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Surface Exposure Geochronology Using Cosmogenic Nuclides: Applications 
in Antarctic Glacial Geology 

by 
Edward Jeremy Brook 

Abstract 
Cosmogenic 3He, 26Al, and lOBe have been measured in a variety of 

Antarctic glacial deposits in the McMurdo Sound-Dry Valleys region. The 
goals of this project were to provide age constraints for Antarctic glacial 
events, to investigate production mechanisms of 3He, lOBe, and 26 Al in 
terrestrial rocks, to constrain the importance of loss of 3He from quartz due to 
diffusion, and to refine methods of exposure-age dating. 

Moraines deposited in Arena Valley by the Taylor Glacier, an outlet 
glacier of the East Antarctic Ice Sheet, have exposure ages from -120 kyr to 2 
myr. lOBe and 3He ages of 122 ± 29 and 134 ±54 kyr, respectively, for the 
Taylor II moraine are consistent with deposition during isotope stage Se (- 120 
kyr) and with aerial expansions of the East Antarctic Ice Sheet during 
interglacial periods. Mean lOBe exposure ages for older moraines in the 
valley are 362 ± 26 kyr (Taylor III), 1.1 ± 0.1 myr (Taylor IVa) and 1.9 ± 0.1 myr 
(Taylor IVb). Because these older moraines were deposited at most-200m 
above the Taylor II limit their ages suggest that major ice sheet advances 
during the last 2 myr have been broadly similar in magnitude to changes 
during the last glacial-interglacial cycle. lOBe ages for stratigraphically older 
drift deposited by the Taylor Glacier allow extension of this conclusion to - 3 
myr. 

lOBe measurements in high altitude, pre-Pleistocene glacial deposits in 
the Dry Valleys preclude rapid uplift of the Transantarctic Mountains (400-
1000 m/myr) suggested by controversial biostratigraphic studies of Sirius 
Group tills. Comparison of measured lOBe concentrations in Sirius Group 
deposits with those predicted with a model of the effects of uplift on lOBe 
production suggests minimal uplift of the Transantarctic Mountains over the 
last 3 myr. 

3He, lOBe and 26Al ages for the "late Wisconsin" Ross Sea Drift, a 
glacial drift deposited on the coast of McMurdo Sound by the Ross Sea Ice 
Sheet, range from 8-106 kyr. The age range suggests that this deposit does not, 
as previous studies suggested, represent a single ice advance in response to 
lowered sea level at the last glacial maximum. The age range may reflect 
several ice sheet advances during the last glacial period. 

Paired measurements of 3He and lOBe in a number of quartz 
sandstones from the Dry Valleys region show that cosmogenic 3He is not 
completely retained on time scales of greater than 200 kyr. The 3He and lOBe 
data, combined with measurements of 3He concentrations in quartz as a 
function of grain size, suggest effective 3He diffusion coefficients in quartz 
from -lo-19 to lo-17 cm2 s-1. These values are one to three orders of 
magnitude greater than previous experimental determinations extrapolated 
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to low temperature. The data also suggest that 3He diffusion rates in quartz 
do not follow simple volume diffusion trends and are probably sample 
dependent. 

Crushing quartz grains in vacuo releases variable concentrations of 
3He and 4He and releases helium with surprisingly high isotopic 
compositions, up to 148 x Ra (Ra =atmospheric 3He/4He ratio: 1.384 x lQ-6). 
The high ratios suggest that crushing releases cosmogenic 3He. As a result, in 
vacuo crushing cannot be used to correct 3He concentrations in quartz for a 
magmatic or "non-cosmogenic" component, as is possible in olivine and 
clinopyroxene phenocrysts in volcanic rocks. 

Replicate analyses of quartz samples show widely varying 4He 
concentrations and constant 3He concentrations. These data allow constraint 
of the nucleogenic 3He/4He production ratio to less than 0.05 ± 0.2 Ra. 
Corrections to exposure ages for nucleogenic 3He are in most cases < 1 % of 
total3He. 

Depth profiles of lOBe and 26 AI in two quartz sandstone bedrock cores 
have exponential attenuation lengths of 145 ± 5 and 145 ± 6 g cm-2 (lOBe) and 
153 ± 13 and 152 ± 5 g cm-2 (26 AI). The close agreement between the apparent 
attenuation lengths for the two nuclides supports previous suggestions that 
the 26Aijl0Be ratio does not change with depth and therefore can be used as 
an independent chronometer. 3He profiles in 0.5-0.7 mm and 1.0-1.3 mm 
grains in one of the cores have scale lengths of 135 ± 6 and 152 ± 7 g cm-2, 
respectively. In the second core the exponential scale length for 3He (0.5-0.7 
mm grains) is significantly higher, 227 ±14 g cm-2. Models incorporating 
3He production by muons and neutrons, erosion, and diffusion suggest that, 
to explain the core data, muon-induced production rates of 3He must be 
greater than previously believed. Previously overlooked (n,T) or (n,3He) 
reactions on Si and 0 by relatively low energy (e.g., lO's of MeV) neutrons 
produced in muon capture reactions are a possible explanation for the 
discrepancy. 

Thesis Supervisor: Mark D. Kurz, Associate Scientist 
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Introduction 

Lack of adequate chronology is a primary problem of terrestrial 

Quaternary geology, particularly for events beyond the range of radiocarbon 

dating (e.g.,> 40 kyr). Exposed geological surfaces, such as striated bedrock, 

moraine boulders, fault scarps, and meteor craters, have obvious significance, 

but traditional absolute dating methods are not directly applicable to studying 

such features. New methods, based on the accumulation of cosmic-ray 

produced nuclides in rocks, are particularly promising for directly dating 

geological surfaces. 

In 1934, Grosse et al. first suggested that cosmic rays produce rare 

isotopes in terrestrial rocks. In 1955, Davis and Schaeffer suggested that 

cosmogenic 36cl could be used to date terrestrial surfaces. Early studies were 

hampered by the limited sensitivity of available analytical techniques. 

However, recent developments in accelerator mass spectrometry and 

improvements in noble gas mass spectrometry now allow accurate 

measurement of a number of cosmogenic nuclides in terrestrial rocks. The 

most commonly measured are 3He, 21Ne, lOBe (tl/2=1.5 x 106 yr), 26Al 

(tl/2=7.2 xloS yr), and 36cl (tl/2=3x loS yr). In the last decade a number of 

groups have developed the capability to make these measurements and 

application to geological problems is beginning (e.g., Kurz et al., 1990; Phillips 

et al., 1990; Brown et al., 1991; Nishiizumi et al., 1991; Phillips et al., 1991; 

Anthony and Poths, 1992; Brook et al., 1993). Several groups are also 

developing the capability to measure in situ 4lca (tl/2=1.02 x 103 yr) and 14c 

(tl/2=5.7 x 103 yr) (Fink et al., 1991; Jull et al., 1992). 

This dissertation describes thxe application of cosmogenic nuclides to 

several problems of Antarctic glacial geology, where the fundamental goal is 

to provide new age constraints for glacial deposits related to Quaternary and 
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earlier Antarctic glaciation. It also describes a number of efforts toward 

further understanding of cosmogenic nuclide production mechanisms, 

production rates, and assumptions inherent in exposure age dating. 

Production of Cosmogenic Nuclides in Terrestrial Rocks 

Background 

The primary flux of galactic cosmic rays (GCR) is composed mostly of 

protons (-85%), alpha particles (-15%), and a small percentage of heavier 

nuclei (Lal and Peters, 1967; Pomerantz, 1971). These high energy particles 

interact with molecules in the earth's atmosphere, producing secondary 

protons, neutrons, electrons, muons, and a variety of other particles. 

Cosmogenic nuclides are produced in terrestrial rocks by a number of 

different mechanisms, including spallation of major elements by secondary 

cosmic-ray neutrons, capture of thermal neutrons and muons produced by 

cosmic ray interactions in the atmosphere and in rocks, and spallation by 

neutrons produced in muon capture reactions (Kurz, 1986b; Lal and Peters, 

1967; Lal, 1987). 

Table 1 lists the most commonly measured cosmogenic nuclides in 

terrestrial rocks that show promise for surface exposure studies. Of these, 3He 

and 21 Ne are stable noble gases that can be measured with conventional 

magnetic sector noble gas mass spectrometers (e.g., Kurz, 1986b; Graf et al., 

1991; Staudacher and Allegre, 1991; Brook and Kurz, 1993; Kurz and Brook, 

1993; Pereda and Cerling, 1993). The stable isotopes are useful for surface 

exposure studies because they can act as integrators of cosmic ray exposure on 

long time scales, potentially up to several million years. Stability can also be a 

disadvantage because of the possibility of an "inherited" component not 
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related to the exposure age of the sample, either from previous exposure to 

cosmic rays, nuclear reactions within the earth, or primordial noble gases. 

The other nuclides in Table 1 are all long-lived radionuclides, and are 

most efficiently measured with accelerator mass spectrometers (principles of 

AMS are briefly reviewed in Chapter 2). The half-lives of these isotopes limit 

their utility for dating to specific age ranges dictated by the half-life and 

measurement precision. The availability of a number of nuclides with 

different half-lives, however, offers the possibility of examining 

"disequilibrium" effects that can be used to study erosion, past ice or soil 

cover, tectonic uplift or other tectonic activity, and a variety of other processes 

(see further discussion in Lal, 1991; Brown et al., 1991; and Chapter 5). 

Of the nuclides listed in Table 1, 3He, lOBe, and 26Al are the most 

widely measured and have been employed in the studies of Antarctic glacial 

chronology described in the following chapters. The production of 3He, lOBe, 

and 26 Al in terrestrial rocks, the methods of surface exposure dating, and the 

major geological and geochemical conclusions of this dissertation are 

discussed in the following sections of this chapter. 

Table 1. Commonly measured cosmogenic nuclides in rocks, target elements, 
half-lives, and approximate sea level production rates. 

Isotope Half-life Targets Production Rate 

(yr) (at g-1 yr-1) 
3He stable O,Si, Mg, Fe, Al 100-150 
21Ne stable Mg, Al, Si, Fe 80-160 
lOBe 1.5 X 106 0, Si, Mg, Fe,Al 6 (quartz) 
26Al 7.2 x 1os Si, Al, Fe, Mg 37 
36cl 3.0 X 105 Fe, K, Cl, Ca 8 (basalt) 
14c 5.7 X 103 0, Si, Mg, Fe 20 
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3 He Production Mechanisms 

3He is produced in terrestrial rocks primarily by spallation reactions 

with cosmic ray neutrons (Kurz, 1986a,b; Lal, 1987). Spallation refers to a 

variety of nuclear reactions involving disintegration of the nucleus due to a 

collision with a particle. More specifically, it refers to inelastic collisions 

where the incident particle energy is well above the binding energy of the 

target nucleus and at least one of the interacting particles is a complex nucleus 

(Shen, 1976). Energies involved in spallation reactions therefore must be 10's 

of MeV or greater, i.e., well above the binding energy of the nucleus. While 

neutrons are the dominant particle involved in spallation reactions in 

terrestrial rocks, a small percentage ( < 10 %) of the total production is due to 

spallation by secondary cosmic-ray protons and alpha particles (Lal, 1991). The 

total cosmic-ray proton and neutron fluxes are actually approximately equal at 

high energies (> 1000 MeV), but the differential energy spectra of neutrons 

and protons are very different below this value. The former shows a strong 

increase with decreasing energy and the latter falls off sharply due to proton 

ionization losses (Lal and Peters, 1967). Measured excitation functions 

("excitation function" refers to the relationship between nuclear reaction 

cross section and particle energy) for production of cosmogenic nuclides by 

protons and neutrons normally have a threshold energy at a few tens of MeV 

and reach roughly constant values near that energy (e.g., Walton et al., 1976; 

Qaim et al., 1982). Because these thresholds are at energies where the neutron 

component of cosmic rays dominates, most of the production is by neutrons 

(Lal and Peters, 1967). Furthermore, because the differential energy spectrum 

is exponential, with increasing numbers of particles with decreasing energy, 

most of the spallation-produced isotopes are produced at energies near the 

threshold energy. 
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Production of cosmogenic nuclides by spallation in rocks should be 

grossly dependent on rock composition, since it is not possible to produce an 

isotope heavier than the target element. Composition dependence also 

results from differing production cross sections in different elements. 

Helium production by spallation has been considered independent of rock 

composition within broad limits of about 20% (Kurz, 1986b; Lal, 1987; Brook 

and Kurz, 1993). This conclusion is supported by several observations. First, 

3He measurements in olivine and clinopyroxene phenocrysts from the same 

samples from Hawaiian lava flows have indistinguishable cosmogenic 3He 

concentrations (Kurz, 1986a,b). Second, 3He production rates in chondrites 

show only a weak, if any, compositional dependence (Eugster, 1988). Third, 

3He ages in quartz sandstones for an Antarctic moraine in the Dry Valleys 

region calculated with production rates based on olivine phenocrysts in 

Hawaiian basalts (Brook et al., 1993 [Chapter 4]; Chapter 5) agree well with 

lOBe ages calculated with production rates calibrated in quartz in glacial 

deposits in northern California (Nishiizumi et al., 1989). 

Lal (1991) calculated 3He production rates in a variety of common rock

forming elements (Si, Mg, Fe, 0, and Al) that show some slight compositional 

dependences (Table 2). His calculations are based primarily on cross-sections 

for 3He production by protons and assumed values of the cosmic ray neutron 

flux. Cross sections for protons are used because the relevant information for 

neutron interactions is not generally available. As a result, the calculations 

have large uncertainties, reported to be 25-30% or greater (Lal, 1991), but they 

are useful for examining relative production rates in different materials. 

Table 2 verifies the general conclusion that production rates do not vary 

greatly with rock composition in olivines, clinopyroxenes, and quartz. The 

most significant composition dependence in Table 2 is a result of the 
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relatively low production rate in iron. The use of production rates 

determined from magnesium-rich olivines (e.g. Kurz, 1986a,b; Cerling, 1990) 

to calculate 3He exposure ages in quartz (Brook and Kurz [Chapter 3]; Chapter 

5, Chapter 6) is justified by Table 2, since predicted differences between 3He 

production in Mg2Si04 and Si02 are less than 10% (Table 2). 

Table 2. Calculated 3He production rates (at g-1 yr"'1) at sea level and> 600 
geomagnetic latitude in a number of common rock forming elements and 
minerals from the elemental production rate dependence reported by Lal 
(1991). 

Target Production Rate Mineral Production Rate 

0 83 Si02 74 
Mg 50 Mg2Si04 68 
Al 47 Fe2Si04 50 
Si 66 MgSi03 70 
Fe 28 FeSi03 56 
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Thermal neutron capture may in some cases also produce appreciable 

3He. 3He is produced by thermal neutrons from 6u via the reaction 

6Li(n,a)T-3He (Morrison and Pine, 1955). Cosmogenic thermal neutrons are 

produced in the atmosphere and in rocks by the thermalization of fast 

neutrons and by muon capture reactions (Yamashita et al., 1966; Lal, 1987). 

The importance of this production mechanism depends on the lithium 

concentration in the rock and the concentrations of all other elements that 

absorb thermal neutrons. The rate of 3He production by this mechanism is 

given by eq. 1: 

(1) 

where a is thermal neutron cross section, [X] is concentration, and F is the 

thermal neutron production rate. Helium production by this mechanism is 

of course dependent on rock composition, but does not appear to be 

significant relative to spallation in most rocks at depths of less than one 

meter (Kurz, 1986b; Lal, 1987; Brook and Kurz, 1993 [Chapter 3]). 

Nuclear interactions with muons (negative ~-mesons) produce a 

number of cosmogenic nuclides. Muons are charged particles with mass of 

approximately 0.1 times the proton mass. They are unstable and rapidly decay 

to an electron, neutrino, and anti-neutrino. In interacting with matter they 

are captured by the nuclear coulomb field and cascade rapidly to the 1s level, 

where they decay or are captured by the nucleus (Charalambus, 1971). This 

process is represented by the reaction: W+(Z,A) ~ (Z-1, A)*+v~, where a 

proton changes into a neutron. The nucleus remains in an excited state and 

typically de-excites by emitting a number of particles, usually neutrons, 

producing a (Z-1,A-X) nucleus, where X is the number of neutrons emitted 
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(Charalumbus, 1971). Muogenic 3He can be produced in a number of ways. 

Direct muon capture reactions on Li produce very small amounts (less than-

1o-3 at g-1 yr-1 at sea level) of 3He and 4He through reactions like: 6Li(J.l.

,3n)3He or 7Li(J.l.-,4n)3He (Kurz, 1986b; Lal, 1987). These production rates are 

not significant in surface rocks (Kurz, 1986b; Lal, 1987). Thermal neutrons 

produced in muon capture reactions can also produce 3He via the thermal 

neutron reaction with Li described above (Lal, 1987; Chapter 7). In addition, 

neutrons emitted in muon capture reactions can have energies above 10 MeV 

(Charalumbus, 1971) and calculations of Lal (1987) suggest that they can also 

produce small quantities 3He by spallation (see Chapter 7 for further 

discussion). In general, the muon-induced reactions do not appear to be 

important at rock depths of less than one meter, producing less than 10% of 

the total3He in most common rocks. However, muons are weakly 

interacting particles. As described in Chapter 7, muon stopping in rocks has 

an exponential scale length of- 1700 g cm-2, while neutron interactions have 

a scale length of- 150 g cm-2. As a result, with increasing depth the muon

produced component should become more important. This effect was 

observed by Kurz (1986b), who attributed anomalously high 3He 

concentrations below one meter in a Hawaiian drill core to production by 

muons. Because of differences in attenuation for neutrons and muons, 

erosion of rock surfaces can increase the importance of the muon-produced 

component (Kurz, 1986b) and anomalous 3He depth profiles in Antarctic 

sandstone bedrock are attributed to this effect in Chapter 7. 

Small quantities of 3He are also produced by natural radioactivity in 

the earth's crust as a result of uranium and throrium decay. In the crust the 

primary production mechanism is the thermal neutron reaction with 6Li 

described above (Morrison and Pine, 1955). In this case the thermal neutrons 
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are indirect products of U and Th decay due to ( a,n) reactions on common 

rock-forming elements. The importance of this mechanism of 3He 

production depends on U, Th, and Li concentrations and the thermal neutron 

absorption properties of the material in question (e.g., equation 1). 

Cosmogenic 3He concentrations can be corrected for this "nucleogenic" 

component in quartz using the measured 4 He concentration and an assumed 

nucleogenic 3He/4He production ratio. This correction is effective because 

cosmic rays do not produce appreciable amounts of 4He relative to the natural 

quantities in most rocks. In the following chapters the radiogenic production 

ratio of 0.011 ± 0.04 x Ra (where Ra is the atmospheric 3He/4He ratio) 

determined by Trull et al. (1991) is employed as a correction factor. As 

discussed in Chapter 7 and in Brook and Kurz (1993) [Chapter 3] there is some 

uncertainty concerning this correction because the Li, U, and Th content of 

each sample, as well as the total thermal neutron capture cross section, are 

not known. The correction is in most cases quite small(< 1%), however, and 

contributes little uncertainty to exposure ages. As suggested in Chapter 3, in 

uranium rich rocks with young exposure ages this 3He component could be 

important. 

lOBe and 26Az Production Mechanisms 

In terrestrial surface rocks lOBe and 26 Al are produced primarily by 

spallation of major elements. In quartz, the mineral in which most in situ 

lOBe and 26 Al measurements have been made, lOBe is produced primarily by 

spallation of oxygen, and 26 Al primarily by spallation of 28Si (Nishiizumi et 

al., 1989; Sharma and Middleton, 1989). Both nuclides can also be produced by 

muon capture reactions (for example, 16o(!l-,4p3n)l0Be and 28si(!l

,p2n)26Al). Nishiizumi et al. (1989) have calculated the relative contributions 
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of both mechanisms. The importance of the muon-produced component 

relative to the spallation component changes with latitude and altitude 

because the muon flux is attenuated differently than the neutron flux. The 

altitude effect is most significant. Nishiizumi et al. (1989) estimated that at 

3.34 km altitude, 44 degrees N magnetic latitude, muons produce 7% of the 

total 26 Al and 6 % of total lOBe. At sea level the proportions are 17.5 and 15.6 

%, respectively. These estimates are theoretical calculations, their 

uncertainties are not adequately evaluated, and direct measurent of the 

production rates by this mechanism will be necessary to further constrain 

them. 

Natural radioactivity in the crust can also produce small quantities of 

lOBe and 26AL This subject was reviewed comprehensively by Sharma and 

Middleton (1989). The most important reactions are 7u(a,p)10Be, 

23Na(a,n)26Al, 9Be(n,y)l0Be, 10B(n,p)l0Be, and 13c(n,a)10Be (Sharma and 

Middleton, 1989). Alpha particles are produced in uranium and thorium 

decay, and as discussed above, the neutrons involved in these reactions are 

derived primarily from ( a,n) reactions. In crustal rocks such as granites and 

sandstones, lOBe production by these mechanisms is insignificant, producing 

equilibrium concentrations of -103 at g-1 at most. Calculated equilibrium 

concentrations of 26 Al in many common rock types are significantly higher, 

up to 5 x 106 at g-1 in granites. This concentration corresponds to- 100 kyr of 

exposure at sea level, and is therefore potentially significant in exposure 

dating. Chapters 5 and 6 discuss this issue further, and suggest the presence of 

significant nucleogenic 26 AI in some Antarctic quartz samples with young 

exposure ages. 
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Principles of Surface Exposure Chronology Using Cosmogenic Nuclides 

Introduction 

In theory, surface exposure ages are simply calculated from the 

measured concentration of a cosmogenic nuclide and its production rate. For 

a stable isotope the age (t) is simply: 

t=N/P (2), 

where N is concentration and P is production rate. For a radioactive isotope 

the age equation is: 

(3), 

where A. is the decay constant. The common assumptions of isotope 

geochronology are implicit in these simple calculations, which assume no 

non-cosmogenic component of the nuclide of interest, closed system behavior 

(no gain or loss except due to production and radiodecay), and known and 

constant production rates. 

In addition, because the exposure age of the surface, rather than the age 

of the rock, is being measured, a number of other important issues must be 

considered. These include the possibility of snow or soil cover of the surface 

of interest in the past, erosion, and the effects of shielding by surrounding 

topography. Production rates, the general effects of erosion, and topographic 

shielding, are discussed further below. All of these assumptions are also 
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discussed in the chapters that follow in the context of applied exposure dating 

problems. 

Because many of these assumptions are sample dependent, care in 

sample collection is crucial. In addition to the assumptions listed above, the 

stability and geometry of each sample must be carefully considered. Adequate 

understanding of each geological situation and the potential pitfalls of 

exposure dating are necessary, as illustrated by the discussions concerning 

dating moraine boulders in Chapters 4, 5, and 6. 

Production Rate Calibration 

Calibration of absolute production rates is a fundamental problem in 

cosmogenic nuclide research. Calculations of production rates using known 

nuclear cross sections, cosmic ray fluxes, and rock compositions are possible, 

but difficult, because adequate information, including accurate cross-sections 

for neutron interactions and detailed knowledge of the time-history of the 

cosmic ray flux and energy spectrum, are not available (Lal and Peters, 1967; 

Lal, 1991). Calibration using surfaces of known age is the preferred method. 

The major difficulty with this approach is finding appropriate surfaces with 

well-established ages. 

3He production rates have been calibrated by two groups working 

independently (Kurz, 1986a,b; Cerling, 1990; Kurz et al., 1990). Kurz et al. 

(1990) reported production rates in olivine based on 3He measurements in 

radiocarbon dated lava flows from Hawaii. Cerling (1990) reported 

production rates in olivine from a variety of basalt bedrock surfaces, the 

majority of the data coming from a well-dated wave-cut bench in the Provo 

shoreline of glacial lake Bonneville in Utah, USA (Cerling, 1990). Production 

rate calibration and comparison of production rates is complicated by the 
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altitude and latitude effects described below (see further discussion in Brook 

and Kurz (1993) [Chapter 3]). The measured rates do show approximate 

agreement, however. The production rate of Ceding (1990), recalculated to 

account for the (Bard et al., 1990) 14c calibration, is 398 ± 8 at g-1 yr-1 at 1445 m 

altitude. Scaled to sea level and high latitude (to normalize for the effects of 

the earth's magnetic field) using scaling from Lal (1991) this rate is 117 ± 4 at g-

1 yr-1. The Kurz et al (1990) production rate is based on 14C-dated Hawaiian 

lava flows < 2000 years old at different altitudes; scaling it to sea level and 

high latitude using Lal (1991) gives a mean of 178 ± 41 at g-1 yr-1. The large 

uncertainty is primarily due to the low age of the samples and resulting low 

cosmogenic 3He concentrations. Kurz et al. (1990), however, also reported 

several production rates for samples between 600 and 15,000 yr that varied by 

a factor of two. They suggested variability in the earth's dipole moment as 

one possible explanation for this effect. In theory, variations in the magnetic 

field strength would cause production rate variations because of the 

"filtering" efffect of the field on incoming charged cosmic ray primaries (see 

Brook and Kurz (1993) [Chapter 3]). Because of the analytical uncertainties for 

the measurements in the youngest samples this potentially important 

suggestion is subject to verification. Therefore, the production rate based on 

the youngest samples only is used here. Note that at high latitudes(> 50 

degrees Nor S) the magnetic field does not affect cosmic rays (Lal and Peters, 

1967). Dipole moment variations should therefore not cause production rate 

changes in Antarctica. 

To arrive at Antarctic production rates used in Chapter 5, 6, and 7 the 

altitude and latitude scaling factors of Lal (1991) were used to scale the two sets 

of data to sea level and high latitude (> 600 N or S) and the simple 
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uncertainty-weighted mean of the two was calculated, giving 118 ± 9 at g-1 yr-

1 

lOse and 26 Al production rates used in Chapters 5, 6, and 7 come from 

Nishiizumi et al. (1989) and are based on measurements in glacially polished 

surfaces in the Sierra Nevada Mountains. At sea level and high latitude 

those rates are 6 and 37 at g-1 yr-1, respectively, with a 10% uncertainty based 

primarily on uncertainty in the age of the glacial event forming the surface 

(Nishiizumi et al., 1989; Lal, 1991). 

Production rate calibration used during the course of this work has 

evolved over the past several years and the rates adopted here have changed 

slightly from initial production rate calculations used in Brook and Kurz 

(1993) [Chapter 3] and Brook et al. (1993) [Chapter 4]. Those studies employed 

3He production rates of Kurz et al. (1990) only and scaling from Lingenfelter 

(1963). Scaling the Kurz et al. (1990) production rates to sea level in Hawaii 

using Lingenfelter (1963) gives 147 at g-1 yr-1, and scaling that rate to high 

latitude suggests a production rate of 191 at g-1 yr-1. The altitude scaling 

based on Lingenfelter (1963) predicts a smaller increase in production rate 

with altitude than Lal (1991), and this effect offsets the decrease in production 

rate caused by including the lower rates from Cerling (1991). For example, 

Lingenfelter (1963) predicts a factor of 1.3 increase in the production rate 

between Hawaii and Antarctica and factor of 2.3 increase in production rate 

between sea level and 1200 m (the approximate altitude of most of the Arena 

Valley samples). Lal (1991), however, predicts a factor of 1.5 between Hawaii 

and Antarctica and 3.0 between sea level and 1200 m. The differences between 

the two approaches roughly cancel for samples at the latitude and altitude of 

Arena Valley and therefore updating the production rates does not change 

any of the conclusions of the earlier work (see further discussion of scaling 
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below). The new calculation does predict significantly lower 3He production 

rates at sea level in Antarctica than previously suggested. Agreement 

between 3He and lOBe ages for low altitude ( < 500 m) Ross Sea Drift samples 

calculated using the production rates described above (Chapter 6) suggests that 

the new approach is more accurate. 

Scaling Production Rates for Altitude and Latitude 

Because of the modulating affects of the earth's magnetic field and 

atmosphere on the cosmic ray flux, production rates must be scaled for 

altitude and latitude to calculate exposure ages (see Chapter 3 for further 

details). Most workers in this field have adopted the scaling factors published 

by Lal and Peters (1967) which are based on Lal (1958), but summarized in 

polynomial form in Lal (1991). These polynomials describe variations in 

"nuclear disintegration rate" as a function of altitude and latitude and were 

constructed by combining data from mobile neutron monitors or cloud 

chambers (either flown at one altitude and a variety of latitudes or one 

latitude at a variety of altitudes) and measurements of nuclear disintegration 

rates or "star" production in ionization chambers and nuclear emulsions. 

(Cosmic ray "stars" are the results of spallation reactions in photographic 

emulsions). The construction of the curves is described in Lal (1991) and Lal 

and Peters (1967), but the original information is published in most detail in 

Lal (1958). 

The logic of the construction of the curves is as follows, derived 

primarily from Lal (1958). Because observations show that the nuclear 

disintegration rates measured in nuclear emulsions and cloud chambers are 

proportional to slow ( < 30 MeV) neutron fluxes, the much more complete 

network of mobile neutron monitor data can be used as an index of relative 
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production rate variations. Neutron monitor data for one altitude at a 

number of latitudes, and altitude surveys at any one latitude, overdetermine 

the relative variations and are consistent (also see Lingenfelter, 1963). Lal 

(1958) used star production data to establish a proportionality between 

neutron flux and low energy star production rate for calculating production 

rates of cosmogenic nuclides in the atmosphere. He defined low energy stars 

as those formed by particles with energies of < - 400 MeV, forming stars with 

six prongs or less. Several corrections were made to the star production data 

that are included in the final published curves. The number of stars with 

less than 3 prongs is not well measured in emulsions and was calculated by 

Lal (1958) assuming an exponential relationship between number of stars and 

prong number for 1 and 2 pronged stars. The slope of the relationship varies 

with altitude and latitude, is only known with a precision of - 50 %, and is 

only determined in two locations. The total correction is - 20 % of the total 

star production and therefore this uncertainty is small but non-trivial. 

Although most of the cosmogenic nuclide production occurs below 400 MeV, 

Lal (1958) made an additional correction for stars with 7 prongs or greater 

using the same exponential relationship. According to Lal (1958) the high 

energy stars make up 8-30% of the totaL 

The uncertainties in the Lal (1991) polynomials are hard to evaluate, 

and some of the raw data are not published in a readily available form. 

However, given the discussion above, they must be on the order of 10 % 

based on the uncertainty in corrections for < 3 pronged stars. This 

uncertainty, combined with analytical uncertainties and uncertainties in 

independent ages used for calibration of 8-10 % (e.g, Lal, 1991), suggests a 

rough estimate of present production rate uncertainties (1-sigma) of- 15 %. 

Additional uncertainty, not explicity included in the 15 % estimate, may be 
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introduced by variations in scaling factors due to the solar cycle (Lal,1991; 

Brook and Kurz, 1993 [Chapter 3]), the correction for high energy neutrons 

described above, and possible variations in the earth's magnetic field strength 

(Kurz et al., 1990). 

In summary, although the curves of Lal (1991) have been adopted by a 

number of workers in the field as a standard, and are readily available in 

polynomial form, they are based on older cosmic ray data and future work 

should attempt to verify and update them. Large amounts of cosmic ray 

neutron data collected after 1958 are available (see, for example, Coxell et al., 

1965, and Potgeiter et al., 1980), which are consistent with the parameters used 

by Lal (1958). Attempts at verifying production rate variations with altitude 

by measuring production rates in lava flows as a function of altitude also 

suggest that the Lal (1991) scaling factors are accurate (Zreda et al., 1992), but 

more work of this kind is necessary. Experiments with artificial targets (e.g., 

Mabuchi et al., 1971; Kurz et al., 1991) placed at different locations should also 

be useful in this regard. 

Effects of Topographic Shielding 

Because the cosmic ray flux in the atmosphere has an angular 

dependence (e.g., Conversi and Rothwell, 1954), the production rate of 

cosmogenic nuclides depends on shielding by surrounding topography. The 

angular dependence, based on measurements in the atmosphere with angle

sensitive neutron detectors, has the form sinX(S), where xis -2.1-2.6 and e is 

the vertical angle between horizontal and the horizon (Conversi and 
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·Figure 1. Effects of topographic shielding on cosmogenic nuclide production 
rates. Solid line shows the relationship between shielding angle (angle 
between horizontal and horizon) and normalized integrated production rate. 
The dashed line shows the corresponding correction factor for the production 
rate. The curves are numerical integrations of the sin2.3 (theta) dependence 
of production rate reported by Nishiizumi et al. (1989), weighted for the 
variation in solid angle with theta. 
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Rothwell, 1954; Lal and Peters, 1967). Numerically integrating this function 

over 8=0 to 90 degrees, accounting for the change in solid angle over that 

range, gives a correction factor that can be used to adjust the production rate 

to account for topographic shielding (Fig. 1). In practice, this curve would be 

used by measuring shielding angles for all topography surrounding the 

sample and making the appropriate weighted or integrated correction to the 

production rate. For angles < 20-30 degrees the correction is minor to 

insignificant (Fig. 1). For all samples discussed in this dissertation the 

correction is negligible and was not applied. 

Depth Dependence of Cosmogenic Nuclides in Rocks and Erosion Effects 

Cosmic rays are attenuated exponentially in rocks in the same fashion 

as they are in air. The depth dependence of 3He, lOBe, and 26Al 

concentrations has been measured in several bedrock drill cores of 1-2m by 

Kurz (1986b); Brown et al. (1992), and during the course of this work (Chapter 

7). These studies show exponential depth-dependence with a scale length 

ranging from 150-165 g cm-2, with the exception of a anomalously long scale 

length of 227 ± 14 g an-2 observed for 3He in a core described further in 

Chapter 7. This exponential factor is used to normalize cosmogenic nuclide 

data for the effects of sampling over discrete intervals and to correct for 

shielding by overlying soil or rock cover. The exponential attenuation length 

is also fundamental information needed to calculate erosion rates (see below). 

Depth-profiles can also provide useful information about production 

mechanisms of cosmogenic nuclides and 3He loss due to diffusion (Kurz, 

1986b; Brown et al., 1992a; Chapter 7). 

Because of the attenuation of cosmic rays by rocks, erosion affects the 

build-up of cosmogenic nuclides and is an important consideration in 
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exposure dating. Assuming a constant erosion rate the concentration of a 

cosmogenic nuclide can be described by: 

where E is erosion rate in g cm-2 yr-1 and L is the exponential attenuation 

coefficient. Exposure ages can therefore be corrected for erosion if erosion 

rates can be independently constrained. The effect of erosion on apparent 

exposure ages depends on the erosion rate, the half-life of the nuclide, and the 

exposure time (Fig. 2). The top panel in Figure 2 shows that exposure ages can 

be significantly underestimated if erosion rates are not well-constrained. The 

figure also illustrates that the effect of erosion on the apparent age varies as a 

function of the half-life of the nuclide. Underestimation of the exposure age 

due to erosion is most significant for 26 Al, and least significant for 3He. 

Cosmogenic nuclides can also be used to determine erosion rates in a 

model-dependent way. At steady-state with respect to production and radio

decay equation 4 reduces to: 

N = p 
A+ o/r_ 

(5). 

This behavior can also be seen in Fig. 2. The bottom panel in Figure 2 

illustrates the effect of erosion on the concentrations of 3He, 26 Al, and lOBe as 

a function of time. Because concentrations reach steady states that depend on 

the erosion rate, erosion rates can be calculated if steady state has been 

reached. Without independent age constraint the erosion rate calculated this 

way is a 
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Figure 2. True age plotted against apparent age (top) and concentration 
(bottom) for 3He (solid lines), lOBe (dashed lines), and 26Al (dot-dashed lines) 
for no erosion (top curve in each series), erosion rate= 1 x lQ-5 g cm-2 yrl 
(middle curve in each series), and erosion rate=l x lo-4 g cm-2 yr-1 (bottom 
curve in each series). The top figure shows how erosion can affect the 
apparent exposure age. The bottom figure illustrates the approach to steady 
state that allows calculation of erosion rates. See text for further discussion. 
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maximum. With two or more isotopes of different half-lives the erosion rate 

can be further constrained if both give the same erosion rate (Lal, 1991). Such 

calculations have not yet been employed in a systematic way in application to 

geologic problems. Preliminary studies, confirming low erosion rates in 

Antarctica (Nishiizumi et al., 1991), and investigating denudation in 

Venezuela (Brown et al., 1992b), are encouraging. In most of the Antarctic 

samples discussed here the effects of erosion are not significant (see Chapters 

4, 5, and 6), but in other systems this may not necessarily be the case. 

Summary of Existing Uncertainties in Exposure Age Dating 

Cosmogenic nuclides have proven useful in providing new constraints 

for surface exposure geochronology. Future advances in this field will require 

further understanding of isotope systematics. The most important issue 

concerns obtaining better constraints on production rates and altitude-latitude 

variations in production rates for all significant production mechanisms. 

This absolute calibration requires measuring cosmogenic nuclides in 

independently well-dated surfaces. Lava flows and late Pleistocene age 

glacially eroded surfaces are the most promising candidates. A related 

calibration issue concerns the affects of the earth's magnetic field and 

potential field variations on production rates (e.g. Kurz et al., 1990). It will be 

crucial to understand the history and magnitude of these effects to fully 

utilize cosmogenic nuclides. 

The uncertainties in altitude-latitude scaling factors have not been 

given much attention by most workers in this field but they are very 

important in improving precision of surface exposure geochronology. 

Existing uncertainties in the Lal (1991) scaling, which is used by most workers 

in this field, are at least 15 %. This can be improved by a reevaluation of 
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existing cosmic ray data and by gathering new cosmic ray data. An additional 

way of improving scaling factors is to place artificial targets at various altitude 

and latitude (e.g., Mabuchi et al., 1971; Yokoyama et al., 1977; Kurz et al., 1991). 

Finally, further understanding of production mechanisms will be 

necessary to fully utilize the potential of cosmogenic nuclides. Current 

important problems related to the work discussed in this dissertation include 

further understanding the importance of 3He loss from a variety of mineral 

phases (Chapter 3), nucleogenic production of 26 Al and 3He (Chapters 5 and 

6), and the importance of production of all isotopes by muons (Chapter 7). 

Summary of Major Geological and Geochemical Conclusions 

This dissertation concentrates on applications of cosmogenic nuclides 

in Antarctic glacial chronology, where these techniques are ideal due to low 

erosion and weathering rates. In addition, because Antarctic glacial 

chronology is in many cases not well constrained, uncertainties in production 

rates and other issues of isotope systematics are not crucial to many major 

questions. 

Chapters 4, 5, and 6 describe several advances in understanding the 

history of Antarctic glaciation based on 3He, lOBe, and 26Al measurements in 

Antarctic glacial deposits. Chapters 3 and 7 discuss issues of 3He, lOBe, and 

26 Al systematics relevant to exposure age dating. The major conclusions of 

the work are the following: 

1) Moraines in Arena Valley, Antarctica, deposited by the Taylor Glacier, an 

outlet glacier of the east Antarctic Ice Sheet, have exposure ages ranging from 

120 kyr to- 2 myr. 3He and lOBe exposure ages for the youngest of these, the 

Taylor II moraine, confirm suggestions that it was deposited during 
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interglacial isotope stage 5 (-120 kyr) . The dating supports the suggestion that 

East Antarctic outlet glaciers advance during global interglacial periods, when 

precipitation rates increase in the interior of East Antarctica. Other moraines 

in Arena Valley cannot be placed in the context of the deep sea isotope record 

with as much certainty, but Chapter 5 discusses the possible stage 9 (-300-350 

kyr) or 11 (- 370-440 kyr) origin of the next oldest moraine, Taylor ill. The 

older moraines have climatic significance, however, because relatively small 

altitude differences ( < 200-300 m) between the youngest and oldest deposits in 

Arena Valley suggest relatively small changes in outlet glacier profiles 

throughout the Quaternary and late Pliocene, and by inference, relatively 

small changes in the East Antarctic Ice Sheet. In addition, the 

sedimentological character of all of these deposits suggests deposition by cold

based ice, indicating climate conditions similar to the present in this part of 

Antarctica throughout most of the last - 2myr (Chapter 5). 

2) Moraines and drift on the coast of McMurdo Sound, mapped as late 

Wisconsin by Stuiver et al. (1981), are Wisconsin in age, but 3He and lOBe 

exposure ages range from 8-106 kyr (Chapter 6). Chapter 6 suggests that the 

apparent drift limit, which has been used in reconstructions of a grounded ice 

sheet in McMurdo Sound at the late Wisconsin glacial maximum, may not 

strictly represent deposition at one time. The drift limit may represent 

several episodes of grounding line advance throughout the Wisconsin 

period. Analogous older drift, found above the presumed late Wisconsin 

drift limit, has exposure ages ranging from -100-500 kyr. The clear separation 

between the two groups of ages indicates that exposure age dating can be used 

to distinguish the two deposits. 
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3) Constraints on uplift rates are possible using cosmogenic nuclides, because 

production rates are an exponential function of altitude. Chapter 5 uses this 

effect to constrain uplift rates of the Transantarctic Mountains. This analysis 

precludes controversial uplift rates of up to 1 km/myr over the last 3 myr, 

suggested based on biostratigraphic evidence from high altitude glacial 

deposits in the Beardmore Glacier region (McKelvey et al., 1991). Comparison 

of models of the effects of uplift over that time period on lOBe concentrations 

with measurements in high altitude glacial deposits from the McMurdo 

Sound region suggests little or no uplift during the last 3 myr. 

4) Crushing quartz in vacuo releases helium with a wide range of isotopic 

compositions and 3He/4He ratios up to 148 Ra (Chapter 3). 3He/4He ratios 

released by crushing roughly correlate with total 3He concentrations, 

suggesting release of cosmogenic helium during crushing. This indicates that 

corrections for non-cosmogenic helium cannot be made by combination of 

crushing and melting as is possible in olivine and clinopyroxene in volcanic 

rocks. In addition, 4He concentrations in replicate analyses of the same 

samples vary significantly, in some cases by up to a factor of 3. This variability 

is attributed to extreme heterogeneity in U and Th concentrations (Chapter 3). 

