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Abstract & Zusammenfassung

Abstract

The evolution of the transient landscape at the Western Escarpment of the central
Andes of northern Chile (Arica area) is described for the time interval from ca. 7.5 My ago to
present. Base-level lowering with magnitudes of ca. 300-500 m in the Coastal Cordillera and
a change in paleoclimate has been modifying a landscape from a geomorphic decay state
towards relief growth by incision. Calculated minimum fluvial incision rates increased from
ca. 0.2 mm/yr between ca. 7.5 My and 3 My to ca. 0.3 mm/yr thereafter. It is suggested that
an incision rate increase was caused by an increase in effective water discharge for drainage
systems sourced in the Western Cordillera. During the same time, however, valleys with
headwaters in the coastal region lack any evidence of fluvial incision. This implies that the
Coastal Cordillera became hyperarid sometime after 7.5 My ago. Furthermore, between 7.5
My and present, the sediment yields have been consistently higher in the catchments with
distal sources (ca. 15 m/my) than in the headwaters of rivers with local sources (<7 m/my).
The positive correlation between sediment yields and the altitude of the headwaters (distal
versus local sources) seems to reflect the effect of orographic precipitation on surface erosion.

A major part of the thesis was dedicated to the study of terrestrial cosmogenic nuclides
in quartz ("*Be, °Al and *'Ne) to establish exposure duration and erosion rates of surfaces at
the Western Andean Escarpment. Dry areas at lower to medium elevations in the Western
Escarpment and the Coastal Cordillera (the northern branches of the Atacama Desert) yielded
very low erosion rates (£100cm/my). In contrast, the upper Western Escarpment and the
adjacent Western Cordillera exhibit steadily increasing erosion rates up to <4600cm/my.
These areas receive the highest rainfall today. These erosion rates have prevailed for
timescales back to the late Miocene for the low erosion surfaces, but are only valid for
Holocene/late Pleistocene timescales for the high erosion areas. For the low erosion surfaces,
steady-state nuclide concentrations are not achieved, likely due to episodic spalling events or
by resetting of nuclide concentrations due major removal of rock (in an m-scale).
Nevertheless, erosion rates deduced from single nuclides are equal to values determined with
nuclide pairs. For sample sites with low erosion, nuclides reach their steady-state
concentrations faster than the landscape itself, which may remain in a transient stage shown

by preserved stages of knickzone-headward migration of major streams.



Abstract & Zusammenfassung

In a side-study, we investigated cosmogenic 'Be and *'Ne in sanidine and
cosmogenic “He in Fe-Ti-oxide minerals, coexisting with quartz in the ignimbritic successions
of northern Chile. Based on known production rates for quartz, the resulting mean
experimental *'Ne production rate for five sanidine samples is 30.4+3.6 atoms*g *yr"
compared to a modelled value of 28.3 atoms*g*yr'. Preliminary results also indicate that
sanidine is also well suited for '’Be studies. The mean experimental '*Be production rate from
two sanidine samples is 4.45+0.38 atoms*g ' *yr'!, very close to the modelled value of 4.55
atoms*g*yr'. For Fe-Ti-oxide minerals, the mean experimental *He production rate
established on five samples is 120+11 atoms*g ' *yr™, compared to a modelled value of 121
atoms*g ' *yr'. Model results are provided by I. Leya (University of Bern) and values are
based on artificial target experiments and model production rates calculated with new cross
sections for *He-, ?Ne-, and '°Be-production, respectively, from the individual target
elements. Sanidine and Fe-Ti-oxide minerals can thus be added to the list of nuclide-isotope

pairs useful in terrestrial cosmogenic nuclide studies.

Quantitative studies of trace impurities in quartz and their effect on terrestrial
cosmogenic nuclide production revealed that traces of impurities have no effect on the total
nuclide production. Such concentrations at a ~100 ppm level were detected in quartz from
Chilean ignimbrites in structural bound position and likely also within micro melt-inclusions.
The presence of impurities required caution in sample preparation and repeated physical and

chemical sample treatment.

Preliminary artificial target experiments on quartz-filled containers, which were
exposed during several years at various altitudes and latitudes to constrain existing scaling
models of terrestrial cosmogenic nuclides, are presented. The targets contained cosmogenic
noble gases, which were, however, compromised by non-cosmogenic (atmospheric,
nucleogenic and/or crustal) contributions. These results lead to the development of a new

generation of targets at ETH by S. Strasky.
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Zusammenfassung

Das Hauptziel der vorliegenden Arbeit bestand in der quantitativen Analyse der
Landschaftsentwicklung der Westabdachung Nordchiles im Gebiet um Arica. Die Studie
beschrankt sich auf den Zeitraum von ca. 7.5 My bis heute. Hauptursache fiir die Verdnderung
der Landschaftsgenese von einem Zustand der geomorphologischen Einnivellierung hin zu
einer wachsenden Topografie mit zunehmendem Relief (um 300-500m), waren eine
Absenkung des Niveaus der Flusssyteme sowie eine Verinderung des Paldoklimas. Die
daraus resultierenden Einschneideraten der Hauptflisse waren um die 0.2 mm/y im Zeitraum
von ca. 7.5-3 My und stiegen danach auf 0.3 mm/y an. Dieser Anstieg wird verursacht durch
eine Zunahme des effektiven Wasserdurchflusses verstarkt, was allerdings nur auf Flisse mit
Einzugsgebiet in der Westlichen Kordillere zurifft. Zu der selben Zeit weisen die Gebiete der
Unteren Westabdachung und der Kiistenkordillere keinerlei Anzeichen von fluvialer Erosion
auf. Dies lasst vermuten, dass diese Gebiete ab ca. 7.5Ma ein hyparides Klima hatten.

Weiterhin wurde eine Zunahme der abgefithrten Sedimentraten ab ca. 7.5 My
festgestellt. Hohere Raten konnten fur Einzugsgebiete in den Hochanden (ca. 15 m/my)
berechnet werden, verglichen mit lokalen Einzugsgebieten auf der Westabdachung, die
geringere Werte aufwiesen (<7 m/my). Diese positive Korrelation von Sedimentabfuhrraten
mit zunehmender Hohe lisst vermuten, dass die oberflachlichen Erosionraten eine Funktion
der orografisch gesteuerten Niederschlagsmenge sind.

Der Haupteil der Dissertation befasst sich mit der Analyse von kosmogenen Nukliden
in Quarz (‘“Be, Al and *'Ne) und der daraus berechneten Oberflichenerosionraten. Diese
korrelieren ebenfalls positiv mit einem orografisch gesteuerten Niederschlag. So sind im
Bereich der unteren Westabdachung und der Kistenkordillere (was dem nordlichen Teil der
Atacama-Wiuste entspricht) dusserst geringe Erosionsraten von <100 cm/my zu verzeichnen.
Diese nehmen zur oberen Westabdachung und der Westlichen Kordilliere hin konstant zu, auf
Werte bis <4600 cm/my. Diese Oberflichenerosionsraten gelten fur unterschiedliche
Zeitraume. Wihrend die Aussage von sehr geringen Erosionsraten in der Unteren
Westabdachung fiir Zeitrdume bis ins spate Miozan giiltig ist, sind die hoheren Erosionsraten
der Westlichen Kordilliere fur Holozéne/Spéat-Pleistozine Zeitraume nachweisbar. Dabei sind
die Nuklidkonzentrationen im Bereich der Atacamawtiste meist nicht in Séttigung.

Bei der Analyse der Oberflachenersoionsraten wurde weiterhin festgestellt, dass die

Zeitraume fur ein Sittigungsgleichgewicht der Nuklidekonzentration unterschiedlich sein

il
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konnen im Vergleich zur Landschaft als Ganzes. Diese befindet sich wahrscheinlich in einem

Ubergangsstadium, wie die Knickzonen in den Flussldufen beweisen.

In einer Nebenstudie dieser Dissertation wurden kosmogenes *He, '’Be and *'Ne in
den Mineralen Sanidin und Magnetit gemessen. Diese Minerale sind in Paragenese mit
Quarzen in den analysierten Ignimbriten aus Nordchile. Basierend auf bekannten *'Ne-
Produtionsraten in Quarz wurden gemittelete *'Ne-Produktionsraten in Sanidin von 30.4+3.6
Atome*g*yr! ermittelt, wihrendessen neu modellierte Produktionsraten einen Wert von
28.3 Atome*g'*yr! fur Sanidin ergaben. Weiterhin konnte nachgewiesen werden, dass
kosmogenes '“Be in Sanidin fiir die Expositionsdatierung geeignet ist. Dessen vorldufige
experimentelle Produktionsrate betrigt 4.45 Atome*g'*yr', bei einer modellierten
Produktionsrate von 4.55 Atome*g'*yr. Fir *He in Magnetit wurden eine experimetelle
Produktionsraten von 120 Atome*g'*yr' ermittelt, die fast identisch verglichen mit der
modellierten Produktionsrate von 121 Atome*g'*yr” ist. Die modellierten Produtionsraten
von 1. Leya (Universitit Bern) errechneten sich aus der Verwendung neuer
Wirkungsquerschnitte fur die einzelnen Elemente, welche an kiinstlichen Targets gewonnen
wurden. Aufgrund der ausserordentlich gut Gbereinstimmenden Werte von experimentellen
und modellierten Produktionsraten sind Sanidin und Magnetit verwendbar in terrestrisch-

kosmogenen Nuklidanalysen.

Die quantitative Analyse von Verunreinigungen in Quarz zeigen, dass diese einen
vernachlédssigbaren Einfluss auf die kosmogene Produktionsraten haben. Dies ist deshalb so,
weil die meisten Verunreinigungen im Gitter der Quarze in den nordchilenischen Ignimbriten
in der Grossenordnung von <100 ppm waren. Zahlreiche Mikro-Schmelzeinschlisse
beinhalten wahrscheinlich dhnliche Mengen an Verunreiningungen. Wéhrend der Einfluss der
Verunreinigungen auf die totale Nuklidproduktion vernachlassigbar ist, erforderten diese aber
zusitzliche Aufbereitungsschritte wihrend der Probenvorbereitung (z.B. Wiederholung

physikalischer Trennmethoden und in der chemischen Auflésungsprozedur).

Ergebnisse von ersten Messreihen an exponierten kinstlichen Targets zur
Verifizierung von Skalierungsmodellen fur die Hohen- und Breitenabhangigkeit der
kosmogenen Nuklidproduktion werden prasentiert. Die Targets enthielten eine Mischung aus

kosmogenen und nichtkosmogenen (atmosphérischen, nukleogenen und/oder krustalen)

v
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Edelgaskomponenten. Die Testexperimente wurden von S. Strasky and der ETH genutzt, um

neue Targets zu konzipieren.
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Chapter 1 Introduction

1 Introduction

The progress made in deciphering processes of landscape evolution either by physical
or numerical modelling helps to understand the past, present and future shape of the Earth.
Modelling of future climate scenarios, tectonic impacts or land use on landscapes requires the
knowledge on the fundamentals of how the present day landscape has been formed.
Accordingly, this thesis discusses three major topics:

1.) Quantitative analysis of topographies (case study: northern Chile)

2.) Tracing geomorphological process rates on variable temporal and spatial scales

3.) Investigating terrestrial cosmogenic nuclides in quantitative geomorphology and in

methodological systematics.

1.1 Quantitative geomorphology

Modelling of quantitative geomorphology and landscape evolution requires
knowledge about processes that are governed and interlinked by climate, tectonics and
erosion. If these primary forces are coupled, balanced or whether there is a “chicken or egg”
identifiable (Molnar, 2003; Molnar and England, 1990) is under debate (e.g., Burbank et al.,
2003; Dadson et al., 2003; Molnar and England, 1990; Reiners et al., 2003). One way to
resolve such controversies is studying diverse geotectonic settings under similar or equal
climate conditions and on variable spatial and temporal scales. In order to obtain quantitative
data, we need (i) calibrations of ages of landscapes, (ii) incision rates of rivers, (iii) growth
rates of mountain belts, (iv) slip rates of faults and growth rates of folds, (v) rates of
weathering and erosion, or (vi) rates of weathering and regolith/soil production rates (see
(Allen, 1997; Burbank and Anderson, 2001; Summerfield, 1991). Specifically, methods that
allow the quantification and comparison of process rates that cover similar spatial scales but
various timescales are needed. For instance, to correlated sediment transport- or precipitation
rates recorded on a decadal scale are difficult to connect to geothermochronological data
relevant for timescales of millions of years, although such positive correlations are observable
(e.g., Reiners et al., 2003). Intermediate timescales are desirable. Furthermore, one technique
to quantify a specific process rate does not necessarily measure the ultimate process leading to
the (present day) expression of a landscape. It might only quantify a certain process in the
evolution towards this landscape. For example, weathering of bare bedrock is controlled by
physico-chemical processes but is also governed by the transport capacity of the surrounding

landscape (cf., Anderson and Humphrey, 1989; Heimsath et al., 1997). Fortunately, methods
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to quantify various process rates are constantly under refinement and new techniques are
emerging (cf., Burbank and Anderson, 2001).

A crucial assumption in quantitative landscape studies is the search or the prerequisite
of steady state or dynamic equilibrium conditions of e.g., weathering, sediment flux,
topography, thermal gradients (e.g., Carson and Kirkby, 1972; Montgomery, 2001; Whipple,
2001; Willet and Brandon, 2002). Using terrestrial cosmogenic isotopes, erosional-isotopic
steady state is commonly assumed (e.g., Bierman and Steig, 1996; Lal, 1991; Nishiizumi et
al., 1986). This is necessary e.g., to predict landscape evolution scenarios or to run numerical
models (e.g., Chase, 1992; Koons, 1989; Tucker and Slingerland, 1994, 1997). Furthermore,
simplifications and abstractions have to be made when physical models are tested and
compared with real nature evidence (e.g., Hancock and Willgoose, 2002; Swenson and
Brown, 2004). However, commonly it is difficult to justify or to prove a steady-state
condition, especially on long-term scales (Stark, 1999). Many landscapes are in transient
stages of limited duration and evolve towards a state of equilibrium, such as glacial events
acting on formerly fluvial landscapes or a slip of a fault, truncating a river-profile and
modifying a graded river-profile in two separate segments.

In the recent past much attention has been paid to refining the resolution of temporal
and spatial scales and to deciphering the steady/non-steady conditions of the system (e.g.,
Anderson, 1994; Bierman and Nichols, 2004; Burbank, 2002; Burbank and Anderson, 2001;
Kirchner et al., 2001; Pratt-Sitaula et al., 2004). New techniques were employed and resolve
intermediate timescales. One of these temporal linking methods is the analysis of terrestrial
cosmogenic nuclides, the main technique used in this thesis. Bedrock erosion rates at the
western slope of the Central Andes, assumed to be in a (near) steady state, were quantified

using multiple terrestrial cosmogenic nuclides in Chapter 3.

1.2 The study areas

1.2.1 Northern Chile
The aim of this thesis is to quantify the topographic evolution of the Western Andes in

northern Chile in the Neogene. The region is part of the western slope of the Central Andean
orogen. Active tectonics (uplift of the Altiplano) and arid to hyperarid climate (Atacama
Desert) characterize the region (Gregory-Wodzicki, 2000; Isacks, 1988; Montgomery et al.,
2001; Mortimer, 1980). Topography constantly increases from sea level, to the 4000m high

Altiplano and the 6000m peak heights of active volcanoes. Precipitation is orographically
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controlled and restricted to elevations higher than ~3500m (Abele, 1990; Hoffman and
Grotzinger, 1993; Hoffmann, 1975). The present day rainfall pattern is the result of the
intertropical convergence zone (Westerlies), the Humboldt Current and the uplifted Andes
(Abele, 1991). This pattern has likely persisted since the middle Miocene but might have
shifted spatially (Alpers and Brimhall, 1988; Mortimer, 1980). Other investigations suggested
that this rainfall pattern may have been initiated as late as Pliocene times (Hartley, 2003;
Hartley and Chong, 2002). However, quantifications of erosion and incision rates in the
Central Andes, which are the prime responder to precipitation and an important factor
changing landscapes and creating relief, are sparse and were difficult to assess so far (see for a
summary in Gregory-Wodzicki, 2000). This is due to the lack of datable material, limited
field access, and the temporal resolution of applicable methods or the slow rates of processes.
Morphological investigations and bedrock erosion rates on an escarpment scale are reported

in Chapter 2 and 3.

1.2.2 Argentina
In a complementary pilot study, preliminary data on the initial landscape shaping

process in semiarid climates by the means of terrestrial cosmogenic nuclides and geochemical
analysis are reported in Chapter 4. Regolith profiles and adjacent bedrock surfaces of central

Argentina (Sierras de Grande and Coérdoba) were investigated.

1.3 Terrestrial cosmogenic nuclides in quantitative geomorphology

Analysis of terrestrial cosmogenic nuclides (TCN) developed over the last two
decades offers the opportunity to quantify landscape evolution processes, as they allow to
estimate erosion rates or exposure ages of a specific surface (see Bierman, 1994; Finkel and
Suter, 1993; Lal, 1991; Nishiizumi et al., 1993). If only one nuclide is measured, maximum
erosion rates or minimum exposure ages are determined, assuming the nuclide to be in steady
state. This is achieved when isotope production (and radioactive decay) is in equilibrium with
the erosional state of the surface (Lal, 1991). If two or more nuclides can be measured, non-
steady state conditions can be identified and erosion rates and exposure ages can be
determined simultaneously.

TCN-applications today range from temporal estimations of glacial events, dating of
lava-flows, calculations of river incision rates, catchment-wide and spot soil erosion rates, but

also estimations of mountain scale uplift rates and individual fault slip rates (reviews on
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principles, methodology and applications are by Bierman and Nichols (2004), Bierman et al.,
(2002), Cockburn and Summerfield, (2004), Gosse and Phillips, (2001), Morris et al., (2002),
Muzikar et al., (2003), Niedermann, (2002), Zreda and Phillips, (2004).

The temporal resolution provided by cosmogenic nuclides depends on the half-life of
the nuclide investigated and on the processes govermning nuclide accumulation (e.g.,
production, erosion, shielding). Short-lived nuclides, such as Y, reach saturation on
Holocene/late Pleistocene timescales, whereas longer-lived nuclides reach saturation on
Pleistocene to Miocene timescales (°Clisaturation~1My, *Al:~2My and '“Be:~4.5My).
Additionally, noble gases such as *He and *'Ne allow a farther extension of the timescale,
since these nuclides are stable. On the other hand, the spatial resolution of all these nuclides

depends on the geomorphological setting (cf., Cockbum and Summerfield, 2004).

1.4 TCN-systematics

Numerous accounts have dealt with the principles, methodologies, measurements,
applications and problems of TCN-systematics (see recent reviews by Bierman and Caffee,
(2002), Gosse and Phillips, (2001), Niedermann, (2002) and references therein). In the last
two decades, a number of theses at ETH and the University of Bern discussed specific topics,
e.g, on the one hand methodical approaches like mass-spectrometer advances (compressor
source), sample crushing devices or artificial targets (Aeschbach-Hertig, 1994; Baur, 1980;
Oberholzer, 2004; Schifer, 2000)). On the other hand, applied studies dealt with the sample
preparation for radionuclides and noble gases, pre-exposure, and the actual landscape
interpretation etc. (Bruno, 1995; Ivy-Ochs, 1996; Oberholzer, 2004; Schifer, 2000; Schaller,
2001; Tschudi, 2000)). This thesis focuses on sub-topics which were investigated in more
detail. Firstly, investigations on the mineral-isotope pairs “He in Fe-Ti-oxide minerals and
“Be and *'Ne in sanidine were performed (Chapter 5). Secondly, quartz chemistry and
specifically the impurities in quartz were quantified in order to estimate a possible effect on
TCN production rates using cathodoluminescence, ICP-AES, LA-ICP-MS and nuclear
reaction analysis (Chapter 6). Thirdly, artificial target experiments were used to investigate

scaling formalisms necessary for applied terrestrial cosmogenic nuclide studies (Chapter 7).
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1.4.1 State of the art of available mineral-isotope pairs
While the most common mineral used in geomorphological TCN-studies is quartz

(isotopes: “Be, *C, *'Ne, °Al; see for reviews Bierman et al., (2002), Gosse and Phillips,
(2001), Lifton et al., (2001), Niedermann, (2002)), not all places of interest comprise
lithologies containing abundant quartz. Additionally, *He - the nuclide with highest
production rates and lowest detection limits - is not quantitatively retained in quartz (Trull, et
al., 1991; Shuster et al., 2005). In order to apply the TCN-method to geomorphological
settings where quartz is not available, other minerals and nuclides are therefore desirable.

In the following, a brief account on presently used and recently explored nuclide-
mineral pairs is given. Reliable mineral-nuclide pairs are *He and *'Ne in pyroxene and
olivine, respectively (e.g., Cerling, 1990; Kurz, 1986; Poreda and Cerling, 1992). Currently,
ongoing investigations refine these nuclide-isotope pairs (Oberholzer et al., subm.; Williams
et al., in press)). (Ivy-Ochs et al., 1998) studied pyroxenes for '’Be but reported difficulties in
eliminating meteoric 'Be. In contrast, (Blard et al., 2004) recently reported successful use of
“Be with a new cleaning procedure. Additionally, the use of **Ar in pyroxenes is currently
being investigated, although widely differing production rates are suggested so far (Knight et
al., 2003; Niedermann et al., 2004; Renne et al., 2001). Beside *He and *'Ne in olivine,
Nishiizumi et al. (1990) and Seidl et al. (1997) developed techniques to use '’Be and *°Al in
this mineral. The latter found meteoric contamination to be a problem.

Carbonates and whole rock (such as basalts) are well suited for *°Cl analysis (e.g.,
Phillips et al., 1986; Zreda et al., 1991). Braucher et al. (2004) reported additionally
production rates of '’Be in carbonates. *'Ca was suggested for TCN-studies in limestone and
feldspars (e.g., Fink et al., 1990; Finkel and Suter, 1993; Henning et al., 1987) but is currently
limited by low levels of concentrations and requires further advances in measurement
techniques. Plagioclase-feldspar has been shown not to retain *'Ne quantitatively (Bogard and
Cressy, 1973; Bruno et al., 1997; Poreda and Cerling, 1992) as earlier suggested by Bogard
and Cressy (1973), Bruno et al. (1997), or Poreda and Cerling (1992). Preliminary studies of
“Be (and *°Al) in plagioclase suggested a feasibility of this mineral-isotope pair (Graham et
al., 1995), but analysis revealed inconsistencies due to compositional variability.

Recently, Gayer et al. (2005) reported the suitability of *He in garnet, while Bryce and
Farley (2002) proposed “He-production rates in magnetite. Other isotopes currently under
investigation are **Mn in pyroxene (and potentially in biotite, garnet and hornblende; Knie et

al. (2002) and N in pyroxenes.
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Commonly, two nuclides (e.g., '’Be and *°Al) are analysed to reveal exposure ages,
erosion rates or the effect of erosion on exposure ages and to identify complex exposure or
burial histories (see Bierman et al. (2002), Bierman et al., (1999); Granger and Muzikar,
(2001)). Apart from the "*Be/**Al-pair, other multiple isotope approaches have been used,
e.g., by Nishiizumi et al. (1990) used additionally *He to constrain lava-flow exposures, while
Seidl et al. (1997) applied C1, *He, *'Ne, beside '°Be and *°Al to calculate river-knickpoint-
migration rates. Shephard et al. (1995) combined measurements of '°Be/*°Cl in order to
estimate lava-flow ages, erosion rates and desert pavement evolution. Studies by Trull et al.
(1995) and Hetzel et al. (2002) combined noble gas (‘He, *'Ne) and radionuclide isotopes
(“*Be, %°Al) for calibrating ages of the abandonment of aggradational surfaces and discussed
nuclide specific retention features. Glacial morphologies were investigated by multiple noble
gas and radionuclide isotopes (most times due to variable lithologies) to constrain exposure
histories of moraines, glacial advances and to quantify the effect of erosion on exposure (e.g.,
Brook et al, 1993; Ivy-Ochs et al., 2004; Kaplan et al., 2003; Liccardi et al., 2001;
Oberholzer et al., 2003; Phillips et al., 1993). The combined use of nuclides with short- (e.g.,
“C and 36Cl) and long- (e.g, *He, “Be, ?'Ne, 26Al) half-lives or of stable nature with time
(e.g., Brook et al., 1993; Ivy-Ochs et al., 2004; Kaplan et al., 2003; Liccardi et al., 2001;
Oberholzer et al., 2003; Phillips et al., 1993) is not yet well established, not only because of
the time-consuming analysis of all of these isotopes but also due to the only recent
advancements of some techniques, e.g. "*C, (Lifton et al., 2001).

In this thesis, we show that several so far unexplored mineral-nuclide pairs have a
potential in TCN-studies: *He in Fe-Ti-oxide minerals and '’Be and *'Ne in sanidine (Chapter

5).

1.4.2 Quartz mineralogy and production rates
Due to the stoichiometry of quartz (Si0;), the production of cosmogenic nuclides is

limited to the elements Si and O. However, trace impurities in quartz may occur, either in the
crystal structure (e.g., Flem et al., 2002; or in fluid/melt-inclusions, e.g., Peppard et al., 2001).
A third source of impurities is insufficient sample cleaning. Problematical may be impurities
containing elements such as Na, Al or Mg which have higher elemental production rates, for
eg., *INe, than Si (Masarik (2002) and Chapter 5), beside elevated U, Th and F contenets. A

quantification of the importance of impurities in quartz will be presented (Chapter 6).
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1.4.3 Spatial scaling of TCN-production rates by artificial target experiments
A major uncertainty in TCN-studies is introduced by the scaling formalism required to

calculate the production rate for a cosmogenic nuclide at the samples altitude and latitude.
Different scaling procedures were proposed by Desilets and Zreda (2001); Dunai, (2000), Lal,
(1991) and Stone (2000). Currently, the most widely applied procedure is by Stone (2000).
Errors in the range of 10-20% have to be assumed due to scaling (see Gosse and Phillips,
2001; Niedermann, 2002). The refinement of the scaling factors is one effort of the presently
starting CRONUS-initiatives (CRONUS-EU and CHRONUS-US) by a network of exposing
and measuring artificial targets on various latitudinal/altitudinal transects. Pilot experiments

where *He and *'Ne were measured in artificial targets are in thesis presented in Chapter 7.
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2.1 Abstract

The Western Escarpment of the Andes at 18.30°S (Arica area, northern Chile) is a
classical example for a transient state in landscape evolution. This part of the Andes is
characterized by the presence of >10,000 km? plains that formed between the Miocene and
the present, and >1500 m deeply incised valleys. Although processes in these valleys scale the
rates of landscape evolution, determinations of ages of incision, and more importantly,
interpretations of possible controls on valley formation have been controversial. This paper
uses morphometric data and observations, stratigraphic information and estimates of sediment
yields for the time interval between ca. 7.5 Ma and present to illustrate that the formation of
these valleys was driven by two probably unrelated components. The first component
comprises a phase of base-level lowering with magnitudes of ca. 300-500 m in the Coastal
Cordillera. This period of base-level change in the Arica area, that started at ca. 7.5 Ma
according to stratigraphic data, caused the trunk streams to dissect headwards into the plains.
The headward erosion interpretation is based on the presence of well-defined knickzones in
stream profiles and the decrease in valley widths from the coast towards these knickzones.
The second component comprises a change in paleoclimate. This interpretation is based on (i)
the increase in the size of the largest alluvial boulders (from dm to m scale) with distal
sources during the last 7.5 Ma, and (ii) the calculated increase in minimum fluvial incision

rates of ca. 0.2 mm/yr between ca. 7.5 Ma and 3 Ma to ca. 0.3 mm/yr thereafter.

In press: Willet, S., Hovius, N., Fisher, D., and Brandon, M., eds., Tectonics, Climate and Landscape evolution,
GSA - Penrose Special Paper, Chapter 20.
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These trends suggest an increase in effective water discharge for systems sourced in the
Western Cordillera (distal source). During the same time, however, valleys with headwaters in
the coastal region (local source) lack any evidence of fluvial incision. This implies that the
Coastal Cordillera became hyperarid sometime after 7.5 Ma. Furthermore, between 7.5 Ma
and present, the sediment yields have been consistently higher in the catchments with distal
sources (ca. 15 m/my) than in the headwaters of rivers with local sources (<7 m/my). The
positive correlation between sediment yields and the altitude of the headwaters (distal versus
local sources) seem to reflect the effect of orographic precipitation on surface erosion. It
appears that base-level change in the coastal region in combination with an increase in the
orographic effect of precipitation controlled the topographic evolution of the northern Chilean

Andes.

2.2 Introduction

Understanding controls on spatial and temporal variations of surface erosion has
become a major research objective in the last few years. This issue has been discussed in
detail by the review paper on bedrock rivers and the geomorphology of active orogens by
Whipple (2004). Because of the importance of this problem, many studies have been directed
towards analyzing (i) the nature of surface erosion in channels and on hillslopes (e.g.,
Schumm, 1956; Montgomery and Dietrich, 1992; Montgomery et al., 2003), (ii) possible
feedback mechanisms between erosion in channels and on hillslopes (Tucker and Bras, 1998;
Harvey, 2001; Schlunegger et al., 2001), (iii) the sensitivity of erosional processes and the
resulting sediment flux to climatic and tectonic perturbations (Molnar, 2001; Pratt et al., 2002;
Roe et al., 2002), (iv) the nature and the magnitudes of parameters that scale with erosional
processes for different temporal and spatial length scales (Tucker and Slingerland, 1996;
1997; Hinderer et al., 2002), and (v) possible controls on limits of relief and surface erosion at
the local scale and at that of a whole mountain belt (Burbank et al., 1996; Whipple et al.,
1999; Whipple and Tucker, 1999; Schlunegger and Hinderer, 2003). As suggested by Bull
(1991), Rosenbloom and Anderson (1994), Pazzaglia et al. (1998) and Wegmann and
Pazzaglia (2002), terraced landscapes represent the simplest examples to address these
research objectives because initial conditions, present form and ages of different geomorphic
elements can possibly be constrained. These landforms represent transient stages towards a
steady state between erosional processes and exogenic/endogenic forces. Transient stages of

landscape development can be identified by the presence of knickzones in stream profiles. If
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digitized, the information extracted from these landscapes can be converted into volumes of
eroded rock or depth of local incision per unit time, which, in turn, allows the testing of
possible controls and limits on surface erosion (e.g., Whipple et al., 2000; Schlunegger,
2002).

This paper focuses on the landscape evolution of the Arica area, northern Chile, that
potentially allows interpreting the tectonic and climatic fingerprints because of the
preservation of different steps in the topographic evolution (Mortimer and Saric, 1975;
Mortimer, 1980; Garcia, 2002; Womer et al., 2002). In this region, the landscape is
characterized by the presence of flat to gently undulating plains hundreds of km? in extent and
>1500 m deep valleys that dissect these landscapes (Fig. 1). Previous studies thought that
initiation of incision was the result of (i) eustatic sea level fall (Herm, 1969; Paskoff, 1980),
(i1) onset of glaciations in the Pleistocene (which is considered to have increased fluvial
runoff) (Wormer et al., 2002), (iii) differential tectonic movements (Paskoff, 1980; Mortimer,
1980; Kennan, 2000), (iv) enhanced flow of ground water derived from the Altiplano (Hoke
et al., 2002), and (v) the modification of the atmospheric and hydrospheric circulation patterns
caused by the rising Andes (Mortimer, 1980; Paskoff, 1980). Our study will use a refined
stratigraphic framework to unravel in more detail than presented before the tectonic and the

climatic fingerprints and highlight the consequential driving forces.

