig. B, Back-
ground Data Set) shows that very few data points lie
on a mixing line between atmospheric and cosmogen-
ic neon. Therefore no unambiguous contribution of
cosmogenic 2'Ne can be detected. Excesses over at-
mospheric composition are likely due to nucleogenic
and/or magmatic contributions. We therefore conclude
that 'Ne in Fe-Ti-oxide minerals is not useful for
exposure dating. We will show below that this is to be
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expected based on the low *'Ne production rate
from Fe.

Note that the production rates for Fe-Ti-oxide
minerals and sanidine reported here are valid essen-
tially for present-day magnetic field intensities al-
though the exposure ages of the samples are in the
order of 10 ky to 3 My (see above). This is because
we have normalized to the production rate for quartz
deduced by Niedermann and Niedermann et al.
[22,23] based on samples with exposure ages of 13
ky only that required no correction for changes in the
magnetic field intensity at earlier times. According to
Masarik et al. [57] these corrections would amount to
9% for the low latitudes samples studied here (20°S)
and for samples with exposure >50 ky. The correction
for samples <50 ky as established by Dunai [58] for
low latitude samples is 15%. This means that the
reader should perform corrections for paleofield in-
tensity variations if necessary when adopting the pro-
duction rates for sanidine and Fe-Ti-oxide minerals
recommended here.

7. Modeling of cosmogenic nuclide production
rates on Earth

Here we present new modelled cosmogenic pro-
duction rates for most of the major target elements
relevant for TCN-studies. These modeled values
(Tables 4, 5—uncertainties estimated in Tables 2
and 3) are based on the particle fluxes in the Earth’s
atmosphere [59] and the cross-sections for the rele-
vant nuclide reactions. The cross-sections were
obtained from various irradiation experiments [60].
The primary model output are elemental production
rate ratios relative to Si ([X]/[Si]), where [X]
denotes O, Mg, Al, Fe and Ni for helium,
[X]=Na, Mg, Al, Ca, Fe and Ni for neon, and

[X]=0, N, Mg, Al, Ca, Fe, Ni for beryllium.
These ratios are essentially constant at all latitudes
and altitudes up to 6000 m, hence in the following
we adopt the values modeled for sea level and high
latitude. Note that the [X]/[Si] ratios may change
considerably at altitudes above 6000 m, but this is
hardly relevant in practice. Absolute neon produc-
tion rates for the specific elements were then
obtained by normalizing the model-derived X/[Si]-
ratios with the absolute production rate derived by
Niedermann and Niedermann et al. [22,23] with quartz
samples from the Sierra Nevada (P*'Neg;=43.5+8.7
atoms g~ 'y~ ! at sea level, high latitude). The estimat-
ed uncertainties of the specific elemental production
rates are 20%. The elemental P?'Ne values for Mg and
Al in Table 5A are slightly different from those given
by Schéfer et al. [11] due to recently updated cross-
sections (see above).

Concerning helium, most of the radioactive *H
(t1,2~12.3y) in the artificially irradiated targets stud-
ied for cross-section measurements (e.g., [61]) had not
yet decayed to *He by the time the irradiated samples
were analysed. Accurate modelling of *He production
rates therefore requires knowledge of the production
rate ratio P(CHegireer)/ PCH). We use here the element
specific values determined by Leya et al. [61] and
earlier by Hintenberger et al. [62,63]: 1.73 [O], 3.0
[Fe], 2.22 [Mg], 2.28 [Al], 2.16 [Si], and 3.0 [Ni].
Data for Ti are assumed to be of the Fe value. These
values are considerably different from the ratio of 1
assumed by e.g., paper of Masarik [37], which may
explain discrepancies between our elemental produc-
tion rates and values given by Masarik [37] discussed
below. In order to establish absolute *He production
rates, first the modelled *He/?'Ne elemental produc-
tion ratio (Table 4) was calculated. By using again the
accepted absolute production rate of P?'Neg;=43.5 +
8.7 atoms g~ 'y~ ' [22,23] the absolute *He production

Table 4

Elemental production rate calculations for *He for this work (bold) and comparison to previously modelled *He production rates
Element (0] Mg Al Si Fe Ni Ca
*Heciement/ Hes; 1.482 1414 1.244 1.000 0.739 0.707 -
Modelled ratio *He/?'Ne)s; 2.962

P*'Neg; (atoms/g/yr) (Niedermann [23]) 43.5

P°Heg; (atoms/g/yr) 129

P Hetement (atoms/g/yr) 191 182 160 129 95 91 -
P*Heqjement (atoms/g/yr) (Masarik [37]) 129 111 102 106 39 - 58
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Table 5