5) Comparison of lOBe and 3He ages and detailed study of the dependence of 

3He concentrations on grain size in quartz suggest that 3He loss due to 

diffusion significantly affects Antarctic samples older than -200 kyr (Chapters 

3, 4, and 5). As described in Chapter 3, this loss is significantly greater than 

predicted by laboratory experiments (Trull et al., 1991). The reason for this 

discrepancy remains unclear. The most likely explanation, however, is a 
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change in the diffusion mechanism at low temperatures that was not 

resolved by the experimental measurements. 

6) Depth profiles of 3He, lOBe, and 26 AI in two cores collected from Antarctic 

sandstone bedrock (Chapter 7) confirm previous estimates of exponential 

production attenuation lengths of -150-160 g cm-2, with the exception of an 

anamolously long 3He profile in one core (attenuation length of 227 ± 14 g 

cm-2), attributed in Chapter 7 to the combined effects of 3He production by 

muons, 3He production by neutrons, and erosion, over a long(> 10 myr) time 

period. Including loss due to diffusion in the models of the combined effects 

of these processes suggests, however, that current estimates of 3He production 

rates due to muon interactions are not sufficeint to explain the profile. 

Chapter 7 suggests that direct production of 3He by spallation of major 

elements in rocks by neutrons produced in muon capture reactions may 

produce more 3He than previous calculations (Lal, 1987) indicate. 
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Helium Isotope Measurements 

Sample Processing 

Samples for helium isotope measurements were in most cases hand

picked grains of olivine or quartz of various size fractions. Rock samples 

were crushed in a manganese steel jaw crusher, and sieved in polyester or 

stainless steel sieves. In most cases the 0.5-1 or 1-2 mm size fraction was 

analyzed, although a wider range of size fractions (0.45-2 mm) were analyzed 

during experiments described in Brook and Kurz (1993) [Chapter 3] that 

examined the grain-size dependence of 3He concentrations. 

Gr~ins were picked from the sieved fractions under a binocular 

microscope. For quartz samples, whole quartz grains, rather than cemented 

multi-grain aggregates, which are very common in sieved fractions, were 

picked unless noted. For 3He analysis in olivine, intact grains free of surface 

contamination and adhering groundmass were picked. All grains were 

rinsed with distilled water and cleaned ultrasonically in acetone, methanol, 

and ethanol. Where surface contamination (primarily iron and manganese 

oxides) was significant grains were first cleaned ultrasonically in 0.1 N HCI or 

HN03. 

Helium Isotope Mass Spectrometry 

Helium isotope concentrations and 3He/4He ratios were measured at 

WHOI using the extraction line and mass spectrometer locally referred to as 

"MS2." This system has been described before (Kurz 1982; Kurz et al. 1987; 

Trull, 1989), but pertinent information is summarized here. The mass 

spectrometer is an all-steel, 25.4 em radius, 90 degree sector electromagnet, 

branch-tube design, with a faraday cup and electron multiplier for detecting 
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4 He and 3He, respectively. MS2 has an external source electromagnet and 

modified Nier-type ion source. The extraction line is an all-steel, two-stage 

cryogenic system constructed in the WHOI laboratory (Lott and Jenkins, 1984). 

The line and mass spectrometer are automated and controlled by a DEC 

PDPll/73 computer. 

Gas Release 

Gases are liberated from the samples in two ways. Mineral grains can 

be crushed in vacuo in stainless steel tubes ("crushers") attached directly to 

the extraction line. The samples are placed in the bottom of the tube, on top 

of a removable, reusable, stainless steel disk that protects the tube bottom. A 

magnetic steel cylinder is placed above the sample, and crushes the samples 

when moved up and down by three computer controlled electromagnetic 

coils placed around the outside of the crusher vessel. Crushing 40 times 

normally reduces quartz and olivine grains of up to 2 mm diameter to 

particles less than 0.1 mm diameter. 

Samples can also be heated and melted in an ultra high vacuum 

resistively heated furnace with a tantalum crucible, also connected directly to 

the extraction line. The furnace is a double-vacuum design, heated by a 

tungsten-mesh heating element outside the crucible, within a secondary 

vacuum system pumped by an oil diffusion pump. The secondary vacuum 

and extraction line are isolated from each other and from outside air by a 

double gold 0-ring flange at the top of the crucible. Water cooled electrical 

feed-throughs provide power through the bottom flange of the furnace. 

Samples are introduced into the crucible via a rotating "6-shooter" or "10-

shooter" device which consists of a flat stainless steel cylinder with drilled 

holes that hold the samples. The cylinder rotates around a bushing in a 
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stainless steel Conflat™ flange, and is operated by a rotary motion feed

through. The mechanism is rotated until the desired sample is over a hole in 

the flange, directly above the crucible, and dropped in the hot zone. The 

flange containing the rotation mechanism, and another flange below it, are 

cooled by water flowing through aluminum flange jackets that thermally 

isolate the samples from the furnace hot zone. Granular samples can be 

loaded directly into the sample holes in the "6-shooter" or "10-shooter" 

mechanism, and powdered samples are normally weighed into aluminum 

foil sample holders ("boats") that fit in the holes. No detectable excess blank 

is contributed by the aluminum boats. Power to the heating element is 

supplied from a variable transformer feeding a step-down transformer. 

Furnace temperatures are calibrated by measuring the power (voltage x 

current) through the heating element while measuring temperature in the 

bottom of the crucible with an optical pyrometer, through a pyrex window. 

During the work described here the normal practice was to completely melt 

olivine or quartz samples at an applied power of- 2700 watts, which 

corresponds to- 16000 C. Numerous furnace blanks at this and higher 

temperatures, before and after analyzing samples, indicated that this 

temperature was sufficient to completely release all helium from the samples. 

Gas Processing 

The gas extraction line consists of a gettering system and two stage 

cryogenic gas separation system (Fig. 1) described by Lott and Jenkins (1984). 

The line is constructed of 3 I 4 inch stainless steel tubing and all valves are 

pneumatically activated and controlled by the computer. Released gases are 

first exposed to two titanium sponge getters, one held at a 800° C and the 

other at room temperature to sorb H2. Remaining gases are then exposed to a 
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Figure 1. Diagram of noble gas extraction line used for helium isotope mass 
spectrometry of rock samples. IP=ion pump, RGA=rare gas analyzer, 
MP=mechanical pump, DP=diffusion pump, EM=electron multiplier, 
FC=faraday cup, LTCT=low temperature cryogenic trap, HTCT=high 
temperature cryogenic trap, Ti=titanium sponge getter, SAES=zirconium
aluminum getter. 
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Zr-Al SAES™ getter for further purification and removal of H2. The helium 

content of a small aliquot of the sample gas is analyzed by a VG Ratiomatic 

quadropole mass spectrometer and this measurement is used to determine 

how much of the sample is inlet to the cryogenic system and mass 

spectrometer. The purpose of this step is to limit the amount of helium 

actually in the mass spectrometer because previous work has shown that 

measured 3He/4He ratios can be affected by sample size (Kurz, 1982; Trull, 

1989). This step also avoids "memory" effects from large samples. The 

samples are split automatically by the computer program controlling the 

extraction line, and the fraction of the sample inlet is calibrated by splitting air 

standards of known helium concentration. At this point the remaining gases 

are exposed to a stainless steel frit at 26° K and then a charcoal trap at less than 

16° K. Both traps are cooled by a single helium compressor. The charcoal trap 

is warmed to a nominal temperature of 36° K to release helium to the mass 

spectrometer, while retaining neon. The temperatures of the traps are 

measured with a silicon diode (charcoal trap) and thermocouple (stainless 

steel frit). In practice, because temperature calibration of the sensors is not 

absolute, the optimum release temperature for helium is determined 

experimentally by measuring helium and neon while warming the trap. 

After sample inlet both traps are heated to approximately 65° K and 

remaining trapped gases are pumped away by ion pumps. 

Helium concentration and isotope ratio measurements are 

standardized by comparison with air standards. Air standards are collected in 

a calibrated, stainless-steel standard volume at known temperature, pressure, 

and relative humidity, and expanded into one of two large stainless steel 

tanks. During the expansion reactive gases are trapped on charcoal at liquid 

nitrogen temperatures. Standards are always collected at the same location 
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(Vineyard Sound beach at the WHOI Quisset Campus). Small aliquots of the 

large air standard are used as daily running standards and inlet to the 

extraction line via two aliquoting valves. The primary standard during this 

work was approximately 1.6-1.7 x 108 cm3 STP He. The exact value is 

determined to approximately 0.05 % and is dependent on the temperature, 

pressure, and humidity during collection of the standard. The isotopic ratio of 

air is assumed to be constant at 3He/4He = 1.384 x 10-6 (Clarke et al., 1976). A 

total of 48 samples, standards, and blanks can be processed in a typical daily 

run. 

Mass Spectrometry 

Samples are inlet to the mass spectrometer for 30s and the instrument 

is operated in static mode. The 4He beam is measured with a faraday cup 

(resolution of 1:230) and the 3He beam is measured with a Johnston 

Laboratories focused mesh electron multiplier (slit set for a resolution of 

1:650). The latter resolution is sufficient to completely resolve the HD peak 

from 3He. During analysis, the acceleration voltage is adjusted to switch the 

peaks, while the magnetic field remains constant. At the beginning of each 

analysis the mass spectrometer centers the HD+ peak on the electron 

multiplier, then steps the voltage to measure 3He and 4He. The 3He peak and 

baseline are measured 15 times and at the same time the 4He peak height is 

measured on the faraday cup. The 4He baseline is measured at the beginning 

of the cycle, before inlet, because the 4He beam creates secondary electrons 

that interfere with baseline measurements. The electron multiplier is 

operated in analog mode and the 3He and 4He peaks are integrated for 56s, 

while the baseline measurement is integrated for 14 s. The 4He baseline is 

integrated for 25s. 
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4He peak heights and 3He/4He ratios are calculated for each 

measurement by fitting a straight line to the 15 integrations of the 4He peak 

and extrapolating to the time of inlet. 3He/4He ratios are calculated by 

extrapolating the 3He/4He ratio of each integration to inlet time in the same 

fashion. This extrapolation is necessary due to depletion of the sample 

during analysis and grow-in of background. 

Helium blanks during the course of this work ranged from 2-3 x lo-ll 

cm3 STP 4He. The isotopic ratio of any individual blank is not well 

determined, but long term averages are of approximately atmospheric 

composition. This suggests that the blank is most likely due to small 

atmospheric leaks in the extraction line and mass spectrometer through 

copper gasket mini-Conflat™ and VCR™ seals. In practice, the blank levels, 

which are quite low compared to other laboratories, are the ultimate 

analytical limit. 

In a typical day, 15 to 20 primary air standards, 10 to 15 blanks, and 

several samples are run. Sample helium concentrations and isotope ratios 

are calculated based on daily means of helium concentrations and isotope 

ratios of standards and blanks. Uncertainty in any individual analysis is a 

combination of uncertainties in extrapolating to time of inlet and the 

variability of the air standards over the course of the day. Reproducibility of 

daily air standard 4He concentration and 3He/4He ratio were generally 0.2-0.6 

%and 1-1.5 %, respectively (1-sigma), prior to December 1992. The precision 

improved to generally 0.1% for the air size and< 1% for the ratio after 

December 1992, apparently due to more efficient ion source cleaning. Blank 

corrections are made using the average 4 He concentration of the blank and an 

assumed atmospheric 3He/4He ratio. For almost all of the samples described 

in this thesis blank corrections were minor (< 1-2 %). 
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Reproducibility of Helium Isotopic Composition of Standard Rocks 

Over the course of this work several rock samples were measured in 

replicate as a check on the long term reproducibility of helium isotope 

measurements. A mid-ocean ridge basalt glass, AL V892-1a, chosen for it's 

very low vesicularity, is used as a primary furnace standard in the laboratory. 

21 measurements {Table 1) yielded a mean concentration of 8.78 ± 0.19 x 10-6 

cm3 STP g-1 4He with a 3He/4He ratio of 8.27 ± 0.14 x Ra (both uncertainties 

are one standard deviation; Ra is the atmospheric 3He/4He ratio). No 

discernible trend in either the helium concentration or isotope ratio with 

time is evident. 

Two quartz samples were also measured in replicate over several years 

{Table 1). Sample SCW8-4-1 is a 500-710 micron sieved fraction of an 

Antarctic quartzite collected in 1987 from the Taylor II moraine in Arena 

Valley, in the Transantarctic Mountains. This sample has a lOse exposure age 

of approximately 350 kyr (Chapter 5). BW84-105 is a 500-1000 micron sieved 

fraction of sample from the Taylor IVb moraine in the same valley and has 

lOse exposure ages of approximately 2 myr. This sample was used for 

diffusion studies by {Trull et al. 1991). As discussed by (Brook and Kurz, 1993 

[Chapter 3]), and in Chapter 2, 4He concentrations in replicate quartz analyses 

vary significantly, in some cases by up to a factor of 3 (see Table 1). This 

variability is not an analytical artifact but reflects a real variability in the 

quartz grains, presumably due to heterogeneous uranium and thorium 

concentrations. In quartz samples with significant concentrations of 

cosmogenic 3He, however, 3He concentrations are reproducible (one standard 

deviation) within 9.1 % (BW84-105) and 7.5 °!o (SCW87-4-l). The better 

reproducibility for SCW87-4-1 is likely to be due to the restricted size fraction, 
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since previous work has shown that helium concentrations can be size 

dependent in quartz due to diffusive loss (Brook and Kurz, 1993). 

lOBe and 26 AI Measurements 

lOBe and 26 Al were measured in collaboration with Grant Raisbeck, 

Francoise Yiou, and Erik Brown at the 2 MV Tandetron Accelerator Mass 

Spectrometry (AMS) Facility at Gif-sur-Yvette, France. AMS lOBe and 26 Al 

measurements with this instrument have been described previously 

(Raisbeck et al. 1984; Raisbeck et al. 1987; Bourles 1988; Brown et al., 1990), and 

an additional overview of chemical processing and measurement procedures 

is provided below. The principles and advantages of accelerator mass 

spectrometry have also been described in detail before (see particularly a 

review by Elmore and Phillips (1987) and references therein) but a review of 

pertinent information is provided here. 

Sample Processing 

Samples were either quartz sandstones or quartz-bearing metamorphic 

or granitic rocks. Samples sizes varied, but were chosen to give a final 

quantity of approximately 107 atoms of lOBe in the final target material. This 

normally also yields between 3 and 6 x 107 atoms of 26 Al in terrestrial surface 

exposure samples. Contamination by lOBe produced in the atmosphere is a 

potential problem in surface exposure studies (Brown et al., 1991; Nishiizumi 

et al. 1989) and leaching procedures used were designed to prevent this 

contamination. Quartz sandstone samples were sieved and in most cases the 

0.5-1.0 mm size fraction was used for analyses to eliminate smaller grains that 

could have higher concentrations of surface contaminant lOBe. In some 

cases, where this material was not available, smaller (down to 0.1 mm) or 
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larger (up to 1 mm) size fractions were also used. Samples of well-lithified 

massive quartz (cobbles or boulders containing extremely lithified quartzites 

or vein quartz) were processed differently since they do not naturally split 

across pre-existing grain boundaries when crushed in a rock crusher. These 

samples were crushed in a jaw crusher or steel mortar and pestle to less than 

0.5 mm (in some cases < 1 mm). This smaller size fraction was chosen to 

make chemical dissolution faster and to insure that any contaminating 

mineral phases (feldspar primarily) would be eliminated in acid leaching 

steps. Granitic samples were also crushed in this fashion. 

All samples were leached in 25% reagent grade HN03, normally two 

times, either in ultrasound for four hours, or by shaking on a shaker table for 

four hours, to remove surface contamination and iron and manganese 

oxides. HCl would also be an appropriate acid for this step. Quartz samples 

were leached in 50% HF (Johnson Matthey-Ultrapure) in at least three, and up 

to five, separate steps of shaking for 24 hrs on a shaker table in screw-top 

teflon beakers, until a total of between 30 and 50% of the sample mass was 

gone. This type of procedure has been found to eliminate completely 

meteoric lOse (Brown 1991; Nishiizumi et al. 1989) and no signs of this 

contamination (unusually low 26 AI/ lOBe ratios, poor reproducibility of 

replicates) were observed in this study. Leached samples were dried, weighed, 

spiked with 500 )lg of stable Be (Merk Titrisol™ 1000 ppm Be standard) that 

has been shown to have a 10Be/9Be ratio of < 1-2 x 1Q-15 (G. Raisbeck, 

personal communication, 1991), and dissolved completely in 25 or 50% HF. 

When completely dissolved, samples were evaporated three times in teflon 

beakers in concentrated trace metal grade or sub-boiling distilled HN03 to 

remove traces of HF, which interferes with solvent extraction separation of 

Be and Aland can interfere in atomic absorption analyses of AI. After 
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evaporation the samples were brought to approximately 10 ml (exact amount 

determined by weight) in 2% trace metal grade distilled HN03, and a small 

aliquot was removed for stable aluminum analysis. After analysis the sample 

was spiked with enough stable aluminum (Johnson Matthey Atomic 

absorption standard- 1000 ppm) to make the total quantity in the sample 

approximately 1000 J..Lg. 

Several samples of granite and metamorphic rocks containing large 

percentages of quartz and feldspar (see Chapters 5 and 6) were processed 

slightly differently. These were also crushed to <0.5 or 1 mm, and then 

sequentially dissolved in HF in five steps to separate quartz from feldspar and 

other minerals, relying on the relatively lower reactivity of quartz (Kohl and 

Nishiiizumi 1992). After each step the samples were examined under a 

binocular microscope to qualitatively evaluate the amount of quartz in the 

samples. After five HF leachings no mineral phases other than quartz were 

visible. Stable aluminum concentrations in these samples ranged from 70 to 

130 ppm, well within the range measured for "pure" quartz from Dry Valley 

quartz sandstones (generally~ 100 ppm or less). 

Stable Aland Be measurements by GFAAS and ICAPES 

Initially, stable aluminum concentrations were measured by graphite 

furnace atomic absorption spectroscopy (GFAAS) at the Centre de 

Spectrometrie Nucleare et de Spectrometrie de Masse, in Orsay, France. After 

these initial measurements aluminum was measured by induction coupled 

plasma emission spectroscpy (ICPES) at WHOI, using an Instruments SA 

Jobin-Yvon JY38 VHR-C rapid sequential scanning ICPES with an automated 

grating drive (Bankston, 1988). An intercalibration experiment gave 

agreement of better than 3% for samples originally intended for GFAAS 
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analysis (lower dilution than used for ICPES). For ICPES analyses, 1 ml 

aliquots of the sample in 2% HN03 were weighed and diluted to 

approximately 10 ml by weight. These samples were analyzed at the ICPES 

facility using normal aspiration with a peristolic pump, and argon as the 

carrier gas. Al was measured at the 237.312 nanometer wavelength. Because 

the samples were spiked with Be several Be standards were analyzed for Alto 

check for interferences on the aluminum wavelength, but none were found. 

Aluminum concentrations were calculated from standard curves using 

matrix matched, gravimetrically prepared, standards. The machine was run 

in autosampler mode and the four standards were run at the beginning and 

end of the runs. Quality control standards run every five samples indicated a 

precision of better than 2% (1-sigma). Concentrations were calculated by 

correcting the measured values of the quality control standards to the true 

values and interpolating the correction throughout the run. 

Be was also measured by ICPES during calibration and testing of cation 

exchange columns. The 313.107 nanometer wavelength was used and 

analyses were made in the same fashion as described above, except that in this 

case both Be and Al were measured sequentially in the same samples. 

Separation and Purification of lOBe and 26 Al 

AMS analysis requires that fairly pure BeO and Al203 be prepared from 

the spiked samples. It is particularly important to remove boron and 

magnesium, which may cause isobaric interferences (lOs on lOBe and 26Mg 

on 26 Al). In addition, experiments at the Tandetron have demonstrated that 

in 26Al analysis 9sel7o, 9sel7oH, and 10sl6o injected into the accelerator 

can also interfere with 26 Al, indicating that careful attention to completely 
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separating Band Be from Al is necessary (G. Raisbeck, personal 

communication, 1992). 

In the beginning of this work, Aland Be were separated from spiked 

samples using solvent extraction techniques (Brown, 1990). Be was separated 

by extracting the Be-acetylacetonate (Be-AcAc) complex into carbon 

tetrachloride in the presence of EDTA. Samples in 2% HN03 were adjusted 

to pH 8 by the addition of 25% 4Na-EDTA solution in 125 or 250 ml 

borosilicate beakers. 2ml of acetylacetone was added and the solution was 

occasionally gently swirled to mix the reagents over 20 min. The sample was 

then added to a borosilicate glass separatory funnel with 10 ml carbon 

tetrachloride and shaken vigorously for 1-2 min. Because Be does not form 

strong complexes with EDTA, Be-AcAc is extracted into carbon tetrachloride, 

while Al-EDTA stays in aqueous solution. The organic phase of the 

extraction was separated into the original beaker containing the sample. An 

additional10 ml of carbon tetrachloride and 1 ml of acetylacetone were added 

to the aqueous phase in the funnel and shaken again for 1-2 min. The 

resulting organic phase was added to the material in the beaker. The aqueous 

phase (containing aluminum) was saved in a low density polyethelene bottle 

for later processing. 5ml of concentrated HCl (two-bottle distilled or trace 

metal grade acid) was added to the organic phase in the beaker, and the beaker 

was set on low-medium heat on a hotplate to evaporate the solution. The 

addition of acid is necessary to break the Be-AcAc bond. Be-AcAc is extremely 

volatile and omission of this step results in loss of Be upon heating. The 

solution normally evaporates to a brown precipitate containing Be and 

organic material. 5 ml of concentrated HN03 (two-bottle distilled or trace 

metal grade) was added and the solution evaporated slowly to dryness. Then 

5 ml of nitric acid and 0.5 ml of perchloric acid were added and the solution 
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again evaporated to dryness. Finally, an additional 5 ml of HN03 was added 

and the solution evaporated to dryness again. At this point the sample is 

normally a white-yellow-brown precipitate. The precipitate was dissolved by 

adding 100 ~1 HN03 and 5 ml of deionized water. The entire extraction 

procedure was then repeated one time, and the aqueous phase from the 

second extraction combined with the aqueous phase from the first. The 

material in the beaker after the second extraction and evaporation steps was 

transferred to a 15 ml centrifuge tube by adding 50 ~1 of HCl and ~ 1 ml of 

water to dissolve the precipitate (repeating this three times to insure efficient 

transfer). The solution was brought to pH 8 by adding ammonia, where 

Be(OH)2 precipitates. After 10 minutes of centrifugation the supernatant was 

poured off into the sample beaker and the precipitate was washed with pH 8 

water by mixing the precipitate with ~ 5 ml of pH 8 water on a vortex mixer. 

This procedure was repeated three times for a total of four precipitations and 

three washings. The purpose of this step is to remove boron, which does not 

precipitate as a hydroxide. The precipitate from the final centrifugation was 

transferred to a 10 ml quartz crucible by adding 100 ~1 HN03 and ~ 1 ml 

deionized water, mixing on the vortex mixer, and pouring the solution into 

the crucible. This was repeated a total of three times. The solution in the 

crucible was evaporated to dryness at low setting on a hotplate, then heated 

on the hotplate at high temperature for 30 minutes. At this point the 

material is usually white and powdery in appearance and is a non

stochiometric mixture of Be(OH)2 and BeO. The material is then heated in a 

bunsen burner flame or electrical ashing furnace for thirty minutes to convert 

all of it to BeO. 

The aluminum remaining in the aqueous phase of the above 

extraction was also initially extracted by a solvent extraction procedure. 
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Because EDTA forms strong complexes withAl, the EDTA must first be 

oxidized. This was done by repeated evaporation in concentrated HN03. 

This step was experimented with and the best strategy was to to add - 20 ml 

HN03 to the samples and heat them, covered with a watch glass, at medium 

temperature overnight on a hotplate, followed by two additional open beaker 

evaparations in 20 ml HN03. Poor yields in aluminum target preparation 

(see below) are attributed to inefficiency in this step, and oxidation with 

concentrated H202 and HN03 appears to be a better alternative (E. Brown, 

personal communication, 1992). The reaction with H202 can be somewhat 

violent, however, and small additions of- 1 ml at a time are necessary to 

keep the sample in the beaker. After oxidation, the Al-EDTA solution 

typically evaporated to a yellow crystalline mass (Na-nitrate crystals). This 

material was re-dissolved in 20-30 ml of deionized water. 5 ml of a reagent 

made from 95 ml deionized water, 5 ml ammonia, and 0.1 g 2-methyl 8-

quinolinol (2-methyl 8-hydroxyquinoline) was added to the solution and pH 

was adjusted to approximately 10 with ammonia. The quinolinol reagent 

forms very weak complexes with aluminum, but much stronger complexes 

with other elements (Brown et al. 1992). The solution was added to a 

separatory funnel and extracted twice with 15 ml chloroform. The organic 

phase was reserved until the procedure was completed in case of procedural 

errors. Al was extracted from the combined aqueous phase from the two 

repetitions by adjusting the pH to 7-8 and adding 3 ml acetylacetone. After a 

five minute wait the solution was extracted in a separatory funnel (2 times) 

with carbon tetrachloride and aluminum targets were prepared as described 

for beryllium targets. 

Several minor problems were encountered with the above techniques 

and some new methods were investigated. The largest problem is the 
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necessity to oxidize large amounts of EDTA to extract Al. This is time 

consuming, is not always reliable, and uses large amounts of acid. In 

addition, the extractions employing the quinolinol reagent and chloroform 

produce brown-gray precipitates and form emulsions, both of which are 

difficult to deal with in separatory funnels. One way to avoid this is to 

separate Be and Al first by ion exchange chromatography. A procedure was 

developed based on separation methods described by Ehmann and Kohman 

(1958) and Fairhall (1960). This work indicated that Be, an alkaline earth 

element, and AI, a group Ilia element, could effectively be separated by cation 

exchange. Two cation exchange columns were built from 0.7 em ID, 1 em OD 

borosilicate glass. The columns were loaded with 10 ml of DOWEX AG50-X 

100-200 mesh cation exchange resin, and the resin was cleaned with 10 bed 

volumes of 6N HCL The separation efficiency of the columns was tested 

using an artificial Be and Al standard and a replicate sample (KBA89-108) that 

had both been spiked withAl and Be (-0.5 mg Be and 1 mg Al). The latter 

was used to insure that there were no unusual matrix effects associated with 

dissolved quartz. Columns were preconditioned with 5 bed volumes of 1 N 

HCL The test sample and standard were evaporated to dryness and taken up 

in - 10 ml of 1 N HCL Each was loaded on a column and the elutant was 

collected in a 30 ml borosilicate beaker until the liquid level above the resin 

bed reached the bed surface. 10 aliquots of 1 N HCl were then added to the 

column, and the elutant from each addition was collected in a separate 10 ml 

beaker. Following the 1N HCl step, 5, 10 ml aliquots of 6 N HCl were added 

and the elutant from each was collected in the same fashion. All elutants 

were evaporated to dryness and then diluted in 2 % HN03 and analyzed for 

Be and Al simultaneously using the Instruments SA JY38 VHR-C ICPES. 

Good separation of Be and Al is obtained by this method (Fig. 2). The 
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efficiency of this separation procedure was further tested by measuring the Be 

and Al contents of the Be and Al fractions of four samples and a blank 

processed by the routine column method. This experiment showed that 

while no detectable Be was found in the Al fraction, the quantity of Al 

recovered in the Al fraction ranged from 75 to 100 %. This is most likely due 

to over-loading of the cation exhange resin with other cations in the rock 

matrix and increasing the resin volume would probably solve that problem. 

Alternatively, it may be necessary to extract Aland Be using an acetylacetone 

extraction prior to the column chemistry. Fine-tuning of the column 

procedure will require further work but as it stands it yields adequate results 

in most cases. 

For routine sample processing by the column method, the samples 

were taken up in IN HCl after the last HN03 evaporation step, and the 

aliquot for Al analysis was removed at that point. After spiking with stable 

Al the samples were loaded on the preconditioned columns. Be was eluted 

with 100 ml of 1 N HCL using four successive 25 ml aliquots of 1 N HCl, and 

all the elutant was collected in a 125 or 250 ml beaker. Al was eluted with 50 

ml of 6N HCl (two 25 ml aliquots), and all the elutant was collected in a 125 or 

250 ml beaker. The Al fraction was evaporated to dryness in the presence of a 

few ml of HN03 to oxidize any organic material left over from the columns, 

then transferred to centrifuge tubes and precipitated and rinsed as above. The 

Be fraction was evaporated to near dryness and dissolved in 2% HN03. The 

solvent extraction procedure for Be as described above was then performed. 

Initially the Al target was prepared by evaporating the HCl solution 

containing Al that came off the column to dryness, adding 1-2 ml of HN03 to 

oxidize organic material from the resin, evaporating that to dryness, then 

simply precipitating Al(OH)3 as described above for Be(OH)2. 
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Figure 2. Chromatagram showing separation of Be and Al by cation exchange 
chomatography. 
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This did not markedly improve the performance of the aluminum targets in 

the accelerator; 27 Al3+ ion currents remained below 100 nA and peaks in the 

E vs. dE spectrum that have been attributed to the injection of 9Be17o and 

10B16o remained in the spectra (see below). In an attempt to improve target 

performance the Al fraction from the cation exchange procedure was further 

processed by the 2-methyl 8-quinolinol method, or by a second cation exhange 

procedure. In either case the sample was first evaporated to dryness at low 

temperature and 1-2 ml of HN03 was added and evaporated to dryness to 

oxidize any residual organic matter. The latter procudure used a 15 ml 

disposable polyethelene column and 10 ml of DOWEX AG50X 100-200 mesh 

cation exchange resin, with cleaning and elution as described above for the 

first cation exhange step. The Al fraction from the second cation exchange 

step was again evaporated to dryness, and 1-2 ml of HN03 was added and 

evaporated to dryness to oxidize any residual organic matter. Precipitation of 

Al(OH)3 and preparation of Al203 proceeded as described above for Be and 

AI. This procedure was tested on three samples near the end of this work and 

it resulted in targets that had ion currents in excess of 200 nA, which is 

excellent performance for the Tandetron, and reduced the magnitude of the 

neighboring peaks (see Fig. 5, below) significantly. 

Accelerator Mass Spectrometry of lOBe and 26 AI 

Principles 

Accelerator mass spectrometry (AMS) has revolutionized the 

measurement of rare long-lived radionuclides in terrestrial materials in the 

last two decades. Prior to the development of AMS, these measurements 

were severely limited by the lack of sensitivity of conventional decay 

counting techniques. The general principles of AMS have been described in a 
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large number of publications, including Elmore and Phillips (1987), 

Litherland (1987), Middleton and Klein (1987), Raisbeck et al. (1984), and 

Raisbeck et al. (1987). Raisbeck et al. (1984) and Raisbeck et al. (1987) also 

provided specific information about the operation of the Tandetron for lOBe 

and 26 AI analysis. AMS combines the mass discrimination of sensitive mass 

spectrometers with the advantages of a multi-MV energy beam. The 

advantages of the high energy beam include the ability to use an electron 

stripping step to eliminate molecular interferences, the use of energy filtering 

devices like carbon foils to reduce isobaric interference, and the ability to use 

energy sensitive detectors, like the ER vs . .1E detectors described below, for the 

ultimate measurements and for discriminating among isobars. 

The Tandetron AMS facility at Gif-sur-Yvette is illustrated 

schematically in Fig. 3. The general operating principles are described here, 

and the details of lOBe and 26AI analysis are described below. The cesium 

sputter ion source produces a beam of negative ions accelerated at a potential 

of 20 KV. An electrostatic analyzer focuses the beam, which is bent by a 900 

injection magnet. The beam tube within the injection magnet is electrically 

insulated from the rest of the system and voltage across this section of the 

tube is switched during analysis to alternatingly inject a beam of the 

radioactive or stable isotope. The beam is accelerated to a nominal potential 

of 2 MV (differs slightly depending on the element analyzed). Because the 

beam consists of negative ions, elements that do not form negative ions are 

effectively removed. The negative beam passes through a stripper canal filled 

with argon. Collisions in the canal strip electrons from the elements in the 

beam, and also break apart molecular ions. The resulting beam consists 

normally of positive ions of the element of interest, in a variety of charge 

states, and is accelerated to ground. 
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Figure 3. Schematic diagram of the Tandetron AMS at Gif-sur Yvette. See 
text for explanation. 
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The beam is further steered by an electrostatic deflector and a first analyzing 

magnet, after which the stable isotope beam is normally detected in a faraday 

cup. The rare isotope beam is further bent by a second analyzing magnet. The 

detector system at the Tandetron facility at Gif-sur-Yvette is a gas ionization 

detector normally referred to as a ~E vs. Er detector. The detector is filled 

with a partial pressure of argon gas and methane, and separated from the 

beam line by a mylar foil. Ions passing through the detector ionize the 

detector gas, and the degree of ionization is measured across a series of plates 

kept at a potential difference of a few hundred volts. The series of plates 

allows measurement of both the rate of energy loss (~E) of the particle, and 

the total or residual (Er) energy. Most light ions have a unique ~E vs. Er 

signature, allowing separation of isobars, for example, lOB from lOBe (Figures 

4 and 5). 

lOBe Analysis 

AMS Be targets are prepared in the laboratory at Orsay by mixing the 

BeO in the quartz crucible with graphite. The resulting material is pressed in 

a molybdenum target holder (ion source cathode) and sintered under argon at 

18000 C in a resistively heated furnace. The ion source is operated at a 

cathode voltage of 3-4 KV (e.g., 3-4 KV is the energy of the Cs sputter beam). 

Beo- ions are produced in the source, and after focusing the injection magnet 

voltage alternates between injecting 9Beo- for 5 sand 10Beo- for 100 s. The 

Beo- ions are accelerated at a potential of 2.2 MV and electron stripping in the 

stripper canal produces positive Be ions, with Be2+ being the most abundant. 

The beam is accelerated in the second part of the tandem accelerator, then 

passes through the electrostatic analyzer, which selects for the Be2+ charge 

state. The two analyzing magnets further discriminate against ions of other 
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mass/energy states. The first magnet is set to direct the 9Be2+ beam to a 

Faraday cup, and the 10Be2+ beam is sent past, through a 200 J.Lg/ cm2 carbon 

foil, designed to reduce the lOB signal. The lOB isobar is a significant problem 

for lOBe analysis and the carbon foil causes 10B2+ ions to lose energy faster 

than 10Be2+ ions, allowing B and Be to be more effectively separated at the 

second analyzer magnet. At the carbon foil exit, the second analyzer magnet 

current is set to select for Be3+ ions instead of Be2+ ions. This further reduces 

the lOB background in the detector because the at this energy the 3+ charge 

state of Be is favored relative to B (Raisbeck et al. 1984). The beam then enters 

the detector region, where ~E and ER are measured and recorded on a 

Canberra model 88 bidimensional multichannel analyzer. lOBe is measured 

by counting the number of arrivals in a predetermined window in the ~E vs. 

ER spectrum (Figs. 4 and 5). Normally the lOB and lOBe peaks are well 

resolved because the ions have different energy loss and residual energy 

characteristics. In fact, the lOB count rate is routinely measured during lOBe 

analysis. At high boron ion currents (> 40,000 cps), however, "pileup" occurs 

in the detector. In practice, therefore, it is sometimes necessary to limit the 

ion current, thus limiting the precision of the lOBe measurement. Typical 

9Be2+ ion currents for the targets made for this work were between 500 and 

1500 J.Lamps, fairly normal for samples of this type. Boron contamination was 

observed in some targets and its source is not completely clear. It is possible, 

however, that atmospheric dust and perhaps sea-salt aerosols play a role. 

However, preparing targets in a Class 100 clean room did not appear to 

alleviate this problem. 

A normal measurement consists of a number of lOOs lOBe 

measurement periods, each grouped with two 9Be measurement periods. 
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Figure 4. lOBe ~E vs. Er spectra for quartz sample KBA89-104. The plot shows 
the energy and energy loss data collected on a multi-channel analyzer, each 
number on the plot is the log (base 2) of the number of events in each ~E vs. E 
region. The rectangular region between the two stars is the window of 
interest for lOBe and counts that fall within this window are counted as lOBe 
events. 
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Figure 5. 26Al ~E vs. Er spectra for quartz sample KBA89-104. As in Fig. 4 the 
upper right and lower left comers of the 26 Al window are denoted by the plus 
signs. The peak to the lower left side of the window is attributed to the 
injection of 9Be16oH and 10B16o ions into the accelerator (see text) . 
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Measurements are continued until a sufficient number of lOBe events are 

recorded in the detector. The 10Be/9Be ratio is calculated by comparing the 

measured ratio of lOBe counts to average 9Be ion current for the two 

surrounding 9Be measurement periods to the count/ current ratio for a 

standard of known 10Be/9Be ratio (NIST Standard Reference Material #4325, 

10Be/9Be = 2.68 xlo-11). The standard is run three times during the day and 

the count/ current ratio usually varies by less than 3 %. All samples contain a 

known amount of 9Be, and lOBe concentrations are calculated from the 

measured 10Be/9Be ratio. Uncertainties are calculated based on counting 

statistics for individual samples and an additional 5 %uncertainty that 

accounts for instrumental drift. Blank targets prepared during the course of 

this study had 10Be/9Be ratios of ~2 x lo-15 (near the optimum for this 

instrument). 

26 Al Analysis 

26 AI analysis is very similar to lOBe analysis, with a few important 

exceptions. AI-, rather than AlO-, is injected into the accelerator because of a 

very strong interfering 26Mgo- beam. Production of AI- ions is not as 

efficient as Alo- production, limiting AI3+ ion currents to ~200 nA or less, 

however, using AI- is advantageous because Mg- ions are not formed, 

minimizing potential interferences from 26Mg. After the stripper region in 

the accelerator the dominant charge state is A13+, requiring that the terminal 

voltage be set at 1.93 MV to allow the analyzer magnets to bend the Al beam 

enough to reach the detectors. The carbon foil is not used, and 27 Al is 

detected with a faraday cup between the first and second magnets, on the 

opposite side of the beam from the 9Be detector (Fig. 3). Detector gas pressure 

is slightly lower than in lOBe analysis due to the lower range of 26 Al ions. 
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The aluminum standard was prepared from a commercially available 26 Al 

standard by mixing it with stable 27 Aland is described by Raisbeck et al. (1983). 

It has a 26Alj27 Al ratio of 4.52 x 10-11. Data aquisition and calculations are 

similar to those described for lOBe above. 

As mentioned above there are some important isobaric interferences in 

26 Al spectra. The first, not mentioned previously, is due to occasional 

voltage break-downs (sparks) in the ion source that cause 26MgH- ions to be 

injected into the accelerator. Charge exchange in the accelerator region of the 

Tandetron can then produce 26Mg ions with very similar .1E v. Er 

characteristics to 26 Al3+. A circuit that stops data collection during a spark 

removes this potential interference. There are also a number of peaks in 26 Al 

spectra which are very close to, but resolved from, the region of interest for 

26 Al data collection. As mentioned above, experiments at the Tandetron 

have identified that these probably represent interference associated with 

9Be17 0 or 10B16o (G. Raisbeck, personal communication, 1992), which, due 

to charge exchange, can produce ions with similar rigidity to 26 Al. There is 

some concern that they will "tail" into the 26 Al window if large enough (Fig. 

5). As described above, clean chemical separation appears to minimize these 

interference problems. 

Lithium Measurements 

Lithium concentrations were measured in selected quartz samples by 

flame atomic absorption spectrophotometry using a Perkin-Elmer Model 403 

with an air I acetylene flame, hollow cathode Li lamp, red filter in, at the 670.8 

nm wavelength. Samples were cleaned in 25 % HN03, completely dissolved 

in a 3:1 HF:HN03 mixture, then evaporated to dryness three times in 

concentrated HN03 and brought up to a known volume in 0.3 N HN03. To 

76 



avoid losses due to ionization of lithium in the flame small quantities of a 

100,000 ppm CsCl solution were added to all samples and standards to make 

the final Cs concentration 1000 ppm. Standard curves were generated with a 

sequence of four standards in 0.3 N HN03 from 0 to 2 ppm. Internal 

precision of the measurements was 0.5 %, accuracy, based on a consistency 

standard, was better than 0.5 %. Five replicate measurements of sample 

BW84-105 yielded 16.9 ± 0.5 Jlg/g Li (2.5% precision); four replicates of BW84-

87 gave 5.6 ± 0.5 Jlg/g (8.9% precision). Analysis of BW85-105 by standard 

additions yielded a concentration of 17.1 Jlg/g, indicating that there are no 

significant matrix effects in the samples that affect the calibration using 

standard curves. 

More detailed Li measurements were made for two additional samples 

as part of the investigation of the depth dependence of 3He production 

(Chapter 7). These samples were first leached overnight in 1N HCl and then 

completely dissolved in HF and processed as above. Lithium concentrations 

were measured in the leachates and the total dissolutions. All of the lithium 

concentration data are shown in Table 2. 
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Table 1. Replicate helium isotope analyses for ALV892-la basalt glass and 
quartz grains from two Antarctic sandstones. 3Hef4He ratio reported relative 
to the atmospheric ratio (Ra) (Ra=l.384xto-6). 

