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a b s t r a c t

Cosmogenic 3He surface-exposure dating has become an important tool in earth surface sciences. Py-

roxene, together with olivine, is the principal mineral phase for this technique, making 3He particularly

appropriate for volcanic lithologies. However, two important factors that affect the viability of the

method are the extensive, thus expensive, preparation procedure and the often under-constrained purity

of pyroxene separates. Here, we present an approach to preparing pyroxenes for 3He dating, adapted

from the quartz-separation method for 10Be and 26Al analyses, which utilises hydrofluoric-acid leaching

to improve pyroxene purity and streamline the pyroxene separation procedure. In addition to producing

abundant sample in relatively little time, the results of two experiments demonstrate that acid leaching

(i) yields samples of higher purity than conventional methods, reflected in slightly elevated 3He con-

centrations, and (ii) reduces 4He concentrations, in turn elevating the 3He/4He ratio. This new protocol

for preparing pyroxenes thus has the potential to increase the precision and accuracy of cosmogenic 3He

surface-exposure dating.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The suitability of cosmogenic 3He for geochronologic applica-

tions lies in its high and well-constrained production rate (e.g.,

Kurz,1986a,1986b; Cerling,1990; Lal,1991; Cerling and Craig,1994;

Licciardi et al., 1999; Dunai and Wijbrans, 2000; Gayer et al., 2004;

Amidon et al., 2008; Amidon and Farley, 2010; Goehring et al., 2010;

Blard et al., 2013), the low detection limit of helium, and the

effective retention of helium in common mineral phases, such as

pyroxene, olivine, zircon, and garnet, as well as FeeTi oxides (Gosse

and Phillips, 2001; Bryce and Farley, 2002; Gayer et al., 2004; Kober

et al., 2005; Amidon et al., 2008; Amidon and Farley, 2010). Since

helium is stable and has a low detection limit/production rate ratio,

this method potentially can be used to date surfaces ranging in age

from centuries (Kurz and Geist, 1999; Blard et al., 2006a) tomillions

of years (e.g., Bruno et al., 1997; Schäfer et al., 1999, 2000; Dunai

et al., 2005; Van der Wateren et al., 1999). Owing to the relatively

straightforward sample-preparation process, and because helium

can be measured on commercial sector-field noble gas mass spec-

trometers, cosmogenic 3He surface-exposure dating also is more

economical than other, costlier methods relying on accelerator

mass spectrometry (such as 10Be and 26Al) and can be performed in

house in nobleegas mass spectrometry laboratories.

Cosmogenic 3He (3Hecos) is produced in the mineral lattice

primarily through spallation reactions, with lesser amounts

derived from thermal-neutron capture on 6Li (Dunai et al., 2007).
4He also is produced cosmogenically, but in concentrations that

are negligible compared to other sources. Magmatic helium

(Hemag), derived from the mantle, is concentrated in fluid and gas

inclusions within the phenocrysts and can constitute a major

source of both isotopes (Kurz, 1986b). Radiogenic 4He (4Herad),

meanwhile, is produced in both pyroxenes and the parent rock via

U/Th-decay and 4He implantation from small mineral inclusions or

accessory minerals (such as zircons or monzanite) attached to the

pyroxenes and olivines (Kurz and Brook, 1994; Farley et al., 1996;

Gosse and Phillips, 2001; Blard et al., 2006a). This same process

also generates small amounts of 3He through interactions with

matrix-sited 6Li (Andrews and Kay, 1982). Each of these sources of

helium must be accounted for e and, if necessary, corrected for e

in order to make accurate surface-exposure age determinations
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Fig. 1. Schematic diagram detailing the acid-leaching procedure for separating pyroxene. ‘Pure pyroxene’ refers to samples in which, upon checking under a microscope, no foreign

material is observed.
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(Blard et al., 2006b). Ideally, non-cosmogenic helium concentra-

tions in samples are low.

To account for the presence in pyroxene and olivine of non-

cosmogenic helium, a two-phased approach was devised by Kurz

(1986a) in which samples first are crushed in vacuum and then

fused. Crushing preferentially releases magmatic helium trapped in

fluid inclusions, allowing the 3He/4Hemag ratio to be measured.