A) Model calculations of *'Ne elemental production rates and comparison to previously established elemental production rates

Element Na Mg Al Si Ca Fe Ni
2"Negjement/ > 'Nes; 4.780 4.340 1.371 1.000 0.381 0.019 0.019
2'Neg; (atoms/g/yr) (Niedermann [23]) 43.5

P?'Necjement (atoms/g/yr) 208 189 60 44 17 1 1
Masarik [37] 102 175 62 42 2 0 -
Schifer et al. [68] - 196 54 45 - - -

B) Model calculations of '’Be elemental production rates and comparison to previously established elemental production rates

Element (6] N Mg Al Si Ca Fe Ni
B, ement/  *Bes; 1.992 7.458 0.588 0.492 1.000 0.340 0.567 0.442
Modelled ratio (1°Be/?'Ne)s; 0.075

P?'Nes; (atoms/g/yr) (Niedermann [23]) 43.5

Absolute P'°Be for Si (atoms/g/yr) 3.28

P'"Beement (atoms/g/yr) 6.54 24.49 1.93 1.61 3.28 1.12 1.86 1.45
Masarik [37] 9.82 - 1.74 1.03 0.89 - 0.35 -

rate from Si was obtained and the production rates for
the other elements of interest were determined via the
earlier X/[Si]-ratios.

The mean modelled total 'Ne production rate for
sanidine is 28.3 atoms g~ 'y~ ' (Table 1). This value
refers to the mean major element composition of the
sanidine samples analyzed here (Table B, Background
Data Set). Similarly, the mean modelled total *He
production rate in Fe-Ti-oxide minerals is 124
atoms g~ ' y ' (Table 3) using the end-members
ulvospinel (Fe,TiO,; 124 atoms g~ 'y~ '), ilmenite
(FeTiOs; 127 atoms g~ 'y~ '), magnetite (FesOy; 122
atoms g~ 'y~ ') and hematite (Fe,O5; 124 atoms g~
y~ 1. Hereby it is assumed that the *He production
from titanium and iron does not vary significantly
(P*Her;=1.05*P*Hep,, determined by interpolation
between the elemental production from Fe and Si).
Therefore, the *He production rate of Fe-Ti-oxide
minerals is essentially independent of the chemical
composition.

The mean modelled production rate for '’Be in
sanidine is 4.55 atoms g~ ' y~ ' (Table 2), including
the production by stopped and fast muons following
the procedures by Heisinger et al. and Kubik and
Ivy-Ochs [26-28]. The considerable differences in
the elemental production rate ratios between our
new results and the data published by Masarik are
most likely due to the different cross-sections used
for modeling. For example, the usual assumption of
equal cross-sections for proton-and neutron-induced
production of '’Be from oxygen is generally not

valid [64] and can result in production rates too
low by up to a factor of 2. While our calculations
are based on neutron-induced cross-sections adjusted
to experimental data from physical model calcula-
tions [60], the approach by Masarik is mostly based
on the assumption of equal cross-sections.

8. Comparison of experimental and modelled
production rates

8.1. Sanidine—neon

The sanidine samples studied here all yield exper-
imentally derived *'Ne production rates between 25—
34atoms g~ 'y ' (Table 1), with a mean of 30.4 + 3.7
atoms g~ 'y~ . It is suggested that sanidine retains
cosmogenic neon quantitatively. This suggestion is
corroborated by the fact that for each sample the
model-derived production rate based on the actual
chemical composition (ranging from 26-30 atoms
g~ ' y!, with a mean of 28.29 atoms g~ ' y ',
Table B, Background Data Set) agrees within uncer-
tainties with the empirically determined value. Hence,
the variations of the empirically derived values are to
a large extent explainable by variable chemical com-
positions. The mean production rate for sanidine de-
rived here is considerably higher than the P*'Ne value
of 20.3+4.0 atoms g~ ' y~ ! for quartz [22,23]. This
is to be expected, because Na and Al are major
elements in sanidine. *'Ne production rates from
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these elements are ~1.5 and 5 times higher, respec-
tively, than for Si (Table 5A).

Elemental production rates for 2'Ne reported by
Masarik [37] would underestimate the total produc-
tion rate for sanidine by ~20%. Higher elemental
production rates for Mg and Al were proposed by
Schifer et al. [11], while a new Na value is provided
in this study.