ALV892-1A Basalt Glass SCW87-4-1 0.5-0.71 mm quartz grains 
Date 4He 3Hef4He Date 4He 3Hef4He 3He 

(cc STP/g) (R/Ra) (cc STP/g) (R/Ra) (cc STP/g) 
x1o6 x106 x1oll 

4/19/90 8.96 8.41 8/1/90 0.98 1.45 1.96 
5/5/90 8.84 8.41 10/2/90 1.13 1.38 2.15 

12/7/90 8.97 8.44 10/9/90 1.51 1.02 2.13 
5/7/91 8.78 8.10 11/6/90 0.87 1.92 2.30 

8/14/91 8.59 8.29 3/6/91 0.96 1.48 1.95 
10/17/91 8.73 8.14 5/7/91 3.81 0.45 2.38 
10/22/91 8.97 8.10 11/10/91 0.45 3.15 1.97 
10/28/91 8.98 8.29 11/16/91 0.95 1.50 1.97 
2/18/92 8.84 8.10 11/21/91 0.96 1.60 2.12 
2/20/92 8.72 8.31 12/3/92 1.93 0.00 1.95 
3/20/92 8.59 8.06 Mean 1.35 1.40 2.09 
3/22/92 8.63 8.38 SD 0.95 0.84 0.16 
3/31/92 8.73 8.45 %SD 70.18% 60.33% 7.51% 
4/8/92 8.99 8.48 
5/4/92 8.89 8.11 
5/7/92 8.70 8.33 BW84-105 0.5-lmm quartz grains 

5/14/92 8.93 8.10 8/18/86 1.44 9.88 19.72 
5/20/92 8.82 8.32 4/26/90 0.64 19.51 17.19 
7/30/92 8.33 8.16 4/26/90 2.51 5.15 17.94 
12/18/92 8.39 8.29 5/11/92 0.12 125.65 20.54 

3/24/93 8.94 8.40 1/27/93 0.22 67.72 20.79 
Mean 8.78 8.27 Mean 1.07 39.73 19.67 

SD 0.19 0.14 SD 0.92 47.99 1.78 
%SD 2.16% 1.70% %SD 85.70 120.78 9.07 
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Table 2. Lithium concentrations in selected Antarctic quartz samples. 

Sample 
BW84-105 
BW84-105 
BW84-105 
BW84-105 
BW84-105 
mean±lsd 

BW84-87 
BW84-87 
BW84-87 
BW84-87 
mean±lsd 

BW84-71 
BW84-71 
BW84-134 
AA86-14 
AA86-14 
AA86-15 
AA86-15 
BW84-33 
AA86-5 
AA86-16 

BAK90-81 leach* 
BAK90-81 bulk 

KBA89-77-12 leach* 

KBA89-77-12 bulk 

* overnight leach in 1 N HCl at 70 degrees C. 
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Li (~g/g) 
17.0 
16.5 
16.6 
16.8 
17.8 
16.9±0.5 

5.9 
5.1 
5.3 
6.1 
5.6±0.5 

6.6 
6.4 
3.6 
5.0 
5.1 
5.0 
5.2 
9.3 
7.7 
5.8 

4.6 
3.28 
below 
detection 
5.0 
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Chapter 3 

Surface Exposure Chronology Using in situ 
cosmogenic 3He in Antarctic Quartz Sandstone 
Boulders* 

*published in Quaternary Research v. 39, p . 1-10. Reprinted w ith permission 
from University of Washington Press. 
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In situ-produced cosmogenk helium ('HeJ provides a new tool 
for constraining histories of Quaternary geomorphic surfaces. Be
fore general application of the technique, however, the systematics 
and production rates of 3Hec must be well understood. In a com
panion study, 3He and 10Be da ta from sandstone and granite boul
ders in the Dry Valleys region of Antarctica have been used to 
constrain the ages of an important moraine sequence formed by 
the Taylor Glacier. Data from these deposits also provide infor
mation about the systematics of 3He in quanz that has important 
implications for geochronology based on 3Hec. In contrast to pre
vious results from olivine and clinopyroxene, crushing quanz in 
vacuo releases helium with high 3Hei'He ratios (up to 148 x R., 
where R. is the atmospheric 3Hef'He rat io), indicating that crush
ing cannot be used to determine the isotopic composit ion of 
trapped (i.e., noncosmogenic) helium in quan z. Analysis of3He in 
different s ize fractions of the same sam ples indicates significant 
3He loss not predicted by existing 3He diffusion data for quan z. 
The origin of the discrepancy is not clea r , but loss from these 
samples is not as significant as suggested by the limited data of 
previous studies. CH99l Unh·crsity or Was:hinJton. 

INTRODUCTION 

Measurement of nuclides produced in situ in rocks by 
cosmic rays provides a new tool for studying exposure 
histories of geomorphic surfaces. Cosmogenic 3He e Hec) 
is unique a mong the in situ-produced cosmogenic nu
clides in that it is stable and has a high production rate 
(about 150- 200 at g - 1 yr - 1 at sea level > 60° geomagnetic 
latitude) and a low detection limit ( - 104 atoms in the 
WHO! laboratory). Several recent studies have demon
strated the utility of 3Hec in determining exposure ages 
and erosion rates of olivine- and clinopyroxene-bearing 
volcanic rocks (Kurz , 1986a,b; Craig and Poreda, 1986; 
Kurz eta/., 1990; Cerling, 1990). This success is due to 
the well-understood systematics of 3He in olivine and 
clinopyroxene, and low diffus ion rates of 3He in these 
minerals (Kurz , 1986b; Trull eta/., 199 1). 3Hec has also 
been measured in quartz, in which a number of studies 
suggest , based on a limited amount of data, that loss of 
3Hec due to diffusion may be significant (Cerling, 1990; 
Graf eta/. , 199 1; Trull et a/., 1991). It is important to 
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understand further the behavior of 3Hec in quartz. how
ever. because quartz is common in continental rocks. is 
resistant to chemical and physical weathering. and is an 
ideal phase for determining in silll 10Be and 26AJ (e.g .. 
Nishiizumi eta/., 1989; Brown el a/., 1991). 

In a companion study. Brook et a/. (1993) use cos
mogenic 3He and 10Be in quartz to constrain the ages of 
an important sequence of Quaternary moraines in Arena 
Valley, in the Dry Valleys region of Antarctica. In this 
paper, several important aspects of the data that are gen
erally relevant to using 3Hec as a geochronometer are 
summarized , including a discussion of constraints on 3He 
production rates. noncosmogenic sources of 3He. and 
problems of 3He retention in quartz. 

PRODUCTION OF COSMOGENIC HELIUM IN 
SURFACE ROCKS 

Production Rates and Altiwde-Latitude Dependence 

3Hec is produced primarily by spallation of major ele
ments in rocks by cosmic ray neutrons (Lal and Peters, 
1967; Kurz. 1986b). Within the top meter of the earth 's 
surface other production mecha nisms. e.g .. muon
induced reactions and thermal neutron reactions with 
6 Li, are in most cases insignificant relative to spallation 
(Kurz. 1986b ; La! , 1987). 3He production by spallation is 
considered independent of rock composition (within 
- 20%) based on theoretical evidence (Lal, 1987, 1991) 
and measurements of 3Hec in meteorites (Bogard and 
Cressy, 1973 ; Eugster, 1988). 

Accurate production rates are of primary importance 
for geochronology based on cosmogenic nuclides. Cali
bration of 3He production rates has concentrated so far 
on 3Hec in olivine and clinopyroxene from dated basalt 
flows in Hawai i (Kurz, 1986b; Kurz et a/., 1990) and Utah 
(Cerling, 1990). Because the cosmic ray flux at the earth's 
surface is a function of altitude, latitude, and the solar 
cycle (e.g. , Lal and Peters, 1967; Merker et a/. , 1973) , 
calibrated production rates at other locations must be 
scaled for these effects. The altitude dependence is nor
mally considered an approximately exponential function 
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of atmospheric pressure (e .g ., Mabuchi eta/., 1971) that 
can be described by Eq. I , 

(I ) 

where P0 is sea-level production rate. P is production 
rate at altitude , dis depth in the atmosphere in gem - 1 , 

and L is an apparent vertical attenuation length (1033 g 
em - 2 is atmospheric depth , or pressure , at sea level). 

Production rates vary with latitude due to the effect of 
the earth ' s magnetic field on incoming cosmic rays. At 
the top of the atmosphere , the flux of lower energy par
ticles is higher at the poles than near the equator, while 
the flux of higher-energy particles (>- 10 GeV) is inde
pendent of latitude (Lal and Peters , 1967). As a result . 
production rates in surface rocks at any s ingle a ltitude are 
always higher at the poles than at lower latitudes, but the 
pole-equator difference decreases during periods of high 
solar activity because the magni tude of the lower energy 
flux is decreased by interaction with so lar magnetic 
fie lds. 

To compare calibrated production rates. it is conve
nient to scale them to a reference location (normally sea 
level at high latitudes). Neutron-monitor data and/or cos
mic-ray star production data ("stars" are the results of 
nuclear reactions in photographic emulsions) collected at 
various altitudes and latitudes , and at different times dur
ing the solar cycle. allow construction of curves that can 
be used to scale production rates. A number of different 
sets of data have been used in this fashion , including the 
curves published by Lal (1991) (a summary of the work of 
Lal and Peters , 1967) , Lingenfelter (1963) , and the calcu
lations of Yokoyama eta/. ( 1977). In addition, data from 
the latitudinal neutron monitor surveys of Rose et a/. 
(1956) and Pomerantz and Agarwal ( 1962) have been ap
plied directly to scaling 3He production rate s (Kurz, 
1986b). 

Calibrated Production Rates 

Three calibrations of the 3He production rate have 
been attempted. Kurz et a/. (1990) reponed a sea-level 
p'roduction rate in Hawaii (20"N) of 125 ± 30 at g - 1 yr - 1• 

To make this calculation , production rates determined for 
several 14C-dated (calibrated 14C ages) lava flows less 
than 1000 yr old were scaled to sea level using eq. I , 
assuming L = 160 g/cm2

. The uncertainty in the resulting 
production rate is large because of the young ages of the 
flows ; however, only the young flows are used here be
cause they have the best preserved surfaces. Kurz et a/. 
(1990) suggested, based on results from older flows, that 
the production rate may have varied significantly with 
time due to fluctuations in the earth 's magnetic field in
tensity. At present this conclusion is tentative and the 
production rate is assumed to be constant with time for 
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the purposes of this paper. Earlier. Kurz (1987) calculated 
a production rate at sea level in Hawaii of 97 ± 3 at g - 1 

yr- 1
, but because of possible past soil cover at the site 

this is a minimum constraint. and because of the old age 
of the flow (28. 180 14C yr B.P.) the accuracy of the ra
diocarbon date is open to question . Cerling (1990) re
ported a production rate from the Tabernacle Hill lava 
flow in Utah (39"N) at 432 at g - 1 yr - 1 at 1445 m. based 
on radiocarbon dates that indicate an age of 14.400 14C yr 
B.P. The Utah production rates have been revised and 
corrected for diffe rences between U- Th and 14C time 
scales (Bard et a/ .. 1990), giving 368 ± 8 g - 1 yr- 1 (T. 
Cerling, personal communication, 1992). 

The three measured production rates, scaled to sea 
level and > 60" geomagnetic latitude using the four meth
ods described above, are compared in Table I . Also in
cluded are theoret ical calculations of the 3He production 
rate. which in some cases agree fairly well with measured 
rates. Note that variations of production rates with lati
tude are usually referred to in terms of geomagnetic co
ordinates (either geomagnetic latitude or cut-off rigidity). 
However, because the dipole field is very close to geo
centric on time scales greater than - 2000 yr (Tarling, 
1983) , geographic coordinates can be used to scale pro
duction rates. 

Production rates scaled according to Yokoyama et a/. 
(1977) (method 4 in Table I) arc significantly higher than 
previous predictions (e.g .. Lal and Peters. 1967): this dis-

TABLE I 

Estimates of 3He Production Rates Scaled to Sea Level and 
>so• Geomagnetic Latitude Using Four Scaling Methods Dis
cussed in Text 

Measured production rates 
Kurt (1987) 
Kurz n a/. (1990) 
Ccrling 09901 

Theoretical production rntes 
La / (1991 1 
Yo koyama .r a/. (19771 
Lal a nd Peters (1967) 

Altitude and latitude scaling method0 

156 ::: 5 
201 :!: 47 
155 :!: 5 

126 :!: 4 
191 :::59 
161 ::: 6 

143 ::: 6 
178 ::: 41 
I 17 ::: 4 
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ISO" 

352::: II 
453 :: 105 
ZlS :: 7 

219' 

• I . Scaling based on latitude invariant vertical atmospheric anenu· 
a t ion length (160 g em - 2) and neutron data of Pomerantz and Agarwal 
(1962) and Rose ~~ a/. (1956) averaged over solar maximum and mini· 
mum. 2. Scaling based on neutron production rates from Lingenfelter 
(1963). averaged over solar maximum and minimum. 3. Scaling based 
on Lal and Peters (1967) using polynomial fit of Lal (1991 ) tha t gives 
nuclear disintegration rates in the atmosphere. 4. Scaling based on 
Yokoyama n at. (1977). 

• Based on cosmic ray neutron energy spectra and cross-sections for 
proton interaclions. 

' Based on ' H production rate calculated using cross-sections for 
proton interactions and 3H/3He production ratio of Lal and Peters 
(1967). 

• Based on atmospheric production rates of Lal and Peters (1967): 
estimated from published curves. 
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crepancy was also noted by Cerling (1990). This may be 
at least partially because the latitude scaling is based on 
data for high altitude (- 10 km: L ight eta/. , 1973 ; Merker 
eta/., 1973). Given that the pole-equator difference in 
cosmic ray intensity increases with altitude (Lingenfelter, 
1963; Lal and Peters, 1967) , these data cannot be used as 
general scaling facto rs fo.r production rates at all alti
tudes. Similarly, because the Rose eta/. (1956) data were 
collected at sea level, and the Pomerantz and Agarwal 
data are from high altitude (3.4 km), they should not be 
directly applied (method I in Table I) to scaling produc
tion rates independent of altitude, although the original 
intent of using these data (Kurz , 1986b) was to account 
for changes due to solar cycle variations . 

The remaining approaches described in Table I are sim
ilar in method. although not identical. Using Lingenfelter 
( 1963) gives agreement. wit hin the substantial uncertain
ties. between the production rates of Kurz et a/. (1990) 
and Cerling (1990) (Table 1), and the 3He production rate 
of 191 :!: 59 at g - 1 yr - 1 is adopted for exposure age 
calculations by Brook eta/. (1993). This value also agrees 
well with a preliminary experimental determination of the 
production rate in water, which gives - 190 at g - 1 yr - 1 

(Kurz et a/., in press). It should be emphasized, however. 
that at present there are significant uncertainties in abso
lute production rates and scaling factors . Production 
rates at geomagnetic latitudes > -60° are not affected by 
changes in magnetic field strength , as suggested for Ha
waiian production rates by Kurz eta/. (1990) , although 
this phenomenon would affect production rates scaled 
from lower latitudes. 

SAMPLE COLLECTION AND ANALYTICAL METHODS 

Samples 

Most of the samples discussed here are quartz sand
stones collected from a well-exposed sequence of mo
raines in Arena Valley, the " Taylor ll-IVb" moraines 
and drifts in the informal nomenclature of Denton et a/. 
(1989) . The sandstones are derived from rocks of the Bea
con Supergroup , which make up much of the cliffs sur
rounding the valley (McElroy and Rose, 1987). Stratigra
phy and relative weathering characteristics indicate that 
the moraines increase in age in the o rder ll-lll-IVa-IVb 
(Bockheim, 1982; Marchant, 1990). Sample locations are 
shown in Figure I of Brook eta/. ( 1993), where the sam
pling and chronology of these deposits are described in 
more detail. Additional samples came from the surface 
of Taylor Glacier and from a Taylor Glacier moraine on 
the north wall of Taylor Valley near Rhone Glacier 
(Fig. lb of Brook eta/., 1993). In general, the samples 
are quartz sandstones, 90-95% quartz, composed of 
moderately to well-rounded, moderately sorted quartz 
grains , with sizes ranging from I 00 to 2000 1-1-m. The larger 
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(> 1000 1-1-m) grain sizes are relatively rare. Interstitial he
matite and quartz cement , feldspar. and minor percent
ages of clay minerals are also present. An appendix to 
Brook et a/. (1993) describes the samples in more detail. 
Further details of the geology of the region and the pe
trology of the Beacon Supergroup can be found in McEl
roy and Rose (1987) , Matz et a/. ( 1972). a nd Mar
chant (1990). 

Analytical Methods 

Samples from the upper several centimeters of the rock 
were cut with a rock saw, disaggregated. and sieved. 
Mineral separates were hand picked from size fractions 
ranging from 0.5 to 2 mm and cleaned ultraso nicall y in 
acetone. methanol , and ethanol. For the samples dis
cussed here . whole quartz grains identified under a bin
ocular microscope were analyzed (with two exceptions: 
see Table 2). Sample sizes generally ranged from 0.05 to 
0 .1 g. Samples were analyzed by crushing in vacuo and 
melting the resulting powder in a vacuum fu rnace or by 
melting whole grains with no crushing step. (Additional 
samples analyzed only by melting whole grains arc dis
cussed by Brook eta/., 1993 .) Crushing releases mostly 
hel ium from inclusions . whereas heating releases both 
helium held in inclusions and helium in the mineral ma
trix. In o livine and clinopyroxene phenocrysts from ba
salt, thi s separation has been used to distinguish heli um 
present in the rock prior to exposure from cosmic-ray
produced helium (Kurz , 1986a.b). 

The he lium released was measured using mass spec
trometric techniques described elsewhere (Kurz et a/., 
1987). Blanks were -3-6 x 10- 11 cm3 STP (8 - 16 x 108 

atoms) for 4He and -3-8 x 10 - 17 cm3 STP (800-2000 
atoms) for 3He and are small (generally < I%) relative to 
measured concentrations. One sigma analytical errors 
are reported with the data in this paper, and long-term 
replicate measurements of quartz and basalt glass stan
dards indicate a I a reproducibility of 3He concentrations 
of < 5-7%. 

RESULTS AND DISCUSSION 

Noncosmogenic Helium 

To calculate exposure ages for quartz samples, the 
amount of 3He present in the rocks due to processes 
other than cosmogenic production must be constrained. 
Possible sources include radiogenic production via the 
thermal neutron reaction 6Li(n,a)T--> 3He (Morrison and 
Pine, 1955) and a magmatic or mantle component (i .e .. 
3He trapped in the mineral during formation). 

As described above, previous studies of cosmogenic 
helium employed in vacuo crushing to separate magmatic 
from cosmogenic 3He in olivine and clinopyroxene phe
nocrysts. Cerling (1990) also applied this technique to 
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TABLE 2 

Helium Data for Arena and Taylor Valley Samples Analyzed by C rushing and Melting 

•Hecr Ia 3 Her He" Ia lHecr Ia "Hem Ia 3 Her Hem Ia ~Hem Ia 3 Hec Ia 

Sample (10" al g- 1) (R!R, ) (106 a t g - 1) (10" a t g - 1) (R/R,) oo• at g- 11 o o• atg - 1) 

Taylor II 
SCW87-4-I 1.84 0.01 9.25 0.12 23.56 0.3 1 31.04 0.4 0.63 0.07 27. 11 2.81 50. 17 2.83 
BW84-87 2.05 0.01 7.56 0.04 21.41 0.13 108.81 5.79 0.11 0.04 17.02 5.94 36.74 5.97 

Base of Taylor Glacier 
BW84·71 4.7 0.01 1.97 0.02 12.83 0. 16 46.32 0. 16 0.85 0.01 54.36 0.92 66.41 0.98 

Taylor Ill 
KBA89-50 1.18 0.01 9.26 0.10 15. 16 0.17 33.86 0.26 0.64 0.02 29.99 0.74 44.62 0.78 
BW84-134 1.93 0.01 7.56 0 .04 20.23 0.12 43.98 0.92 0.82 0.02 49.85 1.39 69.38 1.42 
BW84-33" 0.82 0.01 27.21 0.21 31.01 0.27 62.99 1.33 0.57 0.02 49.61 2.26 79.65 2.30 
BW84-33a 0.19 0.01 24.74 0.27 6.44 O.o7 34.66 1.22 1.67 0.03 80.05 3.11 85.96 3. 12 

Rhone Platform 
AA86-6e#l• 41.5 0.36 0.28 0.01 15.97 0.48 53 .27 0. 16 0.46 0.01 33.84 0 .24 48.37 0.75 
AA86-6e#2• 22.29 0.09 0.27 0.01 8.42 0.1 3 76.84 1.63 0.47 0.02 49.98 2.0 56.89 2.08 
AA86·5 4.83 0.02 3.03 O.Q3 20.25 0.2 1 21.66 0.08 2.46 0 .02 73.86 0 .55 93.71 0.61 

Taylor IVa 
K BA89-45-I #I 1.96 0.01 30.39 0.21 82.26 0.73 95.3 1.05 0.69 0.03 9 1.53 4.08 172.31 4.18 
KBA89-45-1#2 1.29 0.01 50.66 0.38 90.38 0.79 44.93 0.54 1.09 0.06 67.6 3.64 157.28 3.73 
KBA89-4 1·2 2.36 0.01 8.78 0. 1 28.62 0.34 74.78 0.84 0.51 O.oJ 52.99 3.06 80.44 3.11 
KBA89-40-1 4.1 0.01 1.24 0.03 7.03 0.14 25.26 0.38 0.48 0.05 16.92 1.73 23.50 1.74 

Taylor IVb 
SCW87-3-1' 2.91 0.01 64.97 0.4 261.89 1.9 1 
SCW87·3· 1' 18.05 O.o7 9.78 0.1 244.47 2.56 26.42 0. 12 13.64 0. 12 498.79 6.03 742.58 6.56 
AA86-14 0.87 0.01 50.41 0.24 60.54 0.31 23.22 0.09 13. 12 0.06 421.43 2.57 481.60 2.59 
AA86-1 5 5.25 0,02 14.41 O.o7 104.72 0 .71 27.34 0. 15 17.74 0.05 671.32 4.2 775.54 4.26 
BW84· 105 2.35 0.05 55.72 0. 1 180.96 3.63 38.07 O.o2 7.71 0.07 406.().1 3.62 586.38 5.1 3 

Torr above JVb limit 
AA86- 16 0.46 0.01 147.69 0.85 93.73 0.62 44.6 0.95 9.88 0.08 609.62 13.92 702.66 13.94 

Note. He<., Hem. and 1Hec designate helium released by crushing (cr). melt ing the residual powder (m). and cosmogenic 3 He(c l. All samples are 
quartz sandstones unless noted. 3HerHe ratios are reported relative to the atmospheric ratio (R, = 1.38 x 10 6). Grain size is 0.5- 1 mm unless 
noted. Sample locations are given in Brook eta/. ( 1993). 3 He, = 3 He001, 1-

3 He,. where 1He, is radiogenic helium. calculated assuming a radiogenic 
3 HerHe production ratio of 0.0 11 : 0.004 from Trull eta/. (1991). and us ing the total concentration of 'He in the sample. 

• Aggregates of 0. 1-0.5-mm grains. 
• Granite boulder. 
< Aggregates of 0.2-0.5-mm grains. 

3He in some qua rtz samples. The concentration of 
trapped (i.e .. magmatic) 3He in olivine and clinopyroxene 
can be calculated from Eq. 2 (below); 3Hec is the d iffer
ence (Eq. 3) between tot al and trapped 3 He (Kurz. 
1986b), 

(2) 

(3) 

where c , tr, cr, and t refer respectively to cosmogenic 
helium, trapped helium, helium released by crushing , and 
total helium. This calculation relies on the observation 
that the 3He released by crushing o livi ne or clinopyrox
ene is not contaminated with 3Hec (Kurz. I986b; Trull et 
a/., 199 1) and represents magmatic helium trapped in the 
rock. 

The Dry Valleys data suggest that this correction is 
inappropriate for quartz. Extremely high and variable 
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3Hef He ratios and helium concentrations are released by 
crushing quartz in vacuo (Table 2 and Fig. I) . Even rep
licate crushing of the same sample in some cases results 
in highly variable 3He/4He ratios (samples KBA89-45 and 
SCW87-3- I). Some of these variations might be caused 
by differences in the efficiency of the crushing process 
that depend on sample size and geometry. The variability 
in 3HefHe ratios. however, more likely reflects the mo
bility of 3He in the quartz crystal and/or heterogeneity of 
4 He concentrations, since similar variability is not ob
served in olivine (Kurz , I986a.b; Kurz eta/. , 1990). This 
interpretation is supported by the fact that accessory 
minerals with high U and Th concentrations are known to 
be heterogeneously distributed in quartz and other min
erals (e.g . , Caruso and Simmons , I 985). The ratios and 
the 3He concentrations roughly correlate with the total 
concentration of 3He in the samples (Fig. 1), and the 
highest 3HefHe ratios (up to 148 x R.) are well outside 
values for normal continental crustal rocks (Mamyrin 
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FIG. I. Totai'He (crushing + melting) plon ed agains1 ' Het' He ra
tio (R/R,, where R, is the atmospheric 3Het'He ra1io: 1.384 x 10- 6) of 
helium released by in vacuo crushing (top) and concentration of 3 He 
released by in vawo crushing (bonom) of Arena Valley quanz samples. 
Also ploned in top figure (crosses) are da1a from in VCICIIO crushing of 
olivine and clinopyroxene from Hawaiian lava Oows (Kurz. 1986b). The 
data show a rough correlation between 1otal 3He and both 1he 3Het'He 
ratio and 3He concentration re leased by crushing quanz. while the oliv
ine and clinopyroxene data do not show such a relationship. indica1ing 
that cosmogenic helium is present in the gas released by crushing quanz 
and that in ••acuo c rushing 1herefore cannot be used 10 correc t for 
1rapped 3He in quanz. The shift in the Hawaiian data a1 high 1o1ai'He 
related to differences in lava geochemis1ry tha1 are not re lated to cos
mogenic processes. One sigma error bars are smaller than the plot 
symbols. 

and To lstikhin, 1984). These observations suggest that 
much of the 3He released by crushing is cosmogenic. 
Regardless of the origin of the variability in the crushing 
data , correcting the quartz data for an inherited or non
cosmogenic component of 3He using Eqs. 2 and 3 is 
clearly inappropriate; in many of the older samples this 
would lead to a correction larger than the total 3He con
centration. 

Instead , for these samples the assumption is made that 
radiogenic 3He is the onl y important noncosmogenic 
component , since a significant mantle or magmatic com
ponent seems unlikely in quartz from continental envi
ronments. The magnitude of the radiogenic component 
can be constrained by using the measured 4 He concen
tration and a 3Her He production ratio for radiogenic he-
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lium in quartz. Trull eta/. (199 1) estimated thi s ratio to be 
0.011 ± 0.004 x R,. based on the 3Her He ratio of helium 
released at the end of a step heating experiment using 
Taylor IVb sample BW84-105. This is consistent with . 
although somewhat higher than , calculated ratios for 
sandstones (Andrews. 1985), and a correction based on 
this ratio is generall y less than 5% of total 3He (Brook et 
a/ .. 1993). Because the correction is small. the fairly large 
uncertainty in the radiogenic production ratio contributes 
little to uncertainties in 3He0 • However, there are some 
difficulties with this type of correction. The ratio mea
sured by Trull et a/. (1991) presumably represents only 
helium in the quartz matrix. 4 He is probably produced in 
accessory minerals and at grain boundaries, while radio
genic 3He (via 6Li (n,a)D is probably produced within the 
mineral matrix (the stopping distance for radiogenic ther
mal neutrons should be significantl y shorter than for a 
particles). If radiogenic 3He and 4He are lost over the 
lifetime of the rock at different rates. the correction based 
on a radiogenic production rate will be incorrect. Be
cause of this problem. we collected a sample from the 
surface of Taylor Glacier near the mouth of Arena Valley. 
Boulders on the glacier surface are derived from local 
cliffs above Arena Valley. are analogous to material input 
into the valley in the past (Taylor Glacier is cold-based at 
Arena Valley), and should have low exposure ages since 
Arena Valley is - 30- 40 km from the farthest upglacier 
outcrops that would be the source for bou lders on the 
glacier surface (Brook et a/ .. 1993). The total concentra
tion of 3He in sample KBA89-91-2 (Table 3) is 3.9 x 106 at 
g- t , roughly an order of magnitude greater than pre
dicted if all the 3He in the sample were radiogenic , but 
equivalent to an exposure age of - 9000 yr (Brook eta/ .. 
1993). The additional 3He may be a result of a short ex
posure to cosmic rays, it may be radiogenic if the 3 He/ 
4He production ratio varies between samples , or it may 
represent an additional trapped 3He component. In any 
case, as mentioned above, the value of the radiogenic 
correction (typicall y - 105 to 106 at g - t) is generall y small 
relative to the total 3 He concentrations (which range from 
- 107 to 109 at g - t) in the Arena Valley samples (Table 2 
and Brook et al .. 1993), suggesting that any noncos
mogenic component is small in these samples. Radio
genic production of 3He could be a more s ignificant prob
lem in samples with younger exposure ages. depending 
on 4 He concentrations. 

Diffusion of Cosmogenic Helium in Quartz 

Grain size effects. Diffusion experiments performed 
by Trull et a/. (1991) indicated a diffusivity of cosmogenic 
3He in quartz of 2 x 10- 20 cm2 sec _ , (extrapolating ex
perimental data to 0°C} ; based on these data they esti
mated that 0.5-mm grains will lose less than 10% of cos
mogenic 3He produced in I myr. This low diffusion co-
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TABLE 3 

Helium Data for Size Fractions of Taylor II Sample SCW87-4-1 
and Taylor IVb Sample KBA89-25 and Total Concentrations for 
Taylor Glacier Sample KBA89-91-2 

Size 
' He ' Hei'He Ia ' He Ia 

(mm) (1012 at g· 1) (RIR.) (106 at g· ' l 

Size fraction data 
SCW87-4-1 

0.4-0.5 40.18 0.31 0.79 0.01 43.88 0.85 
0.5-0.71 26.25 0. 15 1.45 0.02 52.79 0.89 
0. 71-0.85 21.93 0. 10 2.22 0.03 67.27 0.81 
0.85-1.0 40.53 0.46 1.65 0.05 92.72 3.21 
1.0-1.3 32.89 0.38 1.83 0.08 83.21 3.90 
1.3-1.6 46.37 0.52 1.37 0.05 88.05 3.42 
1.6-2.0 50.43 0.56 1.87 0.06 130.66 4.17 

KBA89-25 
0.4-0.5 23.92 0. 10 7.41 0.05 245.26 8.85 
0.5-0.71 55.12 0.66 4.40 0.08 339.49 1.87 
0.71-0.85 45.68 0.51 8.62 0. 13 544.72 7.29 
0.85-1.0 190.79 2. 16 2. 14 0.04 565.86 10.02 
1.0-1.3 7 1.99 0.81 6.29 0.08 627.09 12.58 
1.3-1.6 172.58 1.94 3. 10 0.08 740.68 10.77 
1.6-2.0 33.37 0. 10 16.77 0. 15 774. 19 19.76 

Taylor Glacier surface 
KBA89-91 -2 

0.5-1 20.61 0. 16 0. 14 0.01 3.88 0.26 

Note. All samples analyzed by melting whole grains. 

efficient suggested excellent retention of 3He in quartz, 
even over million-year time scales , and would predict 
that 3 He concentrations should not vary significantly 
with grain size in the Arena Valley samples. Preliminary 
size fraction experiments (Trull er a/., 1991) indicated sig
nificant grain-size effects that suggested larger amounts 
of loss, however. To test further the experimental results, 
seven size fractions (from 425 to 1000 11-m) of sandstone 
samples SCW87-4-I and KBA89-25 were analyzed. 
SCW87-4-I is a sample from the Taylor II moraine , which 
is - 100,000 yr old based on correlations with other de
posits in Taylor Valley (Denton er a/., 1989; Marchant, 
1990), and has 3He and 10Be exposure ages ranging from 
- 100 to - 200,000 yr (Browner a/., 1991 ; Brooker a/., 
1993). KBA89-25 is from the Taylor lVb moraine, which 
is significantly older, with 3He and 10Be exposure ages 
ranging from I to 2 myr. The results (Fig. 2 and Table 3) 
for the Taylor lVb sample show an increase in concen
tration with inc reasing grain s ize, suggesting size
dependent loss of 3He. The results for the Taylor ll sam
ple also show a size-dependent increase of 3He concen
tration, but with a more complex pattern (Fig. 2). 

Size fraction results and mechanisms of 3He loss. 
The size fraction results can be compared to predictions 
based on diffusion modeling to give more insight into the 
problems of 3He loss. Figure 3 shows the ratio of the 
measured concentration in each size fraction (C) to the 
concentration in the largest size fraction (Co) plotted 
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FIG. 2. Total 3He in different size fractions of Taylor II sample 
SCW87-4- 1 (bonom) and Taylor IVb sample KBA89-25 (top). Fractions 
were obtained by hand picking unbroken. rounded grains within each 
sieved fraction. Data show a size dependence of the ' He concentration 
that is not predicted by measurements of ' He diffusion in quartz (Trull 
t t a/ .. 1991). See text for detailed discussion. These data are not cor
rected for radiogenic 3 He. but these corrections would be insignificant 
(< I%). Error bars are Ia analyt ical errors. 

against the log of the mean grain radius (a) for five dif
ferent loss rates, described in terms of the fraction of 3He 
remaining in the largest grains. These values are com
pared to predictions based on a simple model of the pro
duction and diffusion of 3He (Trull era/. , 1991) that de
scribes the fraction of 3He remaining in a grain after any 
time interval for any given diffusion coefficient, assuming 
spherical grains. For grains experiencing loss by simple 
volume diffusion the points should fal l along a line of 
constant Dr (product of diffusion coefficient and time). 
The calculations for KBA89-25, assuming 40% loss in the 
largest grains (open squares in Fig. 3), do fall between Dr 
= I 0- 11 and I 0- 11 •5, but assuming a true exposure age of 
approximately 2 myr, these high values of Dr would sug
gest a diffusion coefficient (D) of - 1.5-5 x 10- 18 cm2 

sec-t , approximately two orders of magnitude higher 
than the measured value of 2 x I 0 - 20 cm2 sec- 1. 
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FIG. 3. Line segments show ratio of C c'He concentration in each 
size fraction) to Co ('He concentration in largest size fraction) calcu· 
lated from the data in Figure 2 for different rates of 3He loss. all plotted 
against the log of the mean grain radius (a). The symbols designated 
different assumed values of the fraction of 3 He remaining in the largest 
grains (open diamonds. 1.0: closed circles, 0.9: open squares. 0.7: open 
circles. 0.5; closed squares. 0.3); the data for the other grain sizes are 
normalized to that value. Labeled dashed lines show the relationship 
between C/Co and log (a2) predicted by a simple model (Trull et al .. 
1991) of the production and diffusion of 3He in homogeneous spherical 
grains undergoing volume diffusion at constant values of log CD,) (where 
D, ~ diffusion coefficient x time in units of em' sec · • yr" 1). For 
KBA89-25 the data roughly lit model values of D, • I x 10" 11 to 3 x 
10"" but if the sample has been exposed for 2 myr. as suggested by 
10Be data for similar samples (Brook et a/ .. 1992). the data suggest a 
diffusion coefficient of - 1.5-5 x 10· 18 em' sec - • for 'He in quartz. 
approximately two orders of magnitude higher than measured values 
(Trull et al .. 1991). For SCW87·4·1 the data do not fall on a constant D, 
path. suggesting an even more complicated behavior of cosmogenic 3He 
in this sample. 

Sample SCW87-4-J re veals an even more complicated 
picture of 3He loss. The results are not consistent with 
any single value of Dr. and although a plateau in the size 
vs concentration data exists (Figs. 2 and 3), the concen
tration in the largest size fraction is considerably higher 
than in the three fractions that make up the plateau. Even 
if the three size fractio ns making up the plateau had ex
perienced no 3He loss, the data for the smaller fractions 
would no t be consistent with a single value of D r. 

10Be results for sample SCW87·4- 1 (Brown er a/ .. 1991) 
provide further information about 3He loss from this sam
ple. The 10Be concentration measured in 0.5- to 1-mm 
grains of this sample is 4.9 :t 0.4 x 106 at g - t . and (as
suming 10Be concentrations are not size-dependent) this 
gives a 3He/10Be ratio of 26.7 :t 2.3 for the largest size 
fractio n analyzed for 3He (1600-2000 f.l.m). This ratio is 
within uncertainty o f the 3He/ 10Be production ratio in 
quartz of -24 :t 7 that can be calculated fro m the data of 
Nishiizumi er a/. ( 1990). This is important for two rea
sons. F irst. it suggests complete retention of 3He in the 
largest size fractio n. Second. it suggests concordant 10Be 
and 3He ages of - 370,000 yr (Brook er a/ .. 1993), signif
icantly older than the expected age of - 100.000 yr based 
o n 10Be and 3He measurements for other samples on the 
same moraine (Brook era/. , 1993) and correlations with 
U-Th-dated lake deposits (Denton er al .. 1989). indicat
ing that this may be an older boulder incorporated into a 
younger deposit. 

Although the reasons for the discrepancy between the 
s tep-heat ing diffusion experiments and the size fract ion 
data are not clear. there are several possibilities. A sig
nificant extrapolation of the experimental data is required 
to estimate the diffusivity at o•c (Trull er a/., 199 1). A 
change in slope in the D vs T relationship at low temper
ature might explain the apparently anomalous 3 He loss 
suggested by the size fraction data . In addition. for at 
least part of the year. rock surfaces can experience tem
peratures of up to - 15•c on sunny days (McKay and 
Fried ma n , 1985). 3 He di ffusion is temperature
dependent. and surface heating may contribute to the ob
served loss. These factors cannot explain why the data do 
not fo llow a constant Dr path. however. It may be that the 
bulk grain size does not entirely control the diffusion path 
length of cosmogenic 3He. Diffusion domain size may be 
governed by factors li ke s ilica cementation, cracking. in
ternal grain boundaries inherited from previous histories 
of the grains (e.g., ghosts of grain boundaries in grains 
that were originally part of older quart zites), o r by more 
subtle mineralogical o r textu ral features. Many such fea
tures are visible in thin section in these samples. includ
ing strained quartz grains, several generations of silica 
cementation, internal fracturing, grains with domains of 
varying optical extinction angles in crossed polarized 
light. and deformed or " metamorphic quartz.,. 

The general trend of increasing 3He concentration with 
increasing grain s ize is still not easily explained, how
ever, unless the domain-size d istr ibution is somehow de
pendent on the size of the grains. Postdepositional alter
ation (e.g., recrystalli zatio n or internal fracturing of 
grains) might affect smaller grains more than larger 
grains, and in this respect the growth of quartz rinds on 
Antarctic quartzites (Friedman and Weed. 1987) may be 
important. Crystal damage caused by the spallation pro
cess might also enhance 3He diffusion (Trull era/., 1991). 

90 



BROOK AND K URZ 

Ejection of 3He during spalla tion reactions is also a pos
sible mechani sm that would give rise to a size-dependent 
concentration trend but , given a probable path length of 
50 f.Lm or less for the spallation products (Trull er a/ .. 
1991). this mechanism also wi ll not explain the observed 
loss, predicting maximum concentrat ion differences of 
approximately 10% within the 400- to 2000-f.Lm size frac
tion (Trull eta/. , 1991. and Gilletti and Kulp , 1955. dis
cuss the ejection process in more detail) . 

Implications for geochronology. Several recent stud
ies have suggested significant , and in some cases nearly 
complete , loss of 3Hec from quartz (Cerling, 1990: Graf er 
a/. , 1991). Although the grain-size dependence of 3He 
concentrations discussed above suggests that loss does 
occur. the data reported here and in Brook er a/. ( 1993) 
suggest that very large amounts of loss on short time 
scales (i.e .. < 10.000 yr) do not occur in the Arena and 
Taylor Valley samples. In particular. paired 3He and 10Be 
data (Brown er a/. , 199 1; Brooker a/., 1993) suggest that 
3He loss is - 30-50% for samples with exposure ages of 
- 2 myr. Whether loss from similar quartz samples is less 
significant for lower exposure ages (i.e .. < 100.000 yr). an 
age range in which analysis of 10 Be and 26AI (but not 3He) 
become limited by sample mass and other analytical con
siderations, still remains a somewhat open question. In 
light of the additional data presented here and in Brook er 
a/. (1 993). it is worth examining the evidence for loss 
cited by Graf et a/. ( 1991) and Cerling ( 1990). For exam
ple. Cerling (1 990) suggested large degrees of 3He loss in 
samples with young (<20,000 yr) exposure ages. based 
on inconsistencies between 3He results and independent 
chrono logical information for three samples. One of the 
samples was a microcrystalline quartz infilling in an Ant
arctic basalt ventifact (sample 8 137): the significant grain 
size dependence of 3He concentrations observed here is 
the likely explanation for the poor retention. A second 
sample was a quartz mineral separate from a rhyolite 
(sample 8078) believed to be 17 ,780 yr old . The helium 
data for this sample were corrected for an inherited 
component us ing crushing data. but if all the 3He is as
sumed to be cosmogenic (total concentration is 7.8 x 106 

at g - 1) an exposure age of 22,480 yr is obtained , and the 
difference between this age and the given age of the flow 
could represent a radiogenic 3He component. The third 
sample with lowe r-than-expected 3He concentrat ion 
(sample 8078) was from a moraine boulder in a deposit 
with rock varnish 14C ages of approximately 13,000 yr 
B.P. (Dorn er a/. , 1987) and had a 3He concentration 
lower than detection limits. Diffusion may be the expla
nation for this di screpancy, although it is also possible 
that the sample may have also recentl y lost a significant 
portion of its surface due to episodic erosion processes, 
perhaps due to range fires (e.g. , Emery. 1944; Bierman 
and Gillespie, 1991). 
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Graf era/. (199 1) reported a (-' HePNe)< ratio of < 0 .1 
for o ne sample of an Antarctic quartzite. They suggested 
less than 10% retention of 3He< based on reported (-' He/ 
21Nelc rat ios of > I in feldspars in meteorites. An anom
alously high ~ 1NecP6AI ratio (-1.4) in this sample was 
interpreted as evidence for a long period of deep burial 
(cosmogenic 26 AI will decay with a half-life of 720.000 yr 
while 21 Ne is stable). but 21 Nec is also sensitive to radio
genic production by reactions such as 180(cx.n)2 1Ne (e.g .. 
Wetherill , 1954). Corrections fo r radiogenic product ion of 
21 Ne were not made by Graf era/. (1991 ) but could sig
nificantl y affect the e He/21Nelc ratio . 