2.3 Geologic setting

The Western Escarpment of the Andes of northern Chile is divided into three main
longitudinal geological-morphological units that comprise from west to east the Coastal, the
Western Escarpment, and the Western Andean Cordillera (Fig. 1). The Coastal Cordillera is
made up of upper Jurassic to Cretaceous tholeiitic arc rocks and marine backarc strata that are
partly covered by Oligocene to Miocene alluvial deposits (Womer et al., 2002) (Fig. 2A, B).
In the study area, the Coastal Cordillera forms a steep cliff ca. 500 m high that parallels the
Andean strike, and that gently dips towards the east. At Arica, the Coastal Cordillera dips
beneath the Peruvian coastal plain (Fig. 1) (Salas et al., 1966; Tosdal et al., 1984). Hanging
paleochannels that are incised into the basement of the Coastal Cordillera are in many places
cut at the coastal cliff (Fig. 2A, C). To the east of the Coastal Cordillera starts the Western
Escarpment that comprises (from W to E) the Pampa de Diablo, the Oxaya Antiform, and the
Pampa de Oxaya (Fig. 1). These pampas form a westward dipping ramp and are the result of

multiple erosional and depositional phases during the Miocene (Mortimer and Saric, 1975;

10
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Fig. 1 Landsat image and location of study area of the Western Escarpment of the Andes of northern Chile,
showing the most important geomorphic units discussed in the text.
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Mortimer, 1980; Worner et al., 2002). As will be discussed in detail below, we will use the
Pampa de Diablo as reference base level prior to the formation of the major valleys. A
formation age of 7.5 Ma was assigned to this Pampa according to magnetostratigraphic
chronologies of the underlying strata (von Rotz, 2003). In the vicinity of the Oxaya Antiform,
the Pampa de Oxaya lies at 3000-3600 m above sea level. It dips towards the east, and is
characterized by the presence of E-W aligned relict valleys 20-100 m deep separated by
ridges with nearly constant curvatures (Figs. 1, 4A). These valleys deepen and widen towards
the west indicating a west-directed paleoflow (Womer et al., 2002). At present, discharge
today occurs in the opposite direction (i.e. towards the east, Fig. 4A). The substratum of the
pampa (Fig. 3) is the ca. 23-19 Ma-old sequence of ignimbrite sheets and interbedded fluvial
sediments that make up the Oxaya Formation (Garcia, 2002). This unit blankets an antecedent
mountainous landscape with Mesozoic/Cenozoic plutonic and metasedimentary rocks in its
core (east-ward migrating evolving arc - basement on Fig. 4B). The western border of this
primary Oligocene landscape was formed by a reverse fault system (Ausipar fault system, Fig.
4A, B) that accommodated crustal shortening (Munoz and Charrier, 1996; Garcia, 2002;
Moérner et al. 2002).

Pacific Ocean

Channels are
cut by the coastal cliff
{see Fig. 2C)

©

Fig. 2 A) 3-D perspective view of the coastal area and geologic interpretation showing the relationships
between the Coastal Cordillera and the overlying deposits. The perspective view which is oriented to the NW
was achieved by underlying the landsat image of Fig. 1 with 50 m-resolution DEM. See Fig. 1 for location and
scale. Because of accessibility in the field, sub-picture A and B are taken from valleys farther south (Fig. 1). B)
Onlap situation similar at the Vitor valley (A), but here in the Camarones valley (Fig.1). C) Detailed situation of
cut channels by the Coastal Cordillera similar at the mouth of the Vitor valley (A), but here at the Camarones
river mouth.

12
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It appears that uplift along this fault and subsequent erosion resulted in construction of
a >400 m-thick sequence of high-concentrated flow deposits (25-23 Ma-old Azapa
Formation) adjacent to this fault (Garcia, 2002).
West of the Oxaya Antiform is the Pampa de Diablo (Fig. 1). This geomorphic feature forms
a gently westward dipping ramp that is cut by valleys with local (e.g., Vitor and Camarones
valleys, Fig. 1) and distal sources (e.g. Lluta and Azapa valleys). The Pampa de Diablo is
underlain by (in stratigraphic order) the westward thinning Azapa Formation, the Oxaya
Formation and the Diablo Formation (Fig. 3). This latter unit, deposited between ca. 19-7.5
Ma according to Rb-Sr ages of interbedded ash layers, covering ignimbrites (Garcia, 2002)
and new magnetostratigraphic chronologies (von Rotz, 2003), is made up of a large-scale
coarsening- and thickening upward sequence with dm-thick mudflows at its base and fluvial
trough cross-bedded m-thick conglomerate beds at its top. In the Arica area where the Coastal
Cordillera is stratigraphically and morphological below the Peruvian Coastal Plains (Fig. 1),
the dispersal systems of the Diablo Formation discharged into the Pacific Ocean (see below
for details). South of Arica, however, the fluvio-lacustrine deposits of the Diablo Formation
(and Oxaya Formation) onlap, and partly overlap the crystalline basement of the Coastal
Cordillera (Fig. 2B). In the Longitudinal Valley some hundreds of kilometers farther south,
however, the dispersal systems of the Diablo Formation have had a closed drainage until
present (Hartley and Chong, 2002). The occurrence of andesitic and metasedimentary clasts
suggests erosion of the Miocene andesitic volcanoes (e.g. the 18.7 Ma old Cordon Quelvilque,
and the 9.2 Ma old Cerro Margarita, Fig. 1) and of basement rocks that are exposed in the
Western Andean Cordillera (Garcia, 2002; Worner et al., 2002).

Diablo Fm./Huaylas Fm.

Pliocene ’3’-?‘. A A
— % fluvio-lacusirine

Miocene | oA Fal5S © “vos 8l iy
Oxaya Fm.
ignimbrites
sandstone/conglomerates

o) Azapa Fm.
Oligocene| % e sandstone/conglomerates
Basement
magmalic

Precambrian- .
metamorphic

Mesozoic

Fig. 3  Stratigraphic scheme of the Western Escarpment of the Andes of northern Chile (simplified after Salas,
1966; Garcia 2002; Worner et al., 2002).
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The Copaquilla depression (Garcia, 2002) (Figs. 1, 5) is made up of a >300 m-thick
series of fluvio-lacustrine sediments (e.g., Huaylas Formation) that were deposited between
ca. 18 and 7 Ma according to K-Ar ages of interbedded ignimbrites and tuffs (Garcia, 2002).
The Huaylas deposits were sourced from the Western Andean Cordillera (that is made up of
the metamorphic basement, Miocene to modern volcanoes and Miocene to modern fluvio-
lacustrine deposits). Locally, the Miocene depositional surface of the Huaylas unit is still well
preserved, displaying a fan-shaped surface with a convex curvature. In the Copaquilla
depression, the Huaylas Formation is overlain by the 2.7 Ma-old Lauca ignimbrite (Fig. 5,

Worner et al., 2002), with an erosional unconformity between both units.

w Lluta Collapses Lluta valley E

Azapa valley

ampa de
Diablo |

w E
prtifor™
Pampa de
Oxaya
Pampa de B
Diablo =
Diablo Fm. 2
{onlapping on T
Oxaya Fm.) ¢ 5
i

X\Odem Azapa

stream profile

A
30 80 a0
Distance from coast (km)

Fig. 4 3-D perspective view of the Pampa de Diablo and the Pampa de Oxaya (A), and geomorphic and
geologic interpretation that is presented as a cross-section (B). See note to Fig. 2 for explanation of methodology
of 3-D view calculation and scale. The 3D view is oriented to the N. Valleys here cut ca. 1000 m deep.
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The Liuta collapse (Figs. 1, 6) is a giant landslide that covers an area of ca. 600 km?,
and that displaced ca. 50 km® of rocks (Woémer et al., 2002; Strasser, 2003). The basal
detachment of the Lluta collapse is the top of the Azapa Formation; the slip plane is well
exposed on both sides of the Lluta valley. Because slide blocks are found on both sides of the
Lluta valley, Worner et al. thought that initiation of landsliding predates the formation of the
Lluta valley. However, a postdating alternative interpretation was proposed by Strasser
(2003). The slide blocks are overlain by conglomerates, sandstones and siltstones that were
deposited in a fluvio-lacustrine environment (Strasser, 2003). The clasts and boulders of the
Lluta-collapse deposits are Oxaya ignimbrites close to the escarpment, suggesting a local
provenance. Farther north in the Lluta valley, these sediments are interbedded with
conglomerates that reveal a distal source (low-grade metasedimentary clasts, and clasts from
granites and andesites of the Western Andean Cordillera).

Finally, the Western Cordillera forms the modem magmatic arc system of the Central
Andes with heights up to 6000m. This unit is composed of Miocene to Holocene volcanic and
sedimentary rocks that were deposited in interarc sedimentary basins on a Precambrian
basement (Worner et al., 2002). The headwaters of the main rivers (Lluta river, Azapa river)

charge their water here.

Andean
Westerm

Fig. 5 3-D perspective view of the Pampa de Oxaya, the Copaquilla depression and the Western Cordillera,
and geomorphic and geologic interpretations. The view is towards the SE. Here, the Azapa and Lluta valleys are
up to 1500 m deep. See note to Fig. 2 for explanation of methodology of 3-D view calculation and scale.

2.4 Reconstruction of the geomorphic situation prior to dissection
In order to define a spatial and temporal datum that is needed here as reference for the

situation prior to the major phase of valley formation, the top of the Diablo and Huyalas
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Fig. 6 (A) 3-D perspective view of the Lluta landslide with view to the south. See note to Fig. 2 for
explanation of methodology of 3-D view calculation and scale. (B) Detail of parts of the >2.4 Ma old Lluta-river
base level showing the pattern of abundant network of channels and bars.

Formations appear the prime target. The Diablo and Huyalas Formations were deposited
during the same time interval (Fig. 3). Both units have abundant andesitc clasts which suggest
a distal provenance (i.e. the Western Andean Cordillera, e.g., Garcia, 2002). Because of the
isochronous relationship between the Diablo and Huyalas Formations and the similar
petrographic composition of the deposits, we interpret that both depositional realms were
hydrologically linked. This implies that deposition in the Diablo and the Huyalas areas were
presumably controlled by an identical regional base level that is assigned to as Diablo base
level in this paper. Furthermore, because the youngest deposits of the Diablo Formation was
dated with 7.5 Ma according to magnetopolarity stratigraphies (von Rotz, 2003), we
tentatively assign this Late Miocene age to the Diablo base level.

In the Arica area, however, the Diablo base level has its current position ca. 350m
above the modern sea level ca. 10 km inland. Here, this unit is made up of trough cross-
bedded conglomerates without any evidence of lacustrine (or playa) deposits, suggesting
deposition on a braidplain (Gracia, 2002). This implies that the system feeding the Diablo
Formation was hydrologically open and hence must have discharged into the Pacific. Because
the rivers feeding the Diablo Formation were open to the Pacific, base level lowering
(possibly either due to surface uplift or due to subsidence of crustal segments; Salas, 1966)
must have likely initiated incision of the Lluta, Azapa and all other valleys in the study area.

However, this phase of base-level lowering must have terminated at 2.7 Ma at the latest as a

16
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fragment of the Lauca ignimbrite is found in the lower Lluta valley (see also Worner et al.,
2002) (Fig. 1).

The Diablo base level that is currently ca. 350m above sea level appears not only to
have controlled aggradation of sediment in the Diablo and Huaylas sedimentary realms, but it
probably also affected the large-scale morphometric properties of the Western Andean
Cordillera. We observed that in this part of the Andes hillslopes are smooth and covered by a
regolith > 1m thick, and that the hillslopes reveal tangential lower contacts to the depositional
surfaces of the Huaylas Formation, which in turn was assigned to be part of the Diablo base
level above. Because Huaylas and Diablo depositional surfaces are still well preserved (see
Mortimer and Saric, 1975; Mortimer, 1980; Womer et al., 2002), these landscapes record to
large extents surface processes during the time of the Diablo base level.

The aggradational nature of the conglomerates of the Diablo and Huaylas Formations
and the smooth hillslopes with a m-thick regolith cover and tangential lower surfaces suggest
that here, the rates of geomorphic processes have been to a large extent transport limited.
Support for this interpretation is given by two sets of results from theoretical models (e.g.
Tucker and Slingerland, 1996; Simpson and Schlunegger, 2003). First, a regolith cover and
the smooth nature of the hillslopes imply that the dip angles and the curvatures of the
hillslopes are controlled by transport rates of regolith (e.g. Tucker and Slingerland, 1997).
Second, aggradation of conglomerates in the Diablo and Huaylas depositional realms suggest
that the sediment routing systems were at their transport capacity.

The transport-limited stage of sediment flux during deposition of the Diablo and
Huaylas Formations implies that at that time, the Western Escarpment of the Andes of
northern Chile was presumably in a stage of geomorphic decay. This interpretation is
confirmed by theoretical concepts of landscape evolution (e.g. Tucker and Slingerland, 1996;
1997; Whipple et al., 1999). According to these models, geomorphic processes with transport-
limited fluxes will result in a decrease in the local and the drainage basin relief, which, in
turn, is indicative for the stage of geomorphic decay of a landscape. This situation, however,
changed at ca. 7.5 Ma as the lowering of the base-level in the Coastal Cordillera caused
dissection and headward erosion of the rivers sourced in the eastern parts of the Western
Escarpment and the Western Cordillera, respectively. This new stage of landscape

rejuvenation will be explored in more detail in the following sections.
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2.5 Headward erosion and changes in relief

The stream profiles especially of the distally sourced systems (i.e. the Azapa valley,
and the Lluta River) display two segments separated by well-defined knickzones (Fig. 7A).
Below these knickzones, the channel gradients of the streams continuously increase in the
upstream direction. Similarly, immediately above the knickzones the channels are flat, and
their gradients then continuously increase in the upstream direction. Furthermore, the cross-
sectional geometries of the valleys reveal distinct trends in the upstream direction that closely
correlate with the valley gradients and the distance from the present-day knickzones.
Specifically, in the lower reaches where the gradients are flat, the valleys are wider than the
river belts (that are made up of braided channels and longitudinal and transverse gravel bars),
resulting in the establishment of large floodplains. Here, the rivers flow on alluvial gravels
(alluvial channels, e.g. Tucker and Slingerland, 1996). Towards the knickzones, the valleys
become narrower, and the gradients increase. In the uppermost 5 kilometers below the center
of the knickzones, the rivers incise into bedrock (bedrock channels, e.g. Tucker and
Slingerland, 1996), and the valley flanks are nearly vertical. Above the knickzones, the
channel gradients decrease, the valleys widen and alluvial channels are occupying the valley
floors.

The presence of knickzones that separate the stream profiles into two segments with
distinct differences in stream gradients and valley morphologies is interpreted here to reflect
that the fluvial systems accommodated the post 7.5 Ma-old lowering of the base level by
headward erosion. According to this interpretation, the knickzones represent the locations of
the erosional front, separating an older landscape with morphometric properties that still
record the former base level (e.g., the Diablo base level) from a rejuvenated geomorphology
that is currently adapting to the modem base level. Note that at present, the knickzones are
located in the vicinity of basement-bedrock/Neogene conglomerate transitions (e.g. the
Huaylas Fm.), at the interfluves of several tributaries and on abandoned tectonic features
(west-vergent-thrust system of Munoz and Charrier, 1996). Therefore, it would be possible to
interpret a lithological, tectonic and/or a discharge control on the establishment of a
knickzone in these locations. In this case, the change in bedrock lithologies, the specific
drainage pattern configuration in the locations of the present-day knickzones or, altematively,
enhanced rates of rock uplift in this location have simply resulted in an overall reduction of

headward erosion rates or in a nearly stationary locus of the knickzone itself.
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Fig. 7 (A) Morphometric information of Azapa valley, Lluta valley and the Diablo base-level, and (B) trends

in incision rates and sizes of maximum clasts of Lluta river. See text for more information on data acquisition.

2.6 Increase in fluvial incision rates

Differences in elevations between fluvial and/or strath terraces of known ages are

generally used to calculate fluvial incision rates. However, provided that surface uplift and the

associated lowering of the base level is accommodated by headward erosion, then differences
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in elevations between terraces of known ages will only yield information about average local
incision rates, and they might differ from effective erosion rates. This is the case because
during the process of headward erosion, the local incision rates first increase as the erosional
front arrives, and then decrease as it passes. This pattern of temporally varying incision rates
might not be seen if dated terraces of various elevations are used. Despite these drawbacks in
assessing temporal and spatial changes in erosion rates, data are presented here to suggest that
minimum local incision rates have increased between ca. 7.5 Ma and present. Worner et al.
(2002) suggested increasing incision rates between ca. 3 Ma and present.

Here, minimum incision rates are estimated for three sectors in the Lluta valley (see
Fig.1, 7B). In the lower portion of the Lluta valley, fluvial dissection was initiated after
deposition of the Diablo Fm. at < 7.5 Ma (as a result of base-level lowering in the Coastal
Cordillera as discussed above). At 2.7 Ma at the latest, the modern base level was reached as
indicated by the presence of Lauca ignimbrite fragments in the Lluta valley some tens of
kilometers east of Arica (Fig. 1). In this location, the difference in elevation between the top
of the Diablo formation and the broad valley floor measures ca. 350 m (Figs. 1, 7B), yielding
rates of fluvial incision of ca. 70 m/My between 7.5 and 2.7 Ma. The modern Lluta-river
course is presently further ca. 20-30 m lower in that location which results in incision rates
towards present of less than 10 m/Ma, likely as a consequence of a more stable sea-base-level,
flattest parts of longitudinal river profiles (most distal) and the long time since the erosional
front passed.

In the middle sector of the Lluta valley at ca. 60 km distance from the coast (Fig. 1),
alluvial terraces of the Lluta river lie 300 m beneath the top of the Diablo Fm., and 350 m
above the modern valley floor (Fig. 6, 7A). These deposits dip at an angle of ca. 3.5° in a
NNW-direction towards the Lluta valley. Based on a detailed reconstruction of the
stratigraphy in this area, Strasser (2003) found that the deposits of the Lluta river terrace (Fig.
6) interfinger with the detritus sourced from the headwaters of the Lluta collapse. We
estimated the time when the formation of this terrace system ended using concentrations of
cosmogenically produced *'Ne in quartz (see Table 1 for explanation, and Fig. 6A for sample
site). This methodology yields a minimum exposure age of 2.36+0.23 Ma for this terrace
system. However, in the same location an ignimbrite that overlies distally sourced
conglomerates ca. 20m above the present valley floor possibly represents the Lauca-
ignimbrite. The same ignimbrite is found 260m above the modern valley floor ca. 15km
farther east (Fig. 7A). Using this constraints the resulting incision rates measure ca. 200

m/My between 7.5 and 2.7 Ma, and between 50-100 m/My between 2.7 Ma and present. We
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cannot completely exclude the possibility that the formation of the Lluta river terrace is
simply the result of a cut-and-fill process that might have been initiated by the Lluta landslide.
However, since evidence of lacustrine sediments in the higher portion east of the Lluta
landslide is missing, we do not consider that this landslide significantly altered the base level
and hence the lowering process of the Lluta river.

Finally, at ca. 85 km distance from the ocean (Fig. 1), the Lluta River has cut into 2.7
Ma-old Lauca ignimbrite deposits (Figs. 1, 5) that lie ca. 300 m beneath the Diablo base level,
and ca. 900 m above the modern valley floor. The resulting incision rates are ca. 60 m/My
between 7.5 and 2.7 Ma, and >300 m/My between 2.7 Ma and present.

From the stratigraphic evidence we conclude that the locus of enhanced incision
shifted from the coast to the Western Andean Cordillera (Fig. 7B), and that the time interval
between ca. 2.7 Ma and present is characterized by maximum incision rates especially in the

upper catchments (Fig. 7B).

2.7 Temporal trends in stream power

Flume experiments reveal that flowing water exerts a shear stress on the riverbed that
is proportional to the product between stream gradient and water discharge if the flow is
unconfined (Bagnold, 1966). This shear stress results in erosion and transport of sediment as
bedload if a threshold is exceeded. This critical magnitude depends on the sorting of the bed
material, the state of the armouring of the bed by a layer of coarse material, and in particular
on the particle sizes of the sediment. Specifically, the critical shear stress has to increase to
entrain particles with increasing sizes (especially, if stream gradients decrease during the
same time interval).

For the Lluta system, temporal changes of maximum shear stress are estimated at 50
km distance from the ocean (i.e. in the location of the earlier described Lluta terrace, section
2, Figs. 1, 7B) using the diameters of the largest clasts that had a distal source (i.e. clasts from
andesites and granites). Specifically, for each stratigraphic unit that represents the base levels
of Fig. 7B (conglomerates of Diablo Formation, >2.4 Ma-old terrace of Lluta river, and
modern Lluta deposits) we selected at least two >100-500 m>-large areas where we measured
the size of ca. 20-50 clasts. From these dataset the maximum diameters of the five largest
clasts are presented on Figure 8B. The data reveal a general increase in the maximum clast
size from ca. 50 cm for the 7.5 Ma-old deposits (i.e. the top of the Diablo Formation), to 50-

100 c¢cm for the >2.4 Ma-old Lluta terrace reference, and to diameters >100 ¢cm for the modern
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deposits. In these locations, erosional scours exceeding depths of 1 m are absent and the bars
are horizontally stratified, implying that the flow has generally been unconfined.
Consequently, the observed general increase in the size of the largest clasts is interpreted here
to indicate an augmentation in the magnitudes of maximum discharge events.

Farther west in the Arica area, however, channels that were incised into basement of
the Coastal Cordillera are truncated at the coastal steep cliff. Furthermore, they lack any
evidence of any re-incision (Fig. 2C). This implies, that in the coastal region precipitation
rates fell below the threshold conditions for fluvial incision at 3 Ma at the latest (i.e. at the

time when the phase of major base-level lowering was terminated).

2.8 Comparative estimates of sediment yields

The excellent preservation of the relict Late Miocene plain — the Diablo landscape -
that formed prior to dissection allows the calculation of sediments yields for systems with
various sources. Furthermore, because the erosional systems that drain the Arica area have cut
through the same lithological architecture, and since incision was initiated for all analyzed
systems at the same time (i.e. 7.5 Ma, see above), the comparison of volumes of eroded rocks
allows interpreting possible controls of water discharge on surface erosion rates. Specifically,
we aim at identifying whether possible orographic effects of precipitation have had an
influence on erosion rates.

Figure 8 illustrates the calculated volumes of rocks that were eroded between 7.5 Ma
and present, the present day sizes of the drainage basins for the systems draining the Arica
area, and a resulting erosion rate. The resulting sediment yields are ~15 m/My for systems
that are sourced in the Western Andean Cordillera (i.e. the rivers flowing through the Lluta
and Azapa valleys), and <7 m/My for rivers with sources solely on the Escarpment. Note that
these calculations assume no major increase in the size of the headwaters which might be
expected because of headward erosion. However, catchments rather compete with the systems
that discharge to the east (i.e., Altiplano, Mortimer and Saric, 1975). Because the sediment
yields represent volumes of eroded rocks that are normalized to the size of the drainage
basins, the differences in yields cannot be explained by the various sizes of the headwaters. It
appears that the enhanced erosional efficiencies calculated for the rivers with sources in the
Western Andean Cordillera simply reflect the observation that modern precipitation rates

significantly increase towards the Western Cordillera. As will be argued in the next section,
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the contrasts in precipitation rates between the coastal region and the Western Andean

Cordillera have become enhanced at least between 7.5 Ma and present.
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Fig. 8 Comparison between volumes of eroded rocks (differential modelling, see text for obtainment),
catchment size, and resulting sediment yields of distally- and locally-sourced rivers. See Fig.1 for scale.

2.9 Discussion

It was outlined before that fluvial dissection and valley formation was initiated at ca.
7.5 Ma as a result of a major base-level change in the coastal area, and that the fluvial
processes have adapted to the new base level by headward erosion. The climate component in
valley formation was identified in the comparison between sediment yields calculated for
systems with distal and local sources, revealing that the larger yields calculated for the distally
sourced systems most likely resulted from the effect of orographic precipitation. Here we will
argue that the effect of orographic precipitation has become enhanced between the Late
Miocene/Pliocene and present. Support for this interpretation is given by the general
coarsening trend in the clast size of the conglomerates and the contemporaneous increase in
headward erosion rates. These information imply an increase in effective water discharge.
However, a tectonic control cannot be ruled out at the moment (e.g., monoclinal surface uplift

proposed by Isacks, 1988, which might have the same effect), so the solution appears non-
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unique. Nevertheless, if the tectonic component would be the dominant force driving
headward erosion, then rates of monoclinal surface uplift needs to have become enhanced at 3
Ma at the time when incision rates increased (as observed in the Aricas area). Existing data,
however, do not support such a scenario (Isacks, 1988; Gregory-Wodzicki, 2000). Therefore,
the enhanced discharge scenario has to be considered to explain the increase in both the sizes
of the largest clasts and incision rates between ca. 3 Ma and present (Fig. 7B), and the overall
evolution of the valley systems. This does not mean, however, that the Andes of Chile have
become more humid between the Late Miocene and present. Indeed, the presence of valleys
that are cut by the coastal cliff implies that in the lower portions of the study area,
precipitation rates fell below the threshold conditions for fluvial incision of systems with
small catchments. Similarly, theoretical considerations about controls on erosion led Molnar
(2001) to conclude that an increase in aridity (and hence a decrease in average precipitation
rates) might even result in an increase in erosion rates provided that the frequency and the
magnitudes of large flood increase (as supported by the observed increase in the size of the
largest clasts), i.e. such an increase might even occur even if average water discharge
decreases. The presented data do not allow estimation of whether average precipitation rates
decreased. They only indicate a shift towards a more incisive climate, and towards an

enhancement of the effect of orographic precipitation as the system evolved.

2.10 Conclusion

The stratigraphic and morphometric data and observation from the Western
Escarpment of northern Chile (Arica area) imply that a major phase of valley formation
resulted from base-level lowering in the Coastal Cordillera that was initiated at ca. 7.5 Ma,
and that was almost completed at 2.7 Ma at the latest. Additional small-scale base-level
changes as recorded in several terraces farther to the north (S°-Peru, Ortlieb et al., 1996a) and
to the south (e.g., Antofagasta, Ortlieb et al., 1996b) would not result in such prominent
incision features. The stratigraphic and geomorphic data also indicate that fluvial incision and
valley formation have become enhanced during the last 3 My presumably as a result of
enhanced effective water discharge. During the same time interval, however, the Coastal
Cordillera and the Atacama Desert became hyperarid (Hartley and Chong, 2002). It appears,
therefore, that precipitation became restricted to the higher parts of the Western Escarpment
and the Western Cordillera where the major rivers are sourced that deeply cut into the Oxaya

and Diablo landscapes. That also highlights the orographic effect on the precipitation pattern
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due to the raising Andes. The hyperarid conditions that established in the lower elevations of
the northern Andes of Chile caused the Miocene/Pliocene strata to become covered by crusts
of salt and anhydrite that even blanket hillslopes and summits especially in the region of the
Coastal Cordillera. We interpret that this stabilization of surfaces decreased the sediment
discharge from e.g. the Pampa de Diablo and Oxaya to the fluvial transport systems, possibly
shifting the rivers into the supply limited stage. In case that the fluvial systems are transport-
limited, a decrease in sediment discharge - especially at lower elevations - can result in an

increase in incision and headward erosion rates.
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APPENDIX

Table 1 Cosmogenic *'Ne-data. All concentrations given and calculated for sampling site. Sample CN8 -
boulder on abandoned terrace, CN10 - boulder in the youngest wash (lower side), assuming a geological blank
case. Sample preparation following Ivy-Ochs et al. (1996). Ne-data represent cosmogenic-temperature step of
600°C, higher steps were air. MNe osmo-concentration calculated as excess over air. Production rates used after
Niedermann (2000) and scaled by modified Lal (1991) and Dunai (2000). Density p=2.375gem™, attenuation
length A=160gem 2 Erosion rates are defined by erosion-island-plots of Ne/Be-Be (Kober et al., 2002).

Sample PNe 2'Ne/®Ne ZNe/®Ne 2'Necosmo blank corrected age (corrected for
*'Necosmo 70cm/My erosion)
[10%toms/g] [107atoms/g]  [107atoms/g] [10%r]
CN8b 13.729+£0.026 0.00635+0.00081 0.1059+0.0035 4.65910.216 3.874+0.287 2.3610.23

CN10(blank) 5.622+0.248  0.0043+0.000647  0.104+0.0025
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3.1 Abstract

The quantification of geomorphic process rates on the outcrop and the orogen scale is
important to describe accurately the interaction between the effects of erosion, tectonics and
climate. We report erosion rates on hillslope interfluves in the western Central Andes derived
from long-lived (‘’Be, °Al) and stable (*'Ne) cosmogenic nuclides that show a positive
correlation with elevation and with present-day precipitation rates. Erosion rates at lower
altitudes - the hyperarid Coastal Cordillera and the Western Escarpment with the northem
part of the Atacama Desert - are on the order of 10-100 cm/my (nominal exposure ages 1-6
my). These erosion rates have been so low since at least the middle-late Miocene. In contrast,
erosion rates at higher altitudes - the semiarid Western Cordillera - range up to 4600 cm/my
(nominal exposure ages 0.02-0.1 my). These values have persisted since at least the
Pleistocene/Holocene. This orographically controlled pattern of precipitation and erosion is
also reflected in the pattern of denudation rates derived from sediment yield data. Specifically,
denudation rates calculated from sediment flux data are of a similar order of magnitude as

those deduced from long-lived nuclides for the Western Cordillera.

! Submitted to Geomorphology.
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A sediment input deficiency in the Chile-Peru trench has been postulated to have played
a key role in the uplift of the Andes in the Late Cenozoic. This would imply that climate is the
main parameter controlling the present geodynamic state of the Central Andes. The low
erosion and denudation rates we calculate from our cosmogenic data provide evidence that the
supply of sediment from the western Andean slope to the Chile-Peru trench was limited.

The analysis of multiple cosmogenic nuclides allowed the simultaneous determination
of erosion rates and exposure ages but also revealed complex exposure histories of non-
bedrock samples, such as boulders or amalgamated clast samples. Specifically, this study
reveals that saturation of nuclides, usually assumed in studies where only a single nuclide is
analyzed, is rather the exception than the rule, as revealed by steady state erosion island plots.
Constant erosion that started later than the formation age of the rocks or episodic erosion by
spalling can partially explain such non-steady state concentrations. Furthermore, the use of
nuclides with different half-lives allowed us to infer that no significant variations in erosion
rates over prolonged time periods has occurred and that at the Western Escarpment erosion
rates have been low and constant during the late Neogene. Nevertheless, the time intervals
necessary to reach steady-state concentrations for cosmogenic nuclides can be different from

those needed for landscapes to reach steady-state.

. . 10 26 47 21 . . _
Keywords: cosmogenic nuclides (‘"Be, ~Al, “"Ne), erosion rates, erosion island plots,

orographic precipitation, landscape evolution, northern Chile

3.2 Introduction

The extent and the scale to which precipitation, and climate in general, influence the
nature and the rates of surface erosion, sediment transport and landscape evolution is difficult
to evaluate until more quantitative data are available on rates of landscape change. A number
of recent studies have been made which measured rates of landscape change by means of
cosmogenic nuclides or geothermochronology. A goal of these studies was to quantify the
relationships between tectonic, climatic, geochemical or lithological interactions. For
instance, von Blanckenburg et al. (2004) concluded that, in the steep tropical highlands of Sri
Lanka, erosion rates appear to be independent on climate but are rather responding to tectonic
forces. In contrast, Riebe et al. (2004) used cosmogenic radionuclides from diverse climatic

regimes all in granitic terrains to illustrate that chemical weathering intensity varies
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systematically with climate. Nevertheless, tectonic uplift was suggested to control chemical
weathering rates via the generation of relief (Riebe et al., 2004). Reiners et al. (2003)
discussed possible links between climate and erosion, suggesting that long term surface
erosion (>10°-107 yrs) is strongly coupled with modern precipitation rates in the Washington
Cascades. In contrast, erosion and precipitation appear to have been decoupled in the
Himalayas (Burbank et al., 2003). For the Taiwan orogen, erosion rates are reported to be
coupled with variations in precipitation and seismicity (Dadson et al., 2003).

This paper presents an analysis of the possible interplay between precipitation, surface
erosion and the rates at which landscapes change over various temporal and spatial scales. We
present erosion rates and denudation rates on hillslope interfluves and high-altitude
catchments for the western slope of the Central Andes (northern Chile) based on
concentrations of multiple in-situ produced terrestrial cosmogenic nuclides (TCNs - '“Be,
*'Ne and *°Al) and sediment vield data. Such data are necessary to distinguish between the
various driving forces (erosion, tectonics, and climate) and to determine the timing for the
geodynamic evolution of the western Central Andes. Furthermore, they are crucial for the
discussion of whether the Andes as morphological barrier led to the present climate conditions
or if prevailing climate conditions led to the uplift of the Central Andes (Lamb and Davis,
2003).