Subsequent fusion of the crushed material releases any remaining

helium, reportedly a combination of both magmatic and cosmo-

genic components. Using the equation

3Hecos ¼
3Hetotal �

��

3He
�

4Hemag
�

*
4Hetotal

�

where 3Hecos is the concentration of cosmogenic helium, 3Hetotal
and 4Hetotal are concentrations of those isotopes released by fusion,

and 3He/4Hemag is the magmatic ratio acquired by crushing, the

concentration of 3Hecos in a sample is determined (Kurz, 1986a). A

key assumption in this widely e and successfully e used approach

is that all 4He in a sample is magmatic (i.e., 4Hetotal ¼
4Hemag). In a

recent study, however, Blard and Farley (2008) suggested that

thorough consideration of non-cosmogenic helium is not yet

standard practise in 3He surface-exposure applications and high-

lighted the potential impact of 4Herad on geochronologic

applications. As a product of U/Th decay, 4Herad is generated both

within pyroxene grains and in the surrounding groundmass.

Additionally, the long stopping distance (w20 mm) of a-particles in

these minerals results in exchange between host and phenocryst

and can lead to relative helium enrichment (or depletion) of these

outermost layers. Blard and Farley (2008) concluded that, if 4Herad
constitutes a significant portion of the total 4He in a sample, failure

to account for this radiogenic component will result in over-

correcting for the effects of 3Hemag (Blard and Farley, 2008).

Accordingly, those authors presented a method by which 4Herad
concentrations within both mineral grains and in the surrounding

groundmass could be estimated.

Motivated by that study, we address an additional source of

uncertainty: the purity of pyroxene separates. Following standard

preparation procedures for 3He dating (see Section 2), pyroxene

separation typically is finalised by hand-picking (e.g., Kurz, 1986b;

Brook et al., 1995; Bruno et al., 1997; Licciardi et al., 1999; Schäfer

et al., 1999; Blard et al., 2009) and hence the resulting purity is

subjective and difficult to report, though typically 100% pyroxene

purity is assumed in the 3He age calculations. However, this

approach risks the incorporation of non-helium-retentive impu-

rities (e.g., feldspar, groundmass, accessory minerals) that poten-

tially could lead to over-estimation of sample weight and thus

Fig. 2. Electron-microscope images of non-leached (a, b) and leached (c, d) pyroxene from Coropuna andesite (sample COR-09-08), highlighting the physical effects of hydrofluoric

acid on pyroxene.
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underestimation of measured 3He concentrations. Moreover,

elemental analysis frequently is conducted for pure pyroxenes but

cannot account for contributions by minor amounts of such im-

purities. Here, we describe a simple but rigorous chemical

procedure for producing clean pyroxene separates. We make the

case that this new pyroxene separation procedure increases the

purity of pyroxene separates and makes the separation more

objective, cuts dramatically the amount of time spent ’hand-pick-

ing’ samples, and reduces the 4Herad background. The presented

approach also results in greater yields of pure pyroxene in less time

than the traditional hand-picking method. We discuss the impli-

cations of this procedure for improving the cosmogenic 3He dating

technique. Owing to its ready dissolution in hydrofluoric acid,

we note that the approach described here is not applicable to

olivines.

2. Methods

2.1. Hydrofluoric preparation of pyroxenes for 3He measurement

The conventional approach to preparing both pyroxenes and

olivines for helium isotope measurements exploits the high density

and magnetic characteristics of these minerals and uses predomi-

nantly mechanical means (e.g., Kurz and Brook, 1994; Schäfer et al.,

1999). Here, we describe a revised protocol for separating pyroxene

from andesite and dolerite that is an adaptation of the quartz

separation procedure for 10Be and 26Al analysis presented originally

by Kohl and Nishiizumi (1992). To demonstrate the efficacy of this

approach, we used pyroxenes derived from two very different li-

thologies: Peruvian andesite and Ferrar dolerite from Antarctica.

Andesite samples were collected from Nevado Coropuna (15�330S,

72�930W), a Quaternary stratovolcano located in the southern

Peruvian Andes (Fig. 3). Coropuna andesite is characterised by

phenocrysts of pyroxene (augite), plagioclase, titanomagnetite,

amphibole, and biotite set in a hyalopilitic groundmass (Venturelli

et al., 1978) and has been used effectively in two recent 3He surface-

Fig. 3. Map showing the locations of Nevado Coropuna, Peru, and Mount Howe,

Transantarctic Mountains.