In contrast , Staudacher and Allegre ( 199 1) measured 
21Ne and 3He in our sample BW84-105 (Taylor !Vb mo
raine), finding a e HeP 1Ne)c ratio of 2.76. Exposure ages 
calculated by Staudacher and Allegre with the 3He and 
21Ne data suggest - 30-40% 3He loss from this sample. 
more consistent with both the size fract ion experiments 
described above and 10Be results for this moraine (Brown 
era/ .. 199 1; Brooker a/ .. 1993). 

The data reported here document the effect of grain 
size on cosmogenic 3He concentrations and the lack of 
concordance with measured diffusivities. They indicate 
that adequate documentation of grain size and grai n char
acteristics arc crucial for understanding the di stribution 
of cosmogenic 3He in minerals. Although on mill ion-year 
ti me scale s he lium is not quantitati vely retained in 
quar tz . it is not clear that this problem is significant on 
shorter (i.e .. < 100.000 yr) time scales. The available in
formation. particularl y the concordant paired 10Be and 
3He results from the Taylor II moraine (Brook et a/ .. 
1993). suggests that selec tio n of large grain sizes in 
younger samples can minimize loss problems. at least in 
Anta rctic samples. At higher ambient temperatures in 
other regio ns loss from quartz may be a more s ignificant 
problem. 

CONCLUSIONS 

E xtensive investigation of cosmogenic 3He in quartz 
reveals several issues important for exposure age deter
mination. Evidence for 3He loss in o lder samples is found 
in detailed analysis of different quartz size fractions. Un
usually high and variable 3He/"He ratios released by 
crushing quartz grains indicate that thi s component con
tains cosmogenic 3He and a combination of crushing and 
melting anal yses cannot discriminate cosmogenic from 
trapped or radiogenic helium in quartz. In the Antarctic 
samples discussed here. however. it appears that almost 
all (>-95%) of the total 3He is cosmogenic . 

The 3He diffusion problem in quartz is important and 
requires further investigation. Because 3He detection 
limits are low. it is important to establish the significance 
of 3He loss due to diffusion in young samples ( < 100,000 
years) in which sample mass and detection limits can 
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become limiting factors in AMS measurements of other 
cosmogenic nuclides . Available evidence suggests that in 
young samples the 3He loss problems may be tractable, 
when appropriate samples and grain sizes are analyzed. 
In climates warmer than that of Antarctica, 3He loss due 
to diffusion may be a more significant d ifficulty. In such 
environments, minerals with lower 3He diffusion coeffi
cients. such as olivine, may be preferable to quartz for 
surface exposure studies. 
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Chapter 4 

Chronology of Taylor Glacier Advances in Arena 
Valley, Antarctica using in situ cosmogenic 3He and 
lOBe 
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In situ produced cosmogenic nuclides provide a new technique 
for constraining exposure ages of glacial deposits. In situ 3He and 
111Be in quartz sandstone boulders from Arena Valley, southern 
Victoria Land, Antarctica, provide chronological constraints for a 
sequence of moraines ("Taylor Il-IVb" moraines) related to ex
pansions of Taylor Glacier and the East Antarctic Ice Sheet. Mean 
3He ages are 113,000 :t 45,000 yr, 208,000 ± 67.000 yr, 335,000 
± 187,000 yr, and 1.2 ± 0.2 myr, for Taylor Il,III,IVa, and IVb 
moraines, respectively (mean ± I a). Corresponding mean '0Be 
ages for Taylor II and IVb moraines are 117,000 ± 51 ,000 yr and 
2.1 ± 0. 1 myr. For the older deposits the 3He ages are probably 
lower limits due to diffusive loss. Although the exposure ages 
appear consistent with the few previous age estimates, particularly 
with an isotope stage 5 age for Taylor II, each moraine exhibils a 
broad age distribution. The distribution probably results from a 
variety of factors , which may include prior exposure to cosmic 
rays, 3He loss, erosion, postdepositional boulder movement, and 
radiogenic production of 3He. Nonetheless, the exposure ages pro
vide direct chronological constraints for the moraine sequence, 
and suggest a maximum thickening of Taylor Glacier relative to 
the present ice surface of - 500 m since the late Pliocene-early 
Pleistocene. Cl l993 Unh~rshy of WashlnJ1on. 

INTRODUCTION 

The excellent preservation of surticial glacial deposits 
in Antarctica , in some cases for up to several million 
years, provides a unique long-term glacial record , but one 
that has until now lacked absolute chronological control. 
Due to recent advances in analytical techniques , cos
mogenic nuclides produced in situ in rocks can now pro
vide useful information about exposure ages and histories 
of geological surfaces , particularly in glaciated regions 
(e.g., Cerling, 1990; Phillips et a/., 1990; Nishiizumi et 
a/., 1991). Application of in situ cosmogenic nuclides to 
Antarctic glacial geology is ideal because soil develop-
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ment and weathering rates are extremely low in Antarc
tica . This paper describes the use of in s ill/ cosmogenic 
3He and 10Be to constrain the ages of Quaternary mo
raines and o lder deposits formed by Taylor Glacier in 
Arena Valley. in the Dry Valleys regio n of Antarctica 
(Figs . I and 2) . This well-exposed moraine sequence has 
been linked with interglacial expans ions of the East Ant
arctic lee Sheet (Denton et a/., 1989) and the chronolog y 
of these deposits may have important ties to the global 
climate record. Brown eta/. (1 991) previously reported in 
sill/ 10Be data for a subset of the Arena and Taylor Valley 
samples; new 10 Be data are reported here for a number of 
additional samples . A co mpanion pa per (Brook and 
Kurz. 1993) discusses the systematics of cosmogenic 3He 
in these samples, and some aspects of the methodology, 
in more detail. 

QUATERNARY MORAINES IN ARENA VALLEY 

Arena Valley, a hanging valley on the southern side of 
upper Taylor Glacier (Figs. I and 2}, contains an exten
s ive, well-preserved sequence of moraines composed of 
boulders of Jurassic Ferrar Do lerite, Beacon Supergroup 
sandstones, and a small percentage of granitic rocks 
(Bockheim. 1982; McElroy and Rose, 1987). The mo
raines were formed as lateral moraines of Taylor Glacier 
when Taylor Glacier ice expanded into the valley (Figs. I 
and 2). Because Tay lor Glacier drains the McMurdo 
Dome. a peripheral ice dome of the East Antarctic lee 
Sheet , the moraine sequence records changes in the size 
of Taylor Glacier and this part of the polar plateau (Den
ton eta/., 1989; Marchant, 1990). Rock weathering, soil 
development, and stratigraphic relationships indicate that 
the relative ages of these deposits increase from Taylor II 
to Taylor IVb (Bockheim, 1982; Denton et a/. , 1989; 
Marchant, 1990). There is little absolute chronological 
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FIG. I. Taylor Valley and Dry Valley region . Hatched region shows location of Arena Valley (Fig. 2). The McMurdo Dome of the East Antarctic 
Ice Sheet is at the edge of the polar plateau. and both Taylor and Ferrar glaciers now directly from McMurdo Dome. 

contro l for these deposits in Arena Valley, but U-Th 
dating of lake carbonates in lower Taylor Valley (Hendy 
et a/. , 1979), suggests that Taylor Glacier and the East 
Antarctic Ice Sheet advance during global interglacial pe
riods, when moisture supply to interior east Antarctica 
increases. Denton eta/. (1989) and Marchant (1990) cor
related the Taylor II and Taylor Ill moraines in Arena 
Valley with isotope stage 5 and 7 moraines in lower Tay
lor Valley on the basis of soil development and weather
ing characteristics. Apart from these correlations and the 
10Be and 26Al data of Brown eta/. (1991) (discussed be
low) . there are no prior age constraints for these deposits. 

SAMPLE COLLECTION 

Samples were collected in the austral summers of 1984, 
1986, 1987, and 1989 (Figs. I and 2). In addition to the 
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Arena Valley moraines. samples were collected from a 
Taylor Glacier moraine on the north wall of Taylor Valley 
near Rhone Glacier (Fig. I), and from the s urface of 
Quartermain Drift , a glacial drift older than the oldest 
Taylor moraines (Marchant, 1990). Samples from boul
ders on the surface of Taylor Glacier were also collected 
for examining the production of cosmogenic nuclides dur
ing glacial transport. 

Samples were collected from the tops of relati vely hor
izontal (slopes normall y less than 10°-15°) boulder sur
faces. and wherever possible samples were taken from 
the moraine crest. Altitudes were determined from altim
e ter measuremen ts cali brated with surveyed bench
marks. Measurement of surrounding topography using a 
hand-held c linometer indicated no significant shielding 
effects (e.g., Nishiizumi eta/ .. 1989; Zreda eta/. , 1991) 
and no corrections to the data for boulder geometry 
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FIG. 2. (a) Aerial phOI.:>graph of Arena Valley and Taylor Glacier showing the o uter limi" of the moraine .equence discu>sed in the text. 

Moraine ridges are compO>Cd of >and> tone. granite. and dolerite boulder; ranging in ; itc from - O.S to 30 m '. N01e that the Taylor Ill deposit 
con,i'is of two single ridges 'uperimpo;ed on the older Taylor IVa drift. Photo i; an enlargement of a portion of an aerial photograph tTMA 2485. 
Frame 149) available from the U.S. Geological Survey. Location of Arena Valley i; ;hown in Figure lb. Scale is approximately 1: 13 .500. (b) 
Locations of samples discu'5ed in the text: sample locations were located using ai r photographs. Only the outermost moraine loop in each sequence 
is shown. All sample location> 3> sho" n. except for SC\V87- I- 1.1 ·2. -3. -4 , and ·S. and KBA89·91 ·2. The SC\V87 samples were collected from the 
moraines shown (except for SC\V87-I and ·2 which are from the >Urface of the large patch of Quartermain Drift) but exact locations are not known. 
KBA89-91·2 was collected from the surface of Taylor Glacier near the mouth of Arena Valley. 

were made. Most of the samples are sandstones. although 
a few are granites containing la rge (> I mm) quartz 
grains. Sample descriptions are compi led in the Appen
dix. Sample processing and analytical techniques for 3He 
and 10Be are desc ribed in Brook and Kurz ( 1993) and 
Brown eta/. ( 1991). 

EXPOSURE AGES AND AGE DISTRIBUTION 

To calculate exposure ages. 3He concentrations were 
corrected for radiogenic production of 3He (Brook and 
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Kurz. 1993), and 3He and 10Be concentrations were ad
justed for the depth of the sampling interval (normal ly I 
to 5 em. see Appendix) , and scaled to sea level , as de
scribed by Brook and Kurz ( 1993). Using a sea-level 3He 
production rate of 191 ± 59 at g - 1 yr - 1 (Brook and Kurz, 
1993) and a sea-level 10Be production rate of 7 ± 1.4 at 
g - 1 yr- 1 (based on the Nishiizumi eta/. ( 1989) produc
tion rate scaled to high latitude. and assuming a 20% 
uncertainty) these values were converted to ages using 
Eq. I (for 3He. a stable isotope) and Eq. 2 (for 10Be, 
half-life = 1.5 myr), 
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II 
I =-p 

( IIA) In I - --p 
I = 

- "A 

(I) 

(2) 

where 1 is age, P is production rate, 11 is concentration, 
and "A is the decay constant. 

Exposure ages based on these equations are model 
ages. subject to several assumptions. Production rates 
must be known as a fu nction of alt itude . latitude, and 
time . Samples must be closed systems (no loss or gain, 
except by in sill/ production). Because the cosmic-ray 
flux decreases with depth in the rock, erosion and cover 
by overlying material must be minimal or constrainable. 
In the case of boulders in glacial deposits, prior exposure 
to cosmic rays before deposition must also be consid
ered. 

The exposure ages for both isoto pes (Figs. 3 and 4) 
show broad d istributions within each deposit , which must 
result from some combination of the above fac tors. Ero
sion. soil or ice cover, and diffusion reduce the apparent 
exposure age. i n contrast , anomalous trapped or radio
ge nic components (i.e., not included in corrections) or 
previous exposure to cosmic rays would increase the ap
parent age. Many of these factors can be at least partiall y 
constrained with available information and are discussed 
below. 

Erosion, fo r example. should not have a major effec t 
on 3He exposure ages . Brown e l a /. ( 1991) calculated a 
model erosion rate of - 1-2 x 10 -s gem - 2 yr- 1 (-0.4-
0.8 x 10 -s em yr- 1) for a subset of these samples. based 
on 10Be and 26 AI data. The effect of erosion on the ap
parent 3He age is described by: 

L 
I ' = E (I - e-EtiL), (3) 

where 1' is apparent age, E is erosion rate (gem - 2 yr - 1
), 

Lis attenuation length in rock (- 160 g cm- 2
: Brown e1 

a/., 1992; Kurz, 1986), and 1 is true age. Erosion rates of 
1-2 x 10- s em - 2 yr - 1 have minimal effect on 3 He ex
posure ages younger than 2 myr. For example, with an 
erosion rate of I x 10-s gem - 2 yr - 1

, and a true age o f 
2 myr, the apparent age is 1.9 myr, a 5% underestimate . 
individual boulders might erode at more rapid rates. how
ever, and in some cases spall large portions of their sur
faces or split into two or more pieces. These processes 
might explain some of the scatter in Figure 3, particularl y 
for the older moraines where the apparent results of such 
processes are often observed in t he field ; however, every 
effort is made to avoid collecting such samples. Erosion 
will affect 10Be ages more significantly (the effect can be 
calculated by replacing "A in Eq. 2 with ["A + ElL]) : for the 
scenario above, the apparent age for 10 Be would be - 1.8 
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myr, and the effect is more significant for older deposits 
(Brown el a/ .. 199 1). Because erosional losses based on 
the 10Be-based erosion rates are relatively minor and , 
because of the inherent uncertainty associated with con
straining the erosional loss. no erosion corrections are 
made to the ages. 

Significant soil cover in the past also seems unlikely 
because all of the samples were collected at or near crests 
of d istinct moraines and most of the material carried by 
Taylor Glacier today. at least on the glacier surface. ap
pears to be in the fo rm of large boulders (personal obser
vation). In addition, there appears to be no general cor
relation between boulder size and exposure age (see Ap
pendix fo r sizes) as might be expected if the boulders 
were grad uall y uncovered by erosion of surrounding. 
finer grained mater ial. 

Rad iogenic production of 3He also does not appear sig
nificant. Brook and Kurz ( 1993) describe corrections to 
the 3He data for a component produced by nuclear reac
tions within the rocks. These corrections are applied to the 
data in Table I and in most cases are much less than 5% of 
total 3He and only greater than 5% for KBA89-94. KBA89-
97. and KBA91-2 (1 4.3. 6.5, and 8.1%, respectively). There
fore. it is not likely that an error in the correction could 
explain the broad distribution of ages in Figure 3. 

Prior exposure to cosmic rays is a more d ifficult issue 
to reso lve. Most of the debris carried by Taylor Glacier 
probably o riginall y fell on the surface o f the glacier from 
surrounding cliffs: the glacier. at least now, is cold-based 
west of Arena Valley (Robinson, 1984) and presumably 
does not inco rporate much bedrock debris into basal lay
ers. A sandstone sample collected from the surface of the 
glacier near the mouth of Arena Valley had an exposure 
age of9000 ± 3000 yr (Table I , sample KBA89-9 1). If this 
low exposure age is typical of debris car ried by the gla
cier, then 3He production during glacial transport is min
imal relative to the ages of the moraines in Arena Valley. 
T his seems reasonable because current Taylor Glacier 
velocities are on the o rder of 1-1 5 m yr - 1 (Robinson, 
1984) and cliffs surrounding Finger Mountain (at maxi
mu m - 10 km away) probably supply most of the debris 
deposited in Arena Valley (Fig. 1), which suggests a max
imum 10.000-yr travel time. However, possibly some 
boulders were exposed in cliff outcrops prior to incorpo
ration into the glacial system, and this could be an im
portant cause of outlyi ng points in the age distributions. 

Outlying ages would also result if younger glacial ad
vances incorporate boulders from o lder moraines within 
Arena Valley. In addition, particularly in the Taylor Ill 
moraine, it is possible that older boulders exposed in 
''windows" through the younger moraines might be sam
pled inadvertently. This could explain the outlying ages in 
the Taylor Ill age distribution. particularly given that the 
Taylor III boulders are deposited directly on the older 
Taylor IVa drift and moraines (Fig. 2). 
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FIG. 3. (A) Ois1ribu1ion or> He and 10Be exposure ages for Taylor II 
10 Taylor I Vb moraines and Quanermain Orin from Table I. Closed 
circles show ' He ages, open circles show 10Be ages. The open triangles 
show two 3He ages based on the ' He data for 1.6- to 2-mm grains for 
samples SCW87-4-l (Taylor II) and KBA89-25 (Taylor IV b) from Brook 
and Kurz ( 1993). Note lhe close agreement between ' He age and 10Be 
age for SCW87-4-I. suggesting no significant loss of ' He in this s ize 
fraction. In the Taylor IVb distribution only the data for 1000- to 2000-
,...m quanz for sample KBA89- 19 is plotted (Table 1). One-sigma error 
bars include analytical uncenainties only. allowing comparison of ex
posure ages wilhin each moraine. For most of the 3He ages the error 
bars are smaller than 1he plot symbols. (B) Inset shows '0Be and 3He 
ages for Taylor II in expanded scale: the data suggest that 3He loss may 
not be significant for samples <- I 00.000 yr. 

The most important violation of the assumptions nec
essary for calculating a 3He exposure age is that 3He does 
not appear to be completely retained in some of these 
samples (Brook and Kurz , 1993). For grains of uniform 
size, in samples with the same deposition age, diffusion 
might be expected to lower the exposure age of all sam
ples uniformly. Some of the scatter in the 3He ages in 
Figure 3, however, may be a result of different loss rates 
for different samples, due to differences in grain-size dis
tribution wi thin the size fraction or other physical prop
erties (e.g., microcracks, silica cementation) that may 
influence diffusion rates. 

In summary, several types of processes may affect the 
exposure ages of ind ividual moraine boulders in Arena 
Valley, and probably exposure ages of all glacial deposits. 
The relative importance of all of these problems will de
pend on the geological situation and the isotopic system 
used. It is important to recognize that data from individ
ual boulders must be interpreted with caution and that 
multip le samples from indiv idual deposits are necessary 
to obtain adequate chronological information. 

CHRONOLOGICAL INTERPRETATION 

Exposure Age Distribution 

Exposure ages are potentially useful as both absolute 
and relative ages. Although quoted uncertainties in the 

3He and 10Be ages are large (Table 1). this is primarily due 
to the large uncertainties (-30% for 3He and 20% for 
10Be) adopted fo r the production rates. Both are fairl y 
conservative, although they probably represent reason
able present uncertainties in determining production 
rates and scaling them for latitude and altitude. If expo-
sure ages are used as relative ages. the production rate 
uncertainties are not as relevant, however. and analytical 
uncertainties (long-term reproducibility for samples of 
this type is generally on the order of 5-7% for 3He and 
10Be) are more appropriate for comparing ages of differ
ent samples (Figs. 3 and 4). 

Use of the exposure ages in either a relative or absolute 
context, however. requires interpretation of the age dis
tribution within single deposits . If the processes leading 
to distribution are random , then the mean age would be 
an appropriate estimate of the true age. However. the 
processes leading to older-than-expected ages (e.g .. pre
vious exposure or a radiogenic signal) may be distinctly 
different than processes that lead to younger-than-
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FIG. 4. (A) Scatter plot shows relationship between ' He and 10Bc 
ages for all samples analyzed for both isotopes. Open squares. Taylor II: 
open circles. Taylor Ill : closed squares. Taylor IVa: closed circles. Tay
lor IVb: closed triangles. Quanermain Orin: open diamonds. Rhone 
Platform and moraine at base of Taylor Glacier: open triangle. age for 
sample SCW87-4-l calculated with 3He data from 1.6- to 2-mm grains 
(Brook and Kurz. 1993). For the oldest sample (KBA89-108). the 10Be 
age is plotted as a lower limit because 10Be concentrations are near 
steady state. The general relationship suggests about 40-50% Joss of 
3He from quanz over -2 myr: the significant scatter is probably a result 
of different loss rates for different samples due to differences in grain 
size or other physical propenies. Error bars are propagated analytical 
error only (l<r) to allow comparison of relative sample ages. (B) Inset 
shows all samples with 10Be and 3He ages <500.000 yr: arrow shows the 
relationship between ' He ages for SCW87-4-I calculated with data from 
0.5- to 1-mm grains (open square) and 1.6- to 2-mm grains (open trian
gle). In general. these data suggest minimal 3He loss in these samples. 
although there are some unresolved complexities in the data for the 
youngest samples (see text and Brown et al .. 1991 ). 
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expected ages (e.g .. erosion. past soil cover. diffusion). If 
the latter dominate , the oldest age in the distribution is 
closest to the true age; if the fo rmer dominate. the young
est age would be closest to the true age . In reality. of 
course, it is not necessary that either process dominate 
the distribution, making it more difficult to choose the 
best age estimate. 

Table 2 summarizes the maximum, mean. and median 
3He and 10 Be exposure ages for the four Taylor moraines, 
and independent age estimates based on previous work. 
Because it is likely that processes li ke diffusion and ero
sion lower some apparent exposure ages the lowest ages 
in each d istribution are not considered as valid age esti
mates. Also , two samples that appeared anomalous 
based on both 3He and 10Be data were omitted from the 
calculations of Table 2. The o ldest sample in the Taylor 
Ill mora ine (SCW87-5) has a 3He age of 654.000 :!: 

202.000 yr (and a 10Be age of 1.2-0.3/ + 0.4 myr) and can 
be rejected at > 90% confidence using a simple Q-test 
(Shoemaker et a /., 1989); as suggested above . it is likely 
that this boulder is actually an older Taylor IVa or IVb 
boulder exposed in the Taylor liJ mora ine. Sample 
SCW87-4- l was omitted from calculations for Taylor II 
since both the 10Be data and the 3He data for individual 
size frac tions (Brook and Kurz, 1993) indicate an age of 
-370.000 yr, well outside the values for other Taylor II 
samples (Table 1) . 

Which of the values compiled in Table 2 is the best 
approximation of the true age? As mentioned above. one 
approach is to take the highest value for each moraine as 
the best estimate of true age. reasoning that erosion is the 
dominant process affecting the exposure ages (e.g .. Phil
lips et a/., 1990). Th is assumes that prior exposure is not 
an important process and that outlying points in the age 
distributions can be successfully recognized. The validity 
of the mean, median, or maximum age . however, may 
depend on exposure time. In the older deposits. pro
cesses that lower the 3He or 10Be exposure age relative to 
the true age (i.e., 3He loss. erosion, past soil cover) are 
probably much more significant than in younger deposits. 
In addition, the effects of prio r exposure should be less 
evident in the older deposits (Brown eta/. , 1991). Thus, 
the maximum age may better estimate the true age for 
older deposits. In contrast , for younger deposits the 
mean or median may be a more appropriate measure of 
the age, and this logic was used by Phillips et a/. (1990) in 
interpreting 36CI ages for younger deposits in the Bloody 
Canyon moraine sequence in northern California. Given, 
however, that the assumptions discussed above are diffi
cult to test. the median age is an appropriate approxima
tion of the true age because it is least affected by the form 
of the age distribution. For the Arena Valley moraine 
sequence, the mean and median ages are very similar 
(Table 2), suggesting a normal di stribution of ages. In 
addition, mean and median ages for Taylor II agree well 
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with ages based on correlations with U- Th-dated depos
its in lower Taylor Valley (Hendy eta/., 1979; Denton et 
a/., 1989; Marchant. 1990) (Table 2). 

Constraints from Paired 3He and 10Be Data 

As suggested by the above discussion, some of the 
problems leading to the distribution of ages for a single 
deposit can be addressed by measuring more than one 
cosmogenic nuclide in the same sample. For example. if 
samples have been exposed previously to cosmic rays. 
and then buried (either in glacier ice or soil), radioactive 
nuclides like 36CI , 26AI, and 10Be (half-lives 300.000 yr, 
720,000 yr. and 1.5 myr. respecti vely) will not have sig
nificant " memory•· of the prior exposure as stable cos
mogenic nuclides e He. 2 1Ne). In addition. the radionu
clides li sted above should not have diffusion problems. 

Together. the 3He and 10Be data described here provide 
some constraints on the origin of the age d istributions and 
the validity of ages. 10Be ages are significantly greater 
than 3 He ages. except for the Taylor II samples (Figs. 3 
and 4). There are two possible explanations for this . The 
production rates chosen for the age calculations may be 
incorrect ; the 3He production rate would have to be 
lower, or the 10Be production rate higher. to bring the 
ages closer to concordance. Given, however. that the 
10Be production rate used agrees well with independent 
estimates (Brown et al .. 199 1) and that other estimates of 
the 3He production rate are only 15-20% lower than the 
rate used here (Brook and Kurz . 1993). loss of 3He due to 
diffusion is probably the dominant factor controlling the 
discordance between 3He and 10Be ages for samples older 
than Taylor II. In theory, it is also possible that the cor
rection for radiogenic 3He is too large. although in gen
eral this would cause the difference between 3He and 
10Be ages to be greatest for the youngest samples, which 
is not the case (Figs. 3 and 4). The fact that the discrep
ancy between 3He and 10Be ages is not a smooth function 
(Fig. 4) suggests that some of the scatter in the age dis
tributions is a result of different rates of 3He loss for 
samples from the same moraine. The general trend (Fig. 
4) of - 40- 50% loss over 2 myr is consistent, however, 
with estimates of loss due to diffusion based on grain-size 
expe ri ments (Brook and Kurz. 1993) and on 3HeP1Ne 
ratios in one Taylor IVb sample (Staudacher and Allegre, 
1991). 

For Taylor II . the mean and median 3He and 10Be ages 
agree fa irly well (Table 2 and inset in Fig. 4) . These data 
suggest that 3He loss is not significant over - 100,000 yr 
of exposure to cosmic rays . In detail. however, there are 
some unresolved complexities in the Taylor II data. Two 
of the Taylor II samples (B W84-87 and KBA89-70-l ) and 
one Taylor Ill sample (BW84-134) have 3He ages older 
than 10Be ages (Table 2 and Fig. 3). Brown et a/. (1991) 
also reported excesses of 26AI in the two BW84 samples, 
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and although the o rigin of these anomalies remains un
clear, they might be indicative of unusual radiogenic pro
duction mechanisms (Brown eta/., 1991). Measurements 
of U and Th (Brown eta/ .. 1991) and Li (E. Brook, un
published data) do not reveal any chemical anomalies 
that would support this hypothesis. however. Further de
tails of thi s problem are discussed by Brown eta/. (199 1). 

In the Taylor III and IVa data the few 10Be ages are not 
consistent and generally are significantly higher than 3He 
ages (Figs. 3 and 4). Because of the small amount of data 
this is difficult to interpret , but, as mentioned above. the 
sample with the highest 10Be age from the Taylor III mo
raine (SCW87-5: 1.2-0.3/ + 0.4 myr) also has an unusu
ally high 3He age (654,000 :t 202.000 yr), suggesting prio r 
exposure to cosmic rays. Taylor Ill sample BW84-33 also 
has a high 10Be age (900.000 + 252,000/ -226.000 yr. 3 He 
age = 190.000 ::!: 59.000 yr). In both cases the discrep
ancy between 10Be and 3He ages is probably due to loss 
of 3He : in the latter sample the small grain size probably 
explains the large discrepancy (see Appendix). These 
two 10Be ages may indicate that the Taylor III moraine is 
significantly older than 3He data and prior age constraints 
indicate, if there has been significant 3He loss from all of 
the Taylor Ill samples . It is possible though. that in ad
dition to some 3He loss. the outlying points may reflect 
the difficulties in sampling this deposit, which is a less 
dist inct belt of boulders than the o thers. and rests directly 
on the older Taylor IVa moraines and drift. 

As suggested above, in the Taylor IVa and Taylo r IVb 
moraines the discordance between 10Be ages and 3He 
ages (Table I and Figs. 3 and 4) probably reflects 3He 
loss. Brown et a/. (199 1) also pointed out that the very 
close agreement for all the 10Be ages on the Taylor IVb 
moraine (Table I and Fig. 3) argues against any influence 
of prior exposure to cosmic rays for these samples due to 
their long exposure time in their present positions. 

Four samples from Quartermain Drift, the oldest gla
cial deposit in the valley that is believed to have been 
deposited by Taylor Glacier (Marchant , 1990) , were also 
analyzed for 3He and three of these were analyzed for 
10Be (Figs. 3 and 4). 3He ages range from 382,000 ::!: 
131,000 yr to 2.5 :t 0.8 myr; 10Be ages are significantly 
older (Table 1). Because 10Be is radioactive (1 ,1, = 1.5 x 
106 yr) , for the older samples its concentrat ion ap
proaches steady state with respect to production and de
cay, and error limits for 10Be exposure ages become large 
and asymmetric. For the oldest Quartermain Drift sample 
(KBA89-108), the data only provide a lower age limit of 
-3 myr, (-5 myr assuming no error in the production 
rate; Table 1), but possibly the exposure period is signif
icantly longer. As with the IVa and IVb samples, all of 
these samples show evidence of 3He loss (Table I , Figs. 
3 and 4). 

In summary, although the details of the processes lead
ing to the distributions of ages for each deposit cannot be 

completely unraveled. the 10Be and 3He age distributions 
for the Arena Valley deposits illustrate that a number of 
different factors must be considered. including prior ex
posure to cosmic rays. loss of 3He. and episodic surface 
erosion processes (spalling of boulder su rfaces. for ex
ample). Because there is no way to constrain all these 
processes indi vidually, the mean or median exposure 
ages are used here as age constraints for the Taylor mo
raines. 

IMPLICATIONS FOR ANTARCTIC GLACIAL HISTORY 

Both the mean and median 3He and 10Be ages are con
sistent with previous suggestions that the Taylor II mo
raine and drift were deposited duri ng isotope stage 5 
(- I 00.000 yr). and 3He ages suggest that Taylor Ill was 
deposited during isotope stage 7 (- 200,000 yr) (Table 2). 
Two of the three 10Be ages for Taylor Ill samples suggest 
an even older age (- I myr: Table I and Figs. 3 and 4). 
Given the discrepancy. and the evidence for 3He loss , 
more 10Be data will be necessary to make firm conclu
sions about the age of this deposit. 

The mean and median 3He ages for Taylor IVa samples 
are 335 ,000 :t 187,000 and 365.000::!: 181.000 yr, which 
would indicate deposition during isotope stage II at the 
earliest. assuming the deposit is interglacial. The limited 
10Be data, however (Fig. 3). suggest that the moraine may 
be significantly older than this (up to - I myr). Taylor IVb 
has mean and median 3He ages o f 1.2 :t 0.2 and 1.2 :t 0.3 
myr and mean and median 10Be ages of 2.1 ::!: 0.1 and 2.2 
::!: 0.7 myr; given the strong evidence for 3He loss in thi s 
age range (Brook and Kurz, 1993). the latter ages are 
more reliable. 

The 3He and 10Be ages for Quartermain Drift confirm 
that it is the oldest of the deposits stud ied, in agreement 
with the relative chronology of Marchant (1990). Based 
on stratigraphic position , outcrop pattern, and composi
tion. Quartermain Drift was deposited prior to the Taylor 
IVb moraines by an expanded Taylor Glacier (Marchant , 
1990). Quartermain Drift is the oldest deposit in Arena 
Valley that has been related to Taylor Glacier; the 10Be 
ages provide evidence that a somewhat expanded Taylor 
Glacier existed in pre-Pleistocene time , perhaps as early 
as the middle Pliocene. Because 10Be concentrations are 
near steady state in the Quartermain Drift samples, quite 
possibly this deposit is significantly o lder. It should also 
be noted that erosion corrections of these old ages would 
be significant. For example , an apparent 10Be age of 3 
myr would become 3.9 myr when corrected for a constant 
erosionrateof l x I0 - 5 gcm - 2 yr - 1 (e.g., Brown et a/., 
1991). 

3He and 10Be measurements for related glacial deposits 
in Arena and Taylor valleys suggest some tentative cor
relations with the Arena Valley moraines. Two samples 
from the moraine on the north wall of Taylor Valley near 
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TABLE I 

He and Be Data for Arena and Taylor Valley Samples 

3He 108e 

Altitude Age'" Age'" 
Sample (m) AD An• 'He Ia RIR: Ia l Hccn (103 yr) Ia 10Be Ia tose_ (10' yrl - Ia + Ia 

Taylor II 
SCW87-4· 1" 1100 905 32.88 0.40 I. II 0.06 24.35 130 41 4.90 0.40 2.38 370 85 89 

29.39 0.33 1.39 0.06 27.21 
18.55 0.13 1.86 0.03 23.01 
8.06 0.04 4.60 0.05 24.86 

KBA89·102 1140 901 34. 19 0.24 0.75 0.02 16.18 85 26 
KBA89-70· 1 1120 903 82.86 0.96 0.70 0.05 36.73 192 61 1.68 0.11 0.78 115 2.4i 25 
KBA89-96 1150 900 37.01 0.41 0.95 0.05 22.03 115 36 2.19 0. 16 1.01 149 33 33 
BW84·87" 1100 905 110.85 5.79 0.25 0.04 17.83 82 29 0.61 0.07 0.30 43 10 10 

71.20 3.85 0.29 0.01 13.39 
KBA89·99 1090 907 95.03 1.05 0.24 0.02 14.08 74 23 1.47 0.14 0.69 101 23 23 
KBA89·97 1090 907 241.43 3.62 0. 17 0.05 25.23 132 57 2.48 0.16 1.19 176 38 39 

Base or Taylor Glacier 
BW84·71 1050 911 51.02 0.16 0.95 0.01 33.09 173 54 2.70 0.20 1.35 201 45 45 

Taylor Ill 
KBA89·50 1130 902 35.04 0.26 0.93 0,02 20.48 102 31 

98.61 1.08 0.30 0.03 18.30 
KBA89·105 1110 904 9.87 0.0 1 8. 17 0.06 52.59 275 85 
K.BA89·103 1160 899 38.11 0.43 1.65 0.06 39.46 207 64 
SCW87·5• 1150 900 102.99 1. 15 1.88 0.02 124.89 654 202 11.9 1.0 6.53 1220 323 380 
KBA89-52 1130 902 268.58 4.06 0.24 0.05 40.21 211 67 
BW84·1344 1150 900 45.91 0.92 1.10 0.03 31.77 166 51 2.00 0 .20 0.92 135 31 31 
BW84-334·' 1150 900 63.82 1.33 0.91 0.03 37.66 190 59 11.00 1.80 6.15 900 226 252 

34.84 1.22 1.79 0.09 40.64 
247.23 13.16 0.20 0.02 30.57 

KBA89-104 1150 900 35.37 0.42 2.59 0.06 58.00 304 9-1 

Rhone Platfonn 
AA86-6 940 923 94.77 0.39 0.38 0.01 25.76 147 45 

99.13 1.63 0.43 0.02 30.31 
AA81;-5 940 923 26.49 0.08 2.57 0,02 49.39 259 80 1 .40 0 .10 1.79 272 63 64 

Taylor IVa 
KBA89-45·1 1160 899 97.25 1.05 1.29 0,03 79.79 400 124 11.00 1.10 6.02 1096 404 497 

46.22 0.54 2.47 0.06 72.31 
KBA89-47-I 1160 899 33.75 0.37 4.21 0. 14 90.26 45:!' 140 
KBA89-47·2 1160 899 20,63 0. 15 6.33 0.06 82.41 
KBA89-41·2 1170 898 70.94 0.79 0.75 0.03 32.48 179 56 4 .50 0.50 2.01 308 75 77 

77. 13 0.84 0.76 0.03 35.966 
KBA89.4Q.I 1170 898 90.65 1.07 0.28 0.02 15.02 79 25 
KBA89·95 1150 900 35.49 0.39 2.80 0.09 62.98 330 103 
KBA89·94 1140 901 2638.79 263.90 0.077 0.02 111.11 582 257 

Taylor IVb 
SCW87·3·1' 1600 852 44.47 0.27 12.08 0.13 259.48 1359 420 17.00 1.80 9.43 2110 646 926 
KBA89·25 1320 882 106.93 1.21 3.49 0.05 208.58 1092 338 
KBA89·19' 1260 888 54.77 0.70 5.28 0.05 173.21 933 289 

26.51 0.15 11.54 0.07 183.37 
59.71 0.67 6.66 0.08 238.36 1248 386 

AA86-i4• mo 857 24.08 0.09 14.46 0.10 171.86 900 278 27.60 1.90 9.85 2273 717 1081 
AA86-15 1600 852 32.59 0. 15 17.21 0.12 265.24 1389 429 26.40 1.70 9.03 1962 584 803 
BW84-105 1300 884 40.41 0.05 10.49 0.09 244. 15 1122 347 11.20 1.60 9.66 2197 685 1008 

38.76 0.49 9.88 0.08 220.32 
17. 10 0. 15 19.51 0. 16 192.21 
67.57 0.93 5.15 0.07 200.2 1 

Tor above Taylor tVb 
AA86-16 1650 847 45.06 0.95 11.28 0.33 233.66 1223 379 29.40 1.80 9.78 2244 698 1037 

Quartermain Drift 
KBA89·108 1250 889 51.90 7.56 9.09 0. 11 280.68 1470 502 33.60 1.81 14.46 > 3000" 
KBA89·107 1321 882 47.97 6.99 2.69 0.03 73.04 382 131 21.70 1.17 8.92 1923 562 761 
SCW87·1·2 1400 873 36.14 0.29 24.49 0.17 477.68 2501 773 
SCW87· 1·1 1350 878 13,07 0.03 33.03 0.24 240.71 1260 389 29.70 2.10 11.97 3133 1136 2537 

Surface of Taylor Glacier 
KBA89·91·2 1040 912 20.61 0.16 0.14 0.01 1.80 

Note . Units: 'He in 1012 atg - 1: 3He and 10Be in 106 atg - 1• RIR. = 3H<l'He ratio relative to atmospheric ratio (1.38 x 10 - •). Uncertainties in 
isotope concentrations are lu analytical uncertainties only. AD is atmospheric depth in g em - ' . ' He<• and 10Be. are cosmogenic nuclide 
concentrations normalized to sea level and rock surface as described in text. Italics indicate 10Be data originally published in Brown eta/. (1991). 
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TABLE 2 
Mean, Median, and Maximum Exposure Ages for Taylor Moraines in Arena Valley (103 yr) 

3He ages 108 e ages" 
Previous age 

Sample Mean Median Max. n Mean Median Max. n constraint" 

Taylor W 11 3 = 45 100 = 22 192 = 61 6 117 ::: 51 115 = 25 176 = 39 72-98 
Taylor Ill ' 208 = 67 207 = 64 304 = 94 7 
Taylor IVa 335 = 187 365 = 81 582 = 257 6 none 
Taylor IVbd 1185= 184 1185 :::260 1389 = 429 6 2135 = 134 2154 - 471/ +684 2273 - 717/+ 1081 4 none 

• Sufficient data for calculating means are not available for Taylor lll and IVa. 
• Taylor 11 and Ill ages based on U- Th ages of Hendy et al. (1979) as summarized by Denton eta/. (1989). 
' SCW87-4- 1 and SCW87-5 ommitted from calculations for Taylor II and lll. respectively. 
d For Taylor IVb sample KBA89-19. only the 3He age calculated for 1- 2-mm grains was used in these calculations. 

Rhone Glacier (Fig . l b. Table 1), and parallel to Taylor 
Glacier. have 3He exposure ages of 161 .000:!: 50.000 and 
284,000 :!: 88.000 yr (samples AA86-5 and -6); AA86-5 has 
a 10 Be age of272 :!: 64.000 yr. This moraine may correlate 
with Taylor Ill or IVa drift. A bedrock tor sample (sample 
AA86- 16) collected beyond the Taylor !Vb limit yielded a 
3He age of 1.2:!: 0.4 myr and a 10Be age of2.2 - 0.7/ + 1.0 
myr, suggesting that this bedrock surface may be approx
imately the same age as the Taylor !Vb moraine. One 
sample collected fro m a small moraine ridge near Taylor 
Glacier (BW84-7 1) has 3He and 10Be ages of 168,000 :!: 
52,000 yr and 20 1,000 :!: 45 ,000 yr, suggesting that this 
moraine ridge may be the same age as the outer Taylor li 
or Taylor Ill moraine. These latter conclusions, based on 
small numbe rs of samples. must be considered tentat ive 
given the distribution of 3He ages observed o n the Arena 
Valley moraines. 

10Be data can also be used to place some constraints on 
suggested rapid uplift of the Transantarctic Mountains 
(Brown el at., 1991). For example, McKelvey e1 a/. 
(1991) have suggested uplift of 1300 min the last 3 myr in 
the Beardmore Glacier region (an average of 4.2 x 10 - 4 

m yr- 1) , based primarily on paleobotanical and biostrati
graphic evidence from the late Neogene Sirius Forma
tion. Because production rates of cosmogenic nuclides 

increase exponentiall y with altitude , the old exposure 
ages for Taylor IVb morai nes and Quartermain Drift in
dicate that such high uplift rates are unlikely in the Mc
Murdo Sound-Dry Valleys region. For example, if the 
Quartermain Drift sample KBA89- 108 was uplifted from 
sea level to its present position at a constant uplift rate of 
4.2 x to-• m yr - 1

, the 10Be concentration could only 
reach - 1.8 x 107 at g - 1 (using the uplift model of Brown 
et a/. ( 1991) and assuming constant exposure to cosmic 
rays and the 10Be production rate of 7 at g - 1 yr - 1 at sea 
level) which is - 50% lower than the measured concen
tration , suggesting that such high uplift rates are unlikely 
in the Dry Valleys region . A similar conclusion was 
reached by Witch et a/. (1990) based on K -Ar ages of 
Taylor Valley subaerial volcanic deposits. These results 
suggest either that the suggested uplift rates are too high 
or that the recent uplift history of the Beardmore Glacier 
region is significantly different than that of the McMurdo 
Sound-Dry Valleys region. 