Our study focuses on the geomorphic evolution of the western Andes in northern
Chile, an area that exhibits broad relict Miocene landscapes indicative of slow rates of
landscape modification (Mortimer and Saric, 1975; Mortimer, 1980). However, information
on determinations of rates of landscape change are sparse (Gregory-Wodzicki, 2000, and
references therein). The Neogene hyperarid climate was suggested to play a prime role
controlling the landscape evolution of the Andes that favored the preservation of relict
landscapes (Mortimer and Saric, 1975; Mortimer, 1980; Alpers and Brimhall, 1988;
Montgomery et al., 2001). The hyperaridity is thought to have been initiated in the Late
Cenozoic. While Dunai et al. (2005) suggest the onset of the dry climate occurred somewhere
between 25-14My ago, Mortimer (1980) and Alpers and Brimhall (1988) suggested the onset
around 15-9My, whereas Hartley (2003) proposed an initiation of hyperarid conditions as late
as 4-3My. Late Quaternary climate fluctuations with wetter periods have been documented
(e.g. Betancourt et al., 2000; Grosjean et al., 2003). As the time of onset of arid climate
conditions and associated sediment flux reduction is suggested to have played a key role in
the geodynamic evolution of the Central Andes (Lamb and Davis, 2003) it is critical to

improve the knowledge of the change of process rates for this region.
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Crucial for the analysis and the modeling of mountain belt evolution is a knowledge of
the current equilibrium state of the system, whether it is in a transient state or at steady state
(Willet and Brandon, 2002), either on the outcrop or on the mountain belt scale. Hereby, TCN
represent a powerful tool to constrain the temporal evolution of various geomorphic
landforms (Cockburn and Summerfield, 2004, and references therein). TCN may integrate
over more than one climatic cycle that are shaping landscapes. Especially the use of multiple
nuclides allows one to distinguish between simple and complex exposure histories (Gosse and

Phillips, 2001).

3.3 Study Area

3.3.1 Geologic/geomorphic setting
The western Andes of northern Chile are commonly subdivided into longitudinal-

geomorphological units (Fig. 1). From west to east these are the Coastal Cordillera, the
Western Escarpment, the Western Cordillera and the Altiplano. The different units are the
result of the Cenozoic geodynamic evolution of the western Central Andes, dominated by
crustal thickening and related uplift of the Western Cordillera and the Altiplano, and
westward tilting of the Western Escarpment since the middle Miocene (Isacks, 1988;
Gregory-Wodzicki, 2000; Womer et al., 2002)). The magmatic and tectonic evolution of the
Coastal Cordillera since the Cenozoic has been decoupled from the evolution of the Western
Escarpment (Riquelme et al., 2003). At present, these two geomorphic units comprise broad
undulating plains >1000km? in size that have been deeply incised by rivers (Rio Lluta, Rio
Azapa, Rio Vitor) with sources in the eastern portion of the Western Escarpment and the
Western Cordillera (Fig. 1).

The Coastal Cordillera is constructed of Upper Jurassic to Cretaceous tholeiitic arc
rocks and marine backarc strata that are locally covered by Tertiary alluvial deposits (Womer
et al., 2002; Garcia and Herail, 2005) (Fig. 2). Except for the deep valleys mentioned above,
the Coastal Cordillera represents a subdued relict landscape. This landscape is characterized
by smooth hillslopes ca. 300 m high that display nearly constant curvatures, and by enclosed
basins several kilometers wide (Mortimer, 1973; Mortimer, 1980). Adjacent to the Coastal
Cordillera is the Western Escarpment that rises up to ~3600 m above sea level. In the west,
this morphological unit forms a gently westward dipping surface (Pampa de Diablo) that is
underlain by the fluviolacustrine deposits of the Miocene El Diablo Formation (Fig. 1).

Towards the coast, the El Diablo deposits interfinger with the sedimentary cover of the
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Coastal Cordillera (Mortimer, 1980; von Rotz et al., 2005.). The El Diablo Formation
overlays an Oligo/Miocene series of fluvial, volcanic and volcanoclastic rocks (Azapa and
Oxaya Formations) that are exposed in the eastern segment of the Western Escarpment
(Pampa de Oxaya; Fig. 1). Similar to the topography of the Coastal Cordillera, the Pampa de
Oxaya is characterized by E-W-aligned valleys with steep slopes separated by broad smooth
surfaces. The local relief is subdued and ranges between 50-300 m. (Mortimer et al., 1974;
Mortimer, 1980; Tosdal et al., 1984; Worner et al., 2002) postulated that the Pampas represent
a relict landscape that has been preserved since the late Miocene.

The Western Cordillera rises up to 4500 m above sea level, with some volcanoes
exceeding even 6000 m in altitude. This geomorphic unit is made up of metamorphic,
volcanic, volcanoclastic and sedimentary rocks (e.g., Lauca, Oxaya and Zapahuira
Formations) that record a geologic history including burial, exhumation and intermittent
volcanic activity (Worner et al., 2000; Womer et al., 2002). In contrast to the Pampa de
Oxaya, the landscape of the Western Cordillera has been continuously modified by volcanic
activity (Womer et al., 2000), surface erosion and sediment transport.

East of the Western Cordillera is the Altiplano. For this geomorphic unit,
sedimentologic and paleontologic data imply maximum surface uplift rates of 0.2-0.3 mm/yr
between the late Miocene and the present (Gregory-Wodzicki, 2000). According to Isacks
(1988) we interpret these rates to represent maximum estimates for any surface uplift rates on

the Western Escarpment.

3.3.2 Climate
The regional climate of northern Chile is dominated by the SE-Pacific anticyclone, the

cold water Humboldt Current and the orographic barrier effect of the Andes (Abele, 1991;
Houston and Hartley, 2003). These effects led to a hyperarid climate in the Coastal Cordillera
and the Western Escarpment, and a semiarid climate in the Western Cordillera. At present,
rain and snow fall in the periglacial to nival zones (= 4500 m) of the Western Cordillera and
the upper parts of the Western Escarpment. The area was only glaciated in the very high
altitudes during the Quaternary, largely around the flanks of the volcanic cones (Ammann et
al., 2001). At elevations between ~4500-3500 m moderate rainfall occurs between January
and March (Bolivian Winter periods) with annual precipitation of <150 mm (Houston and
Hartley, 2003) (Fig. 1). Only during times of intense Bolivian Winter and El Nifio events,
precipitation rates reach as much as 250-300 mm/yr (Walter et al., 1967; Hoffmann, 1975;
Vuille, 1999; New et al., 2002; Houston and Hartley, 2003). In contrast, precipitation rates are
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1 mm/yr and 10 mm/yr in the Coastal Cordillera and in the lower Western Escarpment,
respectively (Hoffmann, 1975; Abele, 1990). On the coast, humidity is present in the form of

coastal fog (Camanchaca).
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At present, rain and snow fall occur in the periglacial to nival zones (= 4500m) of the
Western Cordillera and the upper parts of Western Escarpment. At elevations between ~4500-
3500m moderate rainfall occurs seasonal during November to March (Bolivian Winter
periods) with precipitation rates of typically <150 mm/yr [37]. Only occasionally maximum
values may exceed these values during severe Bolivian Winter and El Nifio times with up to
250-300mm/yr (Walter, 1967; Hoffmann, 1975; New, 2002; Houston, 2003; Vuille, 1999
#907) (Fig. 1). In contrast, precipitation rates are 1-10mm/yr in the Coastal Cordillera and at
the lower Western Escarpment, respectively, and humidity is rather controlled by the coastal

fog (camanchaca).
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Fig. 2 Stratigraphic columns from the Coastal Cordillera into the Western Cordillera. Details of lithologies
and formation ages are discussed in the text and in Table 1.

3.4 Sampling strategy

We selected sample sites along a transect that covers the entire range of
altitudes and precipitation zones of the study area (Fig. 1). In areas that are made up of a
variety of lithologies (especially the Western Cordillera, see Table 1), we sampled the most
frequent lithologies in an effort to detect possible effects of the lithologic properties on

surface erosion rates. The samples were collected at the summits of hillslope interfluves
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where bedrock is exposed (Fig. 1, 3A,B) and a regolith cover was absent. Therefore, major
down-slope advection of material can be neglected. Hence, surface erosion at these sites is
anticipated to be in a weathering-limited state. Measured erosion rates thus can be interpreted
as in-situ process rates, i.e. directly as a combined function of the local climate and the
bedrock lithology. Possible transient effects might be detected by analysing several TCNs.
Exceptions from the bedrock sampling strategy are locations that are made up of
aggradational sequences. This is especially the case for the Pampa de Diablo and for the
Coastal Cordillera. In these cases, samples from boulders (0.5-2 m in size) or amalgamated
clast samples (20 clasts per sample) were taken (Table 1). As will be shown, the formation
age of the analysed units is considerably older than the time period recorded by TCN’s at
these sites. A prerequisite for using TCNs to quantify in-situ process rates is that possible
regolith coverage does not substantially modify the TCN-based erosion rates. All bedrock
samples were free of regolith at the time of sampling. This condition is tested for the past by
analyzing TCN’s in a depth profile. For this test we chose a site with a gently sloping surface
(~5%) and a ca. 20 cm thick regolith cover (Fig. 3C).

Fig. 3 A) Sample site CN201, B) Sample site CN111, C) Depth profile taken in a recently opened quarry
(samples CN101-107), D) cm-scale exfoliation on an Oxaya boulder (onion shell like), lens cap for scale.

A few data on sediment concentrations and water discharge measured in the middle and

upper parts of the Lluta river (Fig. 1) are available that record denudation rates of the upper
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portions of the Western Escarpment and the Western Cordillera. These data are used to
determine modern sediment yields and thus the flux of coupled hillslope-fluvial processes.
This information will then be compared with the TCN-based process rates on hillslope
interfluves from the same region in an effort to compare present day rates (deduced by

sediment flux) analyses with long-term denudation and erosion rates (based on TCN data).

Table 1 Coordinates and lithological information for samples discussed in the text

sample object sample location lithology formation age
number bedrock (b) longitude latitude altitude Oxaya (O), El Di- [My]
boulder (bo) [m] ablo (D), Lauca (L), (Wérner etal . 2001;
amalgamated (a) (£5m)  Huaylas (H), Zapahuira (2), Garcia, 2002;
Altos de Pica (P) Victor et al. 2004)

Coastal Cordillera
CN203 bo 70.15W 19.128 500 granite Cretaceous
CN36 bo 70.05W 19.338 1150 granite Cretaceous

Western Escarpment

CN7 bo 69.56W 18375 1620 andesite-D ~16
CN8b bo 69.51W 18255 1670 ignimbrite-O 19-23
CNi1c bo 69.54W 18285 1930 ignimbrite-O 19-23

CN301 b 69.41W 18445 2185 ignimbrite-O 19-23
CN302 b 69.39W 18445 2590 ignimbrite-O 19-23
CN19 b 69.41W 18435 2730 ignimbrite-O 19-23
CN303 b 69.39W 18435 3070 ignimbrite-O 19-24
CN310 b 69.37W 18218 3220 ignimbrite-L ~2.7
CN104C/P b 69.40WW 18225 3235 ignimbrite-O 19-23
CN101-107 b 69.40WW 18225 3235 ignimbrite-O 19-23

CN5 b 69.37W 18425 3260 ignimbrite-O 19-23
CN16 a 69.37W 18218 3270 conglomerate-H 19-23
CN23 b 69.40WW 18235 3280 ignimbrite-O 19-23

CN111F b 69.49W 18.145 3435 ignimbrite-O 19-23
CN201 b 69.50WW 18.225 3440 ignimbrite-O 19-23
CN305 b 69.43W 18.11S8 3670 ignimbrite-O 19-23

Western Cordillera

CN112 b 69.41W 18.058 3920 ignimbrite-L ~2.7
CN308 b 69.17W 18.33S 4150 andesite-Z 11-12
CN26 b 68.55W 20.185 4205 ignimbrite-P 16-20
CN307 b 69.27W 18.19S 4420 volcanic-Z 11-12
CN309 b 69.09W 18.14S 4510 ignimbrite-L ~2.7
CN113 b 69.30W 18.10S 4560 ignimbrite-L ~2.7

Oxaya ignimbrite: ryolithic, medium to dark pinkish-greyish, welded tuff, fluidal structures, angular xenoliths and phenocrysts of
Qtz, San, Bt, Mt, PI, pumice-fragments in fine grained
matrix

Lauca ignimbrite: ryolithic, light pinkish-greyish, high pumice content, Qtz-phenocrysts, porous

Zapahuira-andesite: dense, blackish-greyish basaltic lavas, phenocrysts of Fsp, Ol
Zapahuira-volcanic flow: rhyolithic, devitrified, altered
phenocrysts

granite: coarse grained, minerals Qtz-Fsp-Bt
Huyalas conlomerate: coarse grained ryolithic, Oxaya-origin
Altos de Pica ignimbrite: see Oxaya-ighimbrite

3.5 Methods, production rates and calculation procedures

Samples for TCN-analysis were crushed and sieved to a grain size range of 355-1000

um. Quartz separates for radionuclide and noble gas analysis were prepared by selective
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chemical dissolution (Kohl and Nishiizumi, 1992; Ivy-Ochs, 1996). In the case of CN7,
CN307, CN308, and for some of the depth profile samples (CN105-107), quartz for “!Ne-
analyses was prepared using only physical methods. The influence of the cleaning method
(physical P’ versus chemical ‘C”) on the measured *'Ne.,, concentrations was tested for site
CN104 (fractions CN104P and CN104C, respectively). *'Ne.o, concentrations for physically
and chemically separated quartz fractions from sample CN104 differs by 3.5% only (see
Table 2). We therefore conclude that the preparation method has no influence on the
measured *'Ne.,s concentration of any of our quartz samples. However, the chemically
prepared samples in general show lower amounts of atmospheric *’Ne and higher ratios of
“!Ne/*Ne and *Ne/**Ne. Therefore a chemically preparation procedure is to be preferred.
Purified quartz and pyroxene separates (see Table 2) were obtained using heavy liquid and
magnetic separations followed by handpicking. For *'Ne-analysis quartz and pyroxene
separates were crushed to <100 um and to <355 um, respectively and cleaned in an ultrasonic
bath. Then the fractions in suspension were decanted. Finally, 40-80 mg was wrapped into
aluminium foil. Additional detailed information on the noble gas analytical procedure is given
in (Kober, 2005, in press-b). For '’Be analyses, the quartz separates were further etched using
weak HF to ensure removal of meteoric '“Be. They were then dissolved with concentrated
(48%) HF after addition of “Be carrier. Be and Al were separated and purified using anion and
cation exchange and selective pH controlled precipitations (Ivy-Ochs, 1996; Ochs and Ivy-
Ochs, 1997). “Be/’Be and *°Al/*’Al ratios of samples along with appropriate standards and
blanks were measured by accelerator mass spectrometry (AMS) at the ETH/PSI tandem
facility in Zurich (Synal et al., 1997). Subtracted blanks were (1-3)*10™* for '°Be/’Be and 3-5
x 107" for °Al/”’Al, respectively. Stable Al was measured on an aliquot of the dissolved
quartz solution by ICP-AES using three standard additions for each sample.

Cosmogenic nuclides average erosion rates over the time a sample resided within
about one mean attenuation length of cosmic rays (60-80cm) below the surface (timescale
equal to A/(p*e); with A=absorption mean free path [cm*g?], p =density of the rock [g*cm™],
e=erosion rate [cm/my], (Lal, 1991)). If using only a single nuclide the underlying assumption
of steady-state nuclide saturation and erosion (Lal, 1991) may not hold for all samples studied
in a given area. Therefore, we measured several TCNs within each sample 9Be, 2'Ne, 2°Al
(t12:""Be=1.51 my, °Al=0.716 my, *'Ne=stable) in the same sample, except for a few cases
where only one or two isotopes were analyzed (pyroxene sample, depth profile). Erosion and
exposure histories can be evaluated by the use of so-called ‘steady state erosion-island’ plots,

e.g. “Al/"Be vs. "“Be, (Klein et al., 1986), or *'Ne/*Al vs. Al (Graf et al., 1991)). In
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principle, such diagrams allow the simultaneous determination of erosion rates and exposure
ages (Gosse and Phillips, 2001, and references therein). We used the following total
production rates at sea level and high latitude: P'°Be=5.120.3, P*Ne=20.3+4.0 [atoms*g  *yr’
1 (Niedermann, 2000; Stone, 2000); and P?°Al=33.255+2.93 [atoms*g *yr'] based on
P A1/"Be =6.52+0.43 (Kubik et al., 1998). Scaling to the coordinates of the sample sites was
performed for neutrons following the procedure of (Stone, 2000). Muon contributions (Table
4) were scaled based on (Allkofer, 1975; Boezio et al., 2000; Heisinger et al., 2002). A
correction for shielding was not necessary, neither due to outcrop shape, sloping surfaces,
vegetation or snow cover. Note that due to the effects of variable production rates caused by
variable geomagnetic field intensities (Masarik et al., 2001) our erosion rate and exposure age
calculations might represent under- or overestimates (<10%), since this effect cannot straight
forwardly be applied to sites that have experienced erosion. This effect is indeed more

pronounced at low latitudes.
3.6 Results

3.6.1 Nuclide concentrations
Neon isotope concentrations and ratios are presented in Table 2. Concentrations of

radionuclides '’Be and %Al are presented in Table 3. Uncertainties stated are 1c. The *'Ne
data include analytical uncertainties as well as sensitivity and mass discrimination errors.
Uncertainties due to calibration gas amounts are not included but are <3%. For "’Be and *°Al
the uncertainties include statistical errors and the error due to the normalization to the
standards and blanks. The uncertainty on the nominal value of the '’Be standard (+ 2.5%) is
not included in the final AMS uncertainties.

The measured neon isotope ratios are plotted in Fig. 4. The regression line
(v=1.18*x+0.098) through the respective points of the <600°C steps is close to the mixing
line between atmospheric and cosmogenic composition for quartz (y=1.12*x+0.0986)
reported by Niedermann (2002), without any detectable amounts of nucleogenic neon (Fig.
4A). Data from high temperature steps (800° and 1750°C) mostly scatter around atmospheric
composition (Fig. 4B) and are therefore discarded. Some of the 800°C steps contained >2% of
the excess 'Ne in the <600°C steps. If the respective data points lie on the atmospheric-
cosmogenic-mixing line, then the excess was considered to be cosmogenic and was added to
the concentration calculated by the <600°C step. The resulting cosmogenic Ne-concentrations

are presented in Table 2.
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Table 2 Neon data for analyzed samples. Only the 600°C steps were used for calculation of erosion rates and
exposure ages, as long as the BOO'C steps did contribute <2%. If the *'Ne excess in the 800°C steps was higher
than this it is included in the calculation (indicated in bold). For samples with codes >CN300 the excess in the
800°C step is on the order of 30% because the nominal 600°C step presented did not reach excess of *'Ne

at this temperature. Data points of the 8000C and 8000C steps are on the cosmogenic-atmospheric mixing line
and were therefore included in the calculation

sample

Ch1c

CN5

CN7

CN8b

CN18

CN18

CN23

CN28

CN38

CN101

CN102

CN103

CN104C

CN104P

CN105

CN108

mineral

Qtz

Qtz

Ciz

Qtz

Qtz

Qtz

Qtz

Qtz

Qtz

Otz

Qtz

Qtz

Qtz

Qtz

Qtz

Qtz

heating
step
[temp./time]
580,20
800,15
1750,15

560,20
800,15

550,20
800,15
1750,15

560,20
800,15
1750,15

550,20
800,15
1500,15

550,20
800,15
1750,15

550,20
1750,15

560,20
176015

550,20
800,15
1760,15

550,30
800,30
1750,15

580,30
800,30
1760,15

550,30
800,30

550,30
800,30
1750,15

550,30
800,30
1750,15

600,30
800,30
1750,15

600,30
800,30
175015

QONe
*109
[atomsig]
464 + 019
277 = 0.11
315 + 014
466 + 0.19
1.85 * 0.08
18.04 % 1.33
3241 & 245
3785 + 299
13.73 = 0.48
368 = 013
251 + 013
18.74 0.66
38.31 1.39
918 032
4.04 + 0.13
2.15 2 0.07
1.56 + 0.07
685 + 0.23
368 x 0.14
417 £ 015
228 % 0.09
913 + 0.33
31.28 ¢ 112
29.01 = 1.01
1.64 + 0.07
1.28 £ 0.05
152 + 0.06
1.80 = 0.07
0.80 = 0.04
1.19 + 0.04
221 £ 0.08
0.88 + 0.04
1.77 £ 0.05
1.08 + Q.07
1.18 = 0.14
1.33 % 0.06
147 % 0.04
365 & 0.04
14.14 = 0.57
0.87 + 0.04
0.86 = 0.04
1.77 £ 0.07
0.92 = 0.04
118 + 0.05

“Ne/Ne
w10-3
2012 + 0.28
480 £ 0.19
297 + 0.04
4592 + 0.34
362  0.05
593 & 0.17
470 + D05
355 + 0.04
635 + 0.08
3.16 + 0.03
3,02 + 0.04
8.62 0.09
395 0.03
330 005
79.92 + 0.42
7.40 + 017
3.35 + 0.09
36.03 + 0.30
6.62 + 0.05
21.82 + 0.37
343 & 0.00
5.95 % 0.10
346 = 0.01
3.00 % 0.01
18.88 % 0.24
379 + 0.14
358 + 0.13
4443 + 0.39
377 & 012
347 % 047
7510 £ 0.81
398 £ 014
69.22 + 0.65
415 + 0.18
3.17 & 0.10
88.09 + 1.06
3.94 1 0.10
342 & 0.09
8.18 % 0.04
326 % 0.13
344 £ 012
70.31 + 0.48
3.55 & 0.18
410 + 0.03

“NeNe
1:10-1

1.246
1.067
1.035

1.549
1.063

1.074
1.038
1.049

1.060
1.030
1.030

1.083
1.040
1.045

1.980
1.098
1.052

1.452
1.068

1.280
1.047

1.051
1.025
1.042

1.187
1.035
1.021

1.5632
1.020
1.018

1875
1.038

1.766
1.038
0.983

2.018
1.023
1.010

1.080
1.020
1.022

1.776
0.977
1.018

+ 0.013
+ 0.007
+ 0.007

+ 0.013
+ 0.007

+ 0.018
+ 0.004
+ 0.010

0.004
0.006
0.006

0.007
0.006
0.008

0.016
0.017
0.015

0.013
0018

0.022
0.010

0.004
0.002
0.003

.01
0.008
0.013

0.012
0.021
0.012

0.011
0.013

0.017
0.011
0.008

+ 0.023
+ 0.014
+ 0.010

+ 0.001
+ 0.008
+ 0.012

+ 0.012
+ 0.012
+ 0.005

L S

[

LB O R S o L T L R S

o W R

21Neco:smc
&100

[atorns/g]

79.8 £ 3.8

2001 £ 89

110.3 £ 16.3

46.6 £ 3.4

1442 £ 85

320.3 £ 108

226.4 x B.S
786 £ 36

43.2 £ 49

26.0 £ 1.3

748 £ 3.2

1592 + 5.9

M7.0£ 45

1M28 £ 44

738 1 4.8

119.0 £ 5.1
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sample mineral heating “Ne “'Nef ?Ne Nef Ne 2’Necq_m
step *10” “10° *1g' *10°

[temp. fime] [atomsig] [atoms/g)

CN107 Qtz 600,30 1.84 x 0.07 30.21 £ 087 1426 £ 0011 501 £ 2.8
800,30 0.86 x 0.04 3.78 £ 013 1.000 z 0.018
1750,15 1.01 = 0.04 3.95 £ 0.07 1.042 = 0.010

CN111F Gtz 550,20 1.87 + 0.08 7454 + 1.14 1.872 + 0.025 134.2 + 6.6
800,15 377 % 013 3.08 + 0.03 1013 £ 0.005
1750,15 1.67 + 0.06 281 = 0.1 1.040 + 0.013

CN112 Qtz 580,20 3.09 = 0.1 11.39 = 0.18 1.123 + 0.015 261 + 14
800,15 1.87 % 0.08 310 £ 0.05 1.027 = 0.008

CN113 Qiz 560,30 350 012 419 £ 012 1.007 £ 0.007 4307
800,30 2.08 = 0.08 347 £ 013 1.009 z 0.015
1750,15 1.27 £ 0.06 2.95 £ 0.10 0.997 + 0.018

CN201 Qtz 600,30 1.60 = 0.06 178.91 = 1.21 3.106 = 0.024 2836+ 118
800,30 468 £ 0.19 3.58 £ 006  1.002 % 0.007
1750,15 1.20 + 0.05 3.20 £ 009 0.988 + 0.0

CN203 Qiz 600,30 669 + 027 38.30 = 014 1430 + 0.008 243.2 + 1086
800,30 334 £ 014 375 £ 002 1.029 £ 0.004
1750,18 220 + 0.09 13.34 + 013 1.038 + 0.003

CN301 Qtz 600,30 1.29 + 0.04 49.94 + 0.57 1618 & 0011 86.3 % 25
800,30 0.78 + 0.03 36,17 £ 0456 1438 £ 0.013
1750,15 123 % 0.04 3.38 £ 016 0.996 x 0.018

CN302 Qtz 600,30 1.39 + 0.05 43.00 £ 0.52 1485 x 0.021 93.0% 25
800,30 0.80 £ 002 4548 + 0.58 1.660 + 0.028
1750,15 210 % 007 341 £ 004 1026 £ 0.013

CN305 Qtz 600,30 1.55 + 0.07 2342 + 048 1241 £ 0018 46.3 £ 2.0
800,30 112 £ 005 16.02 + 0.53 1.142 + 0.008
1760,15 496 & 0.20 324 £ 0142 1.022 = 0.011

CHN307 Qiz 600,30 13.25 + 0.57 564 = 0.11 1.044 + 0.008 441 £ 4.2
800,30 9.75 ¢ 0.42 383 £ 005 1.028 x 0.010
1760,15 10.51 + 0.45 3.28 = 0.06 1.038 # 0.007

CN308  Px* 800,45 680 £ 035 318 £ 003 1032 £ 0.004 -

1750,20 622 = 0.31 8.09 £ 012 1.044 £ 0.002
CN30B correctad ratio for high temperatur to match the atmospheric-cosmogenic mixture line for pyroxenes

6.22 + 0.31 534 £ 012 1044 x 0002 148 2.0

CHN308 Gtz 600,30 1.10 + 0.05 11.38 + 0.23 1114 + 0.014 93 +086
800,30 0.87 £ 0.04 308 £ 013 0995 + 0024
1750,15 0.88 + 0.04 353 + 014 1.023 + 0.013

CN310 Qtz 600,30 1.04 £ 0.04 12.46 + 0.18 1130 £ 00156 19.2 £ 0.7
800,30 Q77 + Q.03 1497 + 0.35 1154 £ 0.018
175015 1.00 £ 0.03 298+ 002 0987 + 0.018

* chemical composition fwi%]: 1-Al, Oy, 23.5-FesQ,, 35.5-Mg0, 39-3i,0;, PR according to Chapter 5
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Fig. 4 Neon-three-isotope diagram of samples from northern Chile. A) Low temperature steps, releasing
cosmogenic neon, B) high temperature steps. See text for discussion.
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Table 3. "°Be- and *Al nuclide nuclide conetrations and ratios (21Ne see Table 2)
Sample 'Be error "°Be Al error 2A| %a1/"°Be error | ?'Ne/'®Be  error | *'Ne/* Al error

[atoms/g/yr] [atoms/g/yr] | [atoms/g/yr] [atoms/g/yr]

1c 1.33E+07 2.67E+05 5.97 0.24

5 3.08E+07 9.60E+05 1.42E+08 711E+06 4.62 0.27 6.49 029 | 1.406 0.08
7

8b 7.33E+06 2.86E+05 6.36 0.39

16 1.85E+07 6.29E+05 7.81 0.49

19 3.46E+07 8.67E+05 1.25E+08 7.03E+06 3.60 0.22 9.24 028 | 2569 0.15
23 3.71E+07 5.56E+05 1.21E+08 5.83E+06 3.25 0.16 6.11 014 | 1879 0.10
26 1.89E+07 5.67E+05 1.15E+08 5.62E+06 6.10 0.35 4.16 0.18 | 0683 0.04
36 5.39E+06 2.46E+05 2.07E+07 1.04E+06 3.84 0.26 8.02 090 | 2089 0.24
101 4.67E+06 1.73E+05
103 2.66E+07 9.87E+05

104A 2.20E+07 6.67E+05 5.07 0.20
111F 2.73E+07 9.32E+05 1.16E+08 5.80E+06 4.24 0.26 4.91 025 | 1.157 0.07
112 6.75E+06 3.11E+05 3.86 0.22

113 1.19E+06 5.60E+04 7.61E+06 3.95E+05 6.41 0.45 3.63 0.17 | 0567 0.03
201 4.16E+07 1.25E+06 2.11E+08 1.35E+07 5.08 0.36 6.82 028 | 1.343 0.09
203 5.93E+06 1.82E+05 3.13E+07 1.60E+06 5.29 0.32 41.02 1.73| 7.759 0.46
301 1.47E+07 4.46E+05 7.10E+07 6.58E+06 4.83 0.47 5.87 020 1216 0.1
302 1.66E+07 5.04E+05 5.97E+07 2.89E+06 3.59 0.20 5.59 019 | 1558 0.08
303 2.33E+07 7.04E+05 9.46E+07 3.94E+06 4.06 0.21
305 1.08E+07 3.94E+05 5.50E+07 3.68E+06 5.10 0.39 4.29 021 | 0842 0.06
309 2.13E+06 1.14E+05 1.44E+07 8.79E+05 6.78 0.55 4.39 032 | 0648 0.05
310 4.66E+06 1.82E+05 2.49E+07 1.02E+06 5.35 0.30 4.12 019 | 0769 0.04

3.6.2 Erosion island plots
The formulas presented by Schaller et al. (2004) are used to construct erosion island

plots for the Ne-Be, Ne-Al and Be-Al systems. However, for the neutron component we used
a pure exponential decrease in production with depth (Lal, 1991). Most of the data points plot
within the erosion island, bounded by the zero erosion line and the saturation line (Fig. Sa-c).
These sampled surfaces probably had a simple exposure history with constant erosion rates,
but have not yet reached saturation. A few data points fall outside the erosion island
indicating a “complex” or a multiple exposure history (CN8b, CN16, CN36) likely by
elevated 'Ne (Fig. 5a,b) and "“Be (Fig. 5¢c) concentrations from earlier exposures. Notably,
the latter data points all represent boulder or amalgamated clast samples (Table 1). Some data
points plot left of the apparent intersection between the zero-erosion-line and the saturation
line in the erosion island plots (Fig. 5a-c; in reality the two lines are offset if time would be
plotted in the third dimension, see APPENDIX B). The crossover of the zero-erosion-line and
the saturation line is the result of the increasing importance of muogenic "Be- or *°Al-
production with depth (Heisinger et al., 2002) whereas no *'Ne production by muons has been

reported (see Niedermann, 2002).
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Fig. 5 Various erosion-islands diagrams. Detailed discussion of these figures is provided in the text. A)
"'Ne/’Be-'"Be erosion-island plot, B) *'Ne/*°Al erosion-island plot, B) *'Ne/*®Al-*°Al erosion-island plot, C)
Al /*°Be-'"Be erosion-island plot. Error-bars for nuclide ratio are analytical errors only (16). Attenuation length
A=160 g*cm™, density p=2.375 g*em™.
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Note also that there is a difference in sensitivity in the different erosion island plots
(Fig. 5a-c). While in stable nuclide/radionuclide diagrams the nuclide concentration is rather
sensitive to erosion rates and exposure ages (Fig. 5a,b), in radionuclide/radionuclide plots the
nuclide ratio is the more sensitive parameter (Fig. 5c). This means that stable
nuclide/radionuclide diagrams offer a considerably better resolution for the detection of low
erosion rates and high exposure ages, since ratios at saturation are reached earlier in
radionuclide/radionuclide diagrams. For surfaces exposed for more than several hundreds of
thousands years the plots including neon are more sensitive because the erosion island itself
becomes broader as one goes to older ages.