Fig. 4. Comparison of helium concentrations (atoms/g) and 3He/4He ratios for non-leached (blue) and leached (red) aliquots, with 1 s uncertainty. 3He/4He ratios are given relative

to the atmospheric 3He/4He value Ra ¼ 1.384 � 10�6. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

G.R.M. Bromley et al. / Quaternary Geochronology 23 (2014) 1e84



exposure studies (Bromley et al., 2009, 2011). Samples of Ferrar

dolerite (formation age w177 Ma; Fleming et al., 1997) were

collected from Mt. Howe (87�220S, 149�300W), Antarctica (Fig. 3).

While this lithology has been used extensively in Antarctic 3He

surface-exposure studies (e.g., Bruno et al., 1997; Ackert and Kurz,

2004; Margerison et al., 2005), Ferrar dolerite can be problematic

to separate due to small mineral-size and considerable intergrowth

with minerals such as plagioclase and hornblende (Schäfer et al.,

1999).

Following the initial crushing steps described in Schäfer et al.

(1999), the 125e250 mm whole-rock fraction is leached in a

hydrofluoric-nitric acid cocktail to remove the majority of non-

pyroxene minerals as well as the outer layers of the pyroxene

grains. Fig. 1 shows a flow diagram of the individual separation

steps. Specifically, w100 g of whole rock is combined with 5%

HF: 2% HNO3 in a 2-litre Teflon flask and placed on a shaker table

for 24 h. While this treatment can be sufficient to dissolve all but

the pyroxenes, any remaining non-pyroxene material is removed

by repeating the process. Leached samples are rinsed in deion-

ised water and oven-dried at 50 �C, whereupon they are

inspected visually under a binocular microscope. For both li-

thologies investigated, leaching results in significantly larger

yields of pyroxene (averaging 5 g) in less time than the tradi-

tional method.

If necessary e for example, when the pyroxene concentration in

a rock is relatively low e the crushed rock can be passed through a

heavy liquid step to remove lighter minerals prior to the HF-

leaching. Occasionally, fluorites form on the surfaces of pyroxenes

during the HF-leaching process. These precipitates can be removed

by leaching samples in 6 M HCl on a shaker table (or unheated

ultrasonic bath) for w1 h. Visibly, the pyroxenes show evidence of

acid corrosion removing the outer pyroxene layers (Fig. 2), the

degree of which depends on the duration of leaching. In extreme

cases (e.g., three leaching periods), grains are riddled with holes

and have a structure akin to Swiss cheese (Ivy-Ochs et al., 1998).

Mineral surfaces are shiny, with no trace of adhering groundmass.

We present two experiments to test the effects, if any, of the new

pyroxene separation protocol (Fig. 1) on helium isotope concen-

trations. Experiment 1 uses pyroxenes from the Coropuna andesite

and Ferrar Dolerite and compares leached versus traditionally

separated pyroxenes from these samples. Experiment 2 assesses

the effects of progressively more aggressive leaching on pyroxenes

from the Coropuna andesite.

2.2. Experiment 1: helium concentrations in pyroxene from

Coropuna andesites and Ferrar Dolerites: leached vs. non-leached

aliquots

We compared helium concentrations in three multiple aliquots

of leached and non-leached pyroxenes from two samples: COR-09-

08 (andesite) from Nevado Coropuna and MHO-11-01 (dolerite)

from Mt. Howe. Non-leached aliquots of each sample were pre-

pared following the conventional methodology described above

(blue bars in Fig. 4). Leached pyroxene separates were prepared as

shown in Fig. 1 (red bars in Fig. 4). Helium measurements were

made on the same day to minimise the effects of mass-

spectrometer variability on analyses. Because this experiment

expressly was designed to assess the effects of leaching on helium

concentrations, we did not perform in vaccuo crushing on any

samples.

In both lithologies, leaching has a notable impact on helium

isotope concentrations. First, 3He concentrations are slightly higher

(w6%) in leached pyroxenes than in non-leached pyroxenes (Fig. 4;

Table 1), both for andesite and dolerite samples. Second, 4He con-

centrations in the leached pyroxene are less than half those of non-

leached pyroxenes. In both andesitic and doleritic lithologies,

average 4He concentrations are w60% lower (Fig. 4; Table 1).

Correspondingly, 3He/4He ratios are much higher in both sets of

leached aliquots than in those prepared traditionally. Table 2

compares helium concentrations from seven additional pyroxenes

separates, leached versus picked, from andesites collected from

Nevado Coropuna as part of a separate glacial-chronologic inves-

tigation. As this dataset illustrates, leaching routinely yields higher
3He concentrations than aliquots of the same samples prepared in

the traditional manner (Fig. 5). While the magnitude of this offset is

variable, owing to the differing amounts of groundmass removed

by leaching, we observed a mean increase of 5% (�2%) in the con-

centration of 3He concentration due to leaching (Fig. 5, Table 2).