The moraine and drift sequence deposited by Taylor 
Glacier in Arena Valley is the most complete for any 
valley in the Transantarctic Mountains adjacent to the 
East Antarctic Plateau. Assuming that it is correct, the 
exposure-age chronology for this sequence permits max
imum limit ing values to be placed on Quaternary thick-

TABLE 1 Footnote-Contimu~d 
• An. Analysis code; I. combination of crushing in vacuo and melting resulting powder: 2. melting whole grains irr vacuo; 3. results of step 

healing experiment. All samples are 0.5- to l·mm grains unless noted. 
• For samples analyzed by crushing and melting the totai 3Hei'He ratios were calculated from the crushing and melting data of Brook and Kurz 

(1993). 
' Ages calculated using 3He production rate of 191 ::: 59 and '0Be production rate of 7 = 1.4. Nuclide concentrations were normalized to rock 

surface assuming an exponential path length of 160 gem - ' and the measured sampling interval. and normalized to sea level as described by Brook 
and Kurz (1 993). The normalization to sea level is based on an exponential attenuation length in the atmosphere of 165 glcm' (Lingenfelter. 1963). 
Uncertainties in exposure ages include uncertainties in 3He and 10Be production rates (see text). 3He data were corrected for radiogenic 3He 
assuming a 3Hei'He of 0.011 = 0.04 for radiogenic helium. 

d Altitudes originally reported for these samples by Brown eta/. (1991 ) have been corrected based on further field measurements. Sample 
BW84-33 is composed of 0.5· to 1-mm aggregates of < 0.5-mm grains. 

'Noted analysis for KBA89-19 is for 1- to 2-mm grains: BW84-33 is 0.1-to 0.5-mm grains : SCW87-3-1 is 0.2- to 0.5-mm grains. 
f Mean of 47-1 and 47-2. 
• Sample altitude is uncertain by up to 150m. 
• The age is a lower limit defined by Ia analytical and production rate uncertainties; in Figures 3 and 4 the lower limit plotted (5.0 myr) is based 

on only analytical uncertainties. 
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ening of upper Taylor Glacier and the adjacent East Ant
arctic Plateau surface. The Taylo r IVa moraines and drift, 
the oldest deposits of definite Quaternary age, record a 
thickening of -250 m for adj acent Taylor ice, which lies 
in the ablation zone of the glacier system. Assuming that 
the Taylor IVb and Quartermain Drift ages are correct. 
the data suggest a relative change in the height of Taylor 
Glacier of about 500 m since the early Pleistocene (and 
perhaps as early as the middle Pliocene). 

SUMMARY AND CONCLUSIONS 

The present 3He a nd 10Be data provide important 
chronological information about glacial deposits in Arena 
Valley, Antarctica. The data suggest that the Taylor II 
moraine and drift was deposited during oxygen isotope 
stage 5, - 100.000 yr B.P. The median 3He age for Taylor 
III is consistent with a stage 7 age. but o lder 10Be ages 
suggest that this is strictly a minimum estimate. Taylor 
IVa appears to be at least 400,000 yr old based on 3He and 
10Be data. Taylor lVb is - 2 myr old based on 10Be data. 
Quartermain Drift, a glacial drift deposited by Taylor Gla
cier prior to deposition of the Taylor moraines. has min
imum 10Be ages of - 3 myr and may be significantly older. 

Several complexities that are important for using cos
mogenic nuclides to determine the age of geological fea
tures are also revealed. Significant variability is found in 
both 3He and 10 Be ages for ind ividual deposits, as also 
found by Phill ips eta/. (1990) fo r 36CI ages o f a lpine mo
raine boulders in the western United States . The reasons 
for the age distribution within single deposits probably 
include prio r exposure to cosmic rays, prior soil cover, 
the possibility of sampling o lder boulders exposed in win
dows in younger mater ial, shifting of moraine boulders 
after deposition, and perhaps different erosion rates of 
individual boulders. In the case of 3 He, diffusive loss is 
also important , particularly fo r exposure ages > 100.000 
yr. Bo th the 3He and the 10Be data indicate that indi vidual 
exposure ages must be interpreted with caution. Inter
preting these age distributions fu lly, and taking full ad
vantage of the potential of in situ cosmogenic nuclides. 
requires measurements of several cosmogenic nuclides in 
the same samples, as well as extensive field sampling. 

Nonetheless, the data provide important chronological 
information, including minimum exposure ages for de
posits that previously had no direct chronological con
straints. In addition , the exposure ages for the moraine 
sequence in Arena Valley, which is the best developed 
sequence of Quaternary ice- marginal features in the Dry 
Valleys region, suggest that Taylo r Glacier at Arena Val
ley has not changed thickness by more than -500 m in 
the last 2 myr. Furthermore, the 10Be data for Quarter
main Drift suggest that a fu ll y developed Taylor Glacier 
existed in pre-Pleistocene time. perhaps as early as the 
middle Pliocene. 

105 

APPENDIX 

Headings list sample number. location. geological fea
ture. altitude, sampling interval. and grain size. See Fig
ure I for map locations. Unless noted all samples arc 
whole quartz grains separated from the rocks. Further 
description of the geology of the Arena Valley region and 
petrology of the Beacon Supergroup can be found in 
McElroy and Rose ( 1987) and Matz eta/. (1972) . 

SCW87-4-J, Arena Valley, Taylor 11, I 100m, 1- 6 em, 
0.5-1 mm 

Taylor II moraine quartz sandstone collected by S. Wil
son in 1987. 

KBA89-102. Arena Valley, Taylor 11, 1140 m. 0-4 em. 
0.5-1 mm 

Top surface of small -0.25 m3 quartz sandstone boul
der perched on outer wall of Taylor II moraine. Collected 
on 12-21-89 from western side of outermost Taylor II mo
raine loop. Greenish gray color with brown weathered 
surface dipping 10•-2o• to west. 

KBA89-70-I, Arena Valley. Taylor 11, 1120 m , 0-3 em. 
0.5-J lll/11 

Top surface of large. - 4-m-high, quartz sandstone 
boulder in Taylor II moraine. resting on small do lerite 
boulder. Collected on 12-18-89 from eastern side of out
ermost Taylor II moraine loop. Brown weathered crust 
on top surface. 

KBA89-96. Arena Valley. Taylor II , 1150 m, 0-4 em, 
0.5-1 mm 

Horizontal surface of I x I x 0.8-m-high sandstone 
boulder perched on several dolerite boulders on crest of 
moraine. Collected on 12-2 1-89 from eastern , central side 
of outermost Taylor II moraine loop. Brown staining on 
top and sides. 

KBA89-99, Arena Valley, Taylor II . 1090 m, 0-2 em, 
0.5- 1 mm 

Top surface of I x 0.6 x 0.6-m-high sandstone boulder 
perched on several doler ite and granite boulders. Top sur
face dips - 10• to south. Collected on 12-21-89 from east
ern , central side of outermost Taylor II moraine loop. 
Tan-brown-stained top surface. 

KBA89-97, Arena Valley , Taylor II, /090 m, 0- 3 em, 
0.5- 1 mm 

Top surface of 0.6 x 1.2 x 0.6-m-high sandstone boul
der perched on top of Taylor II moraine crest. Collected 
on 12-21-89 from central part of outermost moraine loop. 
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Top surface of sample dips - 30° to northeast. Brown
stained surface. 

BW84-87, Arena Valley , Taylor 1/, 1/00 m . 0- 7 em . 
0.5-1 mm 

BW84-134, Arena Valley. Taylor Il l . 1150 m . 0- 3.5 em. 
0.5- 1 111111 

Top surface of Taylor III quart z sandstone boulder col
lected by R. Weed in 1984 fro m near center of outermost 
Taylor III moraine in Arena Valley. 

Surface sample from Taylor II quartz sandstone boul- BW84-33 , Arena Valley, Taylor 111. 1150 111 • 0- 8 em . 
der collected by R. Weed in 1984 from eastern side of 0.5-1 mm 
outermost Taylor II moraine loop. 

BW84-71. Arena Valley, Base of Taylor·Giacier, 1050 
m, 0-6 em. 0.5-1 mm 

Surface sample collected from quartz sandstone boul
der in small moraine ridge nearest Taylor Glacier by R. 
Weed in 1984. 

KBA89-50. Arena Valley. Taylor Ill, I 130 111 , 0-2 em, 
0.5-1 mm 

Top surface o f small . 0.25 cm3
• quartz sandstone in 

Taylo r III Moraine. Collected on 12- 17-89 from near cen
ter of outermost Taylor lll moraine loop. Bottom par
tially buried in loose gravel. 

KBA89-52, Arena Valley, Taylor lll. 1130 m. 0- 6 em. 
0.5-1 mm 

Horizontal top surface of 0.5 x 0.25 x 0.25 m-high 
quart z sandstone bo ulder perched o n Taylo r Il l mo raine. 
Light yellowish brown weathered surface. Collected on 
12-1 7-89 from near center of outermost Taylor lll mo
raine loop, approximately 20 m west of KBA89-50. 

KBA89-104 , Arena Valley, Taylor l/1, 1150 m , 0-4 em , 
1-2 mm 

Horizontal top surface of 0.5 x 0.8 x 0.4-m-high quartz 
sandstone boulder in Taylor Ill moraine. Reddi sh brown
stained surface . Co llected on 12-2 1-89 from outermost 
Taylor Ill moraine loop on east side of Taylor Valley. 

KBA89-103 , Arena Valley, Taylor i ll, 1160 m, 0-4 em , 
0 .5-1 mm 

Horizontal top surface of 0.5 x 0 .25 x 0.25 m-high 
sandstone boulder on crest of Taylor Ill moraine. Col
lected o n 12-21-89 from outermost Taylor Il l moraine on 
east side of Arena Valley. 

SCW87-5 , Arena Valley , Taylor Ill , 1150 m. 1- 6 em , 
0.5-1 mm 

Taylor lll moraine sample collected by S. Wil son in 
1987. 
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Top surface of Taylor Ill quartz sandsto ne boulder col
lected by R . Weed in 1984. approx imately 50 m west of 
BW84- 134. Grains (0 .5- 1 mm) separated from the rock 
a re actually multigrain aggregates of 0. 1- to 0 .5-mm 
grains. 

AA86-6e. Rhone Platform. 940 m. 0-5 em . 0.5-1 mm 

To p. horizontal surface of 2 x 2 x 0 .5 m-high long 
granite boulder in moraine parallel to Taylor Glacier. east 
o f Rhone Glacier. o n lower slope of distinctive volcanic 
cone . Collected o n 11-4-86 by R. Ackert. 

AA86-5, Rhone Platf orm , 940 m . 0-3.5 em . 0.5- 1 mm 

Top. hori zontal surface of I x 0.5 x 0.25 m-high long 
q uartz sandstone bou lder in moraine parallel to Taylor 
Glacier. east of Rhone Glacier. on lower slope of distinc
tive volcanic cone. Collected by R. Ackert on 11 -4-86. 
Top surface weathered brown. 

KBA89-45-J. Arena Valley . Taylor IVa . 1160 m. 0- 6 
em , 0 .5- 1 111111 

Top. horizontal, su rface of large , 2.5 m x 3 m x 3.5 
m-high quartz sandstone boulder in Taylor IVA moraine 
with well-developed brown weathering rind o n surface . 
Collected on 12-17-89 at very edge of Taylor IVA limit in 
center of Arena Valley. 

KBA89-47-l . Arena Valley , Taylor IVa. 1160 m , 0- 5 
em . 0 .5- 1 mm 

Top. horizontal surface of large , 4 x 5 x 3-m-high 
q uartz sandstone boulder in Taylor IVA mo raine at the 
edge of Taylo r IVA limit in center of Arena Valley. Sam
ple from center of eastern side of boulder. Top surface is 
weathered brown and extensively iron stai ned . Collected 
on 12- 17-9 1. 

KBA89-47-2. Arena Valley. Taylor IVa. 0-4 em 

Same as KBA89-47- I . but from northwest corner of top 
of boulder. 

KBA89-41-2. Arena Valley, Taylor IVa , 1170 m , 0-2 
em . 0.5-1 mm 

Top, horizontal surface of large 2 x 2 x 0 .5-m-high 
quartz sandstone boulder in outer Taylor IVA moraine 
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loop on western side of Arena valley. Collected on 12-
16-89. 

KBA89-40-I. Arena Valley, Taylor IVa . Jl 70 m, 0- 4 
em, 0.5-1 mm 

Top surface of large 2.5 x 2.5 x 1.5-m-high quartz 
sandstone boulder perched .on several dolerite boulders 
at edge of Taylo r IVA moraine limit on western side of 
Arena Valley. Collected on 12-16-89. 

KBA89-95 , Arena Valley, Taylor IVa. 1150 m , 0-4 em. 
0.5-1 mm 

Horizontal top surface of I x I x 0.6-m-high sandstone 
boulder at center of outermost Taylor IVa limit. Brown 
stained surface. Collected on 12-2 1-89. 

KBA89-94, Arena Valley, Taylor IVa, 1140 m, 0-3.5 
em, 1- 2 mm 

Top surface of 2 x 2 x 1-m-high granite boulder in 
center of Taylor IVa limit in east side of Arena Valley. 
Brown-stained surface. dips approximately 20° to north . 
Collected on 12-21-89. 

SCW87-3-I, Arena Valley. Taylor IVa , /300m. 1-5.5 
em, 0.5-1 mm 

Surface sample of Taylor !VB boulder collected by S. 
Wilson in 1987. Analyzed fraction composed of 0.5- to 
1-mm aggregates of 200- to 500-)..l.m-diamcter grains. 

KBA89-25 , Arena Valley, Taylor IVb, 1320 m , 0-2 em. 
1-2 mm 

Top surface of - 1.5 m3 quartz sandstone boulder 50 m 
downslope fro m o uter limit of Taylor !VB morai ne on 
eastern wall of Arena Valley. Coarse-grained with some 
large pebbles. Collected on 12-15-89. 

KBA89-19, Arena Valley, Taylor IVb, 1260 m. 0-6 em , 
0.5-/ , 1-2 111/11 

Top surface of large, 2 x 2 x 2-m-high quartz sand
stone boulder , resting on top of desert pavement. Weath
ering rinds on top and sides indicated that this boulder 
may have rolled over but sample was taken from corner 
of present top surface which would have been top in any 
case. Collected on 12- 15-89. 

AA86-14. Arena Valley, Taylor / Vb, 1550 m. 0-5 em, 
0.5-1 mm 

Top, horizontal surface of 0.5 m3 quartz sandstone 
boulder in Taylor !VB moraine on eastern wall of Arena 
Valley. Upper surface weathered brownish orange. Col
lected by R. Ackert on 11-24-86. 
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AA86-15. Arena Valley. Taylor IVb. 1600 m, 0-3.5 em. 
0.5-1 mm 

Top surface of large. approximately 2 m3 quartz sand
stone boulder in Taylor !VB moraine at Taylor IVB limit 
on east wall of Arena Valley. Upper surface weathered 
brown and sloping approximately 10° to the east. Col
lected by R. Ackert in 1986. 

BW84-/05, Arena Valley. Taylor /Vb, /300m, 0- 4 em, 
0.5-1 mm 

Top surface of Taylor !VB sandstone boulder collected 
from limit of Taylor IVB moraine by R. Weed in 1984 on 
eastern wall of Arena Valley. 

AA86-!6. Arena Valley. Bedrock Tor . 1650 m , 0-4 em, 
0.5-1 mm 

Top, horizontal surface of quartz sandstone bedrock 
tor beyond limit of Taylor IVB moraine on east wall of 
Arena Valley. Tor stands approximately I m above sur
rounding bedrock surface. Upper suti'ace weathered dark 
brown. Collected by R. Ackert on 11-24-86. 

SCW87-J-/ , Arena Valley, Quartermain Drift. /400 m . 
0-4 em, 0.5-1 mm 

Top surface of quartz sandstone boulder in Quarter
main Drift. Collected by S. Wil son in 1987. 

SCW87-I-2 , Arena Valley , Quartermain Drift, 1400 m. 
0-4 em, 0.5-1 mm 

Top surface of quart z sandstone boulder in Quarter
main Drift. Collected by S. Wil son in 1987. 

KBA89-/08, Arena Valley, Quartermain Drifr , 1250 m. 
0-4 em. 0.5-1 mm 

Top horizontal surface of 0.5 x 0.2 x 0.15 m sandstone 
boulder. top and lee side with brown, well-developed, 
varni shed surface . From near top of low hill mapped as 
Quartermain Drift by Marchant (1990). Collected on 12-
22-89. 

KBA89-107, Arena Valley, Quartermain Drift, 1320 m , 
0-4 em, 0.5-1 mm 

Small sandstone boulder, 0.5 x 0.5 x 0.2-m-high with 
horizontal, brown-stained leeward surface and heavy 
quartz rind development. Collected from small patch of 
drift mapped as Quartermain Drift by Marchant (1990) 
west of main exposure of Quartermain Drift. Collected on 
12-22-89. 
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KBA89-91-2. Arena Valley. Taylor Glacier. 1040 m. 
0-7 em. 0.5-1 mm 

Top surface of small sandstone boulder on surface of 
Taylor Glacier at mouth of Arena Valley. Collected on 
12-2 1-89. 
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Introduction 

In the last decade cosmogenic nuclides produced in situ in terrestrial 

surface rocks have proved to be useful chronometers for studying surface 

processes (see Lal, 1991, Kurz and Brook, 1993, and Chapter 1 for reviews). In 

a recent set of papers Brown et al. (1991), Brook and Kurz (1991) [Chapter 3], 

and Brook et al. (1993) [Chapter 4]), investigated this use of in situ cosmogenic 

3He, lOBe, and 26 Al for dating glacial deposits related to Quaternary and late 

Neogene expansions of the East Antarctic Ice Sheet in the Dry Valleys region 

of Antarctica (Fig. 1). These studies concentrated on an extremely well

exposed moraine sequence in Arena Valley (Fig. 1). This chapter includes 

additional 3He, lOBe, and 26 Al data for these deposits, uses the entire data set 

to improve the original chronology, and further demonstrates the utility of 

cosmogenic nuclides for dating Antarctic glacial deposits. 

The previous work resulted in four major conclusions. First, 3He, 

lOBe, and 26Al ages for Arena Valley moraines ranged from -100 kyr to -2 

myr. This suggested that the East Antarctic Ice Sheet was near its present 

position throughout most of that time. lOBe ages for a stratigraphically older 

glacial drift indicated that this conclusion could be extended back to at least 3 

myr, suggesting little change in this part of the East Antarctic Ice Sheet 

throughout Quaternary and late Pliocene time (Brook et al., 1993 [Chapter 4]; 

Marchant et al., in press). Second, lOBe and 3He ages for the Taylor II 

moraine, the youngest well documented deposit in Arena Valley (Fig.l), gave 

concordant mean ages of -120 kyr. These ages are consistent with previous 

suggestions that Taylor II correlates with "Bonney Drift," a Taylor Glacier drift 

deposited in middle Taylor Valley, which contains U-Th dated lake sediments 

with ages that range from 70-120 kyr 
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Figure la. Index map of Antarctica showing location of Dry Valleys region 
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(Hendy et al., 1979; Higgins, 1993). Third, although 3He and lOBe ages were 

concordant in the younger deposits, this comparison in older samples 

indicated significant loss of 3He from quartz (Brown et al., 1991; Brook et al., 

1993 [Chapter 4]). Fourth, a preliminary analysis of lOBe data from 

Quartermain Drift, the oldest deposit sampled in Arena Valley, allowed 

constraints on the uplift history of the Transantarctic Mountains (TAM). 

McKelvey et al., 1990, based on biostratigraphic evidence from Sirius Group 

tills in the Beardmore Glacier region, have suggested uplift of at least 400 

m/myr over the last 3 myr. This suggestion is controversial (Wilch et al., 

1993). Preliminary modeling of the effects of uplift on lOBe production 

showed that the lOBe data for Quartermain Drift were inconsistent with such 

high uplift rates (Brown et al., 1991; Brook et al., 1993 [Chapter 4]). 

Several important issues remained unresolved and are addressed here. 

Because only a few samples of intermediate age moraines (Taylor ill and IV a; 

Fig. 1) were previously available it was not possible to reliably constrain their 

ages. These deposits are crucial, however, for understanding the response of 

the East Antarctic Ice Sheet to Quaternary climate change before isotope stage 

5. Also, due to the importance of the Taylor II moraine in chronological 

interpretations of late Quaternary Antarctic glaciation (e.g., Denton et al., 

1989a), and scatter in the available data, additional measurements were 

obtained to constrain its age. Given the ease and reduced sample size 

requirements of 3He analysis relative to lOBe analysis (e.g., Brook and Kurz, 

1993 [Chapter 3]; Chapter 2), and uncertainty about the age at which 3He loss 

becomes significant to exposure dating, further comparison of 3He and lOBe 

exposure ages in quartz was also undertaken. Finally, the recent controversy 

over the age of the Sirius Group and its implications for the uplift history of 

the TAM and the glacial history of Antarctica (Clapperton and Sugden, 1990; 
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Webb and Harwood, 1991; McKelvey et al., 1991; ten Brink et al., 1993; 

Marchant, 1993; Barret et al., 1993; Wilch et al., 1993), were addressed with 

additional measurements of samples from pre-Pleistocene glacial deposits in 

the Dry Valleys, including the Sirius Group. 

The general objective of this work is to constrain the Quaternary and 

earlier history of the East and West Antarctic Ice Sheets. A chronological 

model of Antarctic glaciation has been developed in the last few decades, 

based on ice-core studies and U-Th and 14c dating of lake sediments in the 

Dry Valleys, that suggests that ice accumulation rates over East Antarctica 

increase by roughly a factor of two during interglacial periods (e.g., Yiou et al., 

1985; Raisbeck et al., 1987; Jouzel et al., 1987; 1989; 1990), causing aerial 

expansion of the East Antarctic ice sheet and advance of East Antarctic outlet 

glaciers (Hollin, 1962; Stuiver et al., 1981; Denton et al., 1989a; Brook et al., 

1993 [Chapter 4]). In contrast, sea level controls advances of the West 

Antarctic Ice Sheet, because grounding line advance or retreat controls the 

build up of west Antarctic Ice on the coast (Stuiver et al., 1981; Fastook et al., 

1984; Denton et al., 1989a; Chapter 6). Glacial deposits in the McMurdo Sound 

region suggest that during the last glacial period ice advanced on to the coast 

of McMurdo Sound due to grounding and resulting ice thickening in the 

Ross Sea. Outlet glaciers and local mountain glaciers, in contast, apparently 

advanced during interglacial isotope stage 5, and are advancing today (Hendy 

et al., 1979; Stuiver et al., 1981; Denton et al., 1989a; Higgins, 1993; Chapter 6). 

Preliminary work in other parts of the Transantarctic Mountains suggests that 

this behavior is a regional phenomenon (Bockheim et al., 1989; Denton et al., 

1989a; Denton et al., 1989b). This conceptual model suggests that ice growth in 

East Antarctica is "out of phase" with northern hemisphere glaciation and the 
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deep sea oxygen isotope record (Denton et al., 1989a). It predicts that during 

generally warmer global climates (e.g., interglacial periods) glaciers related to 

the East Antarctic Ice Sheet grow due to increased precipitation in the interior. 

It also suggests that growth of marine-based ice sheets like the Ross Ice Sheet 

is "in phase" with the marine record in that these ice sheets thicken during 

periods of relatively lower sea level (e.g., glacial periods). 

Exposure ages using cosmogenic nuclides can improve the glacial 

chronology in three ways. First, they can extend its range. The age range for 

3He dating is theoretically infinite, but in practice limited by diffusion, the 

importance of which depends on sample mineralogy and environmental 

conditions (Trull et al., 1991; Brook and Kurz, 1993). lOse (half-life= 1.5 x 106 

yr) and 26 Al (half-life = 7.2 x 105 yr) ages are limited by the half-lives of the 

nuclides. For example, with 5% analytical error as the only uncertainty, lOse 

and 26Al ages of 3 and 1.4 myr, respectively can be determined with only 10 % 

precision, due to radioactive decay. Nonetheless, due to the long half-lives, 

there is potential to extend the chronology significantly beyond the limit of U

Th dating (-400 kyr). Second, exposure ages can potentially provide age 

constraints for features directly related to ice margins (e.g., moraines), rather 

than associated material (e.g., lake sediments), thus determining both the 

timing and extent of glacier advances. Third, because cosmogenic nuclide 

production rates are exponential functions of altitude, measurements of 

cosmogenic nuclides in old, high altitude glacial deposits can be used to place 

limiting constraints on the uplift history of the Transantarctic Mountains. 
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Glacial Geology and Geochronology in Arena and Taylor Valleys 

Absolute chronology of Quaternary glacial deposits in the McMurdo 

Sound-Dry Valleys region is almost exclusively based on U-Th and 14c dating 

of marine and algal lake carbonate sediments (e.g., Hendy et al., 1979; Clayton

Greene et al., 1988; Higgins, 1993; Dagel et al., in press). In situ carbonate 

sediments that appear to have been deposited in a preglacial lake at the 

terminus of the Taylor Glacier, 4-6 km east of the present terminus, have U

Th ages of 70-120 kyr, suggesting deposition in isotope stage 5 (Hendy et al., 

1979; Higgins, 1993). 14c and U-Th dates for in situ carbonate sediments 

deposited in lakes formed in advance of Ross Sea Ice in Taylor, Miers, and 

Marshall Valleys (see Chapter 6) suggest deposition in stages 2 and 6 (Stuiver 

et al., 1981; Clayton-Greene et al., 1988; Denton et al., 1989a; Dagel et al., in 

press). This chronology provides support for the conceptual model outlined 

above through isotope stage 6, but relies heavily on stratigraphic 

interpretation of lake deposits in the Dry Valleys, and on the hypothesis 

(Clayton-Greene et al., 1988; Denton et al., 1989a) that large lakes existed in 

the region during isotope stages 2 and 6. In contrast, other evidence suggests 

cold temperatures and reduced precipitation during these time periods (e.g., 

Raisbeck et al., 1987; Jouzel et al., 1987; Denton et al., 1989a). Prior to stage 6, 

interglacial expansions of Taylor Glacier have been inferred from U-Th dates 

of detrital carbonate clasts found in stratigraphic sections in middle Taylor 

Valley and as lag deposits on the valley floor (Hendy et al., 1979; Higgins, 

1993). These erratic clasts can not be directly associated with past ice margins, 

however. 

The glacial geology of the Arena and Taylor Valley regions was recently 

described in detail by Denton et al. (1989a), Marchant (1990), Higgins (1993), 
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Marchant et al. (in press), and is also discussed in Brook et al. (1993) [Chapter 

4]. Arena Valley is a small hanging valley lateral to Taylor Glacier, which 

drains the McMurdo Dome of the East Antarctic Ice Sheet (Drewery, 1983), 

which is in tum fed by the much larger Dome C (Fig. 1) (Drewry et al., 1982; 

Steed and Drewry, 1982). In lower Arena Valley a well preserved sequence of 

39 boulder-rich moraines records four separate advances of the Taylor Glacier 

into the valley (Denton et al., 1989a; Brook et al., 1993 [Chapter 4]; Marchant et 

al., in press). The moraines are composed almost entirely of boulders and 

lack striated surfaces or other signs of wet-based glacial deposition (Marchant 

et al., in press). This is important because it suggests cold-based conditions for 

this lobe of the Taylor Glacier throughout the time represented by these 

deposits. 

The Arena Valley moraines are composed primarily of dolerite, 

sandstone, and a small percentage of granitic rocks. All three rock types are 

found in the local bedrock of the region, which is primarily made up of flat

lying Devonian Beacon Supergroup sandstones and large sills and dikes of 

Jurassic Ferrar Dolerite. Granitic bedrock is not exposed in Arena Valley, 

however (McElroy and Rose, 1987; Marchant, 1990). Arena Valley surficial 

geology was mapped recenty by Marchant (1990) (also see Marchant et al., in 

press). The moraines and associated drift are divided into four groups: Taylor 

II, Taylor III, Taylor IVa, and Taylor IVb, from youngest to oldest (Fig. 1), 

following the nomenclature of Denton et al. (1989a). Relative ages of the four 

groups are based on rock and soil weathering, moraine morphology and 

stratigraphic position (Bockheim, 1982; Denton et al., 1989a; Marchant, 1990; 

Marchant et al., in press). Before the exposure age studies there were few 

absolute age constraints other than tentative correlations with the U-Th dated 

drift in middle Taylor Valley. In addition, an upper limit of- 2 myr can be 
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placed on Taylor IVb based on a number of 39 ArAO Ar dates of individual 

anorthoclase crystals in volcanic ash in "Granite Drift," an underlying glacial 

deposit (Marchant, 1990; Marchant et al., in press). 

Outside the limit of the Taylor IVb moraine, Marchant (1990) mapped a 

number of older glacial deposits. The oldest of these that can be related to a 

past expansion of Taylor glacier is Quartermain Drift, which contains volcanic 

ash dated at- 11 myr (Marchant, 1990). lOBe ages of Quartermain Drift 

suggested a minimum age of- 3myr, and their chronological interpretation is 

described in more detail in Brook and Kurz (1993) [Chapter 4]. The 

Quartermain Drift data, combined with data for two samples of the Sirius 

Group from Mt. Fleming (see Fig. 1), are used here to constrain uplift rates 

and the age of the Sirius Group. Two samples from Altar Drift, which, based 

on weathering characteristics and desert varnish development is one of the 

oldest deposits in Arena Valley (Marchant, 1990) , were also analyzed for this 

purpose. 

Methods 

Sample collection and rock processing are described in more detail in 

Chapter 2, Brook and Kurz (1993) [Chapter 3], and Brook et al. (1993) [Chapter 

4]. Samples from the Arena Valley moraines and Quartermain and Altar 

Drift were collected from top, horizontal or sub-horizontal boulder surfaces 

with hammer and chisel. Taylor Valley moraine samples were collected from 

boulders in the terminal loop of each mapped deposit. No corrections for 

boulder geometry or the affects of surrounding topography on the cosmic ray 

flux were necessary (see Chapter 1). Sub-samples several centimeters thick 

were cut with a rock saw, crushed in a jaw crusher, and sieved. A small ( < 

2%) correction to the final cosmogenic nuclide concentrations was made for 
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the sampling interval by assuming an exponential dependence of production 

rate with depth with a scale length of 150 g cm-2 and a density of 2.2 g cm-2 

(Brown et al., 1992; Chapter 7). Individual quartz grains, generally 0.5-lmm or 

1-2 mm grains, were picked under a binocular microscope for helium isotope 

analysis. For lOse and 26Al analysis bulk sub-samples of 0.5-1.0 or 0.5-2.0 

mm fractions were used. Samples from Sirius Group deposits on Mt. 

Fleming (Fig. 1) were all quartzite cobbles or boulders imbedded in the 

surface of the deposit and were collected in their entirety, and cut with a rock 

saw in the laboratory. Analytical methods are described in detail in Chapter 2. 

Exposure ages were calculated using a sea level 3He production rate at > 600 

geomagnetic latitude of 118 at g-1 yr-1 (Chapters 1 and 6) and lOse and 26Al 

production rates from Nishiizumi et al. (1989). 3He production rates were 

scaled for altitude and latitude (Chapter 1) using the nuclear disintegration 

rate polynomials of Lal (1991). lOse and 26 AI production rates were scaled 

using the appropriate polynomial functions from Lal (1991), which take into 

account production by muons. All age calculations propagate analytical 

uncertainties only. Systematic uncertainties in production rates are estimated 

to be on the order of 15% (see Chapter 1). A small correction (generally< 

1 %) was made to the 3He data to account for nucleogenic production of 3He 

by the reaction 6Li(n,a)T_3He (Chapters 1 and 7), using 4He concentrations 

and a 3He/4He nucleogenic production ratio of 0.01±0.04Ra (Trull et al., 1991; 

Ra is the atmospheric 3He/4He ratio). See Chapters 1, 3 and 7 for further 

discussion of this issue. 3He, lOse, and 26Al measurements and 3Hej10se 

and 26Alj10Be ratios are tabulated in Table 1. Previously unreported 

3He/4He ratios and 4He concentrations are listed in the Appendix to this 

chapter. 
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Results 

Exposure-age dating using cosmogenic nuclides requires several 

assumptions (see Chapter 1 for a more detailed discussion). Production rates 

must be known and closed system behavior is required. In addition, the 

erosion and soil-cover history of the dated surface must be known, and it 

must have remained stable and well-exposed throughout it's history. 

Measurements of more than one cosmogenic nuclide in the same samples 

can test the validity of some of these assumptions. Figure 2 illustrates this 

approach by comparing the relationship between the measured lOBe 

concentrations and 3Hej10Be or 26Al/10Be ratios to model predictions that 

assume continuous exposure to cosmic rays (e.g., Klein et al., 1987; 

Nishiizumi et al., 1991; Lal, 1991). The basic equation governing the model 

curves in Fig. 2 describes the accumulation of a cosmognic nuclide with time 

as a function of erosion rate (E, in g cm-2 yr-1), production rate (P, in at g-1 yr-

1 ), decay constant (A., in yr-1 ), and the exponential attenuation length that 

describes the decrease of the production rate with depth in rocks (L, in g cm-2) 

(eq. 1): 

N = p o/r (1- e - (A. +71_)r) (1), 
A+ L 

where N is concentration and tis time. 

At steady state with respect to erosion and radiodecay equation 2 

reduces to: 

N= p 
A.+E/ L 

(2). 
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Both equations can be used to create the curves in Fig. 2 which show 

the allowed limits of the relationship between two cosmogenic nuclides. The 

curves show the predicted relationship between the two variables for two end 

member cases: no erosion, and steady state erosion (see caption for Fig. 2 for 

details). In theory, data falling between the two curves are consistent with 

continuous exposure of the surface in question with closed system behavior, 

although in practice this analysis is limited somewhat by present analytical 

uncertainties (Fig. 2). 

Fig. 2 reveals several important aspects of the 3He, 26 Al, and lOBe 

system in quartz. First, as noted previously (Brook and Kurz, 1993 [Chapter 3]; 

Brook et al., 1993 [Chapter 4]), many of the 3He concentrations fall well below 

the predicted values. Trull et al. (1991) and Brook and Kurz (1993) [Chapter 3] 

demonstrated that this is a result of 3He loss due to diffusion. In the 

youngest samples (Taylor II moraine) most of the data fall near the predicted 

production ratio, with two low outliers (SCW87-4-l and KBA89-66-l) and two 

high outliers (BW84-87 and KBA89-70-l). Note that the data in Fig. 2 are by 

necessity normalized to sea level and that because different normalization is 

used for 3He and lOBe (Lal, 1991; see above) the plotted ratios are slightly 

lower than tabulated ratios. One of the low outliers (SCW87-4-l) may be a 

remobilized boulder from an older deposit (see below). The low 3Hejl0Be 

ratio in KBA89-66-l may reflect 3He loss due to diffusion. The origin of the 

two points above the line is not clear, but one of them (BW84-87) has 

anomalously low lOBe and 26 Al concentrations relative to the others. The 

other (KBA89-70-l) has a lOBe concentration consistent with the other Taylor 

II samples but a relatively high 3He concentration. Excess 3He could have a 

variety of causes, including nucleogenic 3He produced by the thermal 
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Figure 2a. 3Hejl0Be ratios plotted against lOBe concentrations for Arena 
Valley and other Dry Valley samples described in text. +=Taylor II, *=Taylor 
III, o=Taylor IVa, x=Taylor IVb, S=Sirius Group, Q=Quarterman Drift, 
A=Altar Drift. The data are normalized to sea level as described in the text, 
different normalization for lOBe and 3He (Lal, 1991) accounts for the fact that 
plotted 3Hejl0Be ratios are slightly lower than tabulated ratios, which are 
calculated for the sample altitude. Curves on the figure are calculated using 
equations 1 and 2. The bottom curve shows the evolution of the relationship 
between the two variables assuming continuous exposure to cosmic rays with 
no erosion. The top curve is a locus of points corresponding to steady-state 
erosion (eq. 2). Data for samples exposed continuously, satisfying criteria for 
exposure dating, should fall between the two curves. That most data fall 
below the lower curve suggests loss of 3He due to diffusion. 
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neutron reaction 6Li(n,a)T_3He (Morrison and Pine, 1955), exposure to cosmic 

rays prior to deposition (Brook et al., 1993) or muon capture reactions (Brown 

et al., 1991; Chapter 7). The former seems unlikely since this sample does not 

contain excess U and Th, or Li relative to the other samples (Brown et al., 

1991; Chapter 2) and no other evidence that this mechanism is important in 

these deposits has been found (Chapter 7). The latter two mechanisms may be 

important in some cases. Although the exact origin of these high ratios is not 

known, the isotope systematics (Fig. 2) suggest that the 3He results from these 

points are anomalous. 

The paired 26 Al and lOBe data show much better agreement with 

predicted trends (Fig. 2b). However, the variability in the data is larger than 

the differences between the two end-member model calculations (Fig. 2b). 

This effect is probably partly due to analytical error, but also suggests that 

processes other than erosion affect the concentrations. For example, there are 

several notable outliers with high 26Al/10Be ratios in the youngest samples. 

As discussed in Chapter 6 such high 26 AI concentrations may represent 

nucleogenic production of 26AI via the 23Na(a,n)26AI reaction (e.g., Sharma 

and Middleton, 1989; Chapter 1). Excesses of 26Al, assuming a 26Al/10Be 

production ratio of 6.1 (Nishiizumi et al., 1989) in these samples range from 6 

to 10 x 106 at g-1. This value is significantly higher than Sharma and 

Middleton's calculation for average sandstone (6 x lo4 at g-1 ). Brown et al. 

(1991), based on measurements of U and Th concentrations of less than 1 J..Lg / g 

in some previously acid leached Arena Valley sandstones, concluded that 

there was not enough U and Th in the quartz grains to produce excess 26 Al. 

Because the acid leaching removed some uranium and thorium (Brown et 

al., 1991) it is possible that Brown et al. (1991) underestimated the significance 
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of this reaction. Based on Sharma and Middleton's (1989) calculations steady 

state concentrations of 26Al produced by the 23Na(a,n)26Al reaction are 97 

and 86 at g-126Al per J.Lg/g Naper Jlg/g U or Th, respectively. Brown et al. 

(1991) measured 3.3 Jlg/ g Th and 1.4 Jlg/ g U in a fraction of sandstone sample 

BW84-33 that had only been leached in HCl prior to analysis. Assuming these 

values are representative of U and Th concentrations in Arena Valley 

sandstones aNa concentration of 2.6 % would be necessary to produce the 

observed excess of 107 at g-126AL. Such a high concentration seems unlikely 

in these samples, which are predominantly pure quartz. However, as the U, 

Th, and Na concentrations have not yet been adequately characterized in the 

samples where excess 26 Al is observed it is not possible to preclude the 

23Na(a,n)26Al reaction as the source of the excess. 

Another possible explanation for the effect, considered by Brown et al. 

(1991), was that elevated 26Al concentrations might be produced by excess 

production of 26 Al by muon capture reactions (see Chapter 1). Depth profiles 

of 26AI concentrations (Brown et al., 1992; Chapter 7) show no signs of 

significantly elevated production by this mechanism, however. Therefore, it 

is hypothesized here that the exess 26 Al is nucleogenic. This issue warrants 

further study. If the effect is common it may limit the applicability of 26 Al for 

dating young quartz samples. Future investigation of this problem should 

attempt to characterize the U, Th, and Na concentrations in quartz samples 

with 26 Al anomalies. 

Two samples (KBA89-41-2 and KBA89-45) have anomalously low 

26 Al/10Be ratios, but these 26 Al analyses have large errors due to low ion 

currents (Brown et al., 1991), so their significance is uncertain. However, the 

low ratios could be a result of a complex exposure history (see below). 
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Because of the potential problems with nucleogenic 26 AI in the young 

samples, and 3He loss in the old samples, exposure ages are calculated using 

the lOBe concentrations only, except for the Taylor II moraine where both 3He 

and lOBe isotopes are used for comparison. Agreement between 26AI and 

lOBe in all but the youngest samples, and agreement between 3He and lOBe in 

the youngest samples, supports this approach. 

Discussion 

Exposure Age Distribution 

The distribution of lOBe exposure ages on the four moraines is 

summarized in Fig. 3. The data show a tighter clustering than earlier work 

(Brook et al., 1993 [Chapter 4). Several outlying points are still apparent in the 

age distributions, however. In Taylor II and Taylor III there are outliers with 

both younger and older ages. These samples share several characteristics that 

suggest they could be rejected from mean age calculations. Apart from the age 

anomalies, all have significantly different 3Hejl0Be or 26Al/10Be ratios 

relative to other samples in each moraine (Table 1). These anomalous ratios 

could result from cosmic-ray exposure periods shorter or longer than the age 

of the moraine, perhaps due to post-depositional processes like boulders 

shifting on the moraine, surface spalling, or remobilization of older boulders 

by younger glacial advances. As discussed above, nucleogenic 26 AI, muogenic 

3He, and 3He diffusion could also produce age anomalies. However, the 

older outlying ages in the Taylor II and III moraines are consistent with the 

ages for bulk of the samples in the next oldest deposit (Fig. 3), although note 

that the 26Al/10Be ratio for Taylor II sample 
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Figure 3. lOBe age distribution for Arena Valley moraines. High outlying 
lOBe ages in Taylor II and ill are interpreted as remobilized or exposed 
boulders of the next oldest glacier advance (see text). Low ages have no 
definitive explanation but may be due to post-depositional fragmentation. In 
Taylor II and III the outlying ages all are for samples not specifically collected 
for this study, emphasizing the importance of sampling techniques in this 
application of cosmogenic nuclides. The low ages in Taylor IV a are believed 
to be a result of rock-falls from surrounding cliffs or complex exposure 
histories (see text). See Table 2 for age summary. 
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SCW87-4-1 (4.2±5.0) is lower than ratios for the Taylor III samples that have 

similar lOBe exposure ages (6.7±0.7 to 8.0±0.7). Finally, note that all of the 

outlying points in Taylor II and Taylor III are from samples obtained during 

the beginning of this work, by field researchers without significant experience 

in sampling for exposure dating. 