For samples whose data points plot within the erosion island erosion rates and
exposure ages can in principle be determined simultaneously (Table 4), although this works
with good resolution only for erosion rates <Im/my. In Table 4 we present erosion rates and
exposure ages derived from the Ne-Be erosion island plot (Fig. 5a) since it offers the best
resolution. *'Ne-single nuclide estimates are given for comparison in Table 4. Reported
uncertainties in erosion rates and exposure ages given in Table 4 are based on analytical
uncertainties of the cosmogenic nuclide and assume a single stage exposure history (other
scenarios are discussed further down). The Ne-Al and Al-Be diagrams and '"Be and *°Al
single nuclide erosion rate and exposure age values are presented in APPENDIX A. For
boulder, amalgamated clast and bedrock samples for which only one isotope was analysed we
present single nuclide maximum erosion rates and minimum exposure ages in Table 4. In case
of samples that indicate complex exposures in Fig. 5a-c the nominal single nuclide erosion

rates are minimum values and the exposure ages maximum values.

3.6.3 Erosion rates and exposure ages
Following the same procedure and formulas used to construct the erosion island plots,

we iteratively calculated erosion rates and exposure ages using the data provided in Tables 2
and 3. For the Coastal Cordillera and the Western Escarpment we deduce very low rates
between 10-100 cm/my nominal exposure ages 1-6 my; Table 4, APPENDIX A) while for the
higher Western Escarpment (=3500 m) and the Western Cordillera rates of 100-4600 cm/my
are calculated (nominal exposure ages 0.02-0.1 my; Table 4, APPENDIX A). Because no data
points fall on the saturation line (Fig. 5a-c), erosion rates calculated with single nuclides
always are higher than the values determined from erosion island plots (Table 4, APPENDIX

A). From the data a distinct spatial trend in erosion rates increasing from the Coastal
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Cordillera to the Western Cordillera can be observed (Fig. 6). Thus, as a first order trend,

erosion rates strongly correlate with altitude and the pattern of present day rainfall (Fig. 6).
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Exposure ages calculated from the Ne-Be erosion island plot are in the range of early
to late Pliocene for samples from the Western Escarpment (Table 4 and APPENDIX A). For
the Coastal Cordillera (Table 4) a middle Miocene age was estimated using the Ne-Al
erosion island plot. In contrast, samples from the Western Cordillera with higher erosion
rates, have late Pleistocene to Holocene exposure ages (Table 4).

Table 4 Erosion rates and exposure ages derived from the “Ne-""Be erosion island diagrams and 21Ne-single
nuclide determinations, Otherwise indicate bold. All other data located in Appendix A

erosion island plots single nuclide
max. erosion rates min. exposure ages
sample erosion rates exXposure age infinite time Zero eorsion
{cr/myrs (Myr) {cm/myr) {Myr)
Ne/Be Ne/Be Ne Ne
{+f-) (+h-) {+/=} {+i-)

1c 31 (3/2) 252  (0.10/0.08) 45 (2712 1.50 (0.07 10.07)

5 32 3/3) 3.58 (028703 39 (172 1.70 (0.09 /0.07)

7 27 (4 74) 2.53 (0.38 /0.38)
&b cp cp 65 (575 1.04 (0.07 /0.08)
16 cp cp 55 (4 74) 1.23 (0.07 /0.08)
19 10 2/2 535 (0.2370.25) 18 (170 3.67 (0.12 1 6.12)
23 5 (212) 208 (0037003 35 (/1 1.92 {0.09 / 0.08)
26 cp (fo. 1170, sat)| cp {fo. / sat) 167 (718 0.40 (0.02 /0.02)
28 cp 50 (B786) 1.36 0.15 /015
104A 28 (7 110} 125  (0.05/010) 70 (3713 0.96 {0.05 /0.03)
111F 50 (7/9) 2.06 (016 /0.34) 85 (313 1.05 (0.08 / 0.08)
112 417 (17 /20y 0.85 (C.08/0.08) 423 (22 /1 24) 0.16 (0.01 /0.0
113 3400 (200 /180) 0.104 (0.007 /0.087) | 3450 (480 /BB0) 0.020  (0.004 /0.003)
201 15 (3713 305 (0.13/0.10) 31 Z71) 2.20 (0.09 /0.08)
203 4 {2 cp) 22.45 (9.3 cp) 4] (] 12.50 {0.570.5)
301 34 (3/4) 248 (0.1 /0.15) 48 (1711 1.41 {0.04 /1 0.04)
302 48 {5 /5) 248  (0.20/0.25) 58 (172 1.16 (0.03 7 0.03)
303 49 {(3/73) 1.13 {0.05 / 0.04)
305 0 032  (0.01/0.02) 210 (8 712) 0.32 {0.01 /0.01)
367 318 (27 134) 0.21 (0.02 /0.02)
308 835 (200 7385) 0.08 (0.0370.03)
309 390 (65 / 290} 0.081 (0.005 /0.012) | 1560 (80 /110y 0.043  (0.003/0.002)
310 225 (25 / 35) 0.25  (0.04 /003 402 (13 7 16) 0.17 (0.06 / 0.08)

bold Ne/Al (Appendix A} bold Be (Appendix A)
cp. - complex in erosion islands (Fig.6} in the field of complex exposure, boulder and amalgamted clast samples
fb. - forbidden in erosion islands (Fig.6) in the field of forbidden exposure, see text
sat. - saturated, not resolvable for exposure time, see text

3.6.4 Depth profile
In order to test the effect of a thin regolith cover that may have potentially altered the

reconstructed pattern of erosion rates based on our bedrock samples for hillslope interfluves
we analysed '’Be and *'Ne in a depth profile within an Oxaya ignimbrite section (CN101-
107). The sampled section is made up of a 20 cm thin regolith cover that is characterized by a
clast-supported fabric with ignimbrite boulders and a sandy matrix. Beneath 20 cm depth the
ignimbrite displays its original stratigraphic sequence (Fig. 3C and 7). The nuclide data are
presented in Tables 2 and 3 and Fig. 7.
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Fig. 7 Depth profile analysed to distinguish weathering vs. transport limited conditions. Concentrations of
cosmogenic >'Ne, '°Be and *'Ne/'*Be vs. depth.

The '“Be and *'Ne.., concentrations reveal a pattern that is consistent with the
stratigraphic architecture of the section (Fig. 7). Specifically, samples taken from the regolith
cover display an irregular scatter in *'Ne.o,-concentrations and suggest that the uppermost 20
cm of the depth profile represent a mixed (mobile) layer. In this mixed layer, calculated
erosion rates vary between 40-100 cm/my (Fig. 7). In the bedrock below, concentrations of
*'Ne and ""Be decrease continuously with depth. The maximum concentration is measured for
sample CN103 at 25 cm depth, while the lowest concentration is determined for sample
CN101 at 160 ¢cm depth. This drop in nuclide concentrations follows an exponential line
characteristic for erosion rates of ~30 cm/my. The *'Ne/"’Be-ratios suggest erosion rates in
good agreement with the single nuclide estimates (Fig. 7). Because erosion rates deduced
from bedrock samples at hillslope interfluves and the depth profile are almost identical, we
presume that a possible sporadic coverage by a thin regolith will not substantially modify the

general pattern of erosion rates reconstructed for the Andes of northern Chile.

3.6.5 Sediment yield
Data about suspended sediment concentration, water discharge, and denudation rates

for the Rio Lluta, that drains the northern portion of the study area, are presented in Table 5.
The data represent a fragmentary record over the years of 1988-2002. The resulting
denudation rates serve only as a first order estimate for the comparison with TCN-derived
erosion rates. The pattern of discharge shows strong seasonal variations with maximum
values during Bolivian Winter periods (late January to early March). These maxima can be
especially pronounced when superimposed by an El Nifio period. The data imply that

Bolivian Winter periods account for >50% of the sediment concentration.
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Since there are no systematic measurements of bedload and solutes we assume a
(bedload-+solute)/suspended load ratio of 0.7 to calculate the total sediment flux. This ratio is
likely a maximum that may cover the range of bedload and solute load contributions
measured in natural arid systems (Meybeck, 1987; Summerfield, 1991; Laronne et al., 2002).
The catchments that contribute to the sediment yield budget are in the Western Cordillera
(Kober, 2005, in press-b) whereas the Western Escarpment and Coastal Cordillera are only
transfer zones. To transform sediment vield data (t/(yr*km?) to denudation rates (m/my) we

assume a density of 2.7 tm™.

Table 5 Sediment yield data for high elevated catchments of Rio Lluta
(p=2.7g/cm’)

Lluta River
ENSO
Average years
(1988-
2002) (1994/2001)
total sediment quantity mg/l 408 708
discharge m'/s 1.31 1.59
particulate load (*104)t/yr 3.55 1.69
Area km? 2550 2550
sediment yield t/(yr*kmz) 6.61 13.93
average total denudation rate (*10'3)mm/yr=(m/myr) 2.33 4.90

Data from: Ministerio de Obras Publicas Direccion General de Aguas

Calculated short-term total denudation rates for the drainage systems of Rio Lluta are
2.33*10° mm/y (2.33 m/my). This value increases by a factor of two for El Nifio years.
Hence, the data clearly illustrate the importance of the episodic (annual and decadal) nature of
sediment flux and surface denudation in the study area. Note that because the Western
Cordillera has been the predominant sediment source, the calculated denudation rates for the
Lluta drainage system are only representative for the highest part of the Andes of northern
Chile. The short-term denudation rates derived from sediment yield are of the same order of
magnitude or perhaps somewhat lower than the long-long erosion rates derived from TCN for

the Western Cordillera (Fig. 6).

3.7 Discussion

In the following we will first discuss factors possibly influencing TCN-derived
erosion rates and apparent exposure ages in the study area, such as climate variability,
episodic erosion or lithological effects. This will be followed by a discussion of the potential

temporal and spatial scale of erosion rates at the western slope of the Central Andes.

46



Chapter 3 Cosmogenic nuclide analysis & Erosion rates

Similarities and differences between erosion rates on hillslope interfluves (TCN) and in the

coupled hillslope-channel network system (sediment load) will also be considered.

3.7.1 Climate and erosion rates
The various nuclides reach saturation concentrations after different times, depending

on half-life and erosion rate. Therefore, drastic variations in, e.g., climate, that in turn would
lead to an increase in erosion rates, of say, orders of magnitude, would lead to different
apparent mean TCN-erosion rates and exposure ages for the various nuclides. We do not see
such a trend of systematically high or low erosion rates for any of the nuclides studied (Tables
4, APPENDIX A and Fig. 6). This suggests that on the Western Escarpment climatic
conditions remained approximately constant over 1-5 my. Note that only for the Western
Escarpment such climate variations can be detected since there the initial erosion rates are
very low. In the Western Cordillera erosion rates are too high (= 1m/my) to detect climate

variations with the TCN used here.

3.7.2 Constant versus episodic erosion
So far we have treated the erosion rates as being constant in time, although we have

observed situations in the field where spalling of rock slabs (1-10 cm) had occurred (Fig. 3D).
Furthermore, in thin sections, we noted a planar texture defined by flattened glass shards that
is related to welding and which may enhance slab break-off. We therefore consider here
whether the fact that none of our data points fall on the saturation line may be explained
because in reality the samples were all eroded episodically by slab detachment rather than by
continuous erosion. The influence of episodic spalling on TCN concentrations has been
discussed in some detail by Small et al. (1997). Here we model the path of data points in a
Ne-Be erosion island diagram (Fig. 8) for samples having suffered regular episodic slab
removal (with episode intervals — t; in y). Various combinations of the interval between two
successive spalling events and the thickness of the spalled slabs (Ls; in cm) are shown. The
forcing time (i.e., to break off a slab) is considerably shorter than the response time (to
recover the nuclide inventory) in these models. Paths described may oscillate considerably
around the curve representing continuous erosion with rates equal to the long-term average
values for the respective episodic scenario. While a relatively rapid succession of removals of
relatively thin slabs (e. g. L<10 cm; t,=10° yr) leads only to minor oscillations, spalling of
relatively thick slabs at longer intervals (e. g. Ly>20 cm; t,=10° yr) will lead to considerable

offsets from the respective line for continuous erosion. Depending on the time elapsed since
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the last spalling event, inferred erosion rates assuming continuous erosion may indeed be
considerably higher or lower than the true mean rates for episodic erosion, and in some cases

the data path even extends into the field of complex exposure, e.g. right after a spalling event.
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Fig. 8 Evolution of the '’Be and *'Ne concentrations in a rock experiencing episodic erosion by rock spalling.
Initial nuclide concentrations are zero. Each curve is calculated by assuming removal of slabs of identical

thickness (L) at constant intervals of time (t;). The mean resulting erosion rate is given at the top of each curve,
where nuclide saturation is reached. All curves oscillate around the line representing continuous erosion with the
rate equal to the mean erosion rate. However, apparent erosion rates based on the continuous erosion assumption
may be considerably higher than the true mean rate shortly after the break off event and considerably lower than
the true value shortly before the next break off. Some portions of the paths even extend into the complex field of
erosion. The data points indicated are discussed as examples in the text. Note that a relatively rapid succession of
removals of relatively thin slabs (I.;<10cm, as observed in the field) would lead only to minor oscillation, around

the mean erosion rate.
We conclude, however, that the position of those data points with relatively high
nuclide concentrations below the saturation line cannot solely be explained by episodic
erosion. For example, sample CN19 (with a nominal continuous erosion rate of about 10
cm/my and an exposure age of ~6 My; Table 4), can be explained by various episodic
scenarios but all with long term mean erosion rates not too different from 10 cm/my (only a
few typical lines shown in Fig. 8). In none of these cases, however, the position of the data

point can be explained by assuming an infinite exposure age. All scenarios shown will lead to
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exposure ages of CN19 well below the time of ~30 My needed to approach saturation at a
mean erosion rate of 10cm/my. Additionally, this time is higher than the age of eruption of the
Oxaya ignimbrites from which sample CN19 was taken (19-23 My, Table 1). While no
spalling scenario with a mean erosion rate considerably different from the 10 cm/my can
explain CN19, the position of other data points of samples such as CN201 (with e.g., Ls=39
cm, t=1*10° yr instead of continuous erosion of 15 cm/my) or CN104 (with e.g., L&=10 cm,
t,=2*10" yr instead of continuous erosion of 28 cm/my) can be explained by spalling. In these
cases, the measured data point and the oscillating spalling curve match when the spalling
curve reaches a minimum value of erosion (Fig. 8). However, also here, infinite exposure ages
are not reached.

In conclusion, episodic spalling of slabs with thicknesses on the order of decimetres
and with recurrence intervals of <1*10° may bias our inferred mean erosion rates in Table 4,
although hardly by much more than a factor of 2. The number of samples at a given elevation
with similar erosion rates (Fig. 6) suggests that the trend of increasing erosion rates with
increasing elevation and precipitation is not significantly modified by this factor of 2.

While undersaturation of nuclide concentrations is likely caused neither by episodic
spalling nor by burial alone (e.g., a thin regolith cover, see section ‘Depth profile’) for our
samples, it can be due to a relatively short exposure interval by even constant erosion. Shorter
exposures histories than the time required to reach saturation can occur by unroofing the
sample site instantaneously on the m-scale during events for which we may have no field
evidence. Therefore we are only able to constrain our erosion rates for the time intervals given
in Table 4 and Appendix A, which are less than the formation ages of the rocks stated in
Table 1. Additionally and consequently, the studied surfaces have not been exposed since
their initial emplacement with respect to the upper meter of the earth surface. In terms of
(regional) landscape evolution, where a few meters likely are negligible, the surfaces sampled

may indeed be the ‘original” surfaces in place since deposition (see discussion below).

3.7.3 Dependency of TCN-erosion rates on lithology
Erosion rates presented in Table 4 were determined from samples representing

different lithologies (Fig. 2). However, we interpret the observed increase in erosion rates
with increasing elevation as a climatic signal not biased by lithology. Firstly, inferred erosion
rates increase with altitude and precipitation rate irrespective of the sampled lithology.
Secondly, similar or identical lithologies from different elevations yielded erosion rates that

consistently increase with precipitation rates. This is, for instance, the case for the ignimbrite
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samples CN111 (Oxaya ignimbrite) and CN26 farther south (Altos de Pica ignimbrite), or for
the Lauca ignimbrite samples CN310 and CN113 (Table 4).

3.7.4 Effects of surface uplift on TCN-derived erosion rates
In our calculations we neglected the effect of surface uplift on TCN-concentrations,

which generally would lead to overestimation of erosion rates (Craig and Poreda, 1986;
Brown et al., 1991; Lal, 1991; Ivy-Ochs, 1996). In our case, maximum surface uplift rates are
0.2-0.3 mm/yr for the Alfiplano since the late Miocene (Gregory-Wodzicki, 2000), and must
be even less for the Western Escarpment, a monoclinal flexure to the west of the Altiplano
(Isacks, 1988). Such uplift rates will not significantly alter the relevant nuclide production

rates and hence the deduced surface erosion rates (see Lal, 1991).

3.7.5 Temporal variations in surface erosion rates and apparent exposure times
The multiple and single nuclide mean erosion rates for the three nuclide systems -

Be, %°Al, and *'Ne - are similar to each other (Fig. 6). This highlights the consistency of the
dataset and the long-term steadiness of erosion rates (e.g., >2 My for some locations).
Complex exposure histories were identified for boulder and amalgamated clast samples by the
use of erosion island diagrams.

Erosion rates calculated from the depth-profile data support the general estimates of
erosion rates that are based on regolith-free bedrock surface samples. Although we have
identified a mixed regolith layer at site CN104, the erosion rates calculated for the depth
profile are very similar to those for the bedrock samples. Therefore, even if our bedrock
sample sites had been covered for a limited time by regolith due to possible down-slope
advection of material, this possible coverage would not significantly modify our general
pattern of established erosion rates of the western slope of the Central Andes (Fig. 6).

Interestingly, annual and decadal scale denudation rates determined from modern
sediment flux are similar to or slightly smaller than the long-term TCN erosion rates derived
for the Western Cordillera (Fig. 6). Differences can be explained by sediment storage in the
catchment area (although not apparent in the field), an offset between rainfall and runoff
extremes (Dickinson and Wall, 1977) or simply reflects the uncertainties of our calculations.
Nevertheless, this comparison suggests that the rainfall pattern observed in the Western
Cordillera today must have prevailed since at least the Pleistocene/Holocene. This argument
can be extended to the Pliocene/late Miocene, since rainfall was likely orographically fixed.
This is supported by low TCN-erosion rates at the Western Escarpment and thus rainfall must

have been restricted to the Western Cordillera. Hence, the Andean relief, that controls the
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position of the orographic rainfall, might have been in place for similar time periods, if not
longer.

While (Mortimer, 1980; Alpers and Brimhall, 1988; Dunai et al., 2005) deduced
similarly low erosion rates to have prevailed since the Oligocene, but certainly since the
middle Miocene, (Hartley, 2003) suggested that in the Aracama Desert hyperarid conditions
started only around 4 My ago. Our results confirm the reported temporal range of hyperarid
climate conditions from the middle to late Miocene onwards, or even earlier (cf. (Kober,

2005, in pres-b).

3.7.6 Spatial variations in surface erosion rates and apparent exposure times
Erosion rates based on '“Be, ?'Ne, and %Al remain nearly constant at ca. 10-100

cm/my between the Coastal Cordillera and the Western Escarpment, and then increase
substantially from 100 to 4600 cm/my between the base of the upper Western Escarpment/
Western Cordillera and the Altiplano (Fig 5). Thus, landscape shaping processes are
suppressed in the Coastal Cordillera and the Western Escarpment area and restricted to
incision by the major rivers (see Kober, 2005, in press-b). Additional evidence for this
derives from incised channels described in the Costal Cordillera that lack any evidence of
fluvial incision and sediment transport after late Miocene times (Allmendinger, 2003;Kober,
2005, in press-b). The findings of increasing erosion rates in the Western Cordillera derived
from TCN is also corroborated by the sediment yield data. As outlined earlier, the erosion
rates correlate positively with the present day pattern of precipitation, which, in turn, is a
function of altitude. This implies a topography induced precipitation threshold and control on
erosion and denudation rates.

Our erosion rate estimates derived for the Western Cordillera are similar to those
reported in earlier studies for the region although on different temporal and spatial scales.
Based on mineralization analysis and mass-balance calculations (Scholl et al., 1970; Alpers
and Brimhall, 1988) derived values of 7-42 m/my for the Oligocene/Miocene to the Pliocene,
whereas we report for the Western Cordillera up to 46 m/my for the Pleistocene/Holocene.
For the core of the Atacama Desert further south, Nishiizumi et al. (1998) and Dunai et al.
(2005) determined erosion rates that are as low as or lower than those of the Coastal
Cordillera and the Western Escarpment measured in this study. The constancy of low erosion
rates over a north-south transect of over 500 km contrasts markedly with the two to three

orders of magnitude increase in erosion rates that occurs over an W-E-altitudinal cross-section
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of <50 km. This highlights the dominant influence of orographic rainfall on surface erosion,

not only at present, but also for time scales back into the late Miocene.

3.7.7 Implications of low erosion rates for the western Central Andes
For the Western Cordillera long-term production rates of transportable sediment

deduced from TCNs are similar to sediment yields, and hence, to denudation rates of coupled
hillslope-fluvial processes. This indicates that, except for volcanic activity, the landscape has
been nearly in steady-state equilibrium for Holocene/Pleistocene time periods. In the lower
reaches of the study area that receive no rainfall, TCN based erosion rates are in the range of
several tens of cm/my. Low river incision rates (50-100 m/my) were also reported for this part
of the Andes (Wo6rmner, 2002; Garcia, 2005; Kober, 2005, in press-b). Although the similarity
between hillslope and fluvial erosion rates implies little relief growth in this part of northern
Chile and hence near steady-state geomorphic conditions, there is no correspondence between
processes in the major valleys and on hillslopes in the dry portions of the study area. Slopes
that border active river channels (e.g., Lluta River) are dominated by landslide activity as a
means to adjust to critical hillslope angles. The upper hillslopes merge into the adjacent broad
plains with a sharp break in slope. This suggests that denudation processes in these near
steady-state landscapes occur although a decoupling between hillslope and channel processes
is observed.

This near steady-state equilibrium of the topography or landscape, governed by
hillslope and channel processes, is in stark contrast to the transient nuclide concentrations.
Most of our samples do not exhibit saturation concentrations. This indicates that equilibrium
timescales of TCN-accumulation and landscape processes must not necessarily be similar,
which has to be taken into account when quantifying or modeling landscapes processes.

Although northern Chile represents an area with a potential for high sediment yield
due to high drainage basin relief, sediment flux into the Chile-Peru trench is low (Scholl et al.,
1970; Krissek et al., 1980; Thormburg and Kulm, 1986) compared to other active mountain
belts (Milliman and Meade, 1983). The arid to hyperarid climate conditions and the limited
coverage by glaciers in the past (Ammann et al., 2001) may have reduced sediment
production. The low erosion rates compared to the uplift rates led Lamb and Davis (2003) to
conclude that the arid climate enhanced the uplift of the Andes and led to a net increase in the
elevation of the central Andes since the Miocene. The deficiency of sediment input into the
Chile-Peru trench was postulated to have been a result of the low erosion rates, which in tum

were caused by a prolonged hyperarid climate. This latter argument was verified recently by
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Dunai et al. (2005) for the Coastal Cordillera, and we now extend it to the Western
Escarpment.

Similarly low erosion rates as those reported here have been obtained by TCN-studies
for other hot and cold arid landscapes, such as the passive margin settings of the desert parts
of Africa and Australia (e.g., Cockburn et al., 1999; Bierman and Caffee, 2001; Bierman and
Caffee, 2002) or Antarctica (e.g., Nishiizumi et al., 1991; Ivy-Ochs et al., 1995). In contrast to
these investigations, our study area is part of an active orogen. In contrast, the eastern flank of
the Andes that receives more rainfall is characterized by high erosion rates and high tectonic

activity (Masek et al., 1994).

3.8 Conclusions

Erosion rates across the Coastal Cordillera and Western Escarpment (the northern
part of the Atacama Desert) of northern Chile determined with cosmogenic nuclides are
extremely low (<1 m/my; nominal exposure ages 1-6 my), but increase to >10 m/my nominal
exposure ages 0.02-0.1 my) towards the Western Cordillera. As a result, estimated times of
surface exposure vary from the middle-late Miocene in the Coastal Cordillera and the
Western Escarpment (Pampa de Oxaya) to Pleistocene/Holocene times in the Western
Cordillera. The decreasing exposure ages and increasing erosion rates with altitude are
interpreted to be a function of orographic precipitation.

Erosion island plots are a valuable tool for the determination of erosion rates and
exposure ages and for the identification of complex exposure histories. Saturation of nuclide
concentrations, commonly assumed in single nuclide erosion rate and exposure age studies, is
not always recorded, likely due to TCN exposure histories that are younger than the formation
age of the studied rocks or perhaps due to some episodic spalling events mimicking constant
erosion for some samples. However, the spalling must have occurred in thin flakes, otherwise
our data points would more often plot in the complex field of exposure and erosion.
Therefore, erosion island plots are a helpful means to evaluate exposure/erosion histories.

Production rates of transportable sediment deduced from cosmogenic nuclides are
similar to sediment yields and denudation rates of coupled hillslope-fluvial processes derived
from sediment yield data in the Western Cordillera. This is the area were present day rainfall
occurs. Therefore, in terms of landscape shaping processes the western slope of the Central
Andes can be subdivided into an active (Western Cordillera) — and inactive (Coastal

Cordillera and Western Escarpment) zone. According to this, topographic steady-state
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conditions are suggested to be linked with orographic precipitation. The time intervals

necessary to reach steady-state concentrations for cosmogenic nuclides can be quite different

from those needed for a landscape to reach steady-state.
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5
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n.p.

22

130
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280
max.3
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28

45
39
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€5
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35
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50
70
€5
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3450
31
0
48
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2
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N
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480

2
4]
1
1

8
27
200
a0
13

D L3 5 00 = O B B N

n
&

680
1
1
1
2

12
34
385
110
16

1.34
1.48

0.78
0.78
2.82
1.80
0.43
0.81
0.94
1.08
0.17
0.020
1.98
1.78
1.26
1.08
1.13
0.32

0.040
0.17

Be
(+/-}
0.04
0.07

0.04
0.04
0.13
0.04
0.02
0.04
0.04
0.08
0.01
0.001
01
0.08
0.08
0.04
0.05
0.02

0.002
0.01

.03
0.06

0.04
0.03
017
.08
0.02
0.04
0.03
0.05
0.01

0.001

0.1

0.08
0.04
0.1

0.1

0.002
0.01

1.458

2.28
1.04
0.47
0.53

0.85

0.0922
np.
4.38
1.30
0.83
0.84
0.28

0.044
0.15

Al
(-}

0.7

0.56
0.08
0.03
0.04

0.07

0.001
n.p.
n.p.
0.28
0.0
0.05
0.02

0.003
0.07

0.15

0.38
0.02
0.03
0.03

0.08

0.001

min. 3.15

1.35
0.22
0.04
0.05
0.02

0.003
0.068

Ne

()
150 007 007
1.70 009 007
253 038 038
104 007 008
123 007 008
367 012 012
192 009 008
040 002 002
136 015 015
0.9 005 003
106 008 005
016 001 0.0
0.020 0.004 0.003
220 009 008
1280 050 050
141 004 004
1.16 003 003

0.32 001 001
021 002 o2
0.08 003 003
0.043 0.003 0.002
017 006 008

n.p. - not possible; max. - maximum; mim - minimum
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APPENDIX B Visualization of a Ne-Be and Al-Be steady state erosion island plots in 3D, with time as the
third dimension, in order to illustrate the relationship between time, nuclide concentration and nuclide ratios.
Black lines indicate transient nuclide concentrations (non-saturation), while grey lines indicate steady state
nuclide concentrations (saturation). Erosion rate lines increase in steps with 10 cm/my per line for Ne-Be (up to
1000 cm/my) and 50 cm/my for Al-Be (up to 5000 cm/my) and beginning at zero erosion. Starting form an
erosion island plot in 2D as shown in Fig. 5 the Ne-Be and the Al-Be are rotated -40:30 and 150:20
(horizontal:vertical), respectively. The rotation of the plot shows the steady state erosion island being a curved
and stretched surface in the 3D-space (covering the erosion lines). The apparent saturation line in a 2D erosion
island plot is the connection of points that are marked by the transition from black to grey of each line, i.e. the
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transition from transient to steady state nuclide concentrations. The hump of saturation for low nuclide
concentrations is caused by the dominance of muon production for radionuclides. Note that the intersection of
the zero erosion line and the saturation line in Fig. 5 is only an apparent feature since they are offset due to the
time dimension, not directly indicated in a 2D erosion island plot (clearly visible in the Ne-Be-3D-diagram). The
field of higher muon production being located below the zero erosion line in a 2D erosion island diagram is not
visible due to the scale of the 3D diagram (it’s the “hump’ region in the last shown rotation step). While the
steady state erosion island surface is the only solution(per definition) for a continuous erosion and exposure
scenario for a sample, the complex and forbidden field - in 2D - occupying a space in 3D. The saturation field is
only visible in a 3D erosion island diagram. All parameters for setting up the 3D erosion island plots are equal to

the parameters given in Table 4 and Fig 5. (Code: G. Simpson).
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4 Preliminary results on weathering and erosion rates
using cosmogenic nuclides in semi-arid regions of the

Sierras Pampeanas, Argentina

In collaboration with

A. Kirschbaum', E. L. Piovano®, F. Schlunegger3, S. Ivy-Ochs4, P. W. Kubik’, R. Wieler®, H.
Baur®

"Universidad Nacional de Salta, CONICET, Argentina
2Universidad de Cordoba, Argentina

*Institute of Geology, University of Bern, Switzerland

*Particle Physics ETH Ziirich/University of Ziirich, Switzerland
SPSI/Particle Physics ETH Ziirich, Switzerland

%Isotope Geology ETH Ziirich, Switzerland

4.1 Abstract

The investigation of exposure ages and erosion rates as a pilot study for the timing of
the exposure of granitic bedrock surfaces and the production of soil/regolith profiles of the
Sierras Pampeanas in central Argentina is reported. Such calibrations can be used as tracers of
Pleistocene climates.

In situ produced cosmogenic *'Ne- and '’Be concentrations in bare bedrock samples of
the Sierra Norte de Cordoba and Sierra Grande del Norte yield minimum exposure ages in the
range of middle Pleistocene values (110-195ky), which coincides with the penultimate
glaciation. In turn, maximum single nuclide erosion rates of those bedrock surfaces are around
0.3-0.7cm/ky.

Initial attempts to place constraints on weathering- and regolith production rates by
using cosmogenic nuclide concentrations in soil-depth profiles yielded ambiguous results
when using *'Negosmo in physically cleaned quartz. Large contributions of atmospheric - and
most likely also nucleogenic - neon components compromise any cosmogenic nuclide signal.
The atmospheric contribution is probably due to an insufficient cleaning. Therefore in future
studies, samples will be processed by chemical cleaning. In addition, '*Be measurements will

also be performed.
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4.2 Introduction

Quantitative and qualitative knowledge is desirable about the mechanics and rates of
weathering at denudational settings, and the production of material (by weathering) that can
be transported (by erosion) from hillslopes via fluvial transport into depositional areas (i.e.,
floodplains, lakes and oceans). Climate and precipitation plays a major role in this cycle.

The huge Paleozoic granitic batholiths of central and northern Argentina are such
denudating landscapes that exhibit erosional surfaces with multiple stages of development,
e.g., Rabassa et al. (1995). Onto these granitic erosional surfaces, soil profiles of up to 30m in
thickness have developed during the Quaternary. However, currently data on (i) the timing of
the establishment of such surfaces, (ii) the erosion rates acting on those surfaces (iii) as well
as the rates of soil/regolith production from the underlying granitic bedrock are lacking. Our
goal was to provide such data by the analysis of cosmogenic nuclides.

The study-locations are the Sierra Grande de Coérdoba (SG) and the Sierra Norte de
Cordoba (Fig. 1). Geochemical and mineralogical investigations by Ross et al. (1998)
indicated an initial weathering stage of the analysed soil profiles. Kirschbaum et al. (2004)
analysed rock profiles, which were investigated in this study, and interpreted them in an
incipient weathering stage.

In order to deduce minimum exposure ages and maximum erosion rates of bare
bedrock surfaces and production rates of soil and regolith we used cosmogenic *'Ne and '*Be.
The analysis of soil/regolith-depth profiles followed the methods developed by Monaghan et
al. (1992); McKean et al. (1993); Brown et al. (1995b); Small and Anderson (1998);
Heimsath et al. (1999). We assume for a first approximation that cosmogenic nuclide
concentrations in bare bedrock surfaces are saturated and that the accumulation of
cosmogenic nuclides within the soil profiles represents an in situ growth process.