Because the non-cosmogenic 3He contributions are negligible in

these samples (see Bromley et al., 2009, 2011), this effect translates

linearly into an increase of the 3He exposure age.

2.3. Experiment 2: effects of progressive leaching on helium

concentrations

We prepared fourw100mg aliquots of a single sample (COR-10-

04) of Peruvian andesite (Table 3, Fig. 6). Aliquot 1 was prepared

Table 1

Sample details and helium isotope data for leached and non-leached pyroxene separated from andesite and Ferrar Dolerite, as described in Experiment 1. 3He/4He ratios are

given as measured and relative to the atmospheric 3He/4He value Ra ¼ 1.384 � 10�6.

Sample number Type 3He (at./g) 1 s (at./g) 4He (at./g) 1 s (at./g) 3He/4He 1 s
3He/4He (R/Ra)

COR-09-08

Aliquot 1 Non-leached 1.32 � 108 3.74 � 106 3.36 � 1011 8.61 � 109 3.93 � 10�4 1.5 � 10�5 284

Aliquot 2 Non-leached 1.34 � 108 3.76 � 106 3.01 � 1011 7.74 � 109 4.44 � 10�4 1.69 � 10�5 321

Aliquot 3 Non-leached 1.35 � 108 3.73 � 106 3.14 � 1011 7.88 � 109 4.29 � 10�4 1.61 � 10�5 310

Mean Non-leached 1.34 � 108 3.74 � 106 3.17 � 1011 8.08 � 109 4.22 � 10�4 1.6 � 10�5 305

Aliquot 4 Leached 1.39 � 108 3.92 � 106 1.18 � 1011 7.61 � 109 1.18 � 10�3 8.32 � 10�5 853

Aliquot 5 Leached 1.37 � 108 3.88 � 106 1.52 � 1011 7.38 � 109 9.02 � 10�4 5.06 � 10�5 652

Aliquot 6 Leached 1.41 � 108 3.98 � 106 1.06 � 1011 7.47 � 109 1.32 � 10�3 1.0 � 10�4 954

Mean Leached 1.39 � 108 3.93 � 106 1.25 � 1011 7.49 � 109 1.13 � 10�3 7.79 � 10�5 820

MHO-10-01

Aliquot 1 Non-leached 1.46 � 108 3.81 � 106 8.48 � 1013 1.91 � 1011 1.72 � 10�6 4.51 � 10�8 1.2

Aliquot 2 Non-leached 1.5 � 108 3.81 � 106 8.03 � 1013 1.72 � 1011 1.87 � 10�6 4.76 � 10�8 1.4

Aliquot 3 Non-leached 1.47 � 108 3.89 � 106 8.32 � 1013 2.17 � 1011 1.76 � 10�6 4.69 � 10�8 1.3

Mean Non-leached 1.48 � 108 3.84 � 106 8.28 � 1013 1.93 � 1011 1.93 � 10�6 4.65 � 10�8 1.3

Aliquot 4 Leached 1.61 � 108 3.9 � 106 3.54 � 1013 4.54 � 1010 4.55 � 10�6 1.1 � 10�7 3.3

Aliquot 5 Leached 1.61 � 108 3.84 � 106 3.18 � 1013 4.17 � 1010 5.05 � 10�6 1.21 � 10�7 3.7

Aliquot 6 Leached 1.56 � 108 3.82 � 106 4.02 � 1013 5.12 � 1010 3.87 � 10�6 9.52 � 10�8 2.8

Mean Leached 1.59 � 108 3.85 � 106 3.58 � 1013 4.61 � 1010 4.49 � 10�6 1.09 � 10�7 3.3
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following the traditional non-leaching protocol; , Aliquots 2 and 3

were leached in 5% HF: 2% HNO3 on the shaker table for one and

two 24-h periods, respectively; and Aliquot 4 was prepared as

Aliquot 3, with the additional step of a 4-hour leaching in 1% HF: 1%

HNO3 in a heated (60 �C) ultrasonic bath. Leached samples were

checked under a microscope for any foreign grains prior to helium

measurement.