In Taylor IV a, where the moraine limit is more difficult to discern, 

there is a broader distribution of ages, with three anomalously low ages and 

three clustered old ages that have a mean of 1.1 ± 0.1 myr. Because the young 

ages are from samples collected just below steep sandstone and dolerite cliffs 

(KBA89-40, KBA89-47, and KBA89-95), these three samples may be rock-fall 

deposits, that came to rest at or near the Taylor IVa limit. This hypothesis 

does not immediately explain the low 26Al/10Be ratios observed for samples 

KBA89-45-1 and KBA89-41-2, although note that both analyses have fairly 

large uncertainties and the 26Aljl0Be ratio for 45-1 is within 2-sigma of the 

concordance line in Fig. 2. As suggested above, the low ratios could be caused 

by complex exposure histories, e.g., exposure and burial, then re-exposure. In 

this context, KBA89-41-2 might be an older errratic boulder (from the Taylor 

IVb advance, for example) that was covered by Taylor IV a ice and drift. The 

two outlying ages in Taylor III support this idea, in that they may suggest the 

existence of 1 ~ 1.1 myr old moraine. The Taylor III moraine is a thin loop 

composed almost entirely of boulders deposited directly on the larger IV a 

sequence of moraines and drift (Marchant, 1990). The two outlying ages most 

likely represent IVa boulders that are exposed within the limit of the Taylor 

III advance, but were not recognized in the initial sampling (again, these 

earlier samples were not collected by our group). 
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The problems addressed above, particularly the outlying ages for 

samples collected at the beginning of this work, underscore the necessity of 

very careful field geology when sampling for exposure age dating. 

Specifically, during sample collection it was necessary to be aware of the 

morphology and positioning of boulders. Samples were collected from 

boulders perched solidly on other boulders in the moraine, primarily to avoid 

sampling older material exposed in "windows" in younger deposits. Care was 

also taken to avoid samples that showed any major signs of spalling or 

splitting of the surface and to collect from only flat upper surfaces. Through 

careful field geology the problems of outlying ages can be minimized, as 

suggested by the excellent lOBe age agreement for the five Taylor TI and five 

Taylor ill samples (BAK90 and KBA89 samples) collected by our group for this 

work. 

Arena Valley Glacial Chronology 

Taylor II Moraine. The mean ages of the four deposits, both including and 

excluding the outliers discussed above, are tabulated in Table 2. The mean 

lOBe age for Taylor TI, the deposit with the most age information, is 122 ± 29 

kyr (n=8) and the mean 3He age is 134 ±54 kyr. In previous work this deposit 

has been identified with marine oxygen isotope stage 5 (Denton et al., 1989a; 

Brook et al., 1993), although earlier it was assigned to stage 7 (Hendy et al., 

1979). The stage 5 age is based on two related pieces of evidence. U-Th dates 

of in situ lake carbonate sediments interbedded in "Bonney Drift," a Taylor 

Glacier deposit down-valley of the present Taylor Glacier terminus in middle 

Taylor Valley (Hendy et al., 1979; Higgins, 1993), suggest growth of the Taylor 

Glacier at this time. The U-Th ages (70-120 kyr) span most of stage 5, although 

Higgins (1993) suggested, based on the distribution of U-Th ages in middle 
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Taylor Valley, that the maximum expansion happened during stage 5e (-

120,000 kyr). The aerial distribution of Bonney Drift and apparently 

correlative deposits (based on weathering features and soil development) on 

the walls of Taylor Valley allow tentative physical correlation of Bonney Drift 

with the Taylor II moraines and Drift in Taylor Valley (Denton et al., 1989a). 

This correlation is complicated somewhat by the fact that Bonney Drift is 

difficult to separate from apparently older (possibly stage 7) deposits in middle 

Taylor Valley that may have been deposited at about the same level as 

Bonney Drift (Higgins, 1993; S. Higgins, personal communication, 1993). The 

exposure ages, however, suggest that the correlation of "Bonney Drift" in 

middle Taylor Valley with the Taylor II moraines is correct, and allows the 

Taylor II deposit to be used in reconstructions of the Taylor Glacier profile at 

this time (e.g., Denton et al., 1989a). In addition, the data show that the 

maximum expansion of Taylor Glacier in stage 5 happened during stage 5e, 

e.g., the last interglaciation (Fig. 4). Also plotted in Fig. 4 are 3He exposure 

ages from Ross Sea Drift (Chapter 6), a glacial drift on the coast of McMurdo 

Sound that is believed to have been deposited by an expanded ice sheet in the 

Ross Sea at the last glacial maximum (Stuiver et al., 1981). Chapter 6 discusses 

these data in detail, but the fact that the ages of this deposit fall within the 

Wisconsin period strongly suggests that the conceptual model of Antarctic 

glaciation discussed above is valid. 

In middle Taylor Valley, U-Th ages of 188-257 kyr for lacustrine 

carbonates suggest expansion of the Taylor Glacier during stage 7 (-200 kyr) 

(Hendy et al., 1979; Higgins, 1993). The aerial distribution of the dates 

suggests that the stage 7 advance was similar in magnitude (Higgins, 1993), or 

slightly smaller (Hendy et al., 1979) than the the stage 5 advance (Higgins, 
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Figure 4. SPECMAP o18o curve (Imbrie et al., 1984) with labeled glacial and 
interglacial stages and lOBe and 3He exposure ages for Taylor II, Taylor III, and 
Ross Sea Drift (Chapter 6). The exposure age data are consistent with the 
suggestion that the Taylor II moraine in Arena Valley was deposited in 
interglacial stage 5. Assuming an interglacial origin for Taylor III, it may have 
been deposited in stage 11 (see text). Other evidence (Higgins et al., 1993) 
suggests that a stage 7 deposit, if it exists, is probably buried beneath the Taylor 
II ice. It is possible that stage 9 moraines are present in the valley but have 
not been recognized in existing mapping. 
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1993). The Arena Valley moraine samples came from the major 

morphological subdivisions of the Arena Valley moraines (Fig. 1). The 

exposure ages do not suggest that any of them correspond to a stage 7 advance 

(- 200 kyr). This is consistent with the conclusion that the stage 7 advance 

was no larger than the stage 5 advance (Hendy et al., 1979; Higgins, 1993). The 

stage 7 deposits may be buried beneath the Taylor II drift in Arena Valley. 

Taylor III. The Taylor III mean lOBe age is 362 ± 26 kyr. Assuming that 

Taylor Glacier expands during interglacial periods this deposit could be 

assigned to isotope stage 9 (-300-350 kyr) or stage 11 (-270-440 kyr) (Fig. 4). 

Detrital carbonate clasts in middle Taylor Valley that may have been 

deposited during stage 9 range in age from 300-350 kyr (Higgins, 1979; Hendy 

et al., 1983). In addition, one in situ carbonate layer was dated at 300±50 kyr 

(Hendy et al., 1979). Older carbonate clasts found on the valley floor have ages 

of- 400 kyr, and may have been deposited during stage 11 (Higgins, 1993). 

Based on the lOBe ages, and the assumption that the Taylor Glacier 

expands during interglacial periods, Taylor III is assigned to isotope stage 11 

here. Although the mean age actually falls within glacial stage 10 (-340 kyr), 

it is important to consider the effect of production rate uncertainties on these 

calculations. For example, only a 5% decrease in the lOBe production rate 

would be required to shift the Taylor III mean age to- 380 kyr, where it would 

fall in stage 11. This change would not change the conclusions about the age 

of Taylor II or the younger Ross Sea Drift ages (Chapter 6) displayed in Fig. 4, 

and it is well within the estimates of 15% systematic uncertainty in 

production rates calculated in Chapter 1. Erosion corrections to the exposure 

ages (Brown et al., 1991) would also increase the ages slightly. Previous 
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estimates of erosion rates in the Dry Valleys, based on lOBe and 26 Al, suggest 

that erosion rates in Arena Valley are at maximum 1-2 x lo-S g cm-2 yr-1 (5-10 

cm/myr). Assuming an erosion rate of 1 x lo-5 g cm-2 yr-1 (- 5 cm/myr), a 360 

kyr lOBe exposure age would increased to- 370 kyr (eq. 1), but this correction 

would not change the Taylor II ages appreciably. These corrections are not 

made to the individual ages because uncertainties in calculated erosion rates 

are quite large, on the order of 100% (Brook et al., 1993) [Chapter 4]. 

The assumption of an interglacial origin can be questioned given the 

uncertainties in the exposure ages. However, the combination of the 3He 

exposure ages for Ros Sea Drift (Chapter 6 and Fig. 4) and the Taylor II data 

described above support the conceptual model suggesting that the East 

Antarctic Ice Sheet fluctuates "out of phase" with northern hemisphere 

glaciation and aerial expansions of the Ross Sea Ice Sheet. Further exposure 

dating in the Arena Valley sequence can be used to test the exposure ages for 

Taylor III. The mapped Taylor III moraines include two loops (Fig. 1) and 

only the outermost one was sampled, assuming, based on weathering and soil 

development, that the two are the same age (Marchant, 1990; Bockheim 1982). 

These methods are not sensitive enough to resolve stages 9 and 11 and it is 

possible that the inner loop represents a later glacial advance. Based on the 

results presented here, lOBe and 26 Al exposure dating could provide relative 

age information that could evaluate this hypothesis, although present 

uncertainties in production rates may limit the accuracy of absolute ages and 

absolute correlation with the marine isotope record. 

Taylor IVa and IVb. The Taylor IVa exposure dates suggest an age of 1.1± 0.1 

myr. It is not possible to place this deposit in the context of the oxygen isotope 

record, which shows reduced power at the 100 kyr frequency before the 
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Bruhnes-Matuyama boundary(- 800 kyr) (Ruddiman et al., 1989). The 

behavior of the Taylor Glacier system at this time may have been controlled 

by tectonic activity in the area rather than climatic events. The significance of 

the extensive Taylor IVa moraines and drift may be that they represent a 

relatively stable glacial system during the time of their deposition. Their 

altitude range (-1100-1200m) may reflect slight changes in the Taylor Glacier 

mass balance during that time period and/or gradual uplift of the region of-

100m over the last 1-2 myr. The latter conclusion is consistent with the 

maximum uplift estimates of Wilch et al. (1993) based on the distribution 

Taylor Valley volcanic deposits (however, see discussion of uplift below). 

The mean age for the Taylor IVb moraine is 1.9 ± 0.1 myr and all samples 

(n=5) give essentially the same age. This age is a minimum age due to the 

effects of erosion (eq. 2). Again assuming an erosion rate of 1 x 1o-5 g cm-2 (5 

cm/myr), the erosion corrected age for Taylor IVb is 2.1 ± 0.1 myr. As 

suggested previously, these old ages indicate that the Taylor Glacier system 

was near its present configuration throughout much of the Quaternary and 

late Pliocene, arguing against a rapidly changing Antarctic ice sheet during 

this time period. Taylor IVb is also significant in that it is the oldest deposit 

in the valley that shows definitive signs of deposition by cold-based ice 

(Marchant et al., in press). The Taylor Glacier today is frozen to its bed near 

Arena Valley (Robinson. 1984), and the exposure ages of the four moraines 

provide evidence that climatic conditions similar to those of the present day 

may have persisted in Arena Valley throughout much of the last 2.1 myr. 

Uplift History of the Transantarctic Mountains and Age of the Sirius Group 

Discovery of Nothofagus sp. wood and late Pliocene diatoms in Sirius 

Group tills near the Beardmore Glacier (several hundred miles south of 
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McMurdo Sound) have led to the controversial suggestion that as much as 2.5 

kilometers of uplift occured in parts of the Transantarctic Mountains (TAM) 

in the last 2-3 myr (Webb et al., 1984; McKelvey et al., 1991). This amount of 

tectonic activity is not supported by geophysical evidence (ten Brink et al., 

1993). Furthermore, in the Dry Valleys-McMurdo Sound region the 

altitudinal distribution of subaerial volcanic cones suggests a maximum of 

100m of uplift in the last 2 myr (Wilch et al., 1993). The suggested high uplift 

rates based on the Sirius Group biostratigraphy are controversial (Clapperton 

and Sugden, 1990). If correct, however, the suggested high uplift rate has 

important climatic implications. This controversy is also part of a larger 

argument about the origin of the Sirius Group. It has been suggested that the 

diatoms and marine sediment found in Sirius Group tills originated in an 

inland sea in the Wilkes and Pensacola Basins in East Antarctica, implying 

significant deglaciation in the late Pliocene (Webb and Harwood, 1991). This 

controversy therefore has important implications for understanding mid-late 

Pliocene climate and Antarctic ice dynamics, particularly the question of 

possible Pliocene collapse of the Antarctic Ice Sheets (Clapperton and Sugden, 

1990; Webb and Harwood, 1991; McKelvey et al., 1991; ten Brink et al., 1993; 

Marchant, 1993; Barret et al., 1993; Wilch et al., 1993). 

The concentration of a cosmogenic nuclide in a surface rock depends 

on uplift through the altitude dependence of the production rate, which can 

be approximated by an exponential dependence on atmospheric pressure. 

Following Brown et al. (1991) this relationship is: 
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where U is uplift rate in g cm-2 yr-1, Lis the exponential attenuation length of 

the production rate in the atmosphere, P is the sea level production rate, and 

A. is the decay constant. This equation is an approximation in that the 

commonly used relationship between production rate and altitude is not a 

simple exponential function of atmospheric depth (Lal, 1991). The altitude

production rate relationship for lOBe and 26AI rate is well approximated 

(within 1-2 %) by an L of 145 g cm-2, however. The relationship between 

nuclide concentration and uplift can be used to constrain uplift by comparing 

measured concentrations of the nuclide of interest to concentrations predicted 

by an uplift model (Fig. 5). To model the suggested high uplift rates based on 

the Sirius Group ages a linear uplift rate of 0.43 m/kyr was assumed, based on 

the conclusion of McKelvey et al. (1990) that the Beardmore Glacier region 

has been uplifted at least 1300 min the last 3 myr. Model results were 

compared to the measured concentrations of 26AI and lOBe in the Sirius 

Group and Quartermain Drift samples (Table 3). 

Assuming that the Sirius Group samples on Mt. Fleming were 

deposited 3 myr ago, as suggested by some interpretations of the 

paleobiological evidence (Mckelvey et al., 1991; Webb and Harwood, 1991), 

and uplifted 1300m, then their altitude at deposition was 765 m. If they were 

initially exposed at that time they should have final concentrations of lOBe 

and 26 AI of 34 and 133 Mat/ g (Table 3) if they experienced the model uplift 

rate. Assuming Quartermain Drift and Altar Diamicton, based on volcanic 

ash dates and glacial stratigraphy (Marchant, 1990) predate the Sirius Group, 

then they, according to the model, must have been uplifted from near or 

below sea level. Predicted concentrations based on this scenario are also 

lower than measured concentrations (Table 3). Both deposits may have been 
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Figure 5. Example of uplift model for sample BAK90-32 (see Table 3) after 
Brown et al. (1991). The dotted curves show the relationship between lOse 
concentration and time for a sample undergoing uplift at a rate of 4.33 x lo-4 
m/yr (1300m in 3 myr) from exposure at 765 m to the present altitude of 2065 
m, at erosion rates of 0, lx lo-5, and lx lo-4 g cm-2 yr-1 (from top to bottom). 
The solid horizontal line indicates the measured lOse concentration of the 
sample and± 5% analytical error. The solid curve uses the same uplift 
model but assumes that the sample was at steady state with respect to lOse 
production before uplift. The other two curves on the figure correspond to 
uplift at lOOm/myr and no uplift. The analysis suggests that the suggested 
uplift rates based on the Sirius Group biostratigraphy are too high because it is 
not possible to reach the measured concentration in the given amount of 
time (see text for further discussion). 
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exposed to cosmic rays before uplift, but even if the samples were at steady 

state with respect to lOBe and 26Al production at that point the model 

concentrations after uplift are not significantly higher (Table 3; Fig. 5). In this 

analysis it is not possible to separate the effects of erosion and uplift because 

they both cause a decrease in concentration relative to continuous exposure at 

the present altitude with no erosion. However, the fact that in most cases the 

observed concentrations are significantly higher than predicted indicates that 

the model uplift rate is too high. The low measured concentration for KBA89-

107 is probably a result of recent exhumation of this sample (Brook et al., 1993 

[Chapter 4]). 

A number of studies in the TAM have suggested much lower uplift 

rates, - 100 m/myr (Gleadow and Fitzgerald, 1987; Wilch et al., 1993). 

Modeling uplift of 100 m/myr in the same fashion as the higher rate (Fig. 5) 

shows that lOBe data are not even consistent with this lower uplift rate. In 

fact, the model curve for no uplift shows that even in this situation the 

measured concentration is not reached in 3 myr. Accepting the production 

rates as accurate, this analysis suggests that the Sirius Group deposits are 

older than 3 myr. The lOBe age for the Sirius Group sample BAK90-32-l, 

assuming no elevation change and no erosion, is 4.0 (-.6/+.8.) myr (Table 1) 

(1-sigma analytical uncertainty only). A correction for an erosion rate of 1 x 

lo-5 g cm-2 yr-1 would increase the age to- 4.7 myr. However, because the 

lOBe concentration of this sample is near steady-state, production rate 

uncertainties cause large uncertainties in the age calculation. For example, 

including a 15 %uncertainty in the production rate (Chapter 1) gives an 

exposure age of 4.0 (-1.3/+3.5) myr and an erosion corrected age of 4.7 (-

1.5/+4.1) myr. The discrepancy between the 3 myr age based on diatom 
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stratigraphy and older suggested ages for the Sirius Group has been discussed 

at length elsewhere (Clapperton and Sugden, 1991; Marchant et al., 1993). 

Perhaps the most promising potential resolution of the problem is the 

suggestion that the diatoms are allocthonous, perhaps due to transport and 

deposition by wind after deposition of the Sirius Group (Marchant et al., in 

press). 

Conclusions 

1) Exposure ages for the Taylor II moraines (mean lOBe age of 122 ± 29 kyr) in 

Arena Valley suggest deposition in isotope stages Se (~ 120 kyr). This 

conclusion is consistent with previous suggestions that East Antarctic outlet 

glaciers expand during interglacial periods due to increased precipitation in 

East Antarctica during relatively warmer climates. Stage 7 deposits, if present, 

are probably buried beneath the stage 5 deposits, suggesting that the stage 7 

advance was limited in extent. The Taylor III moraine in Arena Valley has a 

mean lOBe exposure age of 362 ± 26 kyr. If this moraine was deposited during 

an interglacial period it most likely represents deposition during stage 11. 

The fact that the relative exposure ages for these moraines cluster in distinct 

groups suggests that future work of this type can provide a correlation tool for 

mapping the response of the East Antarctic Ice Sheet throughout the 

Transantarctic Mountains to changing climate conditions. 

2) Prior to the deposition of the Taylor III moraines, two deposits, Taylor IVa 

and Taylor IVb, were deposited at 1.1 and 2.1 myr, respectively. They can not 

be placed in the context of the marine oxygne isotope record with confidence 

based on the exposure ages. Given the low amplitude of the marine cl8o 
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record during this time, suggesting relatively small oscillations in global 

temperatures and northern hemisphere ice volume, they may simply reflect 

small fluctuations in the ice sheet, perhaps combined with gradual uplift of < 

100 m/myr. The presence of these moraines, which appear to have been 

deposited by a cold-based lobe of the Taylor Glacier, however, indicates that 

the late-Pliocene-Pleistocene climate in Arena Valley was not significantly 

different than today. 

Implications for the behavior of the East Antarctic Ice Sheet from the 

data presented here and from other studies of the Dry Valleys region depend 

on the physical link between the Taylor Glacier and the rest of the East 

Antarctic Ice Sheet. The Taylor Glacier is fed by ice from the McMurdo Dome, 

a small peripheral dome on the edge of the larger Dome C. The 

interpretation presented here relies on the inference of a link between the 

history of McMurdo Dome fluctuations and the dynamics of the rest of the ice 

sheet (e.g., Denton et al., 1989a). It has been suggested that local precipitation 

and temperature changes also influence the behavior of the McMurdo Dome 

and related outlet glaciers, however (Drewry, 1982). If this influence is 

important, the data presented here still have climatic significance, but their 

link to the behavior of the whole of the ice sheet may be complex. Exposure 

dating in other parts of Antarctica, and new ice core drilling on the McMurdo 

Dome, may help to resolve this question. 

3) Combined lOse, 26 Al, and 3He measurements on the same quartz samples 

from Arena Valley glacial deposits indicate significant loss of 3He from quartz 

in samples older than- 200 kyr. General agreement between 3He and lOse 

ages< 200 kyr suggests that 3He is retained well in most cases in this age range 

in Antarctic quartz. Elevated 26Aij10se ratios in some of these young 
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samples indicate a complication in using cosmogenic 26 Al for exposure 

chronology. These elevated ratios may be a result of nucleogenic production 

of 26 Al from the reaction 23Na(a,n)26 Al. Further work is necessary to allow a 

correction for this effect. 

4) lOBe and 26 Al concentrations in samples from Quartermain and Altar Drift 

in Arena Valley and from the Sirius Group on Mt. Feather are inconsistent 

with suggested uplift of the Transantarctic Mountains of over 1300m in the 

last 3 myr (McKelvey et al., 1991). The data suggest that even with no uplift, 

Sirius Group deposits in the McMurdo Sound region may be older than ages 

of 3 myr suggested by biostratigraphic evidence. lOBe ages calculated 

assuming no uplift give a minimum age for the Sirius Goup samples of 4.0 (-

1.3/+3.5) myr and an erosion corrected age of 4.7 (-1.5/+4.1) myr. Because the 

lOBe concentrations are probably near steady state, measurements of a well

retained stable nuclide like 21Ne are necessary to further constrain the age of 

these deposits. 
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Table 1. 3f1e, lOse, and 26Al data. All concentrations in Mat/g. lOBe exposure ages calculated as described in text. 
Size fraction code (Sz) for 3He: 1=0.5-lmm grains. 2=1-2 mm grains. Note that analytical errors only are propagated 
in age calculations. lOBe and 26Al data in bold were originally reported in Brown et al. (1991). All other data are 
from Brook et al. (1993) [Chapter 4] or are previously unreported (in italics). Details of helium isotopic 
measurements for the latter are reported in the appendix to this chapter. 

Sample Sz Alt. 3He ls l Ose ls 26AJ ls 3Hej 10se l s 26AJ;10Be ls lOBeAge ls· l s+ 

Taylor 11 
SCW87-4-1 

KBA89-102 
KBA89-70-1 
KBA89-96 

BW84-87 
KBA89-99 
KBA89-97 

KBA89-66-1 
KBA89-67 
KBA89-68 

KBA89-69 

Taylor Ill 

KBA89-50 
KBA89-105 
KBA89-103 

SCW87-5 
KBA89-52 
BW84-134 
BW84-33 

KBA89-104 

TaylorNa 
KBA89-45-1 

KBA89-47-1 
KBA89-47-2 
KBA89-41-2 
KBA89-40-1 
KBA89-95 
KBA89-94 

TaylorNb 

SCW87-3-1 
KBA89-25 

KBA89-19 
KBA89-19 
AA86-14 

AA86-15 
BW84-105 

Quartennain 
Drift 
SCW87-1-2 

SCW87-1-1 
KBA89-108 
KBA89-107 

Sirius 
Formation 
BAK90-32 
BAK90-32-1 

Altar Drift 
BAK90-77 
BAK90-73-1 

(m) 

1 1100 

1 1140 

1120 
1 1150 

1 1100 

1 1090 
1 1090 

1 1110 

1 1110 
1110 

1 1110 

1130 
2 1110 
1 1160 

1150 
1 1130 
1 1150 
1 1150 
2 1150 

54.02 

36.05 
80.73 
49.43 

33.92 
30.32 
54.36 

23.39 

47.61 

34.12 

29.83 

42.89 

114.89 
89.12 

280.58 
89.10 

71.25 
81.56 

130.12 

3.81 5.17 0.42 

0.98 1.80 0.16 
6.19 1.72 0.12 
2.55 2.26 0.17 

3.30 0.64 0.07 
2.23 1.49 0.14 

16.49 2.56 0.25 

0.41 1.54 0.12 
2.30 2.28 0.16 

0.52 1.36 0.12 

1.07 

2.08 5.58 0.40 

0.90 5.34 0.32 
0.93 5.77 0.39 

4.83 14.66 1.05 
7.06 5.26 0.37 

1.45 205 0.21 
2.50 13.81 1.91 
3.49 4.84 0.34 

1 1160 172.49 2.93 13.61 3.24 
6.98 1 1160 203.92 

1 1160 

1 1170 
1 1170 
2 1150 
2 1140 

1 1600 
2 1320 

1 1260 
2 1260 
1 1550 

1 1600 

186.11 2.25 13.30 0.74 

77.73 2.33 4.57 0.51 
34.15 3.05 1.00 0.08 

141.30 4.91 5.86 0.35 

247.56 78.46 15.41 0.88 

780.36 
522.77 
430.46 
575.50 

500.31 
796.53 

7.18 28.37 1.89 
9.01 24.07 1.41 
3.73 
9.57 

2.69 28.67 1.97 
4.38 27.11 1.75 

21.84 1.79 

12.27 1.04 

9.91 1.16 

10.95 0.81 

16.98 1.20 
10.74 1.30 

37.47 2.46 

40.52 2.41 
38.56 2.51 

39.67 2.75 

37.08 4.42 
75.66 10.52 

38.66 2.34 

26.90 19.05 

76.40 4.75 

9.54 4.26 
9.72 0.68 

84.84 4.72 

109.66 10.13 

1 1300 530.45 57.43 23.92 1.65 103.51 12.47 

1 1400 1262.28 13.60 

1 1400 
1 1250 

1 1320 

615.78 4.67 30.62 2.17 

672.61 98.45 34.64 1.87 
183.24 26.91 22.37 1.21 

119.59 6.78 

143.31 18.45 

10.45 

19.98 
46.96 
21.89 

52.73 
20.31 
21.25 

15.14 
20.87 
25.08 

7.68 

21.51 
15.44 
19.14 
16.92 
34.69 
5.90 

26.91 

U .68 

13.99 
17.01 
34.01 
24.13 

16.07 

27.50 
21.72 

17.45 
29.38 
22.18 

20.11 

19.42 
8.19 

2 2065 1790.29 18.92 50.75 2.69 192.36 11.97 35.28 
2 2065 462.41 4.79 58.01 3.41 195.43 19.44 7.97 

2 2065 
2 1720 

47.12 2.50 

42.97 2.32 

154.34 9.91 

141 .20 11.25 
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1.13 
1.86 

4.81 
1.99 

7.93 
2.42 
6.78 

1.22 
1.81 
2.24 

0.66 

1.28 
1.05 
1.42 
1.80 
3.54 
0.84 
2.03 

3.03 

0.80 
1.96 
4.16 
1.67 

5.17 

1.85 
1.33 

1.20 
1.90 
2.85 

1.43 
3.03 

1.28 

1.91 
0.48 

4.22 
6.80 

15.41 

7.09 
7.44 
7.89 

6.71 

7.59 
6.68 

7.53 
18.05 
5.48 
8.00 

1.98 

5.74 
2.09 
9.68 

5 .51 

4.56 

4.33 

3 .45 
6.41 

3.79 
3.37 

3.28 

3 .29 

0.49 

0.84 

2.53 

0.77 
0.75 
1.18 

0.65 

0.64 
0.63 

0.75 
2.81 
1.07 

0.74 

1.48 

0.48 
0.96 
1.05 

0.44 

0.50 

(kyr) 

359 

115 

111 
144 

42 

99 

172 

100 

150 
88 

381 
369 
385 

1167 
357 

130 
1080 
320 

1048 

1018 
296 
62 

394 
1261 

1839 
1981 

1985 
1714 

0.60 2011 

0.27 
0.89 

2738 

5237 

1764 

32 

10 

8 
11 
5 
9 
18 
18 

11 
8 

32 

11 
8 

11 
5 
9 

18 
18 

11 
8 

29 30 
24 24 
28 29 
109 114 
27 28 
13 13 
186 203 
24 24 

300 348 

71 74 

35 36 
5 5 

26 26 
96 100 

185 202 
182 199 

213 236 
162 175 
218 242 

358 429 
951 1737 

142 152 

0.31 2864 295 342 
0.39 3950 577 790 

.27 
0.32 

4424 
3419 

660 954 
410 506 



Table 2. Mean lOBe and 3He ages for Arena Valley moraines in kyr. Ages 
were calculated using production rates described in text. Adjusted mean is 
calculated after rejecting outlying points. 

Moraine lOse 1s n 3He 1s 

Taylor II 
mean 138 86 10 134 50 
adjusted mean 122 29 8 134 54 

Taylor III 
mean 524 380 8 

adjusted mean 362 26 5 
Taylor IVa 
mean 680 490 6 
adjusted mean 1109 132 3 
Taylor IVb 
mean 1906 127 5 
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Table 3. Comparison of measured concentrations of lOBe and 26 Al in Sirius 
Group and other old glacial deposits in the Dry Valleys with uplift model 
calculations. The fact that measured concentrations are higher than predicted 
concentrations in almost all cases suggests that suggested uplift rates based on 
Sirius Group biostratigraphy are too high (see text). Measured concentrations 
are from Table 1 and the uplift model is described further in the text. 

Sample 

Sirius Group 

Alt. Meas. Cone. (Mat/g) 
(m) 

lOBe 26At 

Predicted Concentrations (Mat/g) 
No Prev. Exp. Steady State Before Uplift 

lOBe 26At 

Assumptions: Uplift rate=4.33 x 10-4m/yr. Age of deposit=3 x 106 yr. Original 
altitude=(present altitude-1300m). Erosion Rate=O. 

BAK90-32 2065 51±3 192±12 
BAK90-32-1 2065 58±3 195±19 

Quartermain and Altar Drift 

34 
34 

133 
133 

400 144 

Assumptions: Uplift rate=4.33 x 10-4m/yr. Age of deposit given by (altitude/uplift rate), e.g., 
predicted time that surface was at sea level. Original altitude=O m . Erosion Rate = 0. 

SCW87-1-1 
KBA89-108 
KBA89-107 
BAK90-73-1 

1400 
1250 
1320 
1720 

31±2 
35±2 
22±1 
43±2 

120±7 
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141±11 
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Appendix 

Previously unpublished 4He concentrations and 3Hef4He ratios for samples 
described in Chapter 5. All four Taylor II samples are whole grains in 0.5-
1mm size fraction and 0-3 em depth in rock. BAK90 samples are 1-2 mm 
chips from quartzite cobbles. All other helium isotopic data for samples 
discussed in Chapter 5 can be found in Chapters 3 and 4. 

4He 1s 3Hef4He ls 3He 1s 

(J!CC g-1) (R/Ra) (Matg-1) 
Taylor II 
KBA89-66-1 93.4 0.02 0.67 0.01 23.2 0.4 
KBA89-67 3.02 0.03 0.43 0.02 47.8 2.2 
KBA89-68 67.5 0.01 1.34 0.02 33.6 0.5 
KBA89-69 31.9 0.02 2.47 0.09 29.3 0.1 
Sirius 
Group 
BAK90-32 0.15 0.01 319.13 3.23 1750 18.5 
BAK90-32-1 0.20 0.01 62.17 .63 452 4.68 

Sample Descriptions for samples not described in Brook et al. (1993) [Chapter 
4]. 

KBA89-66-1 
Taylor II sandstone boulder near central axis of valley. Fine-medium 

grained sandstone, 2m x 2m x 1m thick. Perched on other boulders on 
moraine. Sample from top corner of top surface of boulder. 

KBA89-67 
Fine-medium grained tabular shaped Taylor II sandstone boulder on 

crest of moraine 5 m east of KBA89-66. 1m high x 0.6 m long and wide. 

KBA89-68 
Taylor II sandstone, finely bedded with interbedded coarse and fine 

layers. Irregular shaped boulder,~ 0.5 m high x 1m long and wide. Surface is 
inclided 45 degrees to horizontal, sample comes from top upper corner. 
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KBA89-69 
Small, 0.5 m wide x 1m high x 0.5 m long, fine-medium grained 

sandstone boulder in Taylor II moraine. Brown, weathered surface dipping at 
250. Collected sample from top, upper corner. 

BAK90-32 
Coarse grained sandstone boulder on Sirius Group till surface at Mt. 

Fleming. 40 em long x 20 em wide x 10 em high. Collected sample from top 
surface. 

BAK90-32-1 
Quartzite cobble,- 10 em in diameter, collected from till surface near 

BAK90-32. 
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Chapter 6 

Cosmogenic Nuclide Exposure Ages and Glacial 
History of Late Quaternary Ross Sea Drift in 
McMurdo Sound, Antarctica 
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Introduction 

Glacial deposits in the McMurdo Sound-Dry Valleys region of 

Antarctica provide a well-preserved record of late Quaternary Antarctic 

glaciation (Denton et al., 1971; Hendy et al., 1979; Stuiver et al., 1981; Clayton

Greene et al., 1988; Denton et al., 1989a; Brook et al., 1993; Dagel et al., in 

press). Chronological control of this record is limited, however, primarily 

due to a lack of datable material in most deposits. Drift sheets rich in volcanic 

rocks on the coast of McMurdo Sound are the most prominent glacial 

deposits in the region. The distribution of the youngest of these has been 

used to reconstruct an expanded, grounded ice sheet in McMurdo Sound and 

the Ross Sea, during the last glacial maximum (- 18 kyr B.P.) (Stuiver et al., 

1981; Denton et al., 1989a). Although this reconstruction has provided 

important constraints for ice-sheet modeling (e.g., Thomas and Bentley, 1978; 

Stuiver et al., 1981; Fastook, 1984), studies of post-glacial sea level change (e.g., 

Clark and Lingle, 1979; Nakada and Lambek, 1988), and post-glacial uplift (e.g., 

Greischar and Bentley, 1980), direct dating of the drift sheets is necessary to 

establish the linkage between the timing of sea level changes and Antarctic 

glaciation. 

Current theories of Antarctic glaciation suggest that when sea level 

falls, ice on the Ross Ice Shelf, fed by west Antarctic Ice Streams and, to a lesser 

extent, east Antarctic outlet glaciers, grounds in the Ross Sea, and the 

grounded ice sheet thickens and advances on to the coast (Hollin, 1961; 

Stuiver et al., 1981; Denton et al., 1989a). 
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Figure 1. Distribution of Ross Sea Drift in the McMurdo Sound Region. 
Sample locations as shown. 
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Age constraints for the youngest drift sheet are based primarily on models 

and field observations suggesting that large lakes formed in the Dry Valleys 

when the grounded ice sheet dammed coastal valleys. Radiocarbon dates of 

lake sediments from 10 to 24 kyr BP provide, in the context of this model, 

absolute chronology for ice sheet expansion in isotope stage 2 (Stuiver et al., 

1981; Clayton-Greene et al., 1988; Denton et al., 1989a; Dagel et al., in press). 

Older, analogous drift sheets occur above the assumed late Wisconsin limit, 

and are believed to represent grounded ice in McMurdo Sound during older 

glacial periods (Stuiver et al., 1981; Denton et al., 1989b). U-Th dates for lake 

carbonates in Marshall Valley (Fig. 1) provide evidence for one of these 

earlier episodes, apparently lasting throughout isotope stage 6 (Dagel et al., in 

press). The radiocarbon and U-Th dates, and correlation of McMurdo Sound 

deposits with glacial deposits in other coastal areas of Antarctica (Denton et 

al., 1989a,b; Bockheim et al., 1989) support the suggestion that advances of the 

ice sheet in McMurdo Sound, and by extension advances of the Ross Sea Ice 

Sheet, are primarily controlled by eustatic sea level change (Stuiver et al., 

1981; Clayton-Greene et al., 1988; Denton et al., 1989a; Dagel et al., in press). 

While the chronological evidence is compelling, the conceptual model 

relating lake sediment chronology and glacial history requires the existence of 

large lakes in the Dry Valleys during periods of generally cooler global climate 

(e.g., Clayton-Greene, 1988; Denton, 1989a), lower precipitation rates, and 

cooler temperatures in Antarctica (Jouzel et al., 1987; Denton et al., 1989a; 

Jouzel et al., 1989; Jouzel et al., 1990). The goal of this chapter is to provide 

new age constraints for both the youngest drift and analagous older deposits 

by measuring cosmogenic 3He, 26 Al (half-live 7.2 x 105 yr) and lOBe (half-life 

1.5 x 106 yr) produced in situ in surficial material collected from the drift 

sheets. An additional goal is to examine the isotope systematics of 
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cosmogenic 3He, lOBe, and 26Al in fairly young glacial moraines in 

Antarctica, where similar work has concentrated on older features (Brown et 

al., 1991; Nishiizumi et al., 1991; Brook and Kurz, 1993 [Chapter 3]; Brook et 

al., 1993 [Chapter 4]; Chapter 5). The ultimate objective is to establish the 

relative timing of glacial events related to the marine-based West Antarctic 

Ice Sheet and the terrestrial East Antarctic Ice Sheet, and to relate that timing 

to global climate history. 

Description of Ross Sea Drift 

The characteristics and distribution of the drift sheets were described in 

detail by Stuiver et al. (1981) and Denton et al. (1989a). The youngest drift is 

distinctively exposed on headlands around McMurdo Sound (Fig. 1), and in 

many places is bordered by a well-preserved moraine, analogous to moraines 

forming at the edge of the present ice shelf. Stuiver et al. (1981) refer to this 

deposit as Late Wisconsin Ross Sea Drift. Because the dating discussed below 

suggests that at least parts of the drift sheet may be early or even pre

Wisconsin in age, this drift sheet is refered to here simply as youngest Ross 

Sea Drift. 

Ross Sea Drift is composed of till and stratified sediments made up of 

clasts of volcanic rocks, granite, a small percentage of a variety of 

metamorphic rocks, and rare sandstone. Clast sizes range from sand-gravel to 

boulders up to 2m3. Lithological characteristics, soil weathering, and clast 

sizes are described in detail by Stuiver et al. (1981). The basalts in the moraine 

are probably derived from the McMurdo Volcanic Group, which crops out to 

the south, on Ross Island, and in the foothills of the Royal Society Range, east 

of the Salmon-Walcott Glacier region (Fig. 1). The igneous and metamorphic 

rocks are probably derived from local granitic and metamorphic basement 
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rocks. Distinctive clasts of anorthoclase phonolite with large (up to 5 em) 

anorthoclase crystals, a rock type known only on Ross Island, occur in some 

parts of the moraine (north of Blue Glacier and in the mouth of Taylor 

Valley, see Fig. 1) and these were used by Stuiver et al. (1981) to determine 

source areas and flow directions for the late Wisconsin ice advance. 

The late Wisconsin drift is commonly fresh appearing and ice cored in 

some locations, cavernous weathering of boulders is rare, and striations are 

preserved on some protected clast surfaces. In contrast, the older drifts exhibit 

significant cavernous weathering and ventifacting of some boulder surfaces, 

and preservation of striations is rare. In most locations the older drift is not 

subdividable, although Stuiver et al. (1981) discussed earlier work that 

subdivided older Ross Sea Drift in a number of locations, including the 

Bulwark, lower Taylor Valley, and lower Wright Valley (Fig. 1). These 

subdivisions require revision (G.H. Denton, personal communication, 1993), 

and the work on the older deposits is intended to provide age constraints that 

can distinguish them from the younger drift. 

Methods 

Sample Collection and Processing 

Samples were collected from Ross Sea Drift in the austral summers of 

1989-1990 and 1990-1991. All samples of the youngest drift come from the 

terminal moraine of the drift sheet as mapped by Stuiver et al. (1981) (Fig. 1). 

Samples of the older drift were collected at several places within and at the 

edge of the drift sheets (Fig. 1). Two types of samples were collected: olivine 

and clinopyroxene bearing basaltic rocks intended primarily for analysis of 

cosmogenic 3He in phenocrysts, and quartz bearing granites, metamorphic 

rocks, and sandstones, intended for 3He, lOBe, and 26Al measurements. The 
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samples were collected from the largest clasts of appropriate lithology in each 

location (see appendix for more detail). Because of concern about post

depositional mobilization, samples were collected on the moraine crest, as far 

as possible from any frost cracks. Smaller samples were collected in their 

entirety, horizontal top surfaces were removed from larger samples. 

Shielding angles of surrounding topography were recorded for all sample 

regions, maximum shielding at any azimuth was 10 degrees. Assuming the 

approximate sin2 dependence on zenith angle for cosmic rays (Conversi and 

Rothwell, 1954; see Chapter 1) the associated shielding corrections are 

insignificant and were not applied. 

Samples were cut with a rock saw at depths of - 2-6 em depending on 

rock geometry, crushed in a jaw crusher, and sieved. For 3He analysis 

individual mineral grains (quartz or olivine) were picked from the sieved 

fractions (0.5-lmm or 1-2mm), and rinsed in acetone, methanol, and ethanol. 

For lOBe and 26Al analysis 100-200 g of rock were needed because exposure 

ages are young and sample altitudes are low. Pure quartz samples (quartzites 

and sandstones) were sequentially leached in HF to remove meteoric lOBe 

(Brown et al., 1991; Nishiizumi et al., 1989) until approximately 40-50 % of the 

mass was dissolved, then spiked with stable Be. Stable aluminum 

concentrations were determined by graphite furnace atomic absorption 

spectrophotometry (GFAAS) in Orsay or inductively coupled argon plasma 

spectromety (ICPES) in Woods Hole, and samples were spiked with stable Al 

to make a total of - 1 mg per sample. An intercalibration experiment between 

the two instruments gave excellent agreement (within 2-3 %) for samples 

originally prepared for GFAAS analysis (greater dilution than used for ICPES). 

Be and Al were separated from the spiked samples by solvent extraction of Be

acetylacetonate from Na-EDTA solution into carbon tetrachloride and 
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purification of Al from the aqueous phase by first extracting 2-methyl-8-

quinolinol derivitaves of other elements into chloroform, then extracting Al

acetylacetonate into carbon tetrachloride. Purified Be02 and Al203 targets 

were prepared by precipitating the Be or Al as the hydroxide and heating at 

high temperature in a quartz crucible to convert to the oxide. The AMS 

targets were prepared by previously described techniques (Raisbeck et al., 

1987). Further details of chemical procedures can be found in Raisbeck et al. 

(1987), Brown (1990), and in Chapter 2. 