If soil/regolith production is balanced by surface erosion the calculated rates represent
comparable and convertible values. The geochemical and physical modification of bedrock
into soil is investigated in a complementary study by petrological and major element analysis

Kirschbaum et al. (2004),

4.3 Geotectonic setting and climate

The Sierras Pampeanas (Fig. 1) are subdivided into mountain ridges, bounded by

tectonic valleys, due to tectonic activity during the late Tertiary (10-OMy, Jordan and
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Allmendinger (1986). Faults predominantly strike N, NNW and NNE. The Palaeozoic Sierra
Norte batholith, on which the profiles studied here are located, was regionally eroded in the
late Palacozoic by an unknown thickness (Jordan and Allmendinger, 1986). This resulted in
the establishment of erosional surfaces that were formed by multiple events of wide spread

erosion (Ruiz Huidobro, 1972, Sayago et al, 1998).
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Fig. 1 Simplified map of the Sierras and samples discussed in the text (after Kirschbaum et al. 2004).

The climate during the Quaternary was controlled by the extent of glacial fluctuations
(Clapperton, 1983; Carignano, 1999; Zarate et al., 2002; Zarate, 2003). Today, the study area
is governed by a semi-arid climate and is located within the cool to warm temperate zones of
central Argentina (Clapperton, 1993). Vegetation is characterized by pampas grassland. The

Sierra Norte de Cordoba is at ca 2200m asl and is characterized by huge temperature
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fluctuations, dry air and frequent strong winds. Average mean temperature is 10°C with

minimum values of -10°C.

4.4 Soil profiles

The soil profiles that are investigated are characterized by A, B and C horizons (see
Appendix, profile TULU, Fig.1 and 2a). The depth of the granitic basement varies between 3-
12m. The A-horizon is usually thin, in the range of <0.5-1m. It superimposes a B-horizon of
variable depth. The C-horizons are made of weathered granite of different stages, from
fractured into almost intact bedrock. Distinct loess layers, derived from the Andean glacial
valleys as typical for northwestern Argentina (e.g., Zinck and Sayago (1999)), are absent in
the discussed profiles. Such loess layers are reported to date from middle to late

Pleistocene/Holocene (Sayado et al., 2001; Schellenberger et al., 2003).
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Fig. 2 A) Depth profile TULU, B) sample EDU and C) sample ARG. See text for further sample information
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4.5 Methods

Sampling, sample preparation and analytical procedures

At the location Sierra Norte, we took a sample from a granitic boulder (EDU, Fig. 2b)
while a piece from a quartz vein was taken in the Sierra Grande (ARG, Fig. 2¢). In both
instances, the minimum exposure age and the maximum erosion rate were of interest, to
determine the maturity of the surfaces of those peneplains (Fig. 2, 3). Sample EDU was
separated by physical cleaning methods only to give pure quartz aliquots, while the chemical
separation procedure of Ivy-Ochs et al. (1996) was used to separate sample ARG. Detailed
methodical information on sample preparation is given in Chapters 3 and 5.

Soil profiles were sampled by identifying specific horizons and taking samples from a
fixed depth interval (usually a band of 10cm thickness). Detailed petrographical descriptions
of the TULU-profile are given in Kirschbaum et al. (2004). In order to study whether
cosmogenic nuclide concentrations indicate significant changes in mobility of fragments and
clasts compared to fine-grained particles, we have partitioned the samples in “X” (=fines) and
“Xgr” (=clasts) - fractions. Such a difference was suggested by Brown et al. (1995a) and
Brown et al. (1998) due to variable transport processes and travel-times of clasts and fines in
the soil profile. After washing out the clay and mud fraction, a size separation of >1000um
("Xgr”) and <355um (“X7) was performed. The fraction larger than 1000um was
subsequently crushed and sieved to fractions <1000um and <355um, respectively. In a further
step both fractions <355um (X and Xgr) were separated by heavy liquid and magnetic
susceptibility methods and handpicking. High concentrations of alterated mica flakes were
common for the samples of the A-horizon, suggesting a major grussification and conversion
of bedrock into fines from the C- to B-horizon by mica-alteration.

Cosmogenic neon was measured by degassing samples in temperature steps of 600°C,
800°C and 1750°C, assuming the total cosmogenic component to have been released at 600°C
(see details for method in Chapters 3 and 5). The 800°C step was used to test this assumption
and the total extraction step at 1750°C was performed to release any non-cosmogenic
component (Niedermann, 2002). Details of the analytical and technical procedures, data
reduction, Be-analystics and AMS measurements are reported in Chapters 3 and 5.
Production rate scaling followed the procedure by Lal (1991) (Table 2) for the neutron
component while muons were scaled based on Allkofer (1975; Heisinger et al. (2002a) and
Heisinger et al.,, (2002b). We use production rates at sea level/high latitude following
Niedermann et al. (1994) and Niedermann (2000) for P*'Ne=20.3+4.0 atoms*g ' *yr' and
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Kubik and Ivy-Ochs (2004) for P'’Be=5.4440.19 atoms*g'*yr'. Density of bedrocks is
vy

assumed to be 2.7g*cm™ and for soil 2 g*cm™.
4.6 Results

4.6.1 Bedrock samples
Neon-nuclide concentrations of samples EDU and ARG are presented in Table 1A and

neon isotope ratios are plotted in Fig. 3. Both the 600°C step and the 800°C control step of
sample EDU plot on the atmospheric-cosmogenic mixing line with the 600°C step revealing a
significantly higher *'Ne excess. Nevertheless, we also include the small excess of the 800°C
step in the calculations of a minimum exposure age and maximal erosion rate by following the
formulations of Schaller et al. (2004) (Table 1C). A *'Ne minimum age for sample EDU of
125+22ky is obtained, placing the exposure of the sampled surface at the latest into the
middle Pleistocene. Instead, assuming an infinite exposure time a maximum erosion rate of
0.6cm/ky can be calculated.

For sample ARG, the *'Ne-excess is calculated by using the 600°C degassing step
(Fig. 3). However, this step is contaminated by a nucleogenic component which causes its
data point to fall below the atmospheric-cosmogenic mixing line. We correct for this by
assuming the total offset from the atmospheric-cosmogenic mixing line to be of nucleogenic
origin and subtracting this *'Nenueco component (Fig. 3). This results in a lowering of the
*"Neeosmo concentration by ~50%. We are aware that this approach is oversimplifying the
neon-inventory of the studied sample, and treat this concentration as an approximation. The
800°C step is ignored (Fig. 3). Surprisingly, the 1750°C fusion step plots again within
uncertainties on the atmospheric-cosmogenic mixing line (Fig. 3). This step is ignored in the
calculation as well, as we assume that cosmogenic contributions are released only at low
temperatures. The source and nature of this high temperature component mimicking
cosmogenic neon is unclear.

From the corrected concentration of the 600°C-temperature step we calculate a *'Ne
minimum exposure age of 195+68ky for sample ARG (Table 1C). On this sample ARG we
have additionally measured “Be (Table 1B). The '“Be-concentration corresponds to a
minimum exposure age of 110t17ky. In turn, maximum erosion rates are 0.3cm/ky and
0.7cm/ky, for neon and beryllium, respectively. We consider the beryllium values to be more

reliable due to the ambiguous neon-data (see above).

63



Chapter 4 Argentina

- 90 [44 921 na3a
L0 €0 Ll oLl 89 g6l oYY
[Appwo] o] A Al Al Al
uoisoI8 uoISoI® ag aN
Xew Xew 10119 ofe obe
og EN winwiuu ous wnwiuu adwes
$9JEl UOISOIB WNLWiXew pue sabe ainsodxa WnWiuIW pajenoen 9L aqel
050 | 96 oY
[B/swiole] [B/swiole]
Ok O«
ol og,, s|dweg
suoieUBOUoD WniAiag 'gl slqel
€470 $5°0 100 660 z20°0 S0'¢ 210 €89 (0z'0s21)na3
€L'0 6E°L 100 0L 90°0 [AA sl'o LS S.6E°LE (og'008)na3z
96°9 £6°01 6E°L 756 100 €o’l 00 06°¢ 120 gL 0l 00ce ‘MoSY 9 (oc'009)Na3
620 z8'0 100 €0t 610 $5€ 200 A" (0z'0521)08v
9z°0 1670 1070 00’1 500 9z’ S0°0 go'e (.0£'008)0uY
1541 €99 L0 699 100 £0'tL €00 b4om 4 200 88y S.#0°0¢ (1xa) 28s) UON231I00
690 L0°€L 6170 L0°€l 10°0 €01 €00 96 200 88’y 116 ‘Mo20'+9 (.S¥'009)04Y
Brswole Byswole Bswole B/swiole brswioe bswiole [w] ([uiw] sw ‘9, dwa])
Obx o0k« GOkx Ol Ok Oks Ok« £0Ls a0l Olx
Jous 1210} Jous 1018 oL Jous Anjeoo| Buissebag
e1o} ouIsOog N - 1830} osmoomzFN 1e10} 3N../N., |ejol SN,./AN, 1e101 SN, UoljBAS|S a|dwes sjdweg

SOlJBJ pUB UOMRIUSIUOD-UCSN Y| 3jqel

64



Chapter 4 Argentina

Bedrock Samples

2-component-mixing line of quartz (Niedermann, 2002)
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Fig. 3 Neon-three isotope plot for samples EDU and ARG. See text for discussion.

4.6.2 Depth profile
The TULU profile covers a depth of ca. 2m (sample TULU-F not measured, see

Appendix A). Neon concentrations are presented in Table 2 and neon isotope ratios are
plotted in a three-isotope-diagram in Fig. 4. Three major observations can be drawn from the
neon three-isotope-diagram (Fig. 4): (i) Almost all low temperature data points (600°C and
800°C steps) scatter around atmospheric composition, indicating atmospheric and MORB- or
nucleogenic neon contributions, (ii) a significant cosmogenic excess as an offset from
atmospheric composition on the atmospheric-cosmogenic-mixing line (Niedermann, 2002) is
not observed and, (iii) the high temperature steps (1750°C) show a nucleogenic *'Ne source in

€XCECSS.
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The low temperature points that scatter around atmospheric composition indicate
insufficient cleaning processes by the physical cleaning procedure. Nucleogenic neon
components may be prominent in granitic rocks with elevated U/Th concentrations and an old
formation age. High mica contents in the crushed rocks and removed during sample
preparation may also be a source of some nucleogenic *'Ne values (see Chapter 6).

Since cosmogenic concentrations are compromised by other neon components,

Necosmo is not calculated and a modeling of soil/regolith production rates is not possible.

Table 2. Neon concentrations and ratios for TULU-depth-profile

sample “Ne error  'Ne/™Ne error  “Ne/Ne  error “'Necosmo error
(temperature [°C)/ } )
time [min]) *40" *10" *107 *10° *10™" *10" *10° *10°
[atoms/g] [atoms/g] [atoms/g] [atoms/g]
A(800,30" 1.64 0.05 3.31 0.03 0.96 0.01 577 2.08
A(800,20" 1.16 0.03 3.14 0.02 1.00 0.01 210 1.40
A(1750,20% 1.43 0.04 4.28 0.04 0.99 0.01 18.97 2.16
Agr{600,30") 0.95 0.03 3.57 0.02 1.01 0.01 5.77 1.17
Agr(800,30") 0.94 0.03 3.18 0.02 1.01 0.01 210 1.13
Agr{1750,30" 0.21 0.01 714 0.08 1.05 0.01 8.65 0.46
B(600,30") 0.60 0.02 3.44 0.05 1.02 0.01 2.93 0.84
B(800,20" 0.37 0.01 312 0.05 1.02 0.01 0.60 0.49
B(1750,20% 0.17 0.01 27.50 0.48 1.17 0.01 41.27 1.67
C(600,459 1.82 0.03 3.06 0.04 1.03 0.01 1.88 1.42
C(800,309 0.39 0.01 3.1 0.08 1.02 0.01 0.59 0.44
C(1750,20") 0.12 0.01 7.39 0.31 1.10 0.01 5.31 0.40
D(600,45") 0.78 0.01 3.35 0.03 1.01 0.01 3.08 0.61
D(800,30" 0.34 0.01 2.97 0.08 1.05 0.01 0.05 0.38
D(1750,20") 0.13 0.01 4.28 0.19 1.00 0.02 1.72 0.28
E(600,45") 1.02 0.02 3.16 0.05 1.02 0.01 2.07 0.90
E(800,30% 0.27 0.01 3.08 0.08 1.02 0.01 0.34 0.31
E(1750,20" 0.18 0.01 3.84 0.04 1.02 0.02 1.45 0.22

4.7 Discussion

4.7.1 Bedrock samples
With the limited number of only two minimum ages we can preliminarily place the

exposure of the Pampeanean surfaces in the middle to late Pleistocene. This corresponds to
the time of the penultimate glaciation in Argentina (Clapperton, 1983). Snow cover and
shielding by loess most likely happened, which strongly indicates that true ages are higher. If

the discrepancy between neon and beryllium ages is not due to analytical problems in the
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neon analysis, it might indicate a complex shielding history by snow or loess (Carignano,

1999; Zarate et al., 2002).
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Fig. 4 Neon-three isotope plot for the TULU samples. A) all data points TULU, B) enlargement of subset
indicated in A). See text for further discussion
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4.7.2 TULU-profile
Further methodological studies on quartz and specifically a switch to a solely chemical

etching procedure for quartz are necessary. Therefore, calculations and interpretations of soil
production rates and correlations with geochemical parameters of the soil (Kirschbaum et al.,
2004) are not yet possible. Neon will also have to be analysed by crushing samples in order to
recognize possible nucleogenic components, although only nucleogenic neon from fluid

inclusions will be detected by crushing, not crustal neon.

4.8 Conclusions

Preliminary bedrock exposure ages for the Sierra Grande de Coérdoba and Sierra Norte
de Cérdoba revealed middle to late Pleistocene minimum ages, indicating the surfaces to be
most likely stable and unaffected by the last glacial events (Carignano, 1999). In turn, erosion
rates for bedrock surfaces are less than 0.5cm/ky during the last 100-200ky. Palaeoclimate
oscillations as drawn for the late Pleistocene/Holocene as postulated by e.g., Carignano,
(1999); Zinck and Sayago (1999); Zinck and Sayado (2001); Zarate et al. (2002) might have
had little impact on the modification of the landscapes or were too restricted in magnitude to

be recognized by terrestrial cosmogenic nuclides.

Appendix

Profile-TULU-description

- road cut on road from Dean Fuan to San Pedro del Norte near Tulumba

location: S 30°24.747
W 64°13.294
865m
Sample Depth Description
TULU-A 0-10cm A-horizon
pebble size 0.5-4cm, high soil content, bad sorting, pebbles more weathered,
root remnants, dark-brownish
TULU-B 30-40cm B-horizon
pebbles <lcm max, high soil content, bad sorting, root remnants, brownish
TULU-C 90-100 C-horizon
alterated horizon, weathered granite, bad sorted, max. grain size 3cm, pebble
fresh, root remnants, light brown
TULU-D 150-160 weathered granite, good sorting, max. grain size 1.5cm, no roots, high Bt-
content, brownish-grayish
TULU-E 195-205 weathered granite, bad sorting, pebble to Scm, small root remnants, dark
brownish
TULU-F 300 weathered granite, bad sorting, pebble max. 4cm, a few roots, grey-brown
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5.1 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 northemn 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, leNeth). 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

"In press at Earth and Planetary Science Letters, Available online 27 June 2005
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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 PloBeth), 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.

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’
Byr! (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.

KEYWORDS: cosmogenic nuclides (3He, ]OBe, 2]Ne), Fe-Ti-oxide minerals, sanidine,

elemental production rates

5.2 Introduction

Terrestrial cosmogenic nuclides (TCN) such as “He, '°Be, *C, ?'Ne, *°Al and **Cl are
widely used in Quaternary Geology and Geomorphology for exposure dating and erosion rate
estimates (e.g., Bierman, 1994; Gosse and Phillips, 2001; Lal, 1991; Niedermann, 2002). The
minerals most commonly utilized are quartz ("Be, *'Ne, *°Al), pyroxene and olivine (*He,
*INe). Several studies have shown that quartz can be cleaned reliably of meteoric '’Be (Brown
et al., 1991; Kohl and Nishiizumi, 1992) and retains *'Ne quantitatively (Niedermann, 2002).
Both pyroxene and olivine have been shown to retain both *He and *'Ne (Cerling, 1990,
Cerling et al., 1994; Kurz, 1986a, b; Schifer et al., 1999). *°Cl can be measured in any rock

type, as whole rock samples are used and the production rate is calculated individually for
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each sample (Gosse and Phillips, 2001; Phillips et al., 1986). 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 (Craig and Poreda, 1986; Kurz, 1986b; Schifer et al., 1999).
Unfortunately, the most commonly used target mineral quartz does not retain *He (Cerling,
1990; Trull et al., 1991). Recently, *He was investigated in gamet (Gayer et al., 2004),
although the high U - Th concentrations in the mineral required a careful assessment of the
nucleogenic *He, i.e. *He produced via the reaction of SLi(n,0)’H>He. *He- and *He-studies
in magnetite revealed quantitative retention (Bahr et al., 1994; Bryce and Farley, 2002; Fanale
and Kulp, 1962). On the other hand, studies by Bogard and Cressy (1973) and Bruno et al.,
(1997) 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 '"Be. Both minerals can coexist
with quartz in silicic volcanic rocks. This allows a reliable cross-calibration, since the
production systematics of '’Be, *'Ne and *°Al in quartz are well known (Heisinger et al.,
2002a; Heisinger et al., 2002b; Kubik and Ivy-Ochs, 2004; Niedermann, 2000; Niedermann et
al., 1994; Nishiizumi et al., 1991; Stone, 2000; Stone et al., 1996). 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., 2003) and summarized in Table
A, Background Data Set.

We will show below that *He in Fe-Ti-oxide minerals (Heperi) and '°Be and *'Ne in
sanidine ("*Began, 2'Negan) are well suited for TCN studies. Conversely, *Hegn and ' Neyy are of
little use due to poor retention of cosmogenic *He ("He,) in sanidine and low production rates
of cosmogenic *'Ne (*'Ne.) in Fe-Ti-oxide minerals, respectively. The experimental
production rates presented here are compared to results from new model calculations for
cosmogenic nuclide production. The modelling is based on new cross sections for *He, *'Ne,

and Be production from the relevant target elements.
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5.3 Mineral aspects

5.3.1 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 phenocrysts and in the ground mass. Phenocrysts of sanidine
coexist with quartz or can be the sole phenocrystic phase. If sanidine would be a mineral
suitable for TCN work, isotope studies could be extended to volcanic regions where the rocks
lack quartz or pyroxene and where timescales longer than that dictated by *°Cl-saturation are
of interest. Compared to plagioclase, alkali-feldspars are more resistant to chemical attack and
generally last longer in the sedimentary and soil environment (Blum and Stillings, 1995;
Nesbitt et al., 1997; White et al., 2001). As will be discussed below, the sanidine phenocrysts
from the studied ignimbrites appear fresh and contain no incipient clay alteration.

Within the sanidine-lattice, Si and Al are disordered 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 (Parsons et al., 1988) compared to plagioclase.

5.3.2 Fe-Ti-oxide minerals

Fe-Ti-oxide minerals like the endmembers magnetite and ulvospinel (with the solid
solution line of titatnomagnetite) and hematite and ilmenite (titanohematites) are very
common accessory minerals in igneous and metamorphic rocks (Frost, 1991; Frost and
Lindsley, 1991). The usefulness of Fe-Ti-oxide minerals in TCN studies by studying “He was
suggested by Bryce and Farley (2002) using magnetite and lately by Margerison et al. (2004)

using ilmenite, whereas production of *'Ne is expected to be too low (Masarik, 2002).

5.4 Sample site geology

The analysed samples stem from the Western Escarpment of the northemn part of the

Atacama Desert and the Western Cordillera in northern Chile. This area is characterized by a
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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 (Isacks, 1988). The
hyperarid climate in the northern branch of the Atacama Desert results in very low erosion
rates and hence in very old preserved landscapes (Kober et al., in review; Mortimer, 1980;
Nishiizumi et al., 1998; Wormer et al., 2002) similar to ice-free regions in Antarctica (Schafer
et al., 1999). Erosion rates at the northern branch of the Atacama Desert derived from
cosmogenic nuclide concentrations in quartz are <100cm/My (Kober et al., 2003). The
Western Cordillera in turn receives more rainfall and erosion rates may exceed 1000cm/My
(Kober et al., 2003). The samples studied are from resistant ignimbrite (welded tuff) units of
the volcano-sedimentary Oxaya Formation (early Miocene, 19-25My) and from the less
resistant Lauca Formation (Pliocene, ~2.7My) (Garcia, 2002; Wormner et al., 2000). Nominal
exposure ages to cosmic rays (uncorrected for erosion) are in the order of 1-3My in case of
the Oxaya ignimbrite samples and 10-100ky 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 homblende (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 3mm in diameter (mean size is about 1-2mm).
Such large grain-sizes indicate that diffussional loss of *'Ne.,, are negligible (Shuster and
Farley, 2005; Trull et al., 1991). 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 specific zones or in the cores. Margins are often
irregular. Fe-Ti-oxide minerals occur either as octahedral phenocrysts or as aggregates in
altered hornblende and biotite (see also below). The maximum size of Fe-Ti-oxide mineral

grains is up to 1mm, while the mean grain size is ~ 0.3mm.

5.5 Sample preparation and measurement techniques

Rock samples (Oxaya ignimbrite: CNS5, CN19, CN23, CNI111, CN201; Lauca
ignimbrite: CN112, CN113) were crushed and sieved to a grain size range of 355-1000um.
The crushed rock was then etched several times with weak HF using a shaker table (Ivy-Ochs,

1996; Kohl and Nishiizumi, 1992). This served to dissolve the volcanic groundmass, biotite,

hornblende and plagioclase, while quartz, sanidine and Fe-Ti-oxide minerals were enriched.
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Fe-Ti-oxide minerals were separated using magnetic susceptibility. Sanidine and quartz were
separated and purified using heavy liquids (sanidine is found in the density fraction <
2.62g*cm™). Fe-Ti-oxide minerals were analysed by thin section examination and primary
oxide minerals were predominately 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 mineralogically analysed using a Scintag XDS 2000 X-
ray diffractometer. 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 sanidine separates were crushed to <100um and aliquots of 40-
80mg 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 crucible. 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 14K on stainless
steel frits and analyzing helium first. After the helium measurements, neon was released from
the Cryotrap at S0K. Noble gas analyses were performed in a non-commercial, all-metal
magnetic sector mass-spectrometer (90°, 210 mm radius) equipped with a modified Baur-
Signer ion source whose sensitivity is essentially constant over the pressure range relevant for
this work (Baur, 1999). The ion source is equipped with a compressor device that increases
the sensitivity compared to a conventional source by factors of 120 and 200 for *He and *'Ne,
respectively (Baur, 1999). Corrections for isobaric interferences for mass 20 have been
applied for ““Ar™" and H,'®O but were always less than 2%. No correction for CO,™ on **Ne
was necessary. The low corrections factors for doubly charged species were the results of a
low electron acceleration voltage of 45V in the ion source. Data reduction followed e.g.,
(Oberholzer et al., 2003). Helium in the Fe-Ti-oxide minerals was analysed in a small gas
fraction only because ‘He-concentrations are as high as 10e™cm’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
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SLi(n,0)  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 (Ivy-Ochs, 1996; Kohl and Nishiizumi, 1992), they were
dissolved with concentrated HF after addition of *Be carrier. Be was separated and purified
using anion and cation exchange and selective pH controlled precipitations (Child et al., 2000;
Ivy-Ochs, 1996). '’Be/’Be ratios of the samples along with appropriate standards and blanks
were measured by accelerator mass spectrometry at the ETH/PSI tandem facility in Zurich
(Synal et al., 1997). Blanks were on the order of (1-3)*10™" for '’Be/’Be and amounted to a
subtraction of less than 4% for the samples discussed here.

Chemical analysis of sanidine samples was performed by ICP-AES at Service d'Analyse
des Roches et des Minéraux CRPG — CNRS, Vandoeuvre-lés-Nancy - France). Li and other
trace elements in Fe-Ti-oxide minerals were measured by a PlasmaQuadrupole-ICP mass

spectrometer at the ETH Isotope Lab facilities.

5.6 Isotope data and calculation of experimental production rates

5.6.1 Sanidine
Neon-concentrations of the sanidine samples are summarized in Table 1. Cosmogenic

“!Ne was calculated as excess over atmospheric composition (*'Ne/*Ne=0.00296;
“Ne/*Ne=0.102; Eberhardt et al., 1965) (Table 1). 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 *’Necyeess (Fig. 1B,
2), indicating no significant contributions from nucleogenic or magmatic neon in the high
temperature steps. This is in stark contrast to quartz analyses which have shown non-
cosmogenic components released in the higher temperature steps (Niedermann, 2002). The
800°C steps always contributed less than 3% of the total *'Neeos signature and are not
considered here any further. The data of the low temperature steps in Fig. 1A 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

*INe fraction in the sanidine samples. Note that the regression is almost identical to a mixing
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Figure 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 [Niedermann 2000, 2002]. B) Enlargement of the area showing the data of high
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temperature steps (800° and 1750°C). These steps contain mostly atmospheric Ne and neither major nucleogenic
nor trapped contributions.

Neon-temperature release pattern: Sanidine
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Figure 2: Percent of released Neoamo at each temperature step relative to total 'Neosmo. For sample CN238 no
400°C step has been made. 200°C-step of sample CN113 released 2% and is not shown in graph.

line between atmospheric and cosmogenic neon derived from model calculations, as discussed
in more detail below.

The experimentally determined *'Ne production rates for sanidine (*'Ney,) are
presented in Table 1. These values were calculated using the nuclide concentration of *'Ne in
quartz (21Neqtz) from the same samples determined earlier (Table A, Background Data Set). In
order to derive a production rate of *'Ney, (P*'Negs) for each sample the ratio of *'Ne
concentrations (21Nesan/21Neth) was multiplied with the P21Neqtz=20.3i4.0 atoms*g *yr?
(Niedermann, 2000; Niedermann et al., 1994) at sea level/high latitude. The leNeth follows a
scaling according to Lal (Lal, 1991) (see Tab. 1 of Niedermann (2000)) . This procedure
implicitly assumes that the production rate ratios of *’Ne from various elements are
independent of altitude and latitude and that *'Ne has been quantitatively retained in both
quartz and sanidine. The model calculations below will verify these assumptions 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 individual samples and partly the inhomogeneous target element composition (as
discussed further down). Including the P21NeqtZ uncertainty (Niedermann, 2000), the empirical

*'Ne production rate for sanidine is 30.4%5.6 atoms*g ' *y"". The production rate in sanidine
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is therefore about 50% higher than that in quartz (20.3+4.0 atoms*g'*yr'l (Niedermann,
2000; Niedermann et al., 1994)).

Concentrations of *He in sanidine (Table C, Background Data Set) were all close to the
blank values with *He/*'Ne oo ratios below any reasonable production rate ratio. This
indicates that sanidine, like quartz, is not quantitatively retentive for cosmogenic *He (Brook
and Kurz, 1993; Niedermann, 2002; Trull et al., 1991).

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 production rate of
5.44+0.19 atoms"‘gqtz'l"‘y'1 (Kubik and Ivy-Ochs, 2004) to calculate preliminary '°Be
production rates for sanidine. The mean of this value is 4.45+0.38 atoms*g *yr (4.45+0.42
atoms*g*yr! including the PIOBeqtZ uncertainty). Here, the stated uncertainty represents the

error of the mean value. The 'Be production rate in sanidine is thus about 80 % as efficient as

in quartz.
Table A. Neon concentrations and ratios of quartz samples
sample-quartz™® “Ne “INe"Ne 2N Ne 2 Newosms
(temperature,
heating time) g™ *10° 10" *10°
[°C, min] [ccSTP/g] [atoms/g]

CN5(550,20) 17.34 £ 0.49 4592 + 0.34 1.55 + 0.01 20012 £ 6.21
CN5(800,15) 6.87 £0.20 362005 1.05=+0.01

CN19(550,200 15.03 + 0.21 79.92 042 199 £0.02 32032 £4.85
CN19(800,157 8.00 £0.13 7.40 £0.17 1.10 £ 0.02

CN19(1750,15% 591 £ 0.21 3.368 £ 0.09 1.05 £0.02

CN23(550,20" 25.48 + 0.37 36.03 £+ 030 145 +0.01 22643 +4.16
CN23(1500,15" 13.70 £ 0.32 6.62 + 0.05 1.07 £0.02

CN111F(550,30" 6.98 £0.23 74.54 + 114 187 £0.03 134,18 £5.12
CN111F(800,30") 14.04 £ 0.21 3.08 £0.03 1.01 £ 0.01

CN111F(1750,15) 6.20 £ 0.15 291 £ 0.1 1.04 £0.01

CN112(550,30" 11.51 £ 0.23 11.39 £ 0.18 1.12 £ 0.01 28.08 +0.91
CN112(800,30) 7.33 +0.18 310 +£005  1.03 +0.01

CN113A(550,30% 13.02 £ 0.25 419012  1.01 £0.01 476 + 0.64
CN113A(800,307 7.74 £0.18 317 £0.13 1.01 £ 0.01

CN113A(1750,15" 4.73 £ 015 295010 1.00x002

CN201(600,30Y 5.97 £+ 0.16 179.91 £ 1.21 3.11 £ 0.02 283.65 £8.07
CN201(800,309 17.40 £ 047 358 £006  1.00 = 0.01

CN201(1750,15" 446 012 3.20 £0.09 0.99 +0.01

Dfor CN19 and CN113A: 550°C and 800°C 21Nee,<ces$ over air used for total cosmogenic “Ne
3 fusion step of CNS, CN23 and CN112 not analyzed
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Table 2. Beryllium-concentrations in quartz and sanidine, production rate calculations and comparisons
with modeled production rates.

Quartz Sanidine P"Be P Begn P Be.a,
Sample “Be "“Be factor using P"'Be,,=5.44 modeling modeling
10'atoms/g  10’atoms/y "Beqyys/ "Began {(Kubik & Ivy- this study  (Masarik 2002; [37])
QOchs, 2004; [28])

atoms/g/yr atoms/giyr atoms/giyr
CN19 346 009 268=zx015 077 £005 4.21 £ 0.50 4.50 4.87
CN104 222 +0.07 191013 0.86 £ 0.08 4.69 £ 0.58 4.60 5.08
Imean 4.45 £ 0.38 4 55 4.98

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 (Ivy-Ochs et al., 1998; Klein et al., 1986; Kohl and Nishiizumi, 1992; Seidl et
al., 1997; Zreda, 1994). 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 formation (Ivy-Ochs et al., 1998).