Based on our model we can also calculate the
isotopic composition of cosmogenic neon in sanidine
(elemental production rates of 2***Ne in sanidine are
not shown in Tables 1, 5A; see Leya et al. [61]). The
mixing line between atmospheric and cosmogenic
composition in Fig. 1 has been determined using the
average chemical composition of the sanidine samples
(Table B, Background Data Set) and experimentally
determined production rates given in Table 5 by Leya
et al. [61]. The modelled line agrees very well with the
regression line defined by the data points. This sup-
ports the conclusion that apart from atmospheric neon,
the bulk of the cosmogenic neon is released in the
400-600 °C steps. Note that the regression line de-
fined by the data points and the modelled line for
sanidine is steeper in Fig. 1 compared to the mixing
line for quartz [22,23]. This is due to elevated
*2Ne/?'Ne ratios from both Na and Al compared to
Si [61].

8.2. Sanidine—Beryllium

The measured and modelled '°Be production rates
reported here agree very well with each other
(4.45+0.38 versus 4.55 atoms g 'y~ ', Tables 2,
5B). Our modelled value is some 11% lower than if
calculated by using elemental production rates given by
Masarik [37](Table 5B). Using our elemental produc-
tion rates given in Table 5B for the calculation of the
production rate of '°Be in quartz yields 5.02 atoms g~
y~ ' (5.65 atoms g~ ' y~ ' when following the proce-
dure of Masarik [37]). This is a ~10% lower production
rate of '°Be-production in sanidine compared to quartz.

8.3. Fe-Ti-oxide minerals—Helium

Measured *He production rates for the Fe-Ti-oxide
samples are given in Table 3. Values range between
109138 atoms g, y ', with a mean of 120+ 11
atoms g, y '. As it was the case for neon in

sanidine, this mean value is very similar to the mod-
elled P°Hep. 1;=124 atoms gr;tl y*1 (see section
‘Modeling of terrestrial cosmogenic production rates
on Earth’). This excellent agreement strongly suggests
that our basic assumption is correct that the measured
He in all samples is essentially cosmogenic. Never-
theless, before we further discuss this value we will
first evaluate the possibility that sizeable fractions of
*He are of non-cosmogenic origin. The main reasons
for this exercise are that one of our samples (CN111)
has a ~15% higher measured production rate than both
the modelled and the mean measured values and that
our recommended value is considerably higher than
the recently proposed P*Hep. 1; values of 69-77
atoms gy~ ' [18].

Li-concentrations in the Fe-Ti-oxide minerals are
in the sub-ppm range (Table E of Appendix A).
Assuming for the ignimbrites mean U-Th values
similar to average granitic crust [65] and using a
*He production rate of 6* 10~ 19 atoms gmfl s~ ! for
1 ppm of Li [66,67], we conclude that the nucleogenic
*He concentrations are lower than 2*10° atoms gr;tl
in the Lauca sample (CN112) and lower than
8.2*10°-6*10° atoms g, for all Oxaya-ignimbrite
samples. Sample CN111 in particular does not contain
more than 8.2* 10* atoms g, ' of nucleogenic *He.
Nucleogenic *He does amount to less than 1% of the
total measured *He in any sample and can therefore be
ignored.

*He of magmatic origin cannot a priori be exclud-
ed. We therefore thoroughly crushed three of our
samples in an online crushing device [68]. After 30
to 45 strokes the average grain size had been reduced
to a few tenths of microns. Nevertheless, only ~1%
(Table F) of the total *He found in the aliquots ana-
lysed by stepwise-heating had been released by crush-
ing, with the *He/*He-ratios being similar in crushing
and heating experiments. This indicates that Fe—Ti-
oxide minerals contain at best negligible amounts of
magmatic helium. The experiments show further that
by very thorough crushing small fractions of cosmo-
genic helium might be released. Possibly, friction-
induced heating locally resulted in temperatures
above the threshold for the release of cosmogenic
helium.

Traces of other major elements and Ti contents
determined in the Fe-Ti-oxide samples used here are
shown in Table E and production rates for these
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elements are presented in Table 4. The contribution
(mostly from Mg and Al) to the total Fe-Ti-oxide
minerals production rate is 1 to 3%, which we there-
fore neglect.

We conclude that neither magmatic nor nucleo-
genic helium significantly contribute to the total
measured helium concentrations in our ignimbrite
Fe-Ti-oxide minerals. Therefore cosmogenic *He in
Fe-Ti-oxide minerals is ideally suited for TCN-stud-
ies, as long as magmatic or nucleogenic *He can be
excluded or at least accurately corrected for.