Among the four aliquots measured, we note that the mean 3He

concentrations in the three leached aliquots are 9% (�4%) higher

than that of the picked aliquot (Aliquot 1) (Fig. 6; Table 3). Together,

these data indicate that 3He is not being lost even during prolonged

pyroxene leaching and slight heating. In contrast, 4He concentra-

tions are on average lower 21% (�13%) in each of the leached py-

roxenes than in the non-leached aliquot (Fig. 6, Table 3), a pattern

that in general is consistent with Experiment 1. However, although

this decrease in 4He is not linear, we note that the most substantial

decrease in 4He is related to the final, most aggressive, leaching/

heating step exclusive to Aliquot 4.

3. Discussion

Our data demonstrate that more rigorous (and objective) py-

roxene separation techniques can improve measurements of

cosmogenic helium. Relative to non-leached samples, the leaching

experiments described here resulted in slightly (7 � 3%) increased
3He and (46� 22%) considerably lower 4He concentrations for most

aliquots. We attribute the elevated 3He to increased sample purity,

since leaching removes adhering, non-helium-bearing minerals

and groundmass that otherwise would dilute the signal-to-weight

ratio. Moreover, we note that the observed increase in 3He was

greater in the Antarctic sample than in the Peruvian pyroxene

(Fig. 4), suggesting that different lithologies may be more prone to

adhering impurities. Leaching would also remove any adhering

minerals that could themselves contain significant (and variable)

concentrations of helium, such as magnetite. There is no evidence

for 3He loss from pyroxene even during extreme leaching (Table 3).

The considerable decrease in 4He in the leached pyroxene likely

reflects removal of the outer fewmicrons of the phenocrysts by theT
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Fig. 5. Helium-3 ratios for the seven non-leached/leached pairs from Nevado Coro-

puna listed in Table 2, given as the ratio of 3He concentration in non-leached (P) to

leached (L) aliquots with 1 s uncertainty.
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leaching process. Visual inspection of leached grains revealed sig-

nificant acid corrosion of the mineral surface (Fig. 2). Since pene-

tration depth of alpha-particles/4He nuclei implanted by U/Th

decay of accessory minerals is on the order ofw20 mm (Farley et al.,

2006; Min et al., 2006; Blard and Farley, 2008), removal of exterior

micrometers of the pyroxene grains by the leaching process could

explain the reduction of the radiogenic helium component. This

concept is not a new one: (UeTh)/He investigations routinely

employ chemical or physical means to remove these 4Herade

enriched outer layers (e.g., Farley, 2002; Aciego et al., 2007;

Blackburn et al., 2007).

These results have compelling implications for 3He surface-

exposure dating. First, increased 3He concentrations due to

cleaner pyroxene produced by the HF-leaching protocol improve

the precision of 3He exposure-age calculations. As shown in

Table 2, surface-exposure samples consisting of leached pyroxenes

contain as much as 7% more 3He than their non-leached coun-

terparts. Second, the large reduction in 4He in both andesitic and

doleritic phenocrysts indicates that the radiogenic inventory of

the outer rims of pyroxene grains can be considerable even in

relatively young (<2 Ma) rocks. If one assumes all measured 4He

to be magmatic in origin (e.g., Kurz, 1986b; Brook et al., 1995;

Licciardi et al., 2001), the ‘corrected’ surface-exposure ages will

be erroneously young, as pointed out by Blard and Farley (2008).

Moreover, this approach might compromise the internal consis-

tency of a dataset, since concentrations of 4Herad e and thus the

magnitude of any magmatic correction e can vary among sam-

ples. Thus, our findings support the argument that 4Herad con-

centrations need to be accounted for in order to correct effectively

for magmatic helium. This goal can be achieved either through

physical removal of the outer few microns (e.g., Aciego et al.,

2007; this study) and estimation of internally produced 4Herad
(Blard and Farley, 2008) or via estimation of both implanted and

internal helium components (Blard and Farley, 2008), followed by

the standard in vacuo crushing procedure to measure magmatic

helium (Kurz, 1986b).

We introduce a simple yet robust HF-leaching step for the

separation of pyroxenes from various rock types for cosmogenic
3He dating. This methodology has the potential to (i) streamline the

pyroxene preparation process, thereby producing larger yields of

pure pyroxene in less time than the traditional method, (ii) remove

the ‘diluting’ effects of non-pyroxenematerial that might otherwise

escape visual detection, and (iii) reduce the radiogenic helium

background in samples from both young and old formations.
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