Table C. Sanidine helium concentrations and ratios, including ratios with neon.

neon-helium ratios

sample-Helium *He “He *Her*He *He -total “He - total  total *'Negsme ~Hel” Ne
(heating step[°CY/ g™ *g7? *40® *40° 10" 07

heating time[min]) ceSTP/g ccSTP/g atomsig atoms/g atoms/g
CNSGS-He(400,30Y 1220 £ 1.88 27.2 45 45.2 £ 101 14.59 £1.01 248 £1.28 3274 063 0.045
CN5S-He(600,307) 38.94 + 267 50.0£48 77889

CN5S-He(800,207 3.06 124 153 £17.2 20.0 £ 239

CN5S-He(1750,20% -0.05 + 140 553 +438

CN19S-He(400,30) 1.82 £ 0.91 16.6 £ 3.0 11.0 £ 58 6.70 £0.65 19.52 £0.88 39.97 + 0.67 0.017
CN188-He(600,309 8.05 + 1.30 61.2 £ 3.1 13.2+£22

CN198-He(800,207) 14.08 £ 1.56 413 £ 14 341 £0.39

CN198-He(1750,20") 0.99 + 0.97 236 + 29 042 +0.42

CN238-He(600,30% 1.86 £ 0.77 145 £ 3 1.28 £ 0.83 218 £038 2471 +073 3780 £0.77 0.008
CN23S-He(800,307) 4.47 £ 0.88 642 + 14 0.70 £ 0.14

CN238-He(1750,20" 179 + 0.80 133 £23 1.34 +£0.64

CN1138-He (200,307 2.05 + 0.680 81.21.0 2.52 £ 0.74 379 +£049 337 +003 066x 008 0.575
CN1138-He(400,30") 0.18 + 0.81 36005 051 +£225

CN1138-He(600,30") 9.83 £ 095 0.49 £ 0.24 2004 £ 1012

CN1138-He(800,207) 1.91+£083 530 £0.28 36.0 £ 15.8
CN1138-He(1750,15") 0.15 + 0.87 2.44 +0.26 6.12 + 35.49

CN201S8-He{400.307) 0.96 % 0.60 3.90 +£2.26 24.6 £21.0 1.28 £0.39 16.38 £+ 0.69 4358 +0.74 0.003

CN2018-He(600,30") 1.97 £ 0.83 91.3£28 2.16 £ 0.91
CNZ2018-He(800,20") 1.18 + 0.70 406 = 11 0.29 £ 0.17
CN201S-He(1760,20) 067 £+0.73 108 & 23 0.62 + 0.69
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5.6.2 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 temperature interval, usually between 800 and
1400°C, with only a small percentage of the gas being released at either lower or higher
temperatures. The final temperature steps (1750°C) contained little gas, suggesting 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 ' *y ™! including the P21NeqtZ

uncertainty, (Niedermann, 2000)) is considerably higher than a previous value obtained from

Table 3. Helium and neon concentrations and ratios in Fe-Ti-oxide samples. Helium-3-Fe-Ti production rate calculation and comparison with modelled
and experimentally established production rates.

sample *He “He *Hel'He R/Ra  total®He  total *'Negamoos Hererd® Negs PPHerat

g7 *g® *108 *10" 107 using P*'Neq,=20.3
(heating step [°CY {Niedermann 2000, [23]}
heating time [min}) [ceSTRIg) {ccSTP/g] {atoms/g] [atoms/g] fatomsigiyr]
CNB&ML(800,30") 11.64 £ 072 352 +0.04 331 £021 238 1137 £ 0053 2001+ 0862 568032 115.31 £ 13.21
CNEM{(1400,30 30.68 = 1.83 457 £0.05 671041 483

)
CNSMt(1750,20°) -0.01 £ 0.04 -0.02 £ 0.02

CN19MI(600,307) 1069 +£0.27 3611 £064 030001 021 1727 + 0.054 3203+ 048 539019 109.42 + 11.58
CN1OME(1000,300 2071 £ 083 16816 £300 012 £001 008
CN19Mt{1400,30" 32.09 £1.91 3718 £044 086005 062
CN19Mt(1750,207) 0.78 + 0.09 054 £0.02 1442017 104

CN23M(600,307) 7.34 £ 044 1317 £0.08 056 £ 003 040 1.349 z 0045 2264 x 042 50962023 120.94 = 12.94
CN23Mt(800,30") 345+023 3128x022 0.11£001 0.08
CNZ3MH(1000,300 1424 £ 085 2087 +021 048 £003 034
CN23Mt(1200,30y 2283 +1.34 2261 +016 1.01+006 073
CN23Mt(1400,30") 1.89 + 013 084 £0.01 2232015 161
CN23MK{1750,20% 0.47 £ 0.05 018 £0.01 2858x027 186

CN11IME200,30) 004001 000 £0.01 1822 %265 1341 0915 + 0006 13.42% 051 6.82£026 13846 x 14.85
CN111MI400,307 003001  008£001 046 £008 0.33
CN11IMB00,30) 119003  305+003 039 £001 028
CN1TIMH800,20)  1.54 £0.03 372003 0411001 030
CNUTIM(1000,20 194 £0.03 297 £0.02  065+001 047
CN111M(1200,30) 17.33£0.17 1055 £0.09 164 £0.02 118
CN111M(1400,20) 1108 £0.12 328 £003 338 2005 243
CN111MI(1600,15) 080002  019£001 479 :013 345
CNT12MH(1000,20) 269 £0.07 1525048 018 £0.01 013 0.149 + 0002 2612 009 571+022 11503 £ 1242
CN1I2ME(1400,20) 279 £0.06  7.12+008 0.39 £+0.01 028
CN112MH(1600,15') 006 001  011+£000 055011 040

mean 120,01 + 11.09

P:‘He.:e.r‘( mean modelled, this study 124
P3Hem,‘ experimental (Bryce & Farley 2002; [18]) 69-77
P*He,, modelled {(Masarik 2002; [37]) 63.5
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Magnetite - *He tem perature release pattern
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Figure A: Percent of released *He and ‘He from Fe-Ti-oxide samples at each temperature step relative to the
total gas amount released. See Table 3 for temperature steps, not all steps were performed for each sample.

numerical simulations of 63 atoms*g’,*y"' by Masarik (2002) or the preliminary
experimentally determined value of 69-77 atoms*g™',*y™! of Bryce and Farley (2002).

The Ne-three-isotope diagram (Figure B, Background Data Set) shows that very few
data points lie on a mixing line between atmospheric and cosmogenic neon. Therefore no
unambiguous contribution of cosmogenic *'Ne can be detected. Excesses over atmospheric
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 expected based on the low *'Ne production rate from Fe.
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Figure B: Neon-three-isotope diagram for Fe-Ti-oxide samples showing no significant contribution of a
cosmogenic component, but rather variable admixtures of trapped and nucleogenic components. A two-
component mixing line between atmospheric and cosmogenic neon in quartz is drawn for comparison. A similar
line for neon in Fe-Ti-oxides is not well constrained with the presently available data base.

Note that the production rates for Fe-Ti-oxide minerals and sanidine reported here are
valid essentially for present-day magnetic field intensities although the exposure ages of the
samples are in the order of 10ky to 3My (see above). This is because we have normalized to
the production rate for quartz deduced by Niedermann (2000) and Niedermann et al., (1994)
based on samples with exposure ages of 13ky only that required no correction for changes in
the magnetic field intensity at earlier times. According to Masarik et al. (2001) these
corrections would amount to 9% for the low latitudes samples studied here (20°S) and for
samples with exposure >50ky. The correction for samples <50ky as established by Dunai,
(2001) for low latitude samples is 15%. This means that the reader should perform corrections
for paleofield intensity variations if necessary when adopting the production rates for sanidine

and Fe-Ti-oxide minerals recommended here.
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5.7 Modeling of cosmogenic nuclide production rates on Earth

Here we present new modelled cosmogenic production 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
(Masarik and Beer, 1999) and the cross sections for the relevant nuclide reactions. The cross
sections were obtained from various irradiation experiments (Leya et al., 2000). 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 6000m, 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 6000m,
but this is hardly relevant in practice. Absolute neon production rates for the specific elements
were then obtained by normalizing the model-derived X/[Si]-ratios with the absolute
production rate derived by Niedermann (2000) and Niedermann et al. (1994) with quartz
samples from the Sierra Nevada (P*'Neg=43.5+8.7 atoms*g *y™ at sea level, high latitude).
The estimated uncertainties of the specific elemental production rates are 20%. The elemental
P*'Ne values for Mg and Al in Table SA are slightly different from those given by Schéfer et

al. (1999) due to recently updated cross sections (see above).

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
*Hegoment Hes 1.482 1414 1.244 1.000 0738 0.707

modelied ratio (He/*'Nels, 2.962

P Neg; [atoms/g/yr] (Niedermann 2000; [23]) 435

P’Heg [atoms/glyr] 129

PHeement [atoms/glyr] 191 182 160 129 95 91 -
PaHegm,em [atoms/g/yr] (Masarik 2002; [37]) 129 111 102 106 39 - 58

Concerning helium, most of the radioactive *H (t12~12.3y) in the artificially irradiated
targets studied for cross section measurements (e.g., Leya et al., 2004) 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 PCHegiee)/PCH). We use here
the element specific values determined by (Leya et al., 2004) and earlier by Hintenberger et
al. (1967) and Hintenberger and Winke (1964): 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., Masarik (2002), which may
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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

! Negament” Nes; 4780 4340 1371 1.000  0.381 0018 0.019
“'Neg, [atoms/g/yr] (Niedermann 2000;[231) 435

PP Neiement [atomsigiyr] 208 189 80 44 17 1 1

Masarik 2002; [37] 102 175 62 42 2 0 -
Schafer et al. 1999: [68] - 196 54 45 - -

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

Element 0 N Mg Al Si Ca Fe Ni
B ement Bes 1992  7.458 0588 0492  1.000  0.340 0567  0.442
modelied ratio {"Bef'Ne)g; 0.075

P21NeSi [atoms/g/yr] (Niedermann 2000; [23]) 43.5

absolute P"°Be for Si [atomsig/yr] 3.28

P Beiement [atomsigiyr] 6.54 24.49 1.93 1.61 3.28 1.12 1.86 1.45
Masarik 2002; [37] 9.82 - 1.74 1.03 0.89 0.35

explain discrepancies between our elemental production rates and values given by (Masarik,
2002) discussed below. In order to establish absolute *He production rates, first the modelled
*He/*'Ne elemental production ratio (Table 4) was calculated. By using again the accepted
absolute production rate of P*'Neg;=43.5+8.7 atoms*g ' *y™ (Niedermann, 2000; Niedermann
et al., 1994) the absolute *He production 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,TiOy4; 124 atoms*g'*y™), ilmenite (FeTiOs; 127 atoms*g'*y™), magnetite (Fe;0y; 122
atoms*g'*y") and hematite (Fe,Os; 124 atoms*g'*y™"). Hereby it is assumed that the *He
production from titanium and iron does not vary significantly (P*Her=1.05*P*Hey,
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. (2002a); Heisinger et al. (2002b) and Kubik & Ivy-Ochs (2004). 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.
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For example, the usual assumption of equal cross sections for proton- and neutron-induced
production of

Table B. Chemical composition of sanidine aliquots by ICP-AES

saimple SiCh (wl%} AL (wt%]  MaxO (wi%h) Mgl (wit)
Hyge
CMN5S 61.04 2387 6.66 a.02
CN19S 64.49 20.23 558 <0.01
Ch23s 83.81 213 86.55 3.1
CM1138 67.65 18,11 4.65 <0.01
CN2015 6521 19.28 4.58 001
mean 64.38 20.5 5.6 0.01
g
CN198 B4.49 20.23 585 <0.01
CH1048 76.84 12.52 2.97 2.01

Data measured al CRPG-CHRE {www.crpg.crvs-nancy. ir)

“Be from oxygen is generally not valid (Michel et al., 1998) 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 calculations (Leya et al., 2000),

the approach by Masarik is mostly based on the assumption of equal cross sections.

5.8 Comparison of experimental and modelled production rates

5.8.1 Sanidine-Neon
The sanidine samples studied here all yield experimentally derived *'Ne production

rates between 25-34 atoms*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 uncertainties with the
empirically determined value. Hence, the variations of the empirically derived values are to a
large extent explainable by variable chemical compositions. The mean production rate for
sanidine derived here is considerably higher than the P*'Ne value of 20.3+4.0 atoms*g'*y™
for quartz (Niedermann, 2000; Niedermann et al., 1994). This is to be expected, because Na
and Al are major elements in sanidine. *'Ne production rates from these elements are ~1.5 and

5 times higher, respectively, than for Si (Table 5A).
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Elemental production rates for *'Ne reported by (Masarik, 2002) would underestimate
the total production rate for sanidine by ~20%. Higher elemental production rates for Mg and
Al were proposed by Schifer et al. (1999), 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 ***’Ne in sanidine are not shown in Tables 1,
5A; see Leya et al. (2004). 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. (2004). The modelled line agrees very well with the
regression line defined by the data points. This supports 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 defined by the data points and the modelled line for sanidine is steeper
in Fig. 1 compared to the mixing line for quartz (Niedermann, 2000; Niedermann et al.,
1994). This is due to elevated “*Ne/*'Ne ratios from both Na and Al compared to Si (Leya et
al., 2004).

5.8.2 Sanidine-Beryllium
The measured and modelled '’Be production rates reported here agree very well with

each other (4.45+0.38 atoms*g ' *y™! 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 (2002)(Table 5B). Using our elemental production 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’
By when following the procedure of Masarik (2002). This is a ~10% lower production rate

of "’Be-production in sanidine compared to quartz.

5.8.3 Fe-Ti-oxide minerals - Helium
Measured *He production rates for the Fe-Ti-oxide samples are given in Table 3.

Values range between 109-138 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 modelled P(*Heg.
=124 atoms*g ' *y" (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. Nevertheless, before we further

discuss this value we will first evaluate the possibility that sizeable fractions of *He are of
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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 PCHer..1i) values of 69-77 atoms*g ' *y™" (Bryce and Farley, 2002).
Li-concentrations in the Fe-Ti-oxide minerals are in the sub-ppm range (Table E).
Assuming for the ignimbrites mean U-Th values similar to average granitic crust (Mamani et
al., 2004) and using a *He production rate of 6*¥10™° atoms*gm, " *s™ for 1ppm of Li (Andrews,
1985; Lal, 1987), we conclude that the nucleogenic *He concentrations are lower than 2*10°
atoms*g'lmt in the Lauca sample (CN112) and lower than 8.2%10%-6*10° atoms*g'lmt 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.

Table E. Concentrations of relevant elements besides Fe and O in Fe-Ti-oxide samples {in ppm)
measured by PlasmaQuadrupole-ICP.
sample Li Ni Mg Al Ca Na Ti

CN5 0.48+£0.02 84.2:0.8 357068 6975469 1697433 142125 108004307
CN 19 1.64+011 50.3:2.8 B578£205 42024247 143122 314x50 218304355
CN 23 0412010 27.8£0.8 52602107 5149£115  260+17 650231 2077011046
CN 111 0.23x0.02 694201 5747452 5821483 43422 566232 12060£399
CN112 408026 80.4+1.5 6728487 3765:£49 320433 410431 168490+118

*He of magmatic origin cannot a priori be excluded. We therefore thoroughly crushed
three of our samples in an online crushing device (Schéfer et al., 2000). 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 analysed by stepwise-heating had been
released by crushing, 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 cosmogenic 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 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 therefore neglect.
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We conclude that neither magmatic nor nucleogenic 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-studies, as long as

magmatic or nucleogenic *He can be excluded or at least accurately corrected for.

Table F. Concentrations and ratios of helium released in crushing steps of selected Fe-Ti-oxide samples
A crushing step consited of a 30sec crushing period followed by a 30sec break

Sample He “He He/'He R/R,
0™ *10* *0®

step crushand break (cycles) [ccSTP/g) [ccSTP/g)

CN18mt-crush1(10,10) 357 £71 173 £ 2 0.21 £0.04 0.15
CN19mi-crush2(10,10) 448 £ 81 109 £ 1 0.41 £0.07 0.30
CN19mt-crush3(10,10) 278 860 87 £ 1 0.32 £ 0.07 0.23
CN23mt-crush1(15,15) 188 +4.9 5% + 0 0.32 £0.08 0.23
CN23mt-crush2(15,15) 507 £513 78 1 0.06 + 0.07 0.05
CN111mi-crush1(15,15) 581 £093 4.86 £ 0.03 1.20 £ 0.19 0.86
CN111mt-crush12(15,15) 7.94 £1.00 2.66 £ 0.02 2.99 +£0.38 215
CN11imi-crush13(15,15) 9.37 £ 0.79 1.06 + 0.01 8.80 + 0.75 6.33

Both measured and modelled *He production rates in Fe-Ti-oxide minerals presented in
this work are considerably higher than recently measured values (Bryce and Farley, 2002;
Margerison et al., 2004). Our P*Her..1; values are also almost twice as high as those calculated
with elemental production rates recommended by Masarik (2002). 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 PCHegireet)/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 difference between
our values and the preliminary measured production rate suggested by Bryce and Farley,
(2002) and the ones recently suggested by Margerison et al. (2004). We note that the value by
Bryce and Farley (2002) is based on a cross calibration of their magnetite data with P°He data
from Antarctic pyroxenes by Schéfer et al. (1999). It has recently been suggested, however,
that not all pyroxene varieties retain cosmogenic *He quantitatively, since *Hecos/* Necos ratios
vary considerably more than can be explained by variable chemical composition of the targets
(Oberholzer, 2004). 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 (2002). 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.
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Using the new elemental production rates derived here (Table 3), a production rate of
*He in quartz of 162 atoms"‘g’lqtz"‘y'1 is calculated (compared to 118 atoms"‘g'lqtz"‘y'1 using
elemental production rates proposed by Masarik, (2002). This value is of importance for
experiments with artificial quartz targets exposed in vacuum containers, e.g. for scaling
experiments of terrestrial cosmogenic nuclides with latitude 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 assumed (e.g., Laughlin et al. (1994)). For various end-
members of the pyroxene group, our model and that by Masarik (2002) 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 consistent 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'l*y'l, (Liccardi et al., 1999; Niedermann, 2002) 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 biased by pressure anomalies at the sites (e.g., Ackert et
al., 2003).

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.

5.9 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, 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
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striking agreement between experimentally determined nuclide production rates and values
derived from numerical modelling. This confirms that both, experimentally derived
production rates and the model calculations are reliable. The helium model calculations here
are based on new values for the branching ratios of P(CHegireet)/(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 cosmogenic “He. The calculations also illustrate the importance of knowledge of the
major element concentrations for target minerals with more variable composition than quartz.
The reason for the discrepancy 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 different nuclides CHe, '“Be, *C, ?'Ne, *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 differently 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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6 Possible interferences in terrestrial cosmogenic nuclide
studies due to trace impurities in quartz grains and in

quartz mineral separates
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6.1 Introduction

In the course of the investigations of quartz from Chilean ignimbrites (see Chapters 3
and 5) we made several observations which led us to further investigate the nature of this
quartz.

On the one hand, problems were encountered during the 'Be purification. The
quantities of the cations Ca, Al and Fe were rather too high. We attributed this to one or
several of the following:

a) impure quartz separates, where a small percentage of impurities would yield

significant amounts of these cations

b) possible mineral inclusions in the quartz (e.g., rutile)

¢) cations from melt/fluid inclusions as revealed by optical investigations

d) cations in the quartz lattice (structurally bound). Cathodoluminescence (CL) showed

an internal zoning with bright luminous rims (Fig. 1).

We noted that, transparent alkali-feldspar grains (sanidine) did not dissolve markedly
faster than quartz. After a series of selective chemical dissolution steps (Ivy-Ochs, 1996; Kohl
and Nishiizumi, 1992) a mineral separate enriched in both quartz and sanidine was produced.
In general, selective chemical dissolution only works because quartz dissolves much slower
than most other silicates. Enrichment of cations due to impure quartz or quartz mineral
separates may result in a composition of quartz which is different from pure SiO,. In such a
case elevated (trace-)concentrations of e.g., F, Al, Na, Mg, Ca or Fe can be expected. Some of

these elements (Na, Mg, Al) in turn have higher elemental production rates for terrestrial
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cosmogenic nuclides (i.e., for *’Ne: one to five times compared to Si, (Masarik, 2002) and
Chapter 5). Hence, their presence would lead to a production rate different than that based on
the production of Si and O alone (Kubik and Ivy-Ochs, 2004; Niedermann, 2000; Niedermann
et al., 1994). In addition, the presence of Al, Ca, Fe and Ti can significantly complicate the
extraction and purification procedures for Be and Al. Indeed, too high concentrations of %’ Al

can lead to 2°A1/%” Al ratios below the AMS detection limit.

i 24 . ' : : ! : CN11]/1
2 g - - ~
hs :
LA 108
Ca <28
Fe 7.1

CN111/6

L 21
Na: <01
g 0.87
Al 86
Ca <26
Fe 3
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CL 15.0kV x48 200um — 1 |

Figure 1 CL-imaging of quartz grains showing broken, abrasive rounded and/or fragmented grains and
prominent zoning in quartz grains of either a diffuse or sharp style. However not all quartz grains showed a
distinct zoning. Discontinuities in zoning are variable (<20-200um). Inclusions are melt-inclusions and are of
matrix-type composition (CN111/6), or appear opaque (CN23/6). Growth impediments (CN23/5) or embayments
are little developed. Grain-matrix boundaries are commonly sharp. Growth nucleation spots are preserved in
grain CN23/5.6. Fine oscillatory zoning (~20um) is obvious in CN23/6 or CN111/1 (see e.g., Miller, 2000) for a
complete interpretation of zoning in quartz). Zoning is continuous, periodic and parallel to outer crystal margins
and sharp (CN111/1) but also more diffuse, irregular and flame-like (CN111/6). A bright luminescent outer Zone
(>100um) is often observable (CN23/5,6 and CN111/6). Resorption structures, cutting pre-existing zoning, are
revealed in CN23/6. Inset-boxes represent LA-ICP-MS-element analysis in core, intermediate and rim positions
relevant to CL-zoning (data in ppm).

On the other hand, neon-analysis of the Chilean quartz separates indicated slightly

elevated *Ne/*Ne-ratios (Chapter 3), relative to an atmospheric-cosmogenic mixing line
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given by (Niedermann, 2002). This can be due to elevated nucleogenic neon produced by
elevated F,U/Th-concentrations in the matrix of the quartz hosting rocks or inclusions within
the quartz grains (Schéfer et al., 2002).

In order to quantify the effect of impurities in quartz on the production of cosmogenic
nuclides (*"Be, *'Ne, *°Al), the samples were investigated by the following methods: (1) bulk
chemistry analysis was performed after selective chemical dissolution and after selective
chemical dissolution in addition with physical separation methods (magnetic separation and
heavy liquid methods), (2) zoned quartz grains were investigated by CL/LA-ICP-MS (for all
analytical details see the appendix at the end of the chapter) to quantify the amount of trace
concentrations of some major elements, and (3) rock-samples were investigated by nuclear
reaction-analysis for fluorine content and distribution. Finally, the effect of impurities on

sample preparation and production rates was estimated.

6.2 Bulk chemistry and production rate estimations

The chemical data of quartz-aliquots after a selective chemical dissolution procedure
and after adding a physical separation step to the selective chemical dissolution procedure are
presented in Table 1. Data shown for preparation solely by the selective chemical dissolution
procedure indicates that sample CN19Q-1 and CN23Q-1 are not yet cleaned perfectly and
contain impurities, mainly of Al, Na and subordinate by Ca and K. In such a case, the
calculation of cosmogenic production rates for *’Ne would result in higher production rates
that differ by 5 and 18% (Table 1A), respectively, from an assumed 20.3 atoms/g/yr of a
stoichiometric quartz-SiO, composition (Niedermann, 2000; Niedermann et al., 1994). Here
the uncertainties of the production rate itself are neglected. After addition of physical
separation steps, the bulk chemical composition of the quartz indicates pure monomineralic
quartz aliquots, with impurities at the 100ppm-level (Table 1B). Only a few values are higher
than this value. Consequently, calculated production rates of the samples analysed for
cosmogenic nuclides are indistinguishable from an assumed 20.3 atoms/g/yr of a pure SiO;
composition (without uncertainties). Sample CN111Q-2 differs by ~3% largely due to the
uncertainty in bulk silicon analysis.

Data for "“Be-production rate estimations are presented in Table 1A and are only
available for measurements after the step of selective chemical dissolution, but not after the
physical separation steps. From the earlier it is obvious that any production rate due to the
variable SiO»-composition lowers the total '*Be-production rate, due to a lower Si- and O-

concentration. Furthermore, the presence of e.g, Fe, Ca and Mg will interfere with the column
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separation (see e.g., Ochs and Ivy-Ochs, 1997). As suggested for *'Ne, after the addition of
physical separation steps, pure quartz-separates might be achieved and the aliquots are ready
for AMS-target preparation and measurements of '’Be- and “°Al, respectively.

In conclusion, the commonly applied physical and chemical cleaning procedures can
in most cases sufficiently clean quartz separates. However, if purified quartz aliquots cannot
be achieved, even by repeated physical and chemical separation procedures, the samples have
to be discarded. Concentrations of impurities observed in our final quartz bulk chemistry
analysis are of the order of the measurement uncertainties.

The amount of impurities that can be related to the internal zoning of quartz, revealed
by CL and likely corresponding to structurally bound trace impurities (e.g., Flem et al., 2002),
was quantified by LA-ICP-MS. Chemical zoning and inclusions in quartz would largely affect

the % Al-sample preparation.

Table 1A. Bulk chemistry analysis and production rate estimations of quartz sepa-
rates produced by selective chemical dissolution; measurements at CRPG-CNRS

Si02 A|203 NaZO MgO CaO Kzo F9203 tot Ti02
Sample % % % % % % % %
CN19Q-1 90.96 3.83 112 0.01 0.26 0.96 0.07 0.01
CN23Q-1 86.73 8.08 247 0.01 15 0.65 0.01 0.02
CN104Q-1 98.74 0.2 0.04 001 <0.01 0.07 0.01 0.01
CN111Q-1 97.27 0.79 0.2 0.01 0.08 0.16 0.01 0.01
Table 1A continued
Z'Ne elemental production Be elemental production
Si Al + Na total % to Si O Al + Na O total % to
Sample at/g at/g at/g normal* at/g at/g at/g at/g at/g normal”
CN19Q-1 18.5 2.95 21.45 5.67 1.396 3.168 0.046 0.14 | 475 -12.74
CN23Q-1 17.64 6.37 24.01 18.28 1.331 3.02 0.099 029 | 474 -12.87
CN104Q-1 20.08 0.14 20.22 -0.39 1515 3.439 0.002 0.01 4.96 -8.77
CN111Q-1 19.73 0.57 20.3 0.00 1.493 3.387 0.009 0.03 | 492 -9.61

“normal: 20.3atoms/gfyr (Niedermann 2000)
*normal: 5.44atoms/g/yr (Kubik & Ivy-Ochs, 2004)

Table 1B. Bulk chemistry analysis and production rate estimations after selective chemical dissolution and
physical separation steps; ICP-measurements at ETH; isotope-analysis of Mg-24, Ca-44 and Fe-57 suggest
no major contribution of this elements to any 'Ne production rate by even low elemental production rates

SiO, Al Na Mg-24 Ca-44 K Fe-57 TiO, Li Ni
Sample wt% 10 wt% 10 wt% ppm ppm ppm ppm ppm ppm ppm
CN19Q-2 98 137 72.8 1.80 13.4 - 14.8 - 20.8 0.10
CN23Q-2 102 121 65.2 6.00 17.3 - 177 - 21.2 0.093
CN111Q-2 99 1836 594 7.9 157.6 - 113.2 - 20.8 0.098

Table 1B, continued

Z'Ne elemental production
si’ Al + Na total % to
Sample at/g at/g at/g normal”
CN19Q-2 19.93 0.08 20.01 -1.43
CN23Q-2 20.3 0.07 20.37 0.34
CN111Q-2 20.13 0.74 20.87 2.81

‘uncertainties on quartz are 2%
“normal: 20.3atoms/g/yr (Niedermann 2000)
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6.3 Results from LA-ICP-MS

Selected quartz grains (Fig. 1) were investigated by LA-ICP-MS (Table 2). Core,
intermediate and rim positions (the latter often as a bright luminous band) of grains revealed
minor variations in concentrations of the major elements. Concentrations are around 100ppm
for Al as the most abundant impurity. All other elements are in the <30ppm range. Commonly
Li, Mg, Al and Fe are slightly enriched in bright luminous rims relative to centre positions,
while Na, Ca and Ni with very low concentrations have similar concentrations in various parts
of the grains. A correlation of bright luminosity can be explained by a variable incorporation
of trace elements during cooling (e.g., Landtwing and Pettke, 2005; Miiller et al., 2003;
Peppard et al., 2001; Perny et al., 1992; Watt et al., 1997). Structurally bound impurities have
similar or even smaller concentrations as the range of uncertainties of the bulk chemistry
analysis. Overall, such trace impurity concentrations are negligible with respect to TCN-
studies (see discussion above).

Kohl and Nishiizumi (1992) suggested that the outer rims of grains are partially erased
by a few microns during the chemical quartz isolation process. However, such dissolutions
did unlikely erase zones in the range of 100um - that are enriched by Al - in our quartz grains
as observed by CL. However, 100ppm Al will not bias the preparation for AMS (Bierman et
al., 2002; Kohl and Nishiizumi, 1992), but indicate that even sufficient etching of quartz
grains will not lower possible enriched Al-zones of quartz grains if these are of structurally
bound origin. These can be an order of magnitude higher than observed in the Chilean

ignimbrite samples (e.g., Bierman et al., 2002; Gotze and Lewis, 1994).

Table 2. LA-ICP-MS results (in ppm) from selected quartz grains (see Fig. 1)

Sample, grain, position Li Na Mg Al Ca Fe Ni

CN23, qtz 5, corel 204 <0.08 098 87.7 <30 <21 <0.298
CN23, qtz 5, core2 21.8 0.12 1.25 92.6 <30 <21 <0.278
CN23, qtz 5, rim1 242 <0.09 151 100.8 <29 4.8 <0.369
CN23, gtz 5, rim2 242 022 179 1083 <25 71 <0.250
CN23, qtz 6, core 22.4 0.1 1.27 94.8 <27 2.7 <0.322
CN23, gtz 6, intermediate 225 <0.09 122 968 <31 35 <0.390
CN23, qtz 6, rim 229 <0.09 153 103.3 <30 3.7 <0.243
CN111 gtz 1, core 19.7 <011 0.76 79.9 <28 <1.9 <0.385
CN111 gtz 1, intermediate 21.3 0.13 0.72 80.3 <26 <1.9 <0.328
CN111 gtz 1, rim1 228 023 074 832 <26 25 <0.277
CN111 gtz 1, rim2 240 024 1.01 91.9 <27 <1.9 <0.350
CN111 gtz 6, core 21.0 <0.02 0.75 85.6 <26 3.0 <0.411
CN111 gtz 6, intermediate 222 <010 0.84 92.4 28 2.0 <0.264
CN111 gtz 6, rim 257 <0.09 128 106.6 <26 31 <0.292
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6.4 The effect of elevated F and U/Th-concentrations on neon isotopes

Using nuclear reactions analysis (NRA), it turned out that hot-spots of high fluorine-
concentrations are micas (Fig. 2). Average F-concentrations are around 1wt% and maximum
values reach 1.53wt% (Fig. 2, Table 3). Quartz grains themselves do not have any significant
fluorine concentration. Micro-inclusions or micro-accessory minerals (<10pum) are not
detected by the nuclear-reaction method. Biotite crystals that are adjacent to quartz grains
(and which might have interfered with quartz grains onto the **Ne-signal likely due to their

excitation stage, Flem et al., 2002) were not frequently observed in thin sections.

CN 104 CN 111
Fluorine-Content [Yowt]: Fluorine-Content [%owt]: Fluorine-Content [Yowt]:
Btawe=1.13 Btwe=1.53 Btwa=0.55
Bt..=0.81 Bt..=0.86 Bt.~0.51
Qtz=0 Qtz=0 Qtz=0.01
Matrix=0.07 Matrix=0.02 Matrix=0.02

Figure 2 Imaged nuclear reaction analysis. Dark spots in the lower pictures of each column responded to nuclear
activation and are identified as micas. Quartz-grains and matrix show no response and are essentially free of
fluorine.

We conclude that although F-hotspots are present in the volcanic-ground mass of our
ignimbrites and the average U/Th concentrations of the ignimbrites are equal to a granitic

crust composition (Mamani et al., 2004), nucleogenic **Ne production is negligible. This can
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be different when the host of elevated F and U/Th concentrations are numerous micro-
inclusions in our quartz, undetected by the NRA method. Similarly, interferences for
nucleogenic *'Ne-production from Mg may not be expected, since Mg-bearing minerals are of
minor abundance and Mg is in the bulk chemical and LA-ICP-MS analysis of the quartz on
the analytical limit of measurement.

One might add independent support for a negligence of nucleogenically produced
neon components as suggested by Kohl and Nishiizumi (1992) because the chemical etching
process may erase some few Um from the outer quartz shell. This would be the relevant o-
recoil distance (20-50um, Kurz, 1986) and would be the zone of enhanced entrapment of
nucleogenically produced neon-components. However, some of the quartz grains of the
Chilean ignimbrites seem to be very resistant against chemical attack revealed by perfectly
sharp edges investigated under microscope after the chemical etching process. The young age
of the analysed ignimbrites (£23Ma) is also in favour for low accumulation rates of
nucleogenically produced neon components.