Both measured and modelled *He production rates
in Fe-Ti-oxide minerals presented in this work are
considerably higher than recently measured values in
Bryce and Farley [18] or Margerison et al. [36]. Our
P*Hep. 1; values are also almost twice as high as those
calculated with elemental production rates recom-
mended by Masarik [37]. We believe, that our values
are to be preferred over previously suggested ones,
because of updated cross-sections, and in particular,
due to the newly evaluated branching ratios P (*Hegirect)
/PCH). All our experimental values are close to each
other and the mean measured value is in excellent
agreement with the modelled ratio. However, at
present we have no clear explanation for the differ-
ence between our values and the preliminary mea-
sured production rate suggested by Bryce and Farley
[18] and the ones recently suggested by Margerison
et al. [36]. We note that the value by Bryce and
Farley [18] is based on a cross calibration of their
magnetite data with P°He data from Antarctic pyr-
oxenes by Schéffer et al. [11]. It has recently been
suggested, however, that not all pyroxene varieties
retain  cosmogenic °He quantitatively, since
3He,os/*'Negos ratios vary considerably more than
can be explained by variable chemical composition
of the targets [69]. We also note that the poorly
constrained *He production rate from Ti and other
elements in trace concentration cannot be the reason
for the difference between our production rates and
the ones by Bryce and Farley [18]. Even assigning a
conservative uncertainty of 20% on the modelled
production rates would only lead to an approximation
of the two production rates. Clearly, more work is
necessary on this topic.

Using the new elemental production rates derived
here (Table 3), a production rate of *He in quartz of
162 atoms g;tzl y~ ! is calculated (compared to 118

atoms g;tzl y~ ! using elemental production rates
proposed by Masarik [37]). This value is of impor-
tance for experiments with artificial quartz targets
exposed in vacuum containers, e.g., for scaling expe-
riments of terrestrial cosmogenic nuclides with lati-
tude and altitude.

The elemental production rates in Table 4 are also
of interest for minerals such as olivine and pyroxene.
Table 4 suggests that specific mineral production rates
are considerably more variable than previously as-
sumed (e.g., paper by Laughlin et al. [70]). For var-
ious end-members of the pyroxene group, our model
and that by Masarik [37] yield *He production rates
between 135-171 atoms g~ 'y~ ' and 91-118 atoms
g~ 'y~ !, respectively. For the olivine end-members
fayalite and forsterite the range of modelled values is
even wider. Our model predicts P*He between 130
and 175 atoms g ' y~ !, compared to Masarik’s
values of 76 and 118 atoms g~ 'y~ ..

Even taking into account the quite considerable
uncertainties of the model predictions (20% for the
model used here), the two models are thus not con-
sistent with each other. Unfortunately, experimentally
determined P*He values for pyroxenes and olivines do
not allow to prefer one model prediction over the
other, since the experimental values of (99-148
atoms g~ ' y~ !, in Niedermann and Liccardi et al.
[4,71] and references therein) are bracketed by the
model predictions. Reasons for the difficulty to assess
the model quality are that the chemical composition of
the analysed pyroxenes and olivines has rarely been
reported in detail, other samples may have been bi-
ased by pressure anomalies at the sites (e.g., paper by
Ackert et al. [72]).

The olivine (and the few available pyroxene) data
do thus not allow to prefer one model prediction
over the other. Future cosmogenic nuclide studies
on olivines and pyroxenes should report the chemical
composition in detail to allow evaluation of this
problem.

9. Conclusions

We have shown with ignimbrite samples from
northern Chile that cosmogenic *He in Fe-Ti-oxide
minerals and *'Ne in sanidine are well retained. We
also show the first '’Be data on two sanidine samples,
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which indicate that meteoric '°Be can quantitatively
be removed by a procedure similar to that used for
quartz. Therefore, sanidine is also well suited to be
analysed for cosmogenic '°Be. With this study, Fe—Ti-
oxide minerals and sanidine can thus be added to the
list of minerals suitable for terrestrial cosmogenic
nuclide studies. We found a striking agreement be-
tween experimentally determined nuclide production
rates and values derived from numerical modelling.
This confirms that both, experimentally derived pro-
duction rates and the model calculations are reliable.
The helium model calculations here are based on new
values for the branching ratios of PCHegireer)/(PCH)
which for most elements differ considerably from the
value of 1 often used in previous studies. The new
branching ratios and the improved cross-sections thus
yield considerably different production rates of cos-
mogenic *He. The calculations also illustrate the im-
portance of knowledge of the major element
concentrations for target minerals with more variable
composition than quartz. The reason for the discrep-
ancy between our experimental and modelled P°He
compared to previous estimates has not yet been
satisfactorily resolved.

In our ignimbrite samples, three mineral phases
(quartz, sanidine, Fe—Ti-oxide minerals) and five dif-
ferent nuclides (*He, '°Be, '*C, ?'Ne, 2°Al) have been
analysed in several rock samples. All these nuclides
have different production rates and the radionuclides
have different half-lifes, therefore they respond differ-
ently to production, accumulation and/or decay of
nuclides. Together the different nuclides can deliver
basic information on exposure times and erosion rates
over a broad range of time scales.
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