3He analyses were performed in Woods Hole using a mass 

spectrometer dedicated to analysis of helium isotopes in terrestrial rocks 

(Table 1). The machine and gas processing are described in more detail by 

Kurz et al. (1987), Trull (1989), and in Chapter 2. Olivine samples were 

analyzed by first crushing the samples in vacuo and then melting the 

resulting powder in an ultra-high vacuum resistively heated furnace with a 

tantalum crucible. In volcanic rocks the two analyses are necessary to separate 

magmatic 3He from cosmogenic 3He. Magmatic 3He concentrations are 

calculated using the 3He/4He ratio of helium released by crushing, which is 

dominantly magmatic (Kurz, 1986a; Kurz, 1986b) and the total 4He in the 

sample: 

(1) 

Cosmogenic 3He is then given by: 

(2), 
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where cr, t, m, and c stand for crushing, total, magmatic, and cosmogenic, 

respectively. 3He/4He ratios of helium released by crushing the Ross Sea 

Drift olivine samples are fairly uniform, between 6.1 and 7.1 Ra (Ra is 

atmospheric 3He/4He ratio: 1.384 x 10-6), with the exception of the sample 

with the oldest exposure age. This sample, BAK90-214-2, has 3He/4Hecr of 

11.2 ± 1.3 (Table 1) and exposure age of 570 kyr; the high ratio probably 

represents contamination of the magmatic component by a small amount of 

cosmogenic 3He (note that the effect on the age calculation is insignificant). 

The other 3He/4Hecr ratios are consistent with measurements for McMurdo 

Group volcanic rocks collected from outcrops in the region (M. Kurz, 

unpublished data). 

Quartz samples were analyzed by melting only or by crushing and 

melting. It was assumed that all 3He in quartz was either cosmogenic or 

nucleogenic (Brook and Kurz, 1993 [Chapter 3], Brook et al., 1993 [Chapter 4], 

Chapter 2). A correction was applied to the total3He concentrations for 

nucleogenic production of 3He in quartz by thermal neutrons via 6Li(n,a)t-

3He (e.g., Morrison and Pine, 1955) using the total 4He concentration and a 

nucleogenic production ratio for Dry Valley quartz sandstone from Trull et al. 

(1991) of 0.011 ± 0.004 Ra (where Ra is the atmospheric 3He/4He ratio of 1.384 

x 10-6). This correction may be inaccurate if Li, U, and Th concentrations are 

significantly different in the Ross Sea Drift samples than in the Trull et al. 

(1991) samples. However, because the corrections range from less than 1% to 

8 % of the total 3He in the four quartz samples, this uncertainty is not of great 

importance. In a fifth quartz sample, an extremely large concentration of 4He 

(sample KBA89-244, 4He: 4 x lQ-5 cc STP g-1) prevented the inlet of enough 

gas to the mass spectrometer to make an accurate 3He measurement without 

compromising the low blank level of the system. 
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3He and 4He blanks ranged from- 3-6 x lo-ll cm3 STP for 4He and -3-8 

x lo-17 cm3 STP for 3He. Reported precision of 3He concentrations reflects 

uncertainties in analysis (typically -2-5 %, 1 sigma), based on repeated analysis 

of air standards and uncertainties related to blank corrections for smaller 

samples. Uncertainties in lOBe and 26 Al concentrations reflect counting 

statistics and a 5 % uncertainty accounting for variations in machine stability 

(Brown et al., 1991). Blank corrections are< 2%. All data are compiled in 

Tables 1 and 2. See Chapter 2 for further analytical details. 

Exposure ages were calculated using lOBe and 26 Al production rates 

from Nishiizumi et al. (1989) and Lal (1991). Calibrations of the 3He 

production rate give variable results (Cerling, 1990; Kurz et al., 1990). The 

production rate of Cerling (1990), recalculated to account for the (Bard et al., 

1990) 14C-calendar year calibration, is 398 ± 8 at g-1 yr-1 at 1445 m altitude. The 

Kurz et al (1990) production rate is based on 14C-dated Hawaiian lava flows at 

different altitudes. Scaling it to sea level using Lal (1991) gives a mean of 178 ± 

41 at g-1 yr-1. To arrive at an Antarctic production rate the altitude and 

latitude scaling factors of Lal (1991) were used to scale the two production 

rates to sea level and high latitude (> 600 N or S); the uncertainty-weighted 

mean production rate is then 118 ± 9 at g-1 yr-1. Previous papers (Brook and 

Kurz, 1993; Brook et al., 1993) used scaling for altitude and latitude based on 

Lingenfelter (1963). The scaling factors of Lal (1991), however, allow simple 

comparison with data from other studies, are generally used by other workers, 

and are easily available in polynomial form, and are a complete and self

consistent treatment of the scaling problem. This issue is discussed further in 

Chapter 1. Uncertainties in production rates have been discussed previously 

(Lal, 1987; Nishiizumi et al., 1989; Cerling, 1990; Kurz et al., 1990; Brook and 

Kurz, 1993). A 15% uncertainty in all the production rates is suggested as an 
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appropriate estimate of the true uncertainly applicable to calculating an 

absolute age (see Chapter 1 for further discussion of production rates). 

No corrections for erosion (e.g. Brown et al., 1991) are made to the data 

because these features are fairly young and estimated Antarctic erosion rates 

of- 10-S g cm-2yr-l (Brown et al., 1991; Nishiizumi et al., 1991) have no 

significant affect on exposure ages< 500 kyr. 3He exposure ages are simply 

calculated by dividing the concentration by the appropriately scaled 

production rate. lOBe and 26 AI ages are given by: 

ln(l- NA.) 
t = p (3), 

-A. 

where t is time, P is production rate, "A is decay constant and N is 

concentration. 

Results and Discussion 

3 He Exposure Ages 

3He exposure ages for the youngest Ross Sea Drift (Fig. 2) show 

significant scatter, as has been observed in exposure age distributions on other 

moraine deposits (Phillips et al., 1990; Brook et al., 1993; Chapters 4 and 5) but 

most are significantly lower than 100 kyr. Figure 1 includes three 3He 

exposure ages from quartz samples. The utility of quartz for dating with 

cosmogenic 3He has been questioned because of diffusion problems (e.g. 

Ceding, 1990; Brook and Kurz, 1993); the figure includes quartz 3He exposure 

ages only where the 3Hejl0Be ratio is consistent with calculated production 

ratios (excludes only one sample-see below), indicating minimal 3He loss. 

Ages for the older deposits also show significant scatter, suggesting that they 

represent more than one drift sheet, but are distinctly older than the ages for 

youngest Ross Sea Drift. 
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Figure 2. Histogram of 3He ages for youngest Ross Sea Drift and older drifts. 
3He ages for both olivine and quartz are plotted, with the exception of quartz 
sample KBA89-248, where 3Hej10Be and 3Hej26 Al ratios indicate significant 
3He loss (see text and Fig. 3). 
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lOBe and 26 Al Ages 

The five lOBe and 26Al measurements and lOBe and 26Al exposure 

ages are compiled in Table 2. Due to the young ages, large sample sizes (final 

sample after cleaning was -30-50 g) were required and some analytical errors 

are on the order of 10% (one-sigma). 26Aljl0Be ratios for these samples range 

from 6.2 ± 0.6 to 14.1 ± 2.5 (Figure 3). The predicted production ratio at sea 

level from Lal (1991) is 6.1 ± 0.4, and samples with exposure ages< 100 kyr 

should have 26Aljl0Be ratios indistinguishable from this value. 26Aljl0Be 

ratios higher than the production ratios in quartz with low exposure ages 

have been observed before (Chapter 5; Brown et al., 1991; E. Brown, 

unpublished data, E. Brook, unpublished data) but their origin is uncertain. 

The most likely cause, however, is an excess of 26 Al produced by nuclear 

reactions resulting from U and Th decay. The most significant reaction 

producing 26Al is 23Na(a.,n)26AL Sharma and Middleton (1989) estimated 

steady state concentrations of -loS -107 at g-1 26Al produced by this 

mechanism in a variety of common rock types. The excesses of 26 Al in these 

samples, assuming a 26 AljlOBe production ratio of 6, range from 7 x 104 at g-1 

in KBA89-148, a metasandstone, to 3 x 106 at g-1 in KBA89-143, a granite. 

These values are very similar to those calculated by Sharma and Middleton (6 

x lo4 at g-1 for sandstone and 5 x 106 at g-1 for granite). The exact value for an 

individual rock depends on U,Th, and Na concentrations and on their 

proximity in the mineral matrix (see Chapter 5 for further discussion). These 

measurements have not been made but this problem is under investigation, 

since accurate knowledge of production ratios is necessary for many of the 

suggested geochronological uses of cosmogenic nuclides (e.g., Lal, 1991; Brown 

et al., 1992). Nucleogenic 26 Al may be an important factor to consider in 

using 26 Al to date recently exposed surfaces. 
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lOBe ages (Table 2) are consistent with the 3He results and geographic 

trends along the moraine described below. The 26Al ages are less precise due 

to analytical uncertainties, and are also influenced by the probable presence of 

nucleogenic 26 Al. Despite these uncertainties the fact that the ratios are equal 

to or higher than production ratio demonstrates that chemical processing 

effectively removes any atmospheric lOBe contamination. 

3He Loss, Inherited, and Nucleogenic 3He 

Because 3He is a stable noble gas there are a number of factors to 

consider in using it as a geochronometer. These include the possibility of loss 

of 3He due to diffusion, and the possibility of retention of 3He from previous 

periods of exposure (note that the radioactive cosmogenic nuclides are not 

immune to this problem, which depends on the time scale of previous 

exposure), and the necessity of correcting total concentrations of 3He in 

olivine for the magmatic component. 

3He loss from quartz has been demonstrated to be a significant problem 

in older Antarctic glacial deposits (Brook and Kurz, 1993; Brook et al., 1993). 

These two studies suggested, based on comparisons of lOBe and 3He ages, that 

loss would not be significant on time scales of less than 100 kyr. The Ross Sea 

Drift quartz samples provide an opportunity to examine this hypothesis. 

With no diffusion, the 3Hej10Be and 3Hej26Al ratios in these samples 

should be equal to the production ratios. The production ratios of 3Hej10Be 

and 3Hej26Al have not been measured directly in quartz, but based on the 

production rates assumed above the ratios are 20 ± 6 and 3 ± 0.9. The 

production ratios can also be calculated using measurements of 3He, lOBe, 

and 26Al in olivine (Nishiizumi et al., 1990). Scaling those results to the 

chemical composition of quartz using the elemental production rate 
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dependence given by Nishiizumi et al. (1990) suggests production ratios of 24 

± 7 and 4 ± 0.7, respectively. For three of the four Ross Sea Drift quartz 

samples, 3Hej10Be ratios are fairly consistent with each other and with the 

calculated production ratios (Table 2; Fig. 3). (Because of the potential 

problem of nucleogenic 26Al, 3Hej26Al ratios can not be used in this 

fashion.) These three samples are a quartz sandstone (BAK90-135), an 

extremely well-lithified quartzite cobble (KBA89-148), and a granite (KBA89-

143). The quartz in all three samples is composed of discrete, isotropic 

mineral grains with well-defined boundaries and grain sizes between 0.5 and 

2 mm (see appendix for details). The fourth sample (KBA89-248) is a 

metamorphic rock composed of what is probably metamorphosed vein quartz 

in a feldspathic matrix. In thin section this quartz is microcrystalline, with 

individual domains of- 10 urn. Although the exact protolith of this sample 

is not known, this texture is in fact common in hydrothermal vein quartz 

(e.g., Boiron et al., 1992). Previous work suggested that the petrographic 

characteristics of quartz samples play an extremely important role in 

controlling 3He diffusion rates (Brook and Kurz, 1993). Specifically, the size 

of individual diffusion domains, not the macroscopic grain size, is obviously 

crucial. This results for KBA89-248, combined with unpublished observations 

of significant discrepancies between 3He, lOBe and 26 AI concentrations in 

vein quartz samples in western Norway (E. Brook, unpublished data), suggest 

that vein quartz is particularly poor in retaining 3He. 
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Figure 3. Scatter plots of lOBe, 3He, and 26 AI data. Solid lines show predicted 
production ratios (see text). As discussed in the text, 3Hej10Be ratios agree 
fairly well with predicted values in three of four samples suggesting that 3He 
is well retained in quartz on time scales of< 100 kyr. The fourth sample, with 
a low 3Hej10Be ratio, contains what appears to be metamorphosed vein 
quartz with very small optical domains and this characteristic is probably the 
cause of 3He poor retentivity. Ratios for individual samples are printed on 
the figure. Elevated 26Aij10Be ratios are probably a result of nucleogenic 
production of 26 Al (see text). 
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Some unusual helium isotopic effects in two basalt samples from Black 

Island have also been observed. As described above, measuring cosmogenic 

3He in olivine or clinopyroxene consists of crushing the mineral separate in 

vacuo, releasing magmatic helium, and then melting the resulting powder in 

a vacuum furnace, releasing a mixture of cosmogenic helium and magmatic 

helium (Kurz, 1986a; Kurz, 1986b; Kurz et al., 1990). Although cosmic rays 

produce 3He and 4He in a ratio of- 0.2 (Mazor et al., 1970), cosmogenic 4He is 

insignificant relative to magmatic 4He in most terrestrial rocks. 3He/4He 

ratios obtained by crushing are therefore normally lower than 3He/4He ratios 

obtained by melting, allowing the simple separation between the two 3He 

components (e.g., eqs. 1 and 2). 

In two of the Black Island samples (KBA89-291 and KBA89-294, Table 

2), however, the 3He/4He ratios in the gas released by melting olivine 

powders are lower than the 3He/4He ratio released by crushing. The origin 

of this effect is not entirely clear, but may reflect the implantation of alpha 

particles from the surrounding groundmass or a uranium rich phase in the 

olivines themselves. This effect is believed to be confined to these samples, 

however it is possible that a similar 4He component is present in other 

samples. This "extra" 4He component would cause overcorrection of the of 

total 3He for magmatic 3He (eq. 2), and therefore cause underestimation of 

3He exposure ages. The general agreement between lOBe, 26 AI, and 3He data 

suggests that this effect, if present, is small, but it could explain some of the 

young outlying ages in the Miers Valley section of the drift sheet (Fig. 2). 

As a preliminary test of the hypothesis that implantation of 4He caused 

the depressed ratios, olivine grains from KBA89-291 and KBA89-294 were 

abraided with silica beads in an air-abrasion chamber (Table 3). The whole, 

abraided grains were analyzed by melting in the vacuum furnace and the 
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results compared to the 3He/4He ratios predicted for the whole grains from 

the crushing and melting data (Table 3). In one case (KBA89-291) the abraided 

grains had a lower 4He concentration than the unabraided grains, suggesting 

that the low ratios in the melted powder are not related to implantation of 

4He. For KBA89-294, abraiding the grains resulted in a slightly higher 4He 

concentration, suggesting removal of a low 3He/4He ratio phase. Apart from 

the fact that opposite effects were observed for the two samples this 

experiment is not conclusive because total 4He concentrations in other 

replicate analyses of olivine from Ross Sea Drift samples (Table 1) often vary 

by a factor of two or more. More detailed abrasion experiments can probably 

provide more information about the cause of these anomalies. 

Glacial Chronology of Ross Sea Drift 

The primary chronological conclusion from these data is that most of 

the exposure ages along the sampled area of the presumed late Wisconsin 

Ross Sea Drift fall within the interval of 10-70 kyr, and therefore span most of 

the last glacial period. The fact that samples from the older Ross Sea drift are 

significantly older (Fig. 2) demonstrates that the two deposits can be separated 

the basis of exposure ages. It is quite possible that several different drift sheets 

are represented by the older ages, and it is therefore difficult to interpret the 

age distribution. Further work on these deposits, combined with detailed 

geological mapping, could significantly improve understanding of pre-late 

Wisconsin glaciation of the region. 

As discussed by Brook et al. (1993), Brown et al. (1991) and Phillips et al. 

(1990), scatter in data like these can result from a variety of factors, including 

prior exposure to cosmic rays in outcrop or during transport, incorporation of 

older material by a younger glacial advance, spalling or erosion of boulder 
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surfaces, past soil cover, or post-deposition shifting of boulders. In addition, 

in the case of the Ross Sea Drift sheets the possibility that the individual 

regions sampled are not the same age must be allowed. Because the youngest 

drift sheet and associated moraine are fairly young features in an extremely 

arid and cold environment, the effects of erosion and other physical 

weathering, and past soil or snow cover, are minimal. Scatter is more likely 

produced by previous exposure or incorporation of older deposits into 

younger glacial advances. The oldest ages from the youngest Ross Sea Drift 

deposit fall within the range of ages for the older drift (Fig. 2), which is 

consistent with the latter hypothesis. 

Assuming the oldest two samples (KBA89-292 and KBA89-243) were 

originally deposited by an older glaciation and remobilized by a younger 

advance, the 3He ages for the youngest drift sheet range from 8-106 kyr. One 

simple interpretation of the ages is that they represent an ice-sheet margin 

active throughout the last glacial period. 14c dating of lake sediments in 

Taylor, Marshall, and Miers Valleys suggests that ice dammed the valley 

mouths sometime prior to -23-24 kyr B.P (Hendy et al., 1979; Clayton-Greene 

et al., 1988; Denton et al., 1989a; Dagel et al., in press), but there is no evidence 

constraining the timing of earlier expansions. U-Th dating of glacial deposits 

apparently related to expansion of Ross Sea ice in isotope stage 6, however, 

suggest that during that time ice dammed the mouth of Marshall Valleys 

from- 129,000 to 182,000 years BP, i.e., spanning much of the previous glacial 

period. This exposure age data do not require that a grounded ice sheet exist 

in McMurdo Sound throughout isotope stages 2 and 3; there may have been 

repeated grounding episodes that occupied approximately the same marginal 

position, resulting in a mixture of exposure ages along the present moraine 

marking the limit of the youngest drift sheet. This suggestion is consistent 
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with rapid oscillations in northern hemisphere climate, and by inference ice 

volume and sea level, observed in recent ice core and climate records (e.g., 

Dansgaard et al., 1993). This possibility was also considered by Denton et al. 

(1989a) in discussing reconstructions of the Late Wisconsin Ross Sea Ice Sheet 

based on the drift limits shown in Fig. 1. 

The age scatter within the youngest drift is fairly large, and based on 

previous work on alpine glacier moraines, and on similar studies of other 

moraine systems (Phillips et al., 1990; Brook et al., 1993 [Chapter 4]; Chapter 5), 

it is larger than expected for an individual moraine. Figure 2 shows, 

however, that there is an apparent geographic pattern in the exposure ages. 

Mean ages for the three main regions sampled decrease in the order Hjorth 

Hill (71 ± 27 kyr, n=4), >Miers Valley (26 ± 14 kyr, n=5) >Blue Glacier (15 ± 6 

kyr, n=6). If this geographic pattern is real it suggests additional complexities 

in the depositional history of the drift sheet. 

The mapping of Stuiver et al. (1981) suggests a clear separation between 

the young drift, which is, at most, early Wisconsin in age based on the 

exposure ages, and the older drift, which appears to be much older. In a 

number of locations, however, field observations and aerial photographs 

show what appear to be multiple drift limits at the approximate location of 

the boundary mapped by Stuiver et al. (1981). This is particularly evident in 

the region between the Howchin and Blue Glaciers, and at Hjorth Hill on 

Cape Bemachii. Samples described here were collected from the mapped drift 

limit in all cases, but it is possible that the mapping may be in error. As 

suggested above, there have been multiple ice sheet advances throughout the 

Wisconsin period, and the samples described here may actually, but 

inadvertently, may have come from different glacial deposits. 
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An alternative explanation of the data suggests that the drift was all 

emplaced at the last glacial maximum and age differences along the moraine 

represent prior exposure to cosmic rays before or during supraglacial transport 

of the material on the Ross Ice Sheet. Reconstructed ice flow directions for 

the late Wisconsin Ice suggest from Stuiver et al. (1981) are shown in Fig. 4. 

The reconstruction suggests that ice flowed west and southwest between Ross 

Island and Brown Peninsula, and southwest between Cape Royds and Cape 

Bernacchi. Because the Blue-Glacier region might have been supplied by 

material from the Blue Glacier itself, it is possible that material deposited 

there experienced shorter travel times than material in other segments of the 

moraine (Fig. 4). If this is correct, then the youngest ages, at Blue Glacier, 

most closely date the last presence of ice on the coast. The mean age for the 

Blue Glacier samples (15 ± 6 kyr) is very close, considering production rate 

uncertainties, to a radiocarbon date of 12,330 ±50 yr (QL-1146) obtained for an 

algae layer deposited on an ice-contact delta just landward of the moraine 

segment samples near the Blue Glacier by Stuiver et al. (1981). They discussed 

this region in detail and suggested, based on curvature of the drift margin 

where it meets the Blue Glacier, that Ross Sea ice and Blue Glacier ice 

coalesced at the maximum expansion of Ross Sea Ice Sheet in McMurdo 

Sound (Fig. 1). Stuiver et al. also suggested, based on the radiocarbon date and 

the morphology of the delta, that the delta was abruptly truncated at it 

seaward side by ice recession at~ 12 kyr (Stuiver et al., 1981). The fact that the 

3He and lOBe exposure ages agree quite well with the radiocarbon date may 

indicate that they both are dating the maximum time of ice recession at this 

region. If the older ages in Fig. 2 are a result of previous exposure during 

glacial 
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Figure 4. Reconstructed ice flow directions for late Wisconsin Ice in 
McMurdo Sound, Antarctica, from Stuiver et al. (1981). Flow directions are 
based on striation directions and the distribution of anorthoclase phonolite 
erratic boulders, which are derived from Mt. Erebus on Ross Isand. 
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transport they still suggest an active glacial system in McMurdo Sound and 

the Ross Sea during the last glacial period, but their implications for the 

history of grounded ice throughout that time are not as clear. 

It is also possible that some of the spread in the data results from 

exposure to cosmic rays prior to incorporation in the glacial deposit. This 

hypothesis is difficult to test, but is important in using cosmogenic nuclides to 

date any glacial deposit. For the Ross Sea Drift samples this is probably not an 

important process because the Ross Sea ice sheet must have actively eroded 

its bed, based on the presence of striated stones in the drift, the large quantities 

of material deposited, and bedrock striations found in the region (Stuiver et 

al., 1981). 

The explanations for the exposure age scatter discussed above are not 

mutually exclusive. However, the former interpretation, calling on a 

periodically "reactivated" glacial limit is favored here, primarily because 

significant exposure during supraglacial transport seems unlikely in a 

dynamic, wet-based, ice sheet. Due to the small number of samples it is 

difficult to prove that geographical differences in exposure ages are real, 

whatever their origin, and more data will be necessary to investigate this 

problem further. 

Conclusions 

3He, lOBe, and 26Al exposure ages from the limit of "Late Wisconsin" 

Ross Sea Drift suggest that it was deposited during the last glacial period 

(isotope stage 2), consistent with models that suggest eustatic sea level control 

of grounded ice in the Ross Sea. The age distribution (8-106 kyr) suggests that, 

rather than a single late Wisconsin glacial event, the drift limit represents 

several periods of ice sheet grounding. 3He exposure ages from the older, but 
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analogous, drift sheets exposed above the "late Wisconsin" limit are distinctly 

older than ages from the young drift and range from 104-567 kyr. These 

samples probably represent a number of older ice advances, but the clear 

difference demonstrates that the younger drift can be distinguished from the 

older deposit on the basis of exposure ages. 

In contrast to the eustatic sea level control of Ross Sea ice expansion, it 

has been suggested that the continental east Antarctic ice sheet fluctuates out 

of phase with global Quaternary glaciations, expanding during interglacial 

time when moisture supply to interior east Antarctica increases. Exposure 

dating of Dry Valley glacial deposits related to expansion of the East Antarctic 

ice sheet in isotope stage 5, described in Chapters 4 (Brook et al., 1993) and 5, in 

combination with the results reported here, support this view (Fig. 5). 

Further tests of this chronological model will require both further work on 

older Ross Sea Drift, and on analogous glacial deposits in other parts of 

Antarctica (e.g. Denton et al., 1989b; Bockheim et al., 1989). 
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Figure 5. SPECMAP deep sea oxygen isotope stratigraphy over the last 500 kyr 
(Imbrie et al., 1982) and age distributions for Ross Sea Drift and East Antarctic 
outlet glacier moraines Taylor II and III (Brook et al. (1993) [Chapter 4]; 
Chapter 5). Ross Sea Drift ages are 3He ages from this paper, Taylor moraine 
ages are lOBe ages from Chapter 5. The Taylor Glacier drains the East 
Antarctic plateau (Fig. 1) and is theorized to be controlled primarily by 
moisture supply to the Antarctic interior. The Ross Sea ice sheet is believed 
to be controlled primarily by eustatic sea level, leading to the postulated "out 
of phase" behavior of the two ice margins in the Dry Valleys region (Denton 
et al., 1989b). The exposure ages support this suggestion in that the Ross Sea 
Drift ages fall mainly within isotope stage 2, while Taylor II ages suggest 
deposition in isotope stage 5 (see Brook et al., 1993 and Chapter 5 for more 
details). Taylor ill is more difficult to place in the 18o stratigraphy, but 
assuming it is an interglacial deposit, may represent isotope stage 9 or 11. 
Note that the use of somewhat uncertain production rates (see text) could 
impose systematic errors in age calculations. For example, if the lOBe 
production rate were 5% lower than the rate used the conclusions about the 
Ross Sea Drift ages and the Taylor II ages would not change, but the Taylor III 
ages would increase enough to be superimposed on the stage 11 maximum in 
the isotope curve. 
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Table 1. Helium isotopic data for Ross Sea Drift samples. R/Ra is 3HeJ4He ratio relative to atmospheric ratio (1.384 
x to-6). ol=olivine, q=quartz, cr-crushing, m=melting. Sz=grain size: 1= 0.5-lmm, 2=-2 mm, 3=>2mm. Exposure ages 
calculated as described in text. Age uncertainties are propagated analytical uncertainties only. 

Sample Alt. An. Sz 4He 1s R/Ra 1s 3He 
1o6 
at/g 

1s 1s 3He 1s 
Age 

"Late Wisconsin" Drift Sheet 
Hjorth Hill 
I<BA89-148 q 309 cr 2 

m 
I<BA89-140 ol 309 cr 2 

m 

I<BA89-142 ol 309 cr 2 
m 

I<BA89-143 q 309 cr 2 
m 

Miers Valley 

I<BA89-240 ol 253 cr 2 
m 

I<BA89-241 ol 253 cr 3 

I<BA89-243 ol 

KBA89-244 q 

m 

253 cr 
m 

253 cr 
m 

2 

1 

I<BA89-246-2 253 cr 1 
ol 

m 
cr 2 

m 

cr 3 
m 

I<BA89-245 o 253 cr 2 
m 

KBA89-247 ol 253 cr 2 
m 

I<BA89-248 q 253 m 2 
m 

Black Island 

I<BA89-291 ol 393 cr 2 
m 

I<BA89-292 ol 393 cr 2 
m 

I<BA89-293 ol 393 cr 2 
m 

I<BA89-294 ol 393 cr 2 
m 

I<BA89-296 o 393 cr 1 
m 

cc STP/g 
X 109 

67.6 
34.0 

9.2 
18.1 
13.4 
45.3 
44.0 

369.3 

795 
28.8 
13.1 
23.3 

kyr 

0.2 2.20 0.04 5.54 0.10 10.75 0.14 67 
0.1 4.16 0.08 5.25 0.10 
0.1 6.94 0.29 2.38 0.10 1158 0.37 72 
0.1 24.18 
0.1 7.08 
0.1 17.17 
0.1 2.28 
1.4 0.21 

0.1 7.02 
0.1 8.21 
0.1 6.32 
0.1 8.74 

0.29 16.24 
0.19 3.52 
0.19 28.93 
0.04 3.73 
0.01 2.81 

0.05 20.73 
0.08 8.78 
0.13 3.08 
0.17 757 

0.20 
0.10 17.01 0.54 106 
0.33 
0.07 6.38 0.15 40 
0.08 

0.15 1.27 0.27 8 
0.08 
0.06 2.10 0.24 14 
0.15 

13.3 0.1 7.21 
83.51 
0.09 
O.Q2 

0.17 357 0.08 40.05 
0.18 

0.26 263 

14.1 0.1 0.35 43.84 
0.04 1.92 
0.01 23.23 

568.6 25 0.74 8.95 9.72 

390385 2081.7 16.02 
27.0 

100.6 
25.9 
19.4 

159.0 
76.0 
545 
19.9 
32.3 
16.2 

1982.2 
1166.5 

1.0 
12.6 
30.7 

19.3 
94.6 

116.9 
7.4 

14.5 
7.0 

16.1 

0.2 6.74 O.Q7 6.77 0.09 4.74 0.45 33 

0.3 8.01 0.08 29.98 0.29 
0.1 6.62 0.13 6.37 0.13 5.78 0.30 
0.1 14.61 0.22 1056 0.16 
0.1 6.70 0.07 39.65 0.41 4.33 0.79 
0.3 8.24 0.09 23.27 0.28 
0.3 6.86 0.06 13.88 
0.4 15.00 3.71 11.11 
0.1 7.00 0.07 8.39 
0.1 1555 0.18 9.37 
3.7 0.04 0.01 2.65 
0.4 0.06 0.01 2.47 

0.1 4.89 
0.1 0.79 
0.1 6.74 
0.1 41.09 
0.1 6.60 

0.1 8.55 
0.1 6.82 

0.98 0.19 
0.07 0.37 
0.13 7.71 
0.26 29.42 
0.04 23.23 
0.17 37.15 
0.30 1.89 

0.13 6.03 2.83 40 
2.81 
0.09 5.16 0.19 34 

0.11 
0.96 1.84 0.96 13 
0.61 2.00 0.61 

0.04 
0.03 
0.14 24.59 
0.19 
0.14 8.46 
0.76 
0.08 

0.33 141 

0.83 49 

0.1 4.49 054 2.42 0.29 
0.1 6.79 0.36 1.78 0.10 8.71 0.39 50 
0.1 21.31 0.37 12.78 0.22 
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Table 1 continued. 

Sample Alt An. Sz 

Blrre Glacier 

BAI<90-135 q 265 m 1 
BAI<90-136 ol 265 cr 1 

m 

BAI<90-137 ol 265 c.r 2 
m 

cr 
m 

BAI<90-138 ol 265 cr 2 
m 

KBA89-139-1 265 cr 2 
ol 

m 

BAI<90-139-2 265 cr 
ol 

m 
Older Drift 
KBA89-239 ol 374 cr 2 
(Miers Valley) m 

BAI<90-141 ol 495 cr 2 
(Blue Glacier) m 

cr 
m 

BAI<90-247 ol 545 cr 2 
(Howchin m 
Glacier) 
BAI<90-249 ol 545 cr 2 
(Howchin m 
Glacier) 
BAI<90-263 o l 510 cr 2 
(Garwood m 
Valley) 
BAI<90-262-1 510 cr 2 
ol 
(Garwood m 
Valley) 
BAI<90-214-2 480 cr 2 
ol 
(Bulwark) 

• mean of 
replicates 

m 

478.0 
26.1 
12.7 

28.1 
6.6 

75.5 
5.7 

22.9 
8.8 

31.3 

7.2 

86.3 

23.6 

1.1 
5.2 

36.6 
4.5 

83.6 
28.5 
6.6 

29.8 

117.2 

103.2 

34.4 
8.4 

3.2 

10.1 

1.9 

129.7 

1s R/Ra 1s 

0.1 0.00 
0.1 0.13 
0.1 0.00 

0.1 6.66 
0.1 14.36 

0.1 6.82 
0.1 17.60 

0.1 7.09 
0.1 11.72 
0.1 6.87 

0.01 2.36 
0.09 6.41 
0.14 5.61 

0.09 6.96 

0.44 3.50 
0.09 19.16 
0.60 3.76 

0.30 6.04 
0.50 3.85 
0.10 7.98 

1s 3Hec 1s 3He 1s 
Age 

0.21 2.17 0.24 14 

0.08 2.48 0.16 16 
0.06 
0.10 1.88 0.19 14 

0.11 
0.26 2.30 0.40 

0.13 
0.25 1.52 0.46 10 
0.17 

0.11 1.58 0.19 10 

0.1 U.79 0.25 3.40 0.07 

0.4 6.11 0.07 19.63 0.24 4.16 0.53 27 

0.1 10.84 0.41 9.53 0.36 

0.03 28.66 0.38 167 
0.32 
0.22 38.54 0.66 212 

0.56 
0.29 42.19 1.82 
0.72 

2 
1 

1 • 

3 

1 

3 

2 

5 • 

0.1 7.64 
0.1 155.66 
0.1 6.86 
0.1 238.09 
0.4 6.80 
0.1 46.67 
0.1 6.30 
0.1 66.08 

0.81 0.31 
1.51 30.14 
0.16 9.33 
3.31 39.68 
0.09 21.12 
0.68 49.38 
0.49 1.54 
1.63 73.17 

0.12 66.19 4.14 330 21 

0.6 6.74 

0.6 12.49 

0.2 6.82 
0.1 175.74 

0.1 6.85 

0.09 29.39 
0.25 47.91 

0.13 8.73 
4.48 54.61 

0.72 0.81 

1.81 

0.42 22.04 1.34 110 
1.01 

0.17 52.49 1.42 272 
1.40 

0.09 20.07 0.53 104 

0.1 60.30 1.00 22.64 0.38 

7 

7 

3 

0.1 11.19 1.27 0.78 0.09 108.70 6.59 572 35 

0.8 33.73 0.40 162.69 2.16 
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Table 2. 3He, lOBe, and 26Al data for Ross Sea Drift Quartz Samples. Age 
uncertainties reflect analytical error only. 

Sample Grn. Sz. 3He 1s lOBe 1s 26Al 1s 
(mm) (Mat/g) (Mat/g) (Mat/g) 

BAK90-135 0.5-1 2.17 0.24 0.11 0.01 0.75 0.10 
KBA89-143 1.0-2.0 6.38 0.15 0.32 0.02 4.56 0.78 
KBA89-148 1.0-2.0 10.75 0.14 0.41 0.03 2.52 0.24 
KBA89-248 1.0-2.0 1.84 0.96 0.22 0.02 1.75 0.36 
KBA89-244 0.5-1 0.16 0.02 1.66 0.19 

3Het10ne 1s 3Hef26Al 1s 26Au10ne 1s 
BAK90-135 20.26 3.16 2.88 0.49 7.05 0.90 
KBA89-143 19.68 1.50 1.40 0.24 14.07 2.41 
KBA89-148 26.29 1.71 4.27 0.41 6.16 0.60 
KBA89-248 8.30 4.37 1.05 0.59 7.88 1.60 
KBA89-244 10.71 1.24 

Alt. (m) 3HeAge 1s lOBe Age ls 26Al Age 1s 
(kyr) (kyr) (kyr) 

BAK90-135 265 14.2 1.6 13.7 1.5 16.1 2.0 
KBA89-143 309 39.9 0.9 40.0 2.9 97.3 16.6 
KBA89-148 309 66.6 0.9 51.2 3.3 52.6 5.1 
KBA89-248 253 12.7 3.8 28.7 2.4 38.2 7.7 
KBA89-244 253 20.1 2.0 36.2 4.2 
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Table 3. Results of air abrasion experiment for olivine mineral separates 
from Black Island basalt samples. 

4He 1s R/ Ra 1s 3He 1s 
(cc (cc 

STP/g) STP/g) 
KBA89-294 crush 7.45e-09 9.63e-12 6.82 0.30 7.03e-14 3.13e-15 
1-2mm grains 
Before Abrasion melt 1.45e-08 1.07e-11 4.49 0.54 9.00e-14 1.08e-14 

total 2.19e-08 1.44e-11 5.28 0.37 1.60e-13 1.13e-14 

KBA89-294 total 1.52e-08 1.69e-11 5.84 0.09 1.23e-13 1.96e-15 
0.5-1mm grains 
After Abrasion 
Abrasion weight loss = 29% 

KBA89-291 crush 1.02e-09 1.29e-12 4.89 0.98 6.89e-15 1.37e-15 
1-2 mm grains 
Before Abrasion melt 1.26e-08 8.07e-12 0.79 0.07 1.38e-14 1.13e-15 

total 1.36e-08 8.17e-12 1.10 0.09 2.07e-14 1.78e-15 

KBA89-291 total 1.10e-07 8.44e-11 0.56 0.02 8.45e-14 3.19e-15 
1-2 mm grains 
After Abrasion 
Abraision weight loss = 60 % 
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Chapter 6 Appendix. Ross Sea Drift Sample Descriptions. 

Cape Bernacchi/Hjorth Hill 
KBA89-140 

Olivine and clinopyroxene phyric basalt 20 em wide x 15 em wide x 7 
em high, half-buried in sand/gravel moraine matrix, with large, 1-3 mm 
olivine and 2-5 mm clinopyroxene grains. Bottom half of boulder has 
extensive soil carbonate coating. 

KBA89-142 
Massive, olivine and clinopyroxene phyric basalt cobble half-buried in 

moraine crest. Boulder is - 10 em x 10 em x 10 em, sub-angular, with soil 
carbonate on lower surfaces, 2-3% 1-3 mm olivine and 2-4% 2-4 mm 
clinopyroxene. 

KBA89-143 
Coarse-grained granite boulder, approximately 60 em long x 40 em wide 

x 25 em high. Collected 1 m from crest of Ross Sea Drift moraine. Sample 
collected from top, horizontal surface of boulder. 1-2 mm whole quartz grains 
free of surface alteration picked from sieved fraction. 

KBA89-148 
Extremely welllithified quartzite clast approximately 10 em long x 5 em 

wide and high. Bottom surface buried in drift, top exposed. Entire clast 
collected. Original 0.5-2mm quartz grains of sample are visible in rock but 
crushing sample produced fragments broken across grain boundaries. 1-2 
mm quartz grains free of surface alteration picked from sieved fraction. 

Miers Valley 
KBA89-241 

Basalt cobble, 12 em long x 10 em wide x 5 em high. Collected about 1m 
seaward of moraine crest in a slight swale. Contains several olivine-rich and 
clinopyroxene-rich xenoliths or megacrysts up to 4 em diameter. Sampled 
olivine from one xenolith for analysis at 0-4 em depth. 

KBA89-243 
Rounded, 25 em long x 10 em wide x 12 em high, basalt boulder on crest 

of moraine, partially buried in volcanic rich moraine. Approximately 3-4 % 
1-4 mm olivine and 2-3% 1-10 mm clinopyroxene grains in fine grained 
black-gray matrix. 
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KBA89-244 
Pegmatite or metapegmatite cobble- 17 em long x 10 em wide x 5-10 em 

high, collected 1m landward of moraine crest. Contains large, up to 3-4 em 
quartz and feldspar grains within foliated biotite layers. 70 % feldspar, 20-25 
% quartz, 5-10% biotite. 

KBA89-245 
Vesicular, olivine phyric basalt cobble, 20 em long x 12 em wide x 6 em 

high. Collected 0.5 m from moraine crest on seaward side. Rock is- 20% 
vesicles and - 15 % 0.1-3mm olivine crystals in grey matrix. 

KBA89-246-2 
Massive basalt boulder, 15cm long x 10 em wide x 6 em high, resting in 

gravel at moraine crest, with thick accumulation of salts on lower surfaces. 
Rock is 5-10% clinopyroxene, 2-5 % olivine. 

KBA89-247 
Angular olivine phyric basalt cobble 15 em long x 10 em high x 10cm 

wide. 5 % olivine phenocrysts up to 4 mm. Collected from top of moraine 
crest. 

KBA89-248 
Metamorphic rock composed of thick bands of feldspar and quartz -

probably a metamorphosed pegmatite or quartz vein. 15 em wide x 25 em 
long x 15 em high. Outer surface weathered brown. 

Black Island 
KBA89-291 

Basalt cobble, 1-4 % 1-3 mm olivine phenocrysts, 5-10 % 1-6 mm 
clinopyroxene phenocrysts. 

KBA89-292 
Basalt cobble, 10 em x 10 em x 10 em. 5 % olivine and 1-2 % 

clinopyroxene phenocrysts up to 2 mm. Moraine limit here composed of 
several anastomosing ridges, this sample was collected from the second
outermost ridge at this location. 

KBA89-293 
Basalt cobble, 20 em long x 10 em wide x 10 em high. Bottom half of 

boulder encrusted with soil carbonate. 5 % olivine, 1-2 % clinopyroxene 
phenocrysts up to 5 mm. Collected from moraine ridge just below ridge 
containing KBA89-292. 
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KBA89-294 
Rounded basalt cobble, 15 ern long x 10 ern wide x 6 ern high. 3-4% 1-4 

rnrn olivine, 5-10 % 1-10 rnrn clinopyroxenes. Collected from crest of 
moraine ridge. 

KBA89-295 
Basalt cobble with polished, flat upper surface, 30 ern long x 30 ern wide 

x 10 ern high. 1-2 % olivine and 3-4 %clinopyroxene in grey massive matrix. 

KBA89-296 
Basalt cobble, 30 ern wide x 30 ern long x 10 ern thick. 5 % 0.5-1rnrn 

olivine and clinopyroxene in dark black rnasive matrix. 

Blue Glacier 
BAK90-135 

Sandstone boulder, 40 ern long x 25 ern wide x 20 ern high, composed of 
moderately sorted, rounded, 0.5-1rnrn quartz grains, ~100 % quartz. Boulder 
on moraine surface, not buried in gravel matrix. 

BAK90-136 
Basalt cobble, 20 ern long x 14 ern wide x 10 ern high, with thick 

carbonate encrustation on bottom half. 2 % olivine phenocrysts up to 1 rnrn. 
Collected 2 rn from crest of moraine. 

BAK90-137 
Basalt boulder on moraine crest, 20 ern wide x 30 ern long x 11 em high. 

Sparsley olivine and clinopyroxene phyric. Bottom half of boulder buried in 
moraine crest, soil carbonates coat bottom surface. 

BAK90-138 
Large olivine and clinopyroxene basalt boulder, 30 ern wide x 30 ern 

long x 8 ern high. 5% olivine and clinopyroxene (up to 2 rnrn). 