At the moment we do not know, whether the slightly elevated **Ne/*’Ne ratios (see
Chapter 3) are specific for the Chilean ignimbrites or are rather on an upper limit of possible
Ne/*Ne ratios in neon studies (Niedermann, 2002) within relevant measurement

uncertainties.

Table 3. Fluorine wt% in whole rock an individual mineral grains by

NRA

Wit% F
Fluor- Standard 3.8%(wt) [Cas(PO4)3F]
sample-file All-rock Bt(average) Bt(max) Qtz
F-19-1009_xy 0.10 0.83 1.15 0.00
F-104-1008_xy 0.03 0.88 1.56 0.00
F-111-1003_xy 0.03 0.52 0.56 0.01

6.5 Discussion

In the case of our quartz-separates from Chilean ignimbrites this study reveals no
influence of trace impurities on TCN-studies. Although impurities in those quartz aliquots and
individual quartz grains exist on the order of the uncertainties of measurements (Table 1),
they have negligible effects on the total production rates. This is especially the case for
structurally bound impurities. In the cases of the presence of minerals other than quartz the

chemical dissolution procedure is in many cases sufficient to isolate quartz, but not always.
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Additional physical separation methods are commonly required (Bierman et al., 2002; Ivy-
Ochs, 1996; Kohl and Nishiizumi, 1992), otherwise such samples have to be discarded. The
quartz from the Chilean ignimbrites revealed, however, very small melt-inclusions in the
range of 5-50um (few are 100pum -200um), which are not easy to separate from the quartz.
Even online crushing devices used in noble gas analysis may not break down to such sizes. If
they would, further chemical and physical cleaning steps are required to clean up broken grain
surfaces. However, bulk chemistry analysis indicated no major contribution that may have
derived from melt-inclusions or is lost in the uncertainties. Fluid inclusions may host
impurities but they can be eliminated by off- and online crushing if grain sizes smaller than
the inclusions can be achieved. Therefore, fluid inclusions are less critical than melt
inclusions for noble gas analysis.

If the quartz aliquots are as clean as reported here, variations of <2% of the total
production rate due to impurities are negligible compared to uncertainties due to e.g., the
analytical procedure, elemental production rate calculations or scaling formalisms (see Gosse
and Phillips, 2001; Niedermann, 2002).

In order to illustrate a possible effect when impurity-concentrations become important,
an increase of the ?'Ne TCN-production rate in quartz by 5% would require either 1wt% Mg,
8wt% Al, or 0.75wt% Na. Such concentrations of Na, Al or Mg impurities in quartz have
never been reported, and impurities from structurally bound positions for the most quartz are
«1000ppm (D'Lemos et al., 1997; Gotze and Lewis, 1994; Gotze et al., 2004; Monecke et al.,
2002; Miiller et al., 2003; Peppard et al., 2001; Watt et al., 1997). On the other hand, melt
inclusions may contribute up to ~5wt% of impurities (Peppard et al., 2001). Also, undetected
impurities from admixtures of other minerals within an enriched quartz grain-aliquot by e.g.,
5% of sanidine, will have only an effect of ~1% (20% admixture an ~4.5% effect) on the total
*'Ne elemental production rate. However, such impurity concentrations are too high to permit
a Be and/or Al analysis.

We have not measured impurities in quartz from magmatic and metamorphic rocks,
known to raise problems for noble gas analysis (e.g., Hetzel et al., 2002). However, as studies
on such lithologies revealed, structurally bound trace elements are in a similar negligible
range as observed for the ignimbrites (D'Lemos et al., 1997; Gotze and Lewis, 1994; Gotze et
al., 2004; Monecke et al., 2002; Miller et al., 2003; Peppard et al., 2001; Watt et al., 1997). A
most suitable rock for TCN-analysis cannot be defined, since fast cooled magmatic rocks may
be free of nucleogenic/trapped neon-components (as observed here) but may incorporate a

number of structurally bound impurities (e.g., Dennen, 1964, 1967; Landtwing and Pettke,
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2005). However, in the field the geomorphology should be the primary guide for a sampling
strategy, and as a second choice, it should be the lithology.

6.6 Appendix

Analytical Methods

Sample preparation to achieve pure quartz aliquots followed the procedures of (Ivy-Ochs, 1996; Kohl
and Nishiizumi, 1992). For noble gas analysis, we used a grain-size fraction of >40 to <100um. This fraction
might be suitable to avoid atmospheric trapped neon components but is insufficient to erase melt-inclusions of 5-
50um size (see below and text). Adsorption of gases like CO,, CH, or N, cannot be avoided (Barker and
Torkelson, 1975) when crushed to smaller grain sizes.

Polished thin sections have been analysed under polarised transmitted light microscope for selecting
grains and characterizing structure, texture and morphologies of grains and matrix. The matrix of the analysed
Chilean ignimbrites consists of a mixture of partially devitrified volcanic glass with sporadic occurrence of
biotite/phogopite and magnetite grains, is fine grained and shows concentrical recrystallization spots and fibrous
structures. Euhedral quartz and feldspar grains have sizes up to 3mm, but are commonly between 1-2mm, appear
mostly as fragments, are angular and transparent. A few quartz-grains come as paramorphosed modification of
quartz after high-temperature quartz and occur as hexagonal dipyramids with shortened prismatic planars. Quartz
grains show multiple fractures, likely due to the fast cooling and structural o to B-quartz transformation. No
internal zoning of quartz is observable under the microscope.

Quartz aliquots were analysed for the minor and major elements producing cosmogenic 'Ne and '“Be
by ICP-AES and photospectrometry (Service d'Analyse des Roches et des Minéraux CRPG — CNRS,
Vandoeuvre-lés-Nancy Cedex — France and ETH geochemistry Labs). Analysed samples had a size of ca. 100-
300um.

Backscattered electron imaging (BSE) and cathodoluminescence (CL) images were collected after
carbon-coating (25nm) of thin sections using a scanning electron microscope (SEM) of type CAMSCAN (CS
441L.B) equipped with a CL unit. Beam current was 10nA, accelerating voltage was 15 kV with a 35mm working
distance. Magnification ranged between 30x and 80x. Specific descriptions to the facilities used here are reported
in (Landtwing and Pettke, 2005). No internal zoning of quartz is observable under BSE-conditions.

The LA-ICP-MS measurements were performed with a prototype 193nm ARF Excimer laser system
with special homogenized energy profile. Output energy was ~70 mJ, with a laser pulse rate of 10Hz. Dwell time
for each isotope was 10ms, within a sweep of 169ms. The ablation volume was ~0.6mm™ by a crater diameter of
100um and ablation depth of 7.5um. Further details of LA-ICP-MS setup, technique and data reduction can be
found in (Landtwing and Pettke, 2005, Pettke et al., 2004).

Nuclear reaction analyses (NRA) on small sample-pieces have been conducted to estimate the
production of nucleogenic **Ne from high F-concentrations in nearby biotite (F in substitution of OH) or of
inclusions. Samples were scanned with high spatial resolution and with a beam spot of 100um (maximum field:
12 by 12 mm), a working current of 10nA and with a 2.7 MeV proton beam. Emitted y-rays are detected by a
Nal-detector. Fluorine concentrations have been calibrated against a fluorapatite-standard by counting rates.
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7 Artificial targets for production rate scaling systematics

in terrestrial cosmogenic nuclide studies

In collaboration with:
J.M. Schéfer!, R. Wielerz)H. Baur’, Z. Zhou®

'"Lamont-Doherty Earth Observatory, USA
"Institute of Isotope Geology ETH Ziirich, Switzerland

7.1 Abstract

Reported are data from first experiments using quartz in exposed artificial targets to
study scaling systematics of terrestrial cosmogenic nuclide production rates. Stainless steel-
containers filled with 4kg of industrial quartz were exposed over 2 to 4 years at altitudes
ranging from 500 to 4500m and latitudes between 23° and 73° (northern and southern
hemisphere). Initial results of He and *’Ne measurements indicate the feasibility of using
quartz as artificial target in experimental terrestrial cosmogenic nuclides-scaling studies.
Technical and analytical problems, such as low cosmogenic nuclide concentrations, target
blanks, or interferences with non-cosmogenic components (radiogenic, nucleogenic) caused
difficulties but are expected to be overcome in further studies. Advanced container designs

and enhanced pre-treatments of targets are necessary.

7.2 Rationale of the experiment

Production rates of in situ produced terrestrial cosmogenic nuclides (TCN) as used in
Quaternary Geology and Quantitative Geomorphology (Bierman, 1994; Cerling and Craig,
1994; Zreda and Phillips, 2000; Gosse and Phillips, 2001; Bierman et al., 2002; Niedermann,
2002) have to be scaled to latitude and altitude for each sample. In the 1990°s such a scaling
formalism was provided by Lal (1991). It was based on neutron-monitor counting rates and
spallation rates deduced from photographic emulsions from the 1960°s. Scaling factors were
expressed as 3rd-degree polynomials. They were considered to be globally applicable

assuming a pure axial symmetric terrestrial dipole magnetic field and global mean constant

102



Chapter 7 Artificial Targets

temperature and pressure distributions. A +£10% uncertainty due to this scaling-procedure was
adopted (Lal, 1991). Later, Dunai (2000), Stone (2000), Desilets and Zreda (2001); Desilets et
al, (2003) developed codes addressing especially problems of (i) air-pressure
inhomogeneities, (ii) accounting for new and more widespread neutron-monitor surveys with
wider energy-spectra, (iii) separate scaling of neutrons and muons, and (iv) applying better
known geomagnetic shielding parameters and solar variations. The need for precise scaling
models becomes especially obvious e.g., in the dispute of the timing of the last glacial
maximum (LGM) - being a world-wide forced climate phenomenon or only of regional extent
(Denton et al., 1999; Schifer et al., 1999).

To evaluate theoretically and physically derived scaling formalisms, direct estimations
of scaling parameters are needed. This can be achieved by exposing artificial targets such as
water, glass, quartz, etc. at different latitude and altitude transects and over known times,
preferably at sites with neutron monitoring. Additionally, the latitude/altitude effects on
production rate scaling have to be corrected for geomagnetic field intensity variations, polar
wandering (e.g., Lal, 1987; Beer et al., 1988; Beer et al., 1993; Masarik and Beer, 1999;
Masarik et al., 2001; Pigati and Lifton, 2004).

In this chapter, the first results of an artificial TCN-target test at ETH Zirich are
reported. This experiment was initiated by J. Schéifer and co-workers in 1997 (Schifer, 2000)
using stainless steel containers filled with 4kg degassed industrial quartz exposed over 2 to 4
years at various altitudes and latitudes (see Table 1). We chose quartz since it is a widely used

target in TCN-studies.

Table 1. Containers, exposure times, locations and coordinates

container location start of Exposure geographic geomagnetic  altitude

No. exposure  timein [a] latitude latitude [m as(]
189 Etna 3.10.87 1.6055 38°N 38°N 3000
5&86 Chile 20.4.97 2.3315 23°8 108 5000
12 & 14 Gornergrat 2.4.98 4.4521 48°N 47.5°N 3000
7&13 Greenland 2486.97 2.0192 72.5°N 80°N 3000
3& 11 Jungfraujoch  28.7.97 3.9836 48°N 47 5°N 3500
28&4 Monte Rosa 13.7.97 52219 46°N 47 5°N 4450

8&10&15 ETH unexposed

7.3 Brief history of artificial target experiments for TCN-production rate
systematics

Early determinations of nuclide production rates were performed by Lal et al., (1960)

for short lived "Be, **P, ¥P, *°S, and (Yokoyama et al., 1977) for *Na and **Na on metal
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targets. Reedy et al. (1994) studied Be, 'Be, *C, #Na, Al on Si and SiO,, while Graf et al.
(1996) investigated *'Ne in glass exposed at mountain altitudes.

Direct altitude scaling experiments were performed by Kurz et al. (1990 and
unpublished) using *He in water targets. Similarly, Nishiizumi (1996) and Brown et al. (2000)
used water targets for "Be, ’Be and °H, *He, "B, respectively.

A combined direct altitude and latitude scaling experiment was performed by Graham
et al. (2000) in the southern hemisphere using 'Be in water, from altitudes 0 to 2000m and
latitudes 20°-79°S.

All experiments confirmed in principle the trend of Lal’s scaling procedure. However,
they all suffered from low nuclide concentrations produced over short exposure times and the
lack of global sample coverage especially from locations such as Antarctica (Stone, 2000),
Iceland (Liccardi and Kurz, 2002), or Patagonia (Ackert et al., 2003) which have permanent
pressure anomalies.

The latest approach in addressing the problem of production rate-scaling procedures
for TCN-studies is the CRONUS-EARTH/CRONUS-EU-initiative. A comprehensive
coverage of the globe by latitude and altitude transects for direct estimations of production
rate-scaling algorithms is planned. Further aims are (1) the estimation of absolute production
rates by primary calibration sites, (ii) re-checking the half-life of '°Be (iii) testing the temporal
variation of production rates through time, (iv) estimation of muon production rates, (v)
evaluating, whether the scaling formalism is nuclide specific and, (vi) using neutron-

monitoring sites for scaling experiments.

7.4 Methodical Concepts

7.4.1 Artificial targets

The experiment at ETH Ziirich was designed for measuring cosmogenically produced
helium and neon in degassed industrial quartz (but of natural origin, Fluka, Chemika (84878),
purity: 99.9%, grain-size: 149-420um; loose density: p=1.527gem™). 4kg of quartz sand were
stored in stainless steel containers designed specifically for the experiment. Containers are 14
cm in diameter and quartz fills up inside the containers to 18cm (container height: 45c¢m).
Optimal heating of containers was up to 23cm by an external oven. Filled containers were
degassed for 2 weeks in temperature-cycle-steps to 800°C (measured on the exterior of the

container). This reduced the pressure from 107 to 10™ Torr (Schéfer, 2000). The inside

104



Chapter 7 Artificial Targets

temperature was assumed to be higher than ca. 650°C, as in an earlier experiment aluminum
foil placed on top of the sand in a center position got partially melted. Analyses after
degassing were performed at temperatures ranging from 400°C to 700°C in 100°C steps for
1h to 3h. Cosmogenic neon is completely released at <600°C (Niedermann et al., 1993;
Niedermann et al., 1994). Blanks were undetectable for nuclide excesses with “He and *'Ne
<10’ atoms and <3*10° atoms, respectively (Schifer, 2000). The expected excesses of
cosmogenic components over atmospheric composition of a degassed container after a
planned 18 to 40 month exposure time were estimated to 25-75% (*'Ne) and 98-100% (‘He).
Hereby, no internal increase of blanks during the time of exposure (outgassing of containers,
leaking of valves) was assumed. We note, that after exposure of the containers the mass-
spectrometer was equipped with a newly designed compressor device (Baur, 1999) that
increased the sensitivity compared to a conventional ion-source by a factor of 120 and 200 for
*He and *'Ne, respectively. This increases the precision of isotope ratio and abundance
measurements.

The reported diffusion and non-quantitative retention of *He in quartz at low
temperatures (Kurz and Brook, 1994; Trull et al., 1995; Shuster and Farley, 2003; Shuster et
al., 2003) can be controlled by analysing a room-temperature step before heating the exposed
containers.

Since *H is simultaneously produced with *He ("H/°He branching ratio 0.73 for O and
1.16 for Si (Leya et al., 2004)), but decays with a half-life of ca. 12.43yr to "He, a correction

has to be applied, which amounts in our study to 10-12%.

7.4.2 Target (container) exposure strategy and locations

At every location (see Table 1) a plastic box with 2 containers was deposited in order
to have a crosscheck possibility. Containers were stored horizontally and quartz was equally
distributed by shaking the containers. The height of quartz sand within the container was just
a few centimetres and self-shielding can thus be neglected.

Exposure of targets took place between 1997 and 2002 and covered a solar maximum
during sun spot cycle 23. Hence the spallogenic production is reduced, which must be

corrected for.
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7.4.3 Production rates

Production rates of “He and *'Ne from spallation in quartz are reported as
P*He=124atoms/g/yr (Masarik, 2002) and P*'Ne=20.3atoms/g/yr (Lal-scaling, Niedermann,
2000). These values were used for an a priori estimation of cosmogenic nuclide abundances
after a certain exposure time. Muogenic production of helium and neon is neglected (see

Niedermann, 2002).

7.4.4 Neutron-monitoring

In two cases, container targets were exposed close to neutron monitors. Sample
location Jungfraujoch (Switzerland) has been under surveillance for more than 30yrs and
produced the most reliable record (monitor-type: NM64 and IGY) already over a number of
sun-spot cycles, whereas location Gomergrat has been running since 6yrs (both are operated
by the Department of Physics, University of Bern). Stations record secondary neutron energy

spectra.

7.4.5 Measurement protocol

After retrieving target containers, one unexposed (10) and two exposed containers (11,
12, see Table 1) were analyzed so far by step-wise heating. The nominal starting time of every
heating step was when the outside container temperature reached the nominal temperature,
which is not equal to the inside temperature. A simulation test in a non-evacuated container
filled with equal amounts of sand yielded a time-lag of 3h between outside and inside
temperature at 600°C. A thermocouple placed in the centre of the sand just reached an
equilibrium temperature of 570°C. This fact indicates that insufficient heat-transmission
control will be a significant source of uncertainty in the experiment unless modifications in
the container design are made. Cooling-times of containers were usually equal to the heating-
times. Note that in the following, the data are given with the respective temperature as
presumed, keeping in mind that the actual temperature in the containers might have been

considerably lower.
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7.4.6 Mass-spectrometer specifics
Details of mass-spectrometric procedures are reported in Chapter 3 & 5. Except for

container 12, a mass-spectrometer with a compressor source (Baur, 1999), internally termed
TOM, was used. Container 12 was analysed using a custom-made mass-spectrometer
(Supergnom) and a commercial VG5400. Corrections for interferences by doubly charged

particles have been applied in both cases for **Ar™ and H,"*0".

7.5 Data/Results and Interpretation

7.5.1 Industrial quartz-sand - measurements
Loose quartz-sand of the company Fluka was measured by a similar procedure as

applied to exposure dating, in order to establish the noble gas inventory of the sand. Non-
degassed (pre-treatment) and non-exposed sand separates of 100mg and 200mg were step-

wise heated to 600°C and 800°C, respectively, and results are presented in Table 2.

Table 2. Neon and helium measurements of Fluka-sand (untreated)

sample (weight [mg]) “Ne error "Ne/'Ne error “Ne/“Ne error “"Necosmo error
(temperature [°C],
heating time [min]) [ceSTP/g]l [ccSTP/g] [atoms/g] [atoms/g]

S$100-Ne(600,30% 1.84E-09 9.97E-12 3.00E-03 5.15E-06 1.03E-01 1.57E-04 1.91E+06 1.16E+06
S100-Ne(800,30% 2.06E-09 1.29E-11 3.06E-03  1.78E-05 1.04E-01 2.22E-04 5.48E+06 1.77E+06

sample (weight [mg]) He error *He error “*He/He error R/R, error
(temperature [°C],
heating time [min]) [atoms/g] [atoms/g] [atoms/g] [atoms/g]

$100-He(600,30") 8.82E+04 1.37E+04 9.55E+10 9.09E+08 9.24E-07 1.44E-07 0.66 0.10
S$100-He(800,30") 1.70E+04 1.44E+04 1.02E+12 5.20E+09 1.66E-08 1.41E-08 0.01 0.01
S$200-He(600,30" 9.30E+04 7.83E+03 7.87E+10 2.42E+08 1.18E-06 9.85E-08 0.85 0.07

$200-He(800,30") -3.51E+03 7.79E+03 4.30E+11  1.17E+09 -8.17E-09 -1.81E-08

Helium was measured in all fractions while neon was measurable only in the 100mg
separate. The 200mg separate yielded too high *’Ne-concentrations to be measured. *He-
concentrations were (1.7-9.3)*10* atoms/g, while ‘He-concentrations ranged between (7-
102)*10" atoms/g. Ratios of *He/*He were below atmospheric composition for the 600°C
temperature steps and close to atmospheric composition in the second 600°C step (Table 2).
U/Th- concentrations measured by y-spectroscopy yielded values <lppm (pers. comm., R.
Kipfer, 2002).

Ne-concentrations for the 100mg sample yielded high *’Ne-values of (1.84-2.06)*107

ccSTP (Table 2). Excess of *'Ne over atmospheric composition is (1-5)*10° atoms/g.
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However, 2'Ne/*’Ne and **Ne/*’Ne ratios plotted above the atmospheric-cosmogenic mixing
line (Fig. 1), indicating crustal/trapped components (Niedermann, 2002).

Although the containers are believed to be degassed prior to exposure, an insufficient
degassing will likely bias the results of exposed containers by inherited non-cosmogenic

components, as observed in this untreated sand-experiment.

Neon-three-isotope systematics of loose quartz-sand
atmospheric-cosmogenic mixing line of quartz {Niedermann, 2002}
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Fig. 1 Neon-three-isotope diagram of loose quartz-sand indicating inherited crustal neon components

7.5.2 Unexposed - Container
A completely shielded container that was stored over 5 years in a basement was used

for blank analysis. Any measurable non-cosmogenic nuclide concentration, due to in-growth
or diffusion processes during the storage time, can be used to correct data of exposed

containers.

Helium
Results are presented in Table 3. At room-temperature and in the first heating step

(600°C) almost equal gas amounts of *He were released. Each of the values is ~2 times higher
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than the concentration measured after degassing before storing. The first 800°C step revealed
a one order of magnitude higher concentration of *He. A repeated 600°C step yielded much
lower *He-concentrations, while a second 800°C-step released again increased “He-
concentrations (Table 3).

In summary, “He-concentrations are much higher than expected from an unexposed
container. Whether this is due to diffusion into the container from outside, diffusion from the
container walls, or *He from tritium-decay is difficult to evaluate. The decreased *He/*'Ne
ratios with incremental step-heating suggest that only after five heating steps any inherited

*He is completely degassed.

Table 3. Helium concentrations and ratios of unexposed container 10
heating step *He error “He error *Her*He error R/R4 He”'Ne
(°C, min) [atoms/4000g] [atoms/4000g] [atoms/4000g] [atoms/4000g]
(20,45% 1.80E+05 2.15E+04 5.52E+11 3.07E+09 3.26E-07 3.91E-08 02359 3964
(600,150") 2.04E+05 2.11E+04 1.97E+11 1.09E+09 1.03E-06 1.07E-07 0.7483 7.28
{800,780" 2.21E+06 1.97E+05 3.93E+14 2.18E+12 5.63E-09 5.03E-10 0.0041 nd.
(600,2109 9.29E+03 8.77E+03 4.69E+11 3.08E+09 1.98E-08 1.87E-08 0.0143 1497
(800,3007) 1.12E+05 1.97E+04 1.65E+13 9.15E+10 6.79E-09 1.19E-09 0.0049 0.59
total (600°C) 3.93E+05 1.22E+12
tatal (all °C) 2.72E+06 4.11E+14
concentration after
degassing prior
1o storage 1.00E+05

Concentrations of *He indicate similar gas amounts for heating steps <600°C, but
increased concentrations by 2-3 orders of magnitude at the 800°C steps (Table 3). The
majority of *He was released in the 800°C steps as was observed also in the loose-sand
experiments, indicating similar sources (e.g., trapped in inclusions, Niedermann et al., 1993).

The *He/*He-ratios are all below atmospheric composition. Highest ratios were
observed in the room- and 600°C temperature step and were then constantly declining. This
suggests two different helium-components where *He was released at lower temperatures and

*He at higher degassing temperatures.

Neon

Neon concentrations and isotopic ratios are presented in Table 4. A first 800°C step
was aborted due to high **Ne-concentrations. Internal blank corrections of measured data
yielded negative values (Table 4). Therefore a closer look at the blanks (the blank of the

unexposed container measured after cooling of every temperature step) and measured data
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(the temperature steps) is presented in Table 4A-C. Neon-isotope ratios are shown in Fig. 2.
In order to evaluate the nature of any **Ne-excess it needs to be pointed out that the blanks of
the unexposed-container are most times offset towards crustal neon-components. Only in one
case the blank indicated neon-ratios of atmospheric composition. Neon released at higher
temperatures yielded isotope-ratios that plot either towards crustal components due to
elevated **Ne-concentrations or nucleogenic contaminations due to elevated *'Ne-
concentrations (Fig. 3). No trend is observable since two repeated 600°C heating steps vielded
first crustal and second nucleogenic signatures (note: an 800°C-step was performed in
between, but was pumped out for neon analysis). It is obvious that no major excess of *'Ne
can be observed to be of cosmogenic origin (as expected from a shielded and unexposed
container). However, we probably would have to assume that signatures of crustal or
nucleogenic origin would compromise exposed containers as well, unless the quartz sand used
could be degassed more efficiently prior to exposure. Such a non-cosmogenic excess is lower
than the measured value before storage (<3*10°atoms) but still would make 10-50% of the

total concentration after exposure (Table 4C).

Table 4A. Neon concentrations and ratios for un-exposed container 10, corrected with internal blank

Container “Ne error "Ne/"Ne  error “Ne/"Ne error “Newosmo error
temperature/time

[°C, min] ccSTP/4000g ccSTP/4000g atoms/4000g atoms/4000g

10(20,45") 4.20E-11 3.99E-12 2.95E-03 1.89E-04 9.84E-02 6.75E-03 -1.23E+04 4 96E+05

10(600,150") 4.68E-12 1.80E-12  3.05E-03 1.69E-03 9.80E-02 6.04E-02 1.20E+04 2.96E+05
10(600,210" 1.79E-11 2.37E-12  2.93E-03 4.45E-04 9.74E-02 161E-02 -1.55E+04 3.41E+05
10(800,300") 9.29E-13 1.78E-12  941E-03 1.91E-02 541E-02 2.65E-01 1.61E+05 6.72E+05
total {pos.} 1.73E+05

expected blank <3E+08

Table 4B. Neon concentrations and ratios for the un-exposed container 10, with separate data reduction
for blanks

Blank "Ne error “Ne/'Ne ermor “Nef Ne error ' Neosmo error
temperature/time
[°C. min] ccSTP/4000g ccSTP/4000g atoms/4000g atoms/4000g

Blank(20,45") 1.54E-12 4.17E-13  291E-03 542E-05 1.02E-01 4.67E-04 -2.09E+03 4.65E+04
Blank(800,45') 6.72E-12 1.82E-12  3.02E-03 2.01E-05 1.07E-01 2.80E-04 1.09E+04 2.07E+05
Blank(0,45') 5.35E-12 145E-12  3.20E-03 7.93E-05 1.20E-01 8.69E-04 341E+04 1.70E+05
Blank(800,45") 5.60E-12 1.52E-12  3.05E-03 3.25E-05 1.08E-01 3.36E-04 1.41E+04 1.74E+05

Table 4C. Neon concentrations and ratios for the un-exposed container 10, with separate data reduction
for each temperature step

Container “Ne error Nef'Ne eror “NefNe  error "Necosmo error *He'Ne
temperature/time

[°c, min) ccSTP/4000g c¢ccSTP/4000g atoms/4000g  atoms/4000g

10(20,45) 4.68E-11 1.27E-11 2.96E-03 3.23E-05 9.98E-02 1.78E-04 4.55E+03 1.43E+06 39.64

10(600,150% 8.19E-12 2.22E-12  3.09E-03 4.36E-05 1.05E-01 9.71E-04 2.80E+04 2.55E+05 7.26
10(600,210") 2.26E-11 6.14E-12  2.96E-03 9.02E-06 1.00E-01 3.01E-04 6.21E+02 6.91E+05 14.97
10(800,300) 4.54E-12 1.24E-12  4.52E-03 6.88E-05 1.02E-01 7.47E-04 1.91E+05 1.79E+05 0.59
total (pos.) 2.24E+05
expected blank <3E+06
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Un-exposed Container 10 - blanks
atmospheric-cosmogenic mixing line of quartz (Niedermann, 2002)
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Fig. 2 Neon-three-isotope diagram of the blanks of the unexposed container stored at the Geology department.
The blank of the unexposed container was measured after cooling to room-temperature of every temperature
step. Crustal neon-components dominate the isotope ratios.
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Fig. 3 Neon-three-isotope diagram of the various temperature steps of the unexposed container stored at the
Geology department. Crustal and nucleogenic neon-components dominate the isotope ratios.
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Summary

In summary, the unexposed container showed an inhomogeneous degassing pattern
and yielded nucleogenic and crustal neon-components, while a “cosmogenic” neon-
component was not observed. Helium and neon were most likely insufficiently degassed from
the quartz before storage or an in-growth of helium and neon over the 5 years of storage
occurred. In conclusion, from the first unexposed-container the degassing times for analysis
of containers, initially before exposure (to “clean” the container) and after exposure (to
release any accumulated component), are likely more than the 10h used so far. Current
experiments on newly designed containers (Strasky et al., 2004) with a smaller diameter (6cm
instead of 14cm) and filled with synthetic-quartz revealed low blanks of atmospheric
composition. Temperature control by thermocouples placed internally of the container
allowed additionally the reproduction of step-wise heating protocols. This new design

therefore represents a considerable improvement.

7.5.3 Exposed Containers
7.5.3.1 Container 12 - Gornergrat

Since the unexposed container 10 yielded unexpectedly high *He-concentrations the
analysis of the first exposed container 12 (Gornergrat) was made at less sensitive mass-
spectrometers (Supergnom and VG5400).

Helium concentrations and isotope ratios are presented in Table 5. Concentrations of
*He released increase with increasing temperature, but the total is less than observed in the
unexposed container. However, temperature steps were shorter than those of the unexposed
container. Helium-3-concentrations are increasing in the 700°C and decreasing in the 800°C
step (Table 5). *He/*He-ratios are highest in the 700°C-step. The room-temperature step
yielded less than 1% of *He and suggests low rates of helium diffusion out of the quartz. The
calculated total *He is 3.69*10° atoms/container. This value is about an order of magnitude
higher than that expected from cosmogenic production (including the indirect production of
*He via *H). At the moment we attribute this discrepancy to poorly developed measuring-
systematics of containers at the Supergnom/VG5400 mass-spectrometers. Another source of

*He can be magmatic helium insufficiently degassed prior to exposure of the container.
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Table 5. Helium-concentrations, ratios and calculations for Gornergrat-Container (12)

container *He error *Hel*He error R/Ra *He error

(temperature,

heating time)
[°C, min] [ccSTP] [ccSTP] atoms/4000g atoms/4000g
12(20, 45) 1.32E-09 3.68E-13 1.66E-05 2.30E-08 11.99 5.87E+05 8.32E+02
12(600,240) 5.74E-09 2.91E-13 3.81E-05 6.09E-08 27.54 5.88E+06 9.40E+03
12(700,180) 3.22E-08 6.33E-13 4. 18E-04 2.22E-07 301.73 3.61E+08 1.92E+05
12(800,180) 4.85E-07 8.77E-12 1.46E-07 5.46E-10 0.11 1.90E+06 711E+03
Total 5.24E-07 3.69E+08
expected atoms (no blank) 2.14E+07
expected aloms (including initial blank) 2. 15E+07
adding * He due to *H decay (*H/* He~1) 3.02E+06

total expected ° He 2.45E+07
subtracting measured blank (container 10) from measured fotal 3.67E+08
difference between measured total and total expected 3.42E+08

7.5.3.2 Container 11 - Jungfraujoch
Helium

Data from container 11 (Jungfraujoch) are presented in Table 6. The *He concentration
in the room-temperature step was considerable. Lowest gas amounts were released in the
200°C step and highest ones in the 800°C step. Two consecutive steps at 400°C with different
heating times gave similar concentrations. Commonly, cosmogenic “He in quartz is released
at much lower temperature than 800°C (Trull et al., 1991). The release of the highest
quantities of *He at this temperature in our experiment probably indicates that in the interior
of the container the nominal temperature of the 600°C-step was considerably lower than
600°C due to the low thermal conductivity (see above).

Similar to “He, the highest amounts of *He were released at 800°C (Table 6), but the
total amounts were lower than those in the unexposed container. Similar to the loose-sand
experiment and in container 10 and 12, highest amounts of *He were released at higher
temperatures as it was reported from quartz studies by earlier investigations (Trull et al.,
1991; Niedermann et al., 1993).

From all performed steps, an elevated *He/*He-ratio is observed in the room-
temperature step (Table 6, ~9R,) and suggests some diffusion of “He already at low
temperatures for this specific container. At 400°C, the *He/*He-ratio is highest and then
decreases steadily with increasing temperature, indicating a similar negative correlation as
observed by Trull et al. (1991). It was suggested that this is due to a different positioning of
the different helium isotopes in the quartz-lattice. However, for this container, any significant

amount of *He was most likely degassed prior to exposure.
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Table 6. Helium concentrations, ratios and calculations of Container-11-Jungfraujoch

heating step *He error *He error *Her'He error R/Ra °He'Ne

(°C, min)  [atoms/4000g] [atoms/4000g] [atoms/4000g] [atoms/4000g]

11(20,457) 4.75E+06 1.40E+05 3.62E+11 1.02E+10 1.31E-05 1.37E-05 943 56.55
11(200,240") 2 .58E+05 2.01E+04 -4 78E+09 2.34E+08 10.20
11(400,240 3.77E+06 1.20E+05 5.27E+10 1.50E+09 7.15E-05 7.97E-05 5146 27.30
11(400,570") 3.53E+06 1.13E+05 8.70E+10 2.46E+09 4.06E-05 458E-05 2024 1848
11(600,240") 1.85E+06 7.52E+04 4.90E+11 1.38E+10 3.78E-06 543E-06 272 1.66
11(800,240") 1.42E+07 8.67E+04 4.03E+13 1.14E+12 3.52E-07 761E-08 025 70.01

2.83E+07 Total

2.60E+07 expected atoms (no blank)
2.81E+07 expected afoms (including inifial blank}

2.99E+06 adding *He dueto *H decay ( *H/ He~1, see text)
2.81E+07 total expected °He

2.85TE+07 subtracting measured blank (container 10) from measured total
-2.33E+06 difference between measured total and fotal expected

The calculated total *He concentration is almost equal to the expected concentration
when corrected for *He by the concentrations of the unexposed container and *He produced
by *H->*He (Table 6). However, since nuclide concentrations of the unexposed and the
exposed container are similar and degassing was likely insufficient, any conclusions are
difficult to draw. Helium-4 was lower in the Jungfraujoch container, suggesting any pre-
exposure “He-concentration to be lower as well compared to the unexposed container. In turmn

this suggests that degassing of our unexposed container was incomplete and not reproducible.

Neon

Neon data are presented in Table 7, while neon isotope-ratios are plotted in Fig. 4. The
room-temperature data-points plot below atmospheric composition with a nucleogenic/MORB
signature. The 200°C and the two consecutive 400°C steps plot above the atmospheric
cosmogenic mixing line due to elevated **Ne-concentrations, indicating a crustal component.
The origin of this crustal (e.g., trapped) component is not clear. The 600°C step plots close to
the cosmogenic-atmospheric mixture line, suggesting a cosmogenic signature. Only a split of
the gas from the 800°C steps was measured due to high ’Ne concentrations. A first 800°C
(4h) data point is plotting close to the 25°C point, while a repeated 800°C (9.5h)-step yielded
even higher amounts of MORB/nucleogenic neon components (Fig. 4). Such components are
degassed at higher temperatures than cosmogenic neon (Niedermann, 2002). Therefore, only
the 600°C indicates cosmogenic *'Ne-excess over atmospheric. Any *'Ne-excess of the other

temperature steps represents non-cosmogenic components.
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Table 7. Neon concentrations, ratios and calculations of Container-11-Jungfraujoch

Container “INe aror “NeNe  emor  “Ne/Ne  error ?'Neexcoss error
(temperatureftime)  [ccSTP/ [ccSTPR/ [atoms/ [atoms/

°C, min] 4000 4000g) 4000g]  4000g]

11(25,45% 1.91E-11 2.56E-13 3.12E-03 4.48E-05 1.00E-01 3.70E-04 8.40E+04 3.75E+04

11(200,2407) 3.28E-12 5.73E-14 3.25E-03 7.20E-05 1.08E-01 1.13E-03 2.53E+04 0.27E+03
11(400,2407) 2.00E-12 4.72E-14 5.53E-03 227E-04 1.13E-01 3.28E-03  1.38E+05  1.46E+04
11(400,5707) 1.10E-12 4.07E-14 9.43E-03 6.31E-04 1.18E-01 6.84E-03 1.91E+05 2.15E+04
11(800,240") 9.10E-11 1.11E-12 3.41E-03 1.91E-05 1.03E-01 1.83E-04 1.11E+06 1.43E+05
11(800,240') 2.84E-11 4.10E-13 3.22E-03 3.56E-05 1.01E-01 1.20E-04 2.02E+05 5.53E+04
11(800,600') 7.20E-12 1.24E-13 3.15E-03 7.16E-05 ©.66E-02 3.34E-04 3.76E+04 2.00E+04

total cosmogenic from 600°C step  1.11E+06

expected atoms  3.98E+06
expected atoms (including blank) 6.98E+06

difference between fofal measured and expected 2.87E+(06

The calculated cosmogenic *'Ne concentration of the 600°C step is one third of the
expected concentration (Table 7). If we subtract the nominal excess of ?'Ne of the unexposed
container the resulting cosmogenic concentration would even be only 15% of what we
expected. Assuming the 400°C-temperature steps to have released cosmogenic *'Ne also
(although this temperature is commonly too low for sufficient release of cosmogenic *'Ne;
(Niedermann et al., 1993; Niedermann et al., 1994) the total cosmogenic *'Ne would again
correspond to 30% of the expected amount. We attribute this low measured cosmogenic

concentration to the insufficient degassing of the container as outlined earlier.

Container-11-Jungfraujoch

atmaospheric-comagenic mixing line of quartz {Niedermann, 2002}
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Fig. 4 Neon-three-isotope diagram of container 11 exposed for 4 years at the Jungfraujoch. Crustal neon-
components dominate the isotope ratios in the low temperature steps (£<600°C) while nucleogenic/MORB neon-
components dominate the isotope ratios in the 800°C steps.

115



Chapter 7 Artificial Targets

7.5.4 Summary of data

The measurements of artificial quartz targets reveal the following:

a) *He and *'Ne components in excess over atmospheric composition are detectable in
artificial targets and probably largely represent cosmogenic components. Nevertheless, non-
cosmogenic/non-atmospheric excesses in these isotopes may compromise the analyses.

b) The degassing of containers prior to exposure was likely insufficient and cannot be
assumed to be identical for all-containers. Non-cosmogenic helium or neon components were
not completely degassed.

) As a consequence of these shortcomings, this pilot study has not yet yielded useful
results to test and calibrate scaling models for terrestrial cosmogenic nuclides with altitude
and latitude. Fortunately, in a follow-up study, Strasky et al. (2004) observed much lower
blanks by using synthetically produced quartz and an improved container design, which

allows a better control on degassing of containers (see below).

7.6 Discussion and suggestions

In the following, some additional ideas and suggestions are outlined for further studies

and experiments and first results thereof are mentioned.

7.6.1 Container design
New designs for containers are currently tested at ETH using smaller tube diameters

(Strasky et al., 2004). Temperature control for step-wise heating procedures proofed to be
efficient and nominal temperatures were achieved, allowing a better thermal conductivity

within the quartz.

7.6.2 Optimal grain size
An optimal grain size would be the generally used grain size in surface exposure

dating studies (~50um<x<100um) since a well documented degassing behaviour would be
guaranteed (Niedermann, 2002). The use of synthetical quartz is preferable (Strasky et al.,
2004).
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7.6.3 The room-temperature step (diffusion of *He at low temperatures)
Elevated He-concentrations in the room-temperature step are measurable but were

variable. This indicates on the one hand some diffusion of helium out of quartz already at low
temperatures as suggested by e.g., Trull et al. (1991). On the other hand the variability of
amounts of gas released allows no general rule to conclude. However, the sealed containers

retain this component and therefore place no further problems.

7.7 Conclusions

As outlined above, there is a great potential in using quartz in artificial target
experiments for scaling terrestrial cosmogenic production rates with latitude and altitude.
However, a number of problems have been recognized in this pilot study. Target design and
measurement procedures are refined at the moment and give promising results (Strasky et al.,

2004).
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8 Conclusions and Outlook

Three major aspects of the fields of quantitative geomorphology and of terrestrial
cosmogenic nuclides were studied in detailed in this thesis and can be subdivided in:
(1) regional aspects of landscape evolution in northern Chile,
(i1)  the quantification of erosion rates in northern Chile using
terrestrial cosmogenic nuclides and sediment yield data

(i11)  studies of terrestrial cosmogenic nuclide systematics.

(1) Landscape evolution in northern Chile

The landscape evolution of the Andes of northern Chile from the late Miocene to
recent was controlled by surface uplift and enhanced effective water discharge. These changes
resulted in modification in landscape evolution from a stage of geomorphic decay to a phase
of topographic growth and relief formation. Specifically, some time after 7.5Ma, a phase of
base-level lowering, probably caused by surface uplift in the Coastal Cordillera, resulted in a
phase of headward erosion. This is indicated by knickzones in the longitudinal stream
profiles, separating older and younger graded stream segments. Therefore, the landscape is
interpreted as being in a transient phase of topographic growth. Since precipitation for the
same time interval is suggested to have been restricted to the higher parts of the Westemn
Escarpment and the Western Cordillera, landscape evolution on broad plains in most other
parts of the Western Escarpment and the Coastal Cordillera is not controlled by
fluvial/erosional processes. These geomorphic units resemble erosional surfaces with relict
drainage systems and steep hillslopes, predating the phase of incision. These denudating
surfaces are decoupled from active erosion in today’s major water-bearing channels and at
adjacent hillslopes. Morphometric parameters imply low diffusivities. Only at the higher parts
of the Western Escarpment and the Western Cordillera, upstream of the knickzones, can a
coupling of processes on hillslopes and erosion in channels be observed. There morphometric
parameters imply higher diffusivities. At the moment, it cannot be decided, whether the
locations of the knickzones of major rivers are stationary or are shifting towards the
headwaters. This is because the areas surrounding the knickzones represent (a) the lowermost
regions that receive annual precipitation, (b) they are located near an abandoned fault-system

(west-vergent thrust system, Munoz and Charrier, 1996) and (c) the bedrock lithologies vary -
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it is possible that further headward migration is unlikely to occur. However, Zeilinger et al.
(2005) concluded that incision enhanced localized buckling at the Western Escarpment in the
form of the Oxaya Anticline.

On a long-term and an escarpment scale, the system is in a transient stage and still
adapts to the modified situation, i.e., the base-level change sometime after 7.5Ma and the
enhancement of the orographic effect on precipitation. However, certain smaller scale
(hillslope) systems may be already in a topographic and erosional steady state, as suggested

by more diffusive landscapes.

(ii) Quantifying erosion rates

Terrestrial cosmogenic nuclide concentrations indicate very low erosion rates at the
lower to medium elevations of the Western Escarpment, with <100cm/My. These values hold
for timescales back into the late Miocene. In turn, for the upper Western Escarpment
elevations and the adjacent Western Cordillera, nuclide concentrations are in saturation and
erosion rates steadily increase up to <3700cm/My. These values must have prevailed for at
least the last ~10°yrs. Morphometric parameters such as hillslope diffusivities also correlate
well with increasing precipitation. Erosion rates, therefore, increase with altitude and with
increasing precipitation. Such a correlation of orographically controlled precipitation and
erosion rates is possible due to a relatively weak tectonic activity of the central Andes on the
timescale relevant for TCN-studies. At locations such as the Himalaya or the Southern Alps
of New Zealand, where tectonic activity and uplift rates are very high, correlation between
precipitation and erosion rates might not be discemible. In contrast, in northern Chile the
prevailing tectonic and climate regime allowed the preservation of Miocene formed surfaces,
even in an active orogen.

In northern Chile we have determined erosion rates by the analysis of the multiple
isotopes ’Be, “°Al and *'Ne. This approach allowed the simultaneous determination of
erosion rates and exposure ages and also to recognize complex exposure. On the other hand,
this approach also allowed to test whether erosion rates vary with time since the different
nuclides have variable half-lifes. Currently, on some of the samples, *C-measurements are
performed and *°Cl-analyses are planned. These two nuclides are much more sensitive to
short-term climate variations. Combined analyses will thus help to compare erosion rates on
short-term and long-term nuclides as discussed in this thesis. Extending the temporal scale in
the other direction towards values above 10Ma by fission-track-analysis, is currently in

progress (G. Zeilinger, University of Bern).
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Erosion rates determined by terrestrial cosmogenic nuclides and by the limited
sediment vield data are in a similar range only in those areas where active erosional processes
are governed by the higher rainfall rates, i.e., the Western Cordillera. Nevertheless, such an
agreement on widely different timescales is remarkable, especially given the fact, that the
short-term sediment yield data are strongly influenced by extreme events. To bridge this gap
between decadal and Ma timescales, we sampled river-born quartz sand in order to analyze
catchment-wide erosion rates (with '’Be and *'Ne). With this method, erosion rates are
averaged over spatial scales of the catchment and on time-scales of 10-100kys (Bierman and
Nichols, 2004). However, that method requires that the study area is in erosional equilibrium,

which has to be evaluated from place to place.

(iii) Terrestrial cosmogenic nuclide systematics

The feasibility of applying *He in Fe-Ti-oxide minerals and '’Be and *'Ne in sanidine
as terrestrial cosmogenic nuclides has been shown here. Such additional mineral-isotope pairs
will broaden the lithologies possible to use in TCN-studies at various geomorphic/geologic
sites.

The effect of impurities in quartz on terrestrial cosmogenic nuclide production was
quantified in order to make the technique more robust and to highlight eventual complications
in sample preparation, nuclide measurements and data interpretation. Although minor
amounts of impurities were detected in the analysed quartz samples from the ignimbrites of
northern Chile, they have no effect on the data interpretation. However, it cannot a priori be
assumed, that quartz from any genetic origin behaves similarly. Therefore, most likely each
quartz from a specific lithological domain should be tested during the course of the
purification of quartz for impurities.

In a final part of this thesis, it was shown, that artificial target experiments can
contribute to constrain existing scaling models of terrestrial cosmogenic nuclides. Although
the shortcomings of the pilot study did not allow a direct test of any scaling model, they

enabled to improve the target design for future studies.
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Additional samples

Neon

10 Appendix

(uncertainties stated are only analytical uncertainties; stat. Error £3%, sast. Error £3%)

LabCode

Chile, Arica
PO,6,38
PO,6,39
PO,6,40
PO,6,21
PO,6,22

FK,2,1
FK,2,2
FK,2,3
FK,2,4
FK,2,5
FK,2,6
FK,2,16
FK,2,17
FK,2,18
FK,2,19
FK,2,20
FK,2,21
FK,2,22
FK,2,23
FK,2,24
FK,7,4
FK,7,5
FK,7,6
FK,7,17
FK,7,18
FK,7,19
FK,8,16
FK,8,17
FK,8,18
FK,8,19
FK,8,20
FK,8,21
FK,8,22
FK,8,23
FK,8,24
FK,8,25
FK,8,26
FK,8,27
FK,8,28
FK,8,29
FK,8,30
FK,8,31
FK,8,32
FK,8,33
FK,8,34
FK,8,35
FK,8,49
FK,8,50
FK,8,51
k,18,04
k,18,05
k,18,06

Sample

FK-CN10 (550,20')
FK-CN10 (800, 15')
FK-CN10 (1500,15")
FK-CN28 (550,20')
FK-CN28 (800,15)
FK-CN1/1(550,20')
FK-CN1/1(800,15')
FK-CN1/1(1500,15")
FK-CN1b(550,20')
FK-CN1b(800,15'
FK-CN1b(1500,15')
FK-CN8b(550,20')
FK-CN8b(800,15')
FK-CN8b(1500,15")
FK-CN8c(550,20')
FK-CN8c(800,15')
FK-CN8c(1500,15')
FK-CN36/1(550,20")
FK-CN36/1(800,15')
FK-CN36/1(1500,15")
FK-111G(550,30')
FK-111G(800,30')
FK-111G(1750,15))
FK-24(550,30")
FK-24(800,30")
FK-241(1750,15')
FK-111A(400,15)
FK-111A(550,30)
FK-111A(800,30)
FK-111A(1750,15")
FK-111B(400,15)
FK-111B(550,30)
FK-111B(800,30)
FK-111B(1750,15')
FK-111C(400,30")
FK-111C(550,30")
FK-111C(800,20")
FK-111C(1750,15')
FK-111D(400,30")
FK-111D(550,30")
FK-111D(800,20")
FK-111D(1750,15')
FK-111E(400,30)
FK-111E(550,30)
FK-111E(800,20)
FK-111E(1750,15")
FK-T3-Ne(800,45")
FK-T3-Ne(1500,15')
FK-T3-Ne(1750,15')
FK-306-Ne(600,45')
FK-306-Ne(800,20')
FK-306-Ne(1750,20")

20Ne
[atoms/g]

5.62E+09
4.90E+09
3.68E+09
4.72E+09
2.90E+09
5.81E+09
4.78E+09
4.21E+09
4.96E+09
4.35E+09
3.15E+09
1.37E+10
3.68E+09
2.51E+09
2.64E+09
3.89E+09
6.89E+09
9.13E+09
3.13E+10
2.90E+10
2.28E+09
2.46E+09
1.75E+09
2.92E+09
3.44E+09
3.50E+09
2.28E+09
1.36E+09
1.34E+09
2.91E+09
1.34E+09
2.27E+09
1.17E+09
1.26E+09
1.05E+09
1.09E+09
1.03E+09
1.06E+09
1.18E+09
9.83E+08
1.23E+09
1.45E+09
1.11E+09
1.33E+09
1.48E+09
1.48E+09
3.11E+09
1.10E+09
1.01E+09
3.90E+09
2.98E+10
5.59E+09

error
[atoms/g]

2.48E+08
1.28E+08
7.26E+07
6.90E+07
5.92E+07
1.14E+08
9.72E+07
8.41E+07
9.90E+07
1.20E+08
1.04E+08
2.65E+08
7.48E+07
1.01E+08
4.27E+07
5.99E+07
1.01E+08
1.87E+08
6.15E+08
5.09E+08
3.74E+07
5.40E+07
5.12E+07
7.96E+07
9.62E+07
6.02E+07
5.14E+07
2.46E+07
3.48E+07
5.28E+07
2.87E+07
4.80E+07
4.21E+07
2.84E+07
3.18E+07
3.14E+07
1.74E+07
3.08E+07
2.51E+07
2.13E+07
1.85E+07
2.02E+07
3.32E+07
2.30E+07
2.98E+07
2.94E+07
4.48E+07
2.15E+07
1.85E+07
1.19E+08
9.11E+08
1.95E+08

“'Ne/*’Ne

4.30E-03
3.02E-03
3.11E-03
3.03E-03
2.97E-03
1.57E-02
3.46E-03
3.03E-03
1.76E-02
3.56E-03
3.34E-03
6.35E-03
3.16E-03
3.02E-03
1.07E-02
1.08E-02
3.28E-03
5.96E-03
3.46E-03
3.09E-03
6.36E-02
3.82E-03
2.98E-03
7.17E-02
3.50E-03
3.03E-03
3.91E-02
5.12E-02
3.22E-03
3.96E-03
4.25E-02
4.83E-02
3.54E-03
3.27E-03
3.70E-02
1.05E-01
3.73E-03
3.34E-03
2.66E-02
1.21E-01
4.40E-03
3.28E-03
2.33E-02
9.90E-02
4.25E-03
3.24E-03
4.17E-03
1.70E-02
3.00E-03
5.11E-03
3.35E-03
3.27E-03

efrror

6.47E-05
2.51E-05
1.31E-05
6.57E-05
2.63E-05
2.05E-04
3.11E-05
1.77E-05
3.51E-04
1.49E-04
3.56E-05
8.10E-05
3.00E-05
3.70E-05
3.11E-04
2.24E-04
1.81E-05
1.05E-04
1.34E-05
1.45E-05
6.80E-04
1.26E-04
1.49E-04
8.61E-04
1.11E-04
5.37E-05
2.92E-04
7.18E-04
1.04E-04
1.26E-04
5.45E-04
3.19E-04
1.42E-04
1.07E-04
4.66E-04
2.05E-03
9.49E-05
6.44E-05
4.17E-04
1.73E-03
3.67E-05
8.93E-05
2.54E-04
9.06E-04
3.24E-05
1.11E-04
1.24E-04
2.97E-04
1.04E-04
8.50E-05
4.17E-05
4.89E-05

“Ne/*Ne

1.04E-01
9.92E-02
1.03E-01
1.02E-01
1.02E-01
1.15E-01
1.03E-01
1.04E-01
1.22E-01
1.04E-01
1.03E-01
1.06E-01
1.03E-01
1.03E-01
1.13E-01
1.11E-01
1.03E-01
1.05E-01
1.02E-01
1.04E-01
1.73E-01
1.06E-01
1.03E-01
1.81E-01
1.01E-01
9.92E-02
1.47E-01
1.60E-01
1.02E-01
1.00E-01
1.47E-01
1.53E-01
1.01E-01
9.96E-02
1.45E-01
2.23E-01
1.04E-01
1.02E-01
1.30E-01
2.39E-01
1.05E-01
1.06E-01
1.22E-01
2.12E-01
1.02E-01
1.02E-01
1.03E-01
1.18E-01
1.02E-01
1.03E-01
1.02E-01
1.01E-01

efrror

2.56E-04
1.29E-03
3.16E-04
7.05E-04
1.52E-03
4.55E-04
6.87E-04
4.02E-04
1.87E-03
3.98E-04
5.30E-04
3.51E-04
5.68E-04
5.84E-04
1.82E-03
3.85E-04
1.95E-04
3.56E-04
1.74E-04
2.70E-04
1.35E-03
7.99E-04
1.20E-03
2.07E-03
1.02E-03
1.39E-03
1.44E-03
1.61E-03
1.60E-03
7.47E-04
4.72E-04
1.41E-03
1.49E-03
1.07E-03
2.39E-03
2.50E-03
7.70E-04
1.15E-03
1.75E-03
2.60E-03
1.69E-03
1.02E-03
1.79E-03
1.57E-03
5.40E-04
8.75E-04
9.40E-04
1.75E-03
2.35E-03
5.32E-04
3.09E-04
7.39E-04



Continued
LabCode

fk,18,25
fk,18,26
fk,18,27
fk,18,22
fk,18,23
fk,18,24
fk,18,19
fk,18,20
fk,18,21
fk,18,16
fk,18,17
fk,18,18
fk,18,13
fk,18,14
fk,18,15

Chile - biotite

fk,13,44
fk,13,46
fk,13,48
fk,13,50
fk,13,52
fk,13,54

Sample 20Ne

[atoms/g]

FK-115-Ne(600,45") 1.59E+09
FK-115-Ne(800,20") 1.24E+09
FK-115-Ne(1750,20") 3.04E+09
FK-116-Ne(600,45") 2.07E+09
FK-116-Ne(800,20") 1.33E+09
FK-116-Ne(1750,20") 5.96E+09
FK-117-Ne(600,45") 1.01E+09
FK-117-Ne(800,20") 7.51E+08
FK-117-Ne(1750,20") 8.79E+08
FK-118-Ne(600,45") 2.69E+09
FK-118-Ne(800,20") 4.49E+09
FK-118-Ne(1750,20") 1.92E+09
FK-119-Ne(600,45") 1.41E+09
FK-119-Ne(800,20") 5.74E+09
FK-119-Ne(1750,20") 2.25E+09
FK-CN19Bt-Ne(850,45") 2.60E+10

FK-CN19Bt-Ne(1750,20") 8.34E+09
FK-CN104Bt-Ne(850,45") 1.41E+10
FK-CN104Bt-Ne(1750,20") 2.09E+09
FK-CN111Bt-Ne(850,45") 2.86E+10
FK-CN111Bt-Ne(1750,20") 3.67E+09

Antarctica, Frontier Mountain (L. Folco, K Nishiizumi)

fk,11,07
fk,11,08
fk,11,09
fk,11,01
fk,11,02
fk,11,03
k,11,13
fk,11,14
fk,11,15
fk,11,10
fk,11,11
fk,11,12
fk,11,04
fk,11,05
fk,11,06

T772(600,45") 1.96E+09
T772(800,20') 3.65E+09
T772(1750,20) 1.89E+09
T773(600,30') 1.61E+09
T773(800,20') 1.07E+09
T773(1750,20) 1.29E+09
T775(600,45") 1.64E+09
T775(800,20') 8.14E+08
T775(1750,20') 9.21E+08
T778(600,45") 4.54E+09
T778(800,20') 9.66E+08
T778(1750,20') 1.23E+09
T781(600,45") 7.02E+09
T781(800,20') 2.67E+09
T781(1750,20") 8.63E+09

USA/Death Valley (M. Diihnforth)

fk,14,01
fk,14,02
fk,14,03
fk,14,06
fk,14,07
fk,14,08
fk,14,09
fk,14,10
fk,14,11

FK-90303-2-Ne(600,45") 2.02E+10
FK-90303-2-Ne(800,20") 3.11E+10
FK-90303-2-Ne(1750,20") 4.67E+09
FK-190303-1-Ne(600,45") 1.56E+10
FK-190303-1-Ne(800,20") 1.23E+10
FK-190303-1-Ne(1750,20") 3.43E+09
FK-10303-1-Ne(600,45") 2.26E+10
FK-10303-1-Ne(800,20") 2.72E+10
FK-10303-1-Ne(1750,20") 4.54E+09

Chile, Atacama Desert (J. Owen, K Nishiizumi)

fk,14,12
fk,14,13
fk,14,14

A2-Ne(600,45") 9.82E-10
A2-Ne(800,20" 1.05E-09
A2-Ne(1750,20") 2.89E-10

Chile, Lago Argentina (N. Glasser)

fk,19,06
fk,19,08

FK-CFG2-Ne(850,45") 2.22E+09
FK-CFG2-Ne(1750,20') 1.69E+09

error
[atoms/g]
4.50E+07
3.61E+07
8.86E+07
7.23E+07
3.71E+07
1.78E+08
3.56E+07
2.60E+07
4 47E+07
7.01E+07
1.26E+08
5.10E+07
3.68E+07
1.60E+08
6.30E+07

7.92E+08
2.58E+08
2.31E+08
3.51E+07
5.50E+08
7.36E+07

2.57E+07
5.34E+07
2.72E+07
2.67E+07
1.53E+07
1.57E+07
2.31E+07
1.24E+07
3.22E+07
6.61E+07
1.47E+07
1.59E+07
6.60E+07
2.68E+07
8.15E+07

2.31E+08
3.57E+08
6.53E+07
1.71E+08
1.47E+08
3.98E+07
2.65E+08
3.22E+08
6.55E+07

1.68E-11
1.79E-11
5.28E-12

1.72E+07
1.36E+07

“'Ne/*’Ne

5.82E-03
4.40E-03
3.17E-03
4.35E-03
4.31E-03
3.21E-03
3.21E-03
2.85E-03
3.02E-03
5.34E-03
3.11E-03
3.26E-03
5.79E-03
3.74E-03
3.12E-03

2.08E-02
8.48E-03
1.38E-02
5.06E-06
9.72E-03
1.15E-02

2.58E-02
4.90E-03
5.62E-03
5.22E-02
3.88E-03
3.42E-03
5.25E-02
4.27E-03
6.05E-03
1.06E-01
4.24E-03
9.16E-03
8.84E-02
3.50E-03
3.43E-03

3.56E-03
3.05E-03
5.40E-03
4.29E-03
3.15E-03
6.66E-03
3.81E-03
3.08E-03
1.06E-02

1.40E-02
3.85E-03
4.24E-03

3.01E-03
3.53E-03

efrror

9.81E-05
1.74E-04
1.19E-04
1.86E-04
1.43E-04
4.57E-05
8.37E-05
2.30E-04
1.06E-04
9.50E-05
4.23E-05
8.68E-05
1.53E-04
7.02E-05
1.14E-04

2.13E-04
1.70E-04
7.97E-05
4.56E-06
5.97E-05
2.18E-04

2.43E-04
6.77E-05
1.03E-04
5.17E-04
6.66E-05
7.06E-05
5.37E-04
2.33E-04
1.93E-04
8.77E-04
1.29E-04
1.74E-04
2.20E-04
6.57E-05
1.50E-05

2.13E-05
2.25E-05
7.93E-05
4.66E-05
2.21E-05
7.20E-05
3.62E-05
3.24E-05
1.12E-04

1.18E-04
3.71E-05
2.43E-05

8.40E-05
7.08E-05

“Ne/*Ne

1.06E-01
1.03E-01
1.01E-01
9.94E-02
1.03E-01
1.02E-01
1.01E-01
1.04E-01
1.01E-01
1.04E-01
1.02E-01
1.04E-01
1.03E-01
1.02E-01
1.00E-01

1.25E-01
1.05E-01
1.24E-01
1.02E-01
1.11E-01
1.11E-01

1.25E-01
1.05E-01
1.04E-01
1.55E-01
1.03E-01
1.02E-01
1.46E-01
1.03E-01
1.00E-01
2.21E-01
1.03E-01
1.04E-01
1.97E-01
1.02E-01
1.01E-01

1.02E-01
1.02E-01
1.06E-01
1.03E-01
1.03E-01
1.03E-01
1.03E-01
1.02E-01
1.06E-01

1.15E-01
1.03E-01
1.02E-01

1.01E-01
1.04E-01

efrror

2.70E-04
2.49E-03
1.35E-03
2.04E-03
2.31E-03
2.53E-04
5.63E-04
2.07E-03
1.30E-03
1.18E-03
3.76E-04
1.20E-03
9.82E-04
5.41E-04
7.87E-04

9.03E-04
1.35E-03
4.47E-04
1.26E-03
5.96E-04
5.71E-04

5.30E-04
7.01E-04
5.23E-04
8.86E-04
1.02E-03
1.89E-03
9.85E-04
1.62E-03
2.55E-03
1.13E-03
1.67E-03
1.09E-03
1.03E-03
7.33E-04
1.45E-04

4.63E-04
3.80E-04
1.04E-03
6.09E-04
5.12E-04
8.72E-04
4.46E-04
3.99E-04
1.05E-03

5.07E-04
5.74E-04
7.27E-04

8.45E-04
9.37E-04



Additional samples

Helium

(uncertainties stated are only analytical uncertainties; stat. error <3%)

LabCode

Sample

Chile, Arica, Pyroxene

fk,19,01
fk,19,02

FK-308-He(850,45")
FK-308-He(1750,20")

Chile, Arica, Biotite

fk,13,43

fk,13,45 FK-CN19Bt-He(1750,20")
fk,13,47 FK-CN104Bt-He(850,45")
fk,13,49 FK-CN104Bt-He(1750,20")
fk,13,51 FK-CN111Bt-He(850,45")
fk,13,53 FK-CN111Bt-He(1750,20")

Tibet (E. Gayer)
fk,12,01
fk,12,02

FK-CN19Bt-He(850,45")

GA98Aclean (850,45")
GA98Aclean (1750,20')

Chile, Lago Argentina (N. Glasser)

fk,19,05
fk,19,07

FK-CFG2-He(850,45")
FK-CFG2-He(1750,20')

*He
[ccSTP/g]

4.39E-13
1.74E-12

8.76E-12
1.65E-12
1.12E-12
6.51E-13
7.67E-12
3.15E-13

2.73E-13
1.81E-14

8.68E-13
2.41E-11

efrror

“He

[ccSTP/g] [ccSTP/g]

3.82E-14
1.06E-13

3.36E-13
8.00E-14
4.33E-14
3.01E-14
217E-13
2.07E-14

2.44E-14
1.05E-14

3.05E-14
1.09E-12

1.28E-08
1.48E-08

7.21E-06
2.57E-06
5.61E-06
1.92E-06
2.86E-06
6.19E-08

4.90E-07
4.80E-08

1.77E-07
4.78E-06

error
[ccSTP/g]

4.94E-10
5.66E-10

2.23E-07
8.00E-08
9.88E-08
3.38E-08
5.77E-08
3.54E-09

6.91E-09
6.82E-10

1.11E-09
1.77E-07

®He/*He

3.44E-05
1.18E-04

1.21E-06
6.40E-07
2.00E-07
3.40E-07
2.68E-06
5.08E-06

5.57E-07
3.78E-07

4.91E-06
5.04E-06

efrror

3.28E-06
8.47E-06

5.99E-08
3.69E-08
8.49E-09
1.68E-08
9.32E-08
4.43E-07

5.04E-08
2.18E-07

1.75E-07
2.95E-07

R/Ra

2477
84.66

0.87
0.46
0.14
0.24
1.93
3.65

0.40
0.27

3.53
3.62
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