BAK90-139-1 
Dense basalt cobble with 3-5% 1-3 rnrn olivine phenocrysts. Carbonate 

encrustation on bottom half of cobble. Sample collected from crest of 
moraine 150m south of BAK90-137. 

BAK90-139-2 
Vesicular basalt boulder, irregular shape, 24 ern long and wide, 12 ern 

high. 2- 4% 2-3 mrn olivine. Carbonate crus~ on bottom surfaces. 
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Older Ross Sea Drift 

Miers Valley 
KBA89-239 

Basalt cobble (erratic) on granitic bedrock above limit of late Wisconsin 
Drift. Olivine phyric basalt with significant evidence of wind abrasion (pitted 
surfaces and ventifation). Sample is pyramidal, 15 em at base and 120 em 
high. 5-8% 1-5 mm olivine in massive black matrix. 

Blue Glacier 
BAK90-141 

Basalt cobble in drift above late Wisconsin limit at Blue Glacier region. 
Vesicular basalt cobble, 40 em long x 30 em wide x 10 em long, with 5 % 1-3 
mm olivine phenocrysts. 

Howchin Glacier 
BAK90-247 

Older Ross Drift basalt boulder, 15 em wide x 15 em long x 10 em high, 
partially buried in moraine. 15% 0.1-5 mm olivine grains in grey, fine 
grained ground mass. Sample collected from low morainal feature parallel 
to, but above and outside of, the Late Wisconsin Drift limit. 

BAK90-249-2 
Older Ross Drift basalt boulder from same location as BAK90-247. 13 

em long x 10 em wide x 8 em high. Contains~ 3-4 % olivine with several 
olivine megacrysts or xenoliths up to 1.5 em diamater, in grey-black aphanitic 
matrix. 

Garwood Valley 
BAK90-263 

Older Ross Sea Drift basalt, collected at contact of surface of older drift 
with metamorphic bedrock. Pyramidal in shape, 11 em at base and 9 em high; 
~ 5% olivine, 5% clinopyroxene, with two visible olivine and clinopyroxene 
megacrysts on surface. 

BAK90-262-1 
Same location as BAK90-263. Basalt boulder, 20 em x 20 em x 10 em 

high with irregular but approximately flat upper surface. - 5 % up to 10 mm 
clinopyroxene and 2-3 % 0.5-1mm olivine in grey aphanitic matrix. 
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Chapter 7 
Depth profiles of cosmogenic 3He, lOBe, and 26Al in 
Antarctic Sandstone Bedrock 
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Introduction 

The accumulation of cosmic-ray produced nuclides in terrestrial rocks 

provides a new geochronometer that has great potential for dating exposed 

geological and archeological surfaces. Although application of cosmogenic 

nuclides to geological problems is beginning (e.g., Kurz et al., 1990; Phillips et 

al., 1990; Brown et al., 1991; Nishiizumi et al., 1991; Phillips et al., 1991; Brook 

et al., 1993), further understanding of cosmogenic nuclide systematics, 

including production mechanisms, production rates, and noble gas diffusion, 

is necessary to fully utilize cosmogenic nuclides in surface exposure studies. 

Depth profiles of cosmogenic nuclides in terrestrial bedrock can shed 

light on many of these processes (e.g., Kurz, 1986; Brook et al., 1992; Brown et 

al., 1992; Olinger et al., 1992). For example, cosmogenic nuclides like 3He, 

lOBe, and 26Al can be produced by both neutrons and muons in terrestrial 

rocks (see Chapter 1). Although the muogenic component in most cases 

appears to be a minor percentage(< 10-15 %) of the total (Kurz, 1986; 

Nishiizumi et al., 1989; see Chapter 1) the production rates of cosmogenic 

nuclides via this mechanism are not well determined. Muons are weakly 

interacting particles relative to neutrons; the exponential path length for 

muon stopping is approximately an order of magnitude greater than for 

neutron interactions (Lal, 1987). Therefore, the importance of muogenic 

production of cosmogenic nuclides increases with depth in rocks (Kurz, 1986; 

Lal, 1987) and depth profiles can potentially separate the muon-produced and 

neutron-produced components of cosmogenic nulcide production. 

Constraining the production rates due to both mechanisms is important for 

further application of cosmogenic nuclides to geological problems. 
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Depth profiles can also potentially shed light on processes affecting the 

retention of cosmogenic noble gases in minerals. For example, Trull et al. 

(1991), Brook and Kurz (1993), and Trull et al. (1993), suggested that solar 

heating of rock surfaces might cause accelerated loss of 3He due to diffusion. 

Because the importance of solar heating should decrease with depth in the 

rock (Trull et al., 1993), this effect, if significant, should be evident in drill core 

data. 

This chapter describes results from two bedrock cores taken from 

sandstone bedrock surfaces in the Antarctic Dry Valleys region. The goal was 

to use depth profiles of 3He, lOBe (tl/2=1.6 x 106 yr), and 26AI (tl/2=7.2x 105 

yr) in the same samples to further understand production mechanisms of 

these nuclides and loss mechanisms of cosmogenic 3He in quartz. 3He results 

for one of the two cores (KBA89-77) were presented by Brook et al. (1992) and 

the lOBe, and 26 AI data for this core were published originally by Brown et al. 

(1992). 

Methods 

Samples 

The cores were drilled in two sandstone bedrock surfaces in the Asgard 

range of the Transantarctic Mountains near McMurdo Station (Fig. 1). The 

first (KBA89-77), collected in the 1989-90 field season, came from a flat, 

exposed, bedrock terrace on a saddle above the east wall of Arena Valley at 

1700 m altitude and was drilled in the Beacon Heights Orthoquartzite, an 

upper Devonian formation of the Beacon Supergroup (McElroy and Rose, 

1987). This rock is a 95-100% quartz, fine-medium grained, well-sorted, 

sandstone with well-rounded 0.1-0.7 mm grains and a small percentage of 

interstitial clay minerals and iron oxide cement. The second core (BAK90-79) 
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was collected from a flat bedrock surface at 2065 m altitude near the summit 

of Mt. Fleming in the 1990-91 field season, and was drilled in the Feather 

Conglomerate, a Permo-Triassic formation of the Beacon Supergroup. This 

surface is on a broad terrace, - 1 km in diameter, and is near outcrops of the 

late Pliocene Sirius Group, that have been interpreted to be as young as 3 myr 

based on biostratigraphic evidence (McKelvey et al., 1991). This rock is a 

coarse-grained, poorly sorted sandstone, with -90-95 % angular quartz grains 

from 0.1-2mm diameter, with 5-10 % interstitial clay minerals and minor 

carbonate cement. 

The cores were collected with a gasoline powered JKS-Bowles Model10 

rock drill w ith a diamond impregnated coring bit and extensions. A water

ethanol mixture was used as a cutting fluid and drill coolant. Sections of 5-20 

em were cored and removed sequentially. 

Subsamples of 2-3 em were cut from individual sections at 

approximately equally spaced intervals. Rock densities were determined by 

weighing core sections and measuring exterior dimensions to calculate 

volume. No significant variations of density with depth were apparent from 

these measurements. Mean densities were 2.1 g cm-3 for KBA89-77 and 2.2 g 

cm-3 for BAK90-79. Rock depths in units of g/ cm2 were calculated using 

measured densities and mean depths of the subsamples. These units are used 

throughout to normalize for density variations and allow comparison with 

other studies. Core recovery was generally complete in the sense that there 

were few gaps in the sections that represented void-spaces in the rocks. Both 

cores are quite friable and material was lost during recovery of the samples, 

making the density calculation necessary (as opposed to weighing the 

recovered pieces). 
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Figure 1. Location map showing locations of two bedrock cores described in 
text. KBA89-77 was collected in 1989 at an altitude of 1700 m. BAK90-79 was 
collected in 1990 at an altitude of 2065 m. 
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Analytical Methods 

Helium isotopes were measured in handpicked, sieved, size fractions 

of the sub-sampled sections. For KBA89-77, the 0.5-0.7 mm diameter fraction 

was selected; these are the largest grains in the rock. All grains analyzed were 

whole, rounded quartz grains; multi-grain aggregates of smaller grains, 

common in sieved fractions, were excluded. The 0.2-0.3 mm fraction was also 

separated from some samples from this core to examine the effect of grain 

size on cosmogenic 3He concentrations. In BAK90-79 both 0.5-0.7 mm and 

1.0-1.3 mm grains were analyzed. Helium isotopes were measured at WHOI 

and all samples were melted in a resistively heated ultra-high vacuum 

furnace with a tantalum crucible. Gas processing and mass spectrometry are 

described in Chapter 2. 

lOBe and 26Al were measured at the AMS facility in Gif-sur-Yvette, 

France. Because several grams of material are needed, a larger range of grain 

sizes were used than in the 3He analysis. The KBA89-77 measurements w ere 

made by Brown et al. (1992) and used either the 0.5-1.0 or 0.25-1 .0 mm size 

fraction. Analytical techniques for the KBA89-77 samples are described by 

Brown et al. (1992). The BAK90-79 samples were processed in Woods Hole 

using essentially the same techniques except that the samples were not sieved 

because adhering clay minerals were not effectively removed by sieving. 

Instead, fine material was removed by rinsing with distilled water and 

decanting fine material in suspension. Removal of fine material is a 

precaution against meteoric lOBe contamination that may be present on 

mineral surfaces (Brown et al., 1991). Li was measured in surface samples 

collected near the core sites by flame atomic absorption spectrophotometry 

using methods described in Chapter 2. Li concentrations were measured in a 

1 N HClleach (700C) and in the residue remaining from the leach step. For 
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further information about analytical methods see Brown et al. (1992) and 

Chapter 2. 

Results 

3He, lOse, and 26Al data for the two cores are tabulated in Tables 1-4 

and Li concentrations are tabulated in Table 5. A small correction was made 

to the total 3He concentrations to account for nucleogenic 3He produced by 

the thermal neutron reaction 6Li(n,a.)T-3He, where the thermal neutrons are 

indirect products of U and Th decay via (a,n) reactions (Morrison and Pine, 

1955; Trull et al., 1991; Brook and Kurz (1993) [Chapter 3]). The correction 

employs the measured 4He concentration and an assumed 3He/4He ratio for 

nucleogenic production of 0.011 ± 0.004 Ra (where Ra is the atmospheric 

3He/4He ratio: 1.384 x 10-6). This ratio is based on a step-heating experiment 

of a Beacon Supergroup quartz sandstone sample from Arena Valley (Trull et 

al., 1991). The exact nucleogenic 3He/4He production ratio depends on the 

ratio of Li/(Th+U) and may vary from sample to sample. The correction is 

quite small, however (see Tables 1 and 3) and uncertainty in the exact 

correction does not contribute large uncertainties to the total cosmogenic 3He 

concentrations (see Chapters 1 and 3). 

To check the validity of the correction, the top sample from KBA89-77 

was measured in replicate. Because replicate analyses of quartz samples, based 

on this and previous work (Brook and Kurz, 1993 [Chapter 3]), have widely 

varying 4He concentrations but constant 3He concentrations they allow an 

independent constraint on the nucleogenic 3He/4He ratio. Figure 2 

illustrates this approach, plotting 1/4He vs. the 3He/4He ratio (normalized to 

the atmospheric ratio) for four replicate analyses of the top section of core 

KBA89-77 and for two similar sandstone samples from moraine boulders in 
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Arena Valley used as internal mass spectrometer standards (data in Chapter 

2). Spallation produces helium with a 3He/4He ratio of -0.2 (Mazor et al., 

1970), but in quartz radiogenic 4He concentrations are several orders of 

magnitude greater than cosmogenic 4He concentrations, and the latter can be 

ignored. As a result, the linear relationship in Figure 2 can be interpreted as 

a mixture of nucleogenic and cosmogenic helium and the y-intercept gives 

the 3He/4He ratio of the nucleogenic component. For KBA89-77 this analysis 

gives a nucleogenic 3He/4He ratio of -0.05±0.01, suggesting that although the 

correction for nucleogenic 3He is not well constrained, it is insignificant in 

the core samples. The negative intercept may indicate the presence of a 

minor third component, however, its identity can not be constrained with 

these data. For the two quartz standards the y-intercept ratios are slightly 

higher (Fig. 2) but still quite close to the value used in the correction. For 

BAK90-79 enough replicate analyses for the curve fitting in Fig. 2 are not 

available, but examination of the duplicate measurements in Table 3 indicates 

that the nucleogenic correction cannot be significant. In one duplicate 

(KBA89-77-11, 1-1.3 mm grains) the cosmogenic 3He concentration is higher 

in the duplicate with the higher 4He concentration, suggesting that the 

nucleogenic correction for 3He cannot be an underestimate. In KBA89-77 -8 

(0.5-0.7 mm grains), despite the 35% difference in 4He concentration in the 

replicate analyses, the cosmogenic 3He concentrations are within 1-sigma of 

each other. The poor agreement for the KBA89-77-11 replicates is probably 

due to the poor quality of the grains available for the second replicate, which 

has a significantly lower concentration than the first. Only a small sample (-

20 mg) was available and the grains were significantly fractured and contained 

some tightly cemented smaller grains. The low concentration may be a result 

of diffusive loss and this point is not used in the curve fitting below. 
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Figure 2. Plots of l/4He vs 3He/4He ratio for replicate analyses of two 
sandstone standards and replicates of top section of KBA89-77. Due to 
heterogeneity in 4He concentrations and constant cosmogenic 3He 
concentrations the data fall on a straight line. The y-intercept corresponds to 
an infinite 4He concentration and is interpreted as the 3He/ 4He ratio for 
nucleogenic production of 3He by the reaction 6U(n,a)T_3He. See text for 
further discussion. 
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Exponential profiles were fit to the lOBe and 26 Al data for both cores, 

the 3He data for both 0.5-0.7 nun and 1-1.3 mm grains in BAK90-79 and the 

0.5-0.7 mm grains in KBA89-77 (Figs. 3 and 4), assuming the relationship: 

(1), 

where No is the surface concentration, N is concentration at depth d (ding 

cm-2), and Lis the exponential attenuation length (Kurz, 1986; Brook et al., 

1992; Brown et al., 1992). A weighted least squares method was used for the 

curve fitting. lOBe and 26Al attenuation lengths for KBA89-77 are 145 ± 5 and 

153 ± 13 g cm-2, respectively, and for BAK90-79 the values are 145 ± 6 and 152 

± 5 g cm-2. The lOBe attenuation length in KBA89-77 is slightly lower than 

reported by Brown et al. (1992) for the same data (156 ± 13 g cm-2), presumably 

due to slight differences in curve fitting. 

The 3He attenuation lengths for both size fractions in BAK90-79 are 

slightly lower, 152 ± 7 g cm-2 for 1-1.3 nun grains and 135± 6 g cm-2 for 0.5-0.7 

mm grains. The two profiles are offset, presumably due to greater loss of 3He 

from the smaller grains (see below). The 3He results from 0.5-0.7 mm grains 

in KBA89-77 are unusual in that they give a much longer attenuation length, 

227 ± 14 g cm-2 (Fig. 3). Samples of 200-300 micron grains from three different 

depth intervals in this core (Fig. 3; Table 1) verify the observation from the 

BAK90-77 core that although smaller grains have lower 3He concentrations 

the offset between different grain sizes does not appear depth dependent. 

Small deviations from the exponential fits are apparent in Figs 3 and 4. In the 

3He, lOBe, and 26Al data for KBA89-77 these deviations are apprently 

correlated and may reflect density variations in the rock surface. 
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Figure 3. Depth profiles of 3He (0.2-0.3 mrn and 0.5-0.7 mm grains) lOBe and 
26Al in core KBA89-77. Exponential scale lengths for lOBe and 26Al are 145 ±5 
and 153 ± 13 g cm-2, respectively. The 3He exponential scale length is 
significantly greater, 227±14 g cm-2. Dashed line in right hand figure is an 
exponential curve fit to the three data points for 0.2-0.3 mrn grains and has a 
scale length identical to that for the larger grains. The curve labled "double 
exponential" is a curve fit assuming two productioR mechanisms, one with 
an exponential scale length of 1700 g cm-2 (muons) and one with a scale 
length of 150 g cm-2 (neutrons). The results of this fit suggest that 214 ± 15 x 
106 at g-1 of the 3He in the surface was produced by neutrons and 61 ± 8 106 at 
g-1 was produced by muons. See text for further details. 
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Figure 4. Depth profiles of 3He (500-700 micron and 1000-1300 micron grains), 
lOBe, and 26 AI in BAK90-79. Exponential scale lengths for lOBe and 26 Al are 
145 ± 6 and 152 ± 5, respectively. Scale length for 3He in 500-700 micron grains 
is 135 ± 6 g cm-2 and 157 ± 7 g cm-2 for 1-1.3 rnm grains. 
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In BAK90-79 the 3He and lOBe or 26Al data do not appear correlated but 

the3He data for 0.5-0.7 and 1.0-1.3 mm grains do vary about the fitted 

exponential curve in a similar fashion. The origin of the effect is not clear but 

one possibel explanation is that the variations reflect small errors in 

correcting for nucleogenic 3He. ' 

Discussion 

lOBe and 26 Al Attenuation Lengths 

Brown et al. (1992) concluded from KBA89-77 that the attenuation 

lengths for lOBe and 26 Al are not significantly different from each other. This 

conclusion is confirmed by the results from the second core. These results are 

important for two reasons. First, the agreement between the two cores and 

the excellent fit of the exponential profiles for the lOBe and 26Al data indicate 

that the density measurements are valid and the assumption of constant 

density throughout the cores is valid. This permits simpler interpretation of 

the variability observed in 3He attenuation lengths. 

Second, as suggested by Brown et al. (1992), the agreement between 

attenuation lengths for lOBe and 26 Al indicate that the 26 AljlOBe ratio does 

not change significantly with depth. This allows the ratio, which should 

change as a function of time due to the different half-lives of the two 

nuclides, to be used as a chronometer independent of shielding by 

surrounding topography, erosion, or changes in production rate (Brown et al., 

1992). Present analytical uncertainties limit this approach but future technical 

improvements should allow broad applicability. 
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The only other report of lOBe or 26 AI depth profiles for comparison is a 

lOBe profile of Olinger et al. (1992) from a 7m core in the Bandolier Tuff, in 

New Mexico. They reported a much higher value of 178 g cm-2 (no quoted 

uncertainty). The origin of the discrepancy between the results for this core 

and the Antarctic lOBe data presented here is not clear but it may reflect 

differences in latitude of the samples (e.g. Olinger et al., 1992). Atmospheric 

neutron monitor data suggest that the attenuation length for cosmic ray 

neutrons increases with decreasing geomagnetic latitude (Lingenfelter, 1963), 

presumably due to the increase in cosmic ray cut-off rigidity with decreasing 

latitude. The core described by Olinger et al. (1992) is also significantly longer 

than the cores described here. The longer scale length for lOBe in that core 

may reflect production of lOBe by muons, which, as discussed above, is 

relatively more important at greater depths. 

3He Attenuation Lengths and Production Mechanisms 

The 3He data for KBA89-77 are difficult to explain because the high 

scale length, 227 ± 14 g cm-2, is much greater than expected for interactions 

with neutrons, e.g., -150 g cm-2 (Lal and Peters, 1967; Mabuchi et al., 1971). It 

is also higher than 3He production attenuation lengths of 160-165 g cm-2 

measured in Hawaii (Kurz, 1986) and higher than the 3He attenuation 

lengths in BAK90-79. There are at least two possible explanations for this 

result, each with implications for using cosmogenic nuclides for exposure 

age-dating. 

Diffusion of 3He could cause this effect if diffusive loss were depth 

dependent. Such loss might be driven by solar heating of rock surfaces (Brook 

et al., 1992; Trull et al., 1993). Production of 3He by interactions with muons 
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(Chapter 1) could also produce this effect since the scale length for muon 

interactions is considerably longer than for neutron interactions. 

Diffusion. A number of studies have demonstrated the 3He is not 

quantitatively retained in quartz on million year time scales (Graf et al., 1991; 

Trull et al., 1992; Brown et al., 1991; Staudacher and Allegre, 1991; Brook and 

Kurz, 1993 [Chapter 3]). Brook and Kurz (1993) [Chapter 3] and Trull et al. 

(1991) showed that 3He loss occurs at a greater rate than predicted by 

experimental measurements of 3He diffusion in quartz (Trull et al., 1991). 

3He loss in 0.5-1 mm quartz grains with lOBe exposure ages of~ 2 myr is 

approximately 30-50% (Chapter 5), while diffusion measurements predict less 

than 10 % loss over this time period. 

As suggested above, diffusion might explain the anomalous depth 

profile if the loss process was depth dependent, e.g., producing greater loss at 

the surface than at depth. In principle, solar heating of the rock surface could 

cause such an effect, and elevated temperatures of Dry Valley rock surfaces 

due to solar heating have been documented by biologists studying endolithic 

microorganisms (e.g., McKay and Friedman, 1985). These studies 

demonstrate that short-term variations in insolation cause significant 

increases (up to 25 degrees C) in rock temperatures on sub-diurnal time scales. 

These measurements extend only a few centimeters at most into the surface, 

however, and show that these sub-diurnal temperature variations are 

damped significantly over that distance. 

Although diffusion was originally considered as a mechanism for 

producing the anomalous profile (Brook et al., 1992), the present 

measurements suggest that this is incorrect. Loss due to diffusion should be a 

function of grain size (Trull et al., 1991) and should result in different 
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apparent attenuation lengths for different grain sizes. The 3He 

measurements in different size fractions at the same depth intervals in both 

cores show that although smaller grains have lower concentrations, there is 

no such depth dependent pattern in the difference between concentrations in 

large and small grains (Figs 3 and 4, Tables 1 and 3). In fact, in BAK90-79, the 

exponential scale length is slightly lower in the smaller grains (Fig. 4), the 

opposite of the effect expected if loss is enhanced at the surface. The lower 

concentrations in the smaller grains at all depths indicate that diffusion is 

significant, but it does not appear to be dependent on depth in either core. 

Although there are less data for two size fractions in the KBA89-77 core, 

where the unusual profile exists, it seems unlikely that solar insolation could 

affect only one of two surfaces from the same region. In addition, recent 

modeling studies of thermally driven diffusion of 3He in quartz (Trull et al., 

1993) suggests that significant 3He loss caused by sub-diurnal heating should 

be confined to the upper 10-20 em of the core. The depth profile for 3He in 

0.2-0.3 mm grains in KBA89-77 (Fig. 3) is identical to that for 0.5-0.7 mm 

grains, indicating that loss at the surface is not greater than loss at depth. 

3He Production By Muons. The primary production mechanism of 3He in 

terrestrial rocks is spallation by cosmic ray neutrons, but muons also produce 

small quantities of 3He through a variety of mechanisms. Production of 3He 

by muons could produce a depth profile of the type observed because muons 

have a much longer exponential path length in rocks than neutrons. In fact, 

Kurz (1986) explained an anomalous 3He profile in a Hawaiian lava flow by 

invoking this mechanism. Experimental measurements show that the 

stopping rate of muons in sand has an exponential path length of~ 1700 g cm-

2 (Hall and Richmond, 1974). In addition, Hampel and Kirsten (1975) 
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calculated a similar profile for rocks although they suggest, as do Bilokon et 

al. (1989), that over the first -500 g cm-2 the muon stopping rate in rocks 

increases slightly or at least remains constant. The scale length for production 

of 3He by muons used by Lal (1987) in calculating 3He production rates is-

1500 g cm-2, and is based on observations of nuclear disintegrations in nuclear 

emulsions exposed underground (George and Evans, 1950). The results of 

Hall and Richard (1974) are used here because they were obtained in material 

similar to the Beacon Supergroup sandstones and because they are based on 

experimental measurements in situ in that material. 

As described above, the combination of the neutron and muon 

component would produce an exponential profile with an apparent scale 

length between 150 and 1700 g cm-2, depending on the relative contribution 

of both mechanisms. Because of the differences in the scale lengths, erosion 

is also a factor; the higher the surface erosion rate, the more important the 

muon component will be. The erosion rate of this surface, based on the lOBe 

and 26Al measurements, is- 1 x lQ-4 g cm-2 yr-1 (Brown et al., 1992). This 

value is somewhat higher than values of 1-2 x lo-5 g cm-2 yr-1 suggested by 

Brown et al. (1991) and Nishiizumi et al. (1991) for other Dry Valley glacial 

deposits. However, due to the exposed position of the outcrop this rate is not 

unreasonable, and corresponds to the removal of- 50 em of material in one 

million years (assuming a density of 2 g cm-3). 

Constraining the importance of 3He production by muons also requires 

knowledge of production rates due to muon and neutron interactions. These 

rates are not well known (Chapter 1), although several measurements of the 

total rate of 3He production (- 120 at g-1 yr-1 at sea level, > 600 N geomagnetic 

latitude; see Chapter 1) are available (Cerling, 1990; Kurz et al., 1990). The 

most important cosmogenic 3He production mechanisms are spallation by 
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cosmic ray neutrons, capture of cosmic ray thermal neutrons by 6u 

(producing 3He via the reaction 6Li(n,a)T-3He), spallation reactions caused by 

neutrons produced by muon interactions, and thermal neutron capture in 6Li 

of thermal neutrons produced by muon interactions (Lal, 1987; Kurz, 1986). 

The former two mechanisms should have a scale length of- 150 g cm-2, the 

latter- 1700 g cm-2. 

Of the production mechanisms due to muons only production of 3He 

from muogenic thermal neutrons can produce appreciable amounts of 3He in 

most terrestrial rocks. Direct muon capture in lithium is not important, 

producing less than 1o-3 at g-1 yr-1 of 3He (Kurz, 1986; Lal, 1987). Neutrons 

produced in muon capture reactions (see Chapter 1) have energies of 5 to 

several tens of MeV (Charalumbus, 1971; Lal, 1987) and have not been 

considered energetic enough to produce 3He by spallation in common rocks 

(Lal, 1987). 3He-producing spallation reactions with lower energy thresholds 

(3-8 MeV) are discussed by Lal (1987), but their targets (?Li, 14N, 19p, 40K, 50v, 

40ca, 58Ni, 64zn) are not significant in quartz. Muogenic thermal neutrons 

produce 3He via the 6u(n,a)t_3He reaction, and the rate varies with rock 

composition, depending on the thermal neutron flux, lithium concentration, 

and the concentrations of all other thermal neutron absorbers and their 

thermal neutron capture cross sections. The production rate can be calculated 

with equations 2 and 3: 

(2) 

(3), 
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where f is the fraction of thermal neutrons that produce 3He, cr is the thermal 

neutron capture cross section, [X] denotes concentration, P3He is production 

rate of 3He from muon-produced thermal neutrons, and Fn-m is the 

muogenic thermal neutron production rate. 

To calculate the 3He production rate from muogenic thermal neutrons 

a muon stopping rate in sand of 195 muons g-1 yr-1 (Hall and Richmond, 

1974), a neutron multiplicity in muon capture of 1.5 (Charalumbus, 1971) and 

an f value of 0.017 (calculated for 5 ppm Li in quartz assuming a composition 

of Si, Li, and 0 only- see Table 5) were used to arrive at a sea level production 

rate of 5 at g-1 yr-1. This is a maximum estimate because the effects of other 

thermal neutron absorbers are not considered. 

Time and Depth Dependence of Muon Production. The 3He data for the 

KBA89-77 core can be modeled as the sum of exponential production terms 

for 3He production by muons and neutrons: 

(4), 

where P is production rate, t is total, m is muon, n is neutron, and 150 and 

1700 g cm-2 are attenuation lengths for production by neutrons and muons, 

respectively. Fitting equation 4 to the 3He profile for KBA89-77 gives 214 ± 15 

x 106 at g-1 3He for the neutron component and 61 ± 8 x 106 at g-1 for the 

muon component, suggesting that 22 ± 3 % of the total 3He at the surface was 

produced by muons (Fig. 3). 

At face value, this analysis suggests that muons are more efficient at 

producing 3He than previous calculations indicate. Scaling the sea level 

production rate of 5 at g-1 yr-1 3He produced by muons (calculated above) to 
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1700 m, assuming an exponential path length in the atmosphere of 250 g cm-2 

(Conversi, 1950; Nishiizumi et al. 1989), gives a production rate at altitude of 

11 at g-1 y-1 at 1700 m. Assuming the total3He production rate (from 

neutrons and muons) at sea level is 118 at g-1 yr-1 (Chapter 1) then the sea 

level neutron-produced component is 113 at g-1 yr-1 and scales to 505 at g-1 yr-

1 at 1700 m (using scaling from Lal, 1991). This calculation therefore suggests 

that only 2 % of the total3He could be produced by muons at the altitude of 

the core. 

Erosion changes the fraction of muon-produced 3He in the core due to 

differences in muon and neutron attenuation lengths, however. For a stable 

isotope like 3He, assuming no diffusion, the effect of erosion can be described 

by: 

(5), 

where Lis the attenuation length for 3He production by muons or neutrons 

and E is erosion rate in g cm-2 yr-1. Because L for neutrons (150 g cm-2) is<< 

L for muons (1700 g cm-2), erosion changes the fraction of the total 3He in the 

rock that was produced by muons. Figure 5 shows the development of a 

depth profile with time over 300 gem -2 for the combination of the two 

production mechanisms and shows that the profile becomes steeper with 

time, reaching a steady state after several tens of millions of years, with an 

apparent single exponential scale length of 230 g cm-2. Figure 5 also compares 

the model profiles with the measured profiles for 3He in the two cores. 

Figure 6 shows the apparent exponential scale length as a function of time for 

different erosion rates, showing that the steady state value is not a function of 

erosion rate, but that erosion changes the time needed to reach steady state. 
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Figure 5. Calculated depth profiles as a function of time (solid lines) using 
3He production rates by muons and neutrons discussed in text and assuming 
an erosion rate of 1 x 1o-4 g cm-2. Time increases from left to right, starting at 
0 and increasing to 100 myr with a time step of 107 yr. Scale lengths increase 
with time because muons have a significantly higher scale length for 
interactions than neutrons (1700 g crn-2 vs. 150 g cm-2). The profile reaches a 
steady state that corresponds to an apparent single exponential scale length of 
~ 230 g crn-2, calculated by fitting an exponential curve to the results. Other 
profiles on the plot show the 3He depth dependence shown in Figs. 3 and 4. 
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These values were calculated by extrapolating the muon and neutron 

produced 3He concentrations downward using the appropriate exponential 

attenuation lengths and fitting an exponential curve to the results. As shown 

in Fig. 3 this approach gives an excellent fit. Figs 5 and 6 indicate that this 

combined process of erosion, 3He production by muons, and 3He production 

by neutrons could, in theory, explain the anomalous 3He profile. However, 

this model predicts steady state concentrations that range from 8.8 x108 at g-1 

to 8.8 x 1010 at g-1, significantly higher than the measured surface 

concentration of -2.8 x 108 at g-1 (Fig. 3). 

The reason that the model overestimates the measured concentration 

is that the above discussion ignores the effects of diffusion on the 

development of the depth profile. Diffusion could change the temporal 

development of the 3He profile because the loss process essentially limits the 

"memory" of the profile for past production, in a manner analogous to 

radioactive decay. Diffusion of cosmogenic 3He in quartz has been shown to 

be a complex process and laboratory measurements of diffusivity, which 

suggest low diffusion rates on million year time scales (Trull et al., 1991), do 

not accurately describe the observed loss (Trull et al., 1991; Brook and Kurz, 

1993 [Chapter 3]). Previously observed grain size dependence of 3He 

concentrations in quartz and a comparison of lOBe ages and 3He ages 

calculated with the data in Chapter 5 both suggest effective 3He diffusion 

coefficients in quartz in the Dry valleys of lo-19 to lo-17 cm2 s-1 (e.g., Brook 

and Kurz, 1993). These values are one to three orders of magnitude above the 

value of- lo-20 g cm-2 s-1 predicted by extrapolating results of step-heating 

experiments to 0 degrees C (Trull et al., 1991). 
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The combined effects of production of 3He by muons and neutrons, 

diffusion, and erosion can be described in differential form in an analogous 

way to the production and diffusion problem discussed by Trull et al. (1991): 

where N is concentration, t is time, Pm and Pn are 3He production rates by 

muons and neutrons, respectively, and Ln and Lm are the respective 

attenuation lengths. The first term describes loss of 3He due to diffusion and 

the second two terms describe the production rate as a function of time in the 

sample as it is "unburied" by erosion. 

This equation was solved with a finite-difference method similar to the 

solution described in Trull (1990). The model was run from T=1x108 yr to the 

present and 3He depth profiles over 300 g cm-2 depth were calculated from 

the results. Resulting apparent exponential scale lengths are plotted in Fig. 7 

as function of time. Solutions for values of D between 1o-19 to 1o-17 cm2 s-1 

show that a profile with maximum scale length of 210 g cm-2 can be produced 

when diffusion is accounted for. As in the "no diffusion" case the time to 

reach near-steady state is relatively long, up to -20 myr for D=1x 1o-19 g cm-2. 

The predicted steady-state 3He concentrations are also listed in Figure 7 and 

show that given the production rates used in the calculation, the model can 

not reproduce both the concentration (2.8 x 108 at g-1) and apparent 

attenuation length (227 g cm-2) observed in the core. Reasonable values of D 

and Pm can be chosen that do reproduce the observed profile, however. For 

example, increasing the fraction of total production due to muons to 10% 

roughly reproduces the observed profile at steady state for a value of D=2 x 10-

18 cm2 s-1. 
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Figure 6. Total apparent exponential scale length as a function of time for 
3He production by neutrons and muons, for erosion rates of lxlo-5, 5 x 10-S, 
lxlo-4, and lxlo-3 g cm-2 yrl (bottom to top). These curves were calculated 
using the production rates at 1700 m calculated in the text and assume no loss 
of 3He due to diffusion. Corresponding steady state surface concentrations 
range from 8.8 x 108 to 8.8 x 1010 at g-1, significantly greater than the 
measured concentration of 2.8 x 108 at g-1. This discrepancy is due to the fact 
that this simple model does not include the effects of loss of 3He due to 
diffusion (see Fig. 7). 
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Figure 7. Apparent exponential scale lengths calculated from a finite 
difference solution for a model of erosion, production of 3He by muons and 
neutrons, and diffusion, as a function of time. Steady state concentrations are 
included on the figure. As discussed in the text the model cannot reproduce 
the concentration (~2.8 x 108 at g-1) and attenuation length (227 g cm-2) 
observed in core KBA89-77. 
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This analysis suggests that the production rate of 3He by muons is 

higher than predicted based on the theoretical calculations described above. 

The origin of this discrepancy is not clear. It is possible, however, that 

production rates have been underestimated. In the discussion of production 

mechanisms given earlier it was assumed that 3He production by low energy 

spallation due to neutrons produced in muon capture reactions was not 

significant. Cross sections and excitation functions for isotope production by 

neutron induced spallation are not well known, and are often based on cross 

sections for proton interactions (Lal, 1991). As a result, it is possible that the 

importance of this mechanism has been underestimated. Comparison of 

excitation functions for 3He production by neutrons and protons in 

aluminum offer support for this suggestion. Threshold energies for 3He 

production by neutrons in 27 AI are- 12 MeV (Qairn and Wolfe, 1982), while 

Walton et al. (1976) reported values of - 25 MeV for production of 3He by 

protons. If this difference between proton and neutron induced threshold 

energies is a general effect in most common elements, as suggested by 

theoretical cross-section calculations (R. Reedy, personal communication) 

then 3He production by muons may be more important than expected. 

Further investigation of this problem will require measurement of the 3He 

production rate by muons in deeply buried rocks. Such a measurement may 

be difficult because it requires a well-dated sample with a well-constrained 

erosion rate, but having an age great enough to permit an accurate 

measurement. 

The fact that the 3He profile in BAK90-77 is not significantly different 

from the lOBe and 26 AI profiles presents an apparent dilemma, in that this 

core does not suggest the effect of 3He production by muons, although the 

lithium concentration is not appreciably different (Table 5). One possible 
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explanation is that the exposure histories of these surfaces are very different. 

KBA89-77 comes from a bedrock saddle almost devoid of signs of glacial 

deposition and erosion and may have been formed during the original 

cutting of the Dry Valleys topography, sometime in the mid-Miocene. 

Although the idea is controversial, Denton et al. (1984) suggested that a large 

ice sheet overrode most of the TransAntarctic mountains, cutting the present 

valley topography, both before and after 9 to 15 myr. Marchant (1990) later 

used K-Ar dates from volcanic ash to suggest that Arena Valley topography 

(Fig. 1) has been extant for at least 11.3 myr. Therefore, it is possible that this 

surface has been exposed for> 10 myr. In addition, overriding ice at high 

altitudes may not have removed much bedrock material, leaving open the 

possibility that the bedrock surface saw an even longer effective exposure to 

cosmic rays. 

BAK90-79 was collected near outcrops of Sirius Group tills on Mt. 

Fleming. The age and glacial history of the Sirius Group are also 

controversial (see discussion in Brook et al. (1993) [Chapter 4] and Chapter 5), 

but it has been suggested that Sirius Group tills were deposited as late as 2.5 

myr ago (McKelvey et al., 1991; Barret et al., 1993). The absence of a steep 3He 

depth profile in the core collected there is consistent with the hypothesis that 

the bedrock surface on Mt. Fleming is related to a glacial event occuring 

within the last - 5 myr. 
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Conclusions 

1) Depth profiles of lOBe and 26Al in two sandstone bedrock cores from the 

Dry Valleys region of Antarctica exhibit exponential scale lengths of 145 ± 5 

and 145 ± 6 for 26Al and 153 ± 13 and 152 ± 5 g cm-2 for lOBe. The excellent 

agreement between the two cores strengthens earlier suggestions that the 

26 All lOBe ratio in terrestrial rocks does not change with depth and therefore 

does not change with erosion rate, and may be a useful dating tool (Brown et 

al., 1992). 

2) 3He depth profiles in the two cores are significantly different, giving 

exponential scale lengths of 135 ± 6 (0.5-0.7 mm grains) and 152 ±7 (1-1.3 mm 

grains) for one of the cores and 227 ± 14 for the second. The latter is higher 

than expected for neutron interactions in rocks (- 150 g cm-2). Models of the 

combined effects of 3He production by neutrons and muons coupled with 

bedrock erosion and diffusion suggest that the combination of these processes 

can, in principle, produce exponential profiles like the one observed. 

Estimates of 3He production rates by previously suggested muon-induced 

mechanisms, however, fail to reproduce the observed core-profiles and 3He 

concentrations, suggesting that an additional muon-induced production 

mechanism is important. (n,T) or (n,3He) reactions with neutrons produced 

in muon capture are possible 3He-producing mechanisms that have not 

previously been considered important in this context. Muon-produced 3He 

may be important in surface exposure studies, particularly in deeply eroded 

terraines. 
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Table 1. Helium isotopic data for Core KBA89-77. Unless noted all data are for 0.5-o.7 mm quartz grains. 
3Hef4He ratios relative to atmospheric ratio (Ra) (1.384 x 1o-6). 3Het= total 3He. 3Her= radiogenic 3He, 

3Hec=cosmogenic 3He. 3Her=4He x (3Hef4He)r where (3Hef4He)r = 0.011 ± 0.004 (see text). Means are 
weighted for analytical uncertainty. 

Sample 

77-1 

77-2a 

77-2b 

77-2c 

77-3 

77-4 
77-5 
77-6 
77-7a 
77-7b 
77-8 
77-9 
77-10 

77-1 (.2-.3 
mm) 
77-5 (.2-.3 
mm) 

77-10 (.2-.3 
mm) 

Depth Int. 

(em) 

0 
0 
0 

0 

8.3 

13 

13 

19.9 
19.9 

28.8 
37.2 

45.1 
60.5 
66.4 

72 
79.6 

90.1 
105.4 
105.4 

0 

45.1 

45.1 

105.4 

Depth 

(g) 

2.4 
2.4 
2.4 

2.4 

13 

14.9 
14.9 

22.9 
22.9 

31.8 
41.3 
48.3 
63.5 
69.3 

75 
82.1 

92.7 
109.2 
109.2 

2.4 

48.3 

48.3 

109.2 

4He 1s RIRa ls 

ccSTP/gxlo8 

2.7 31.7 0.2 21.94 0.19 
2.7 697.0 7.9 1.05 0.05 
2.7 556.1 2.8 1.14 0.01 
2.7 86.7 " 0.4 7.47 0.04 
2.7 

24.3 654.5 10".3 1.02 0.08 

31.8 57.0 
31.8 51.2 

0.3 11.07 0.05 
0.3 13.79 0.19 

31.8 
48.8 85.5 0.5 7.69 0.16 
48.8 5634.7 85.4 0.12 0.04 
48.8 
69.1 3529.9 39.6 
89.5 385.9 5.2 

106.5 168.6 24.6 
141.4 70.8 0.2 
154.7 397.4 57.9 
167.6 1239.0 180.5 
184.3 212.7 2.9 
208.4 245.1 2.8 
244.6 580.5 84.6 
244.6 593.3 3.1 
244.6 

2.7 87.2 0.1 

106.5 736.0 4.3 

0.15 0.02 
1.21 0.04 
2.95 0.05 
5.70 0.04 
0.90 0.03 
0.24 0.02 
1.45 0.08 
1.19 0.05 
0.39 0.03 
0.41 0.01 

2.06 0.02 

0.16 0.01 

106.5 196.8 
106.5 

1.0 0.75 0.01 

244.6 98.5 0.1 0.66 0.02 
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ls 

258.69 2.76 
273.18 13.07 
235.12 2.75 
240.85 1.74 

248.49 20.34 

234.53 1.77 
262.61 3.93 

244.54 5.23 

1s 

0.13 0.08 258.57 2.76 
2.85 1.72 270.33 11.35 
2.27 1.37 232.84 1.37 
0.35 0.21 240.49 1.53 

mean 239.18 1.05 

2.68 1.61 245.81 20.40 

0.23 0.14 234.30 1.77 
0.21 0.13 262.40 3.93 

mean 239.04 0.62 
0.35 0.21 244.19 5.23 

249.34 81.80 23.05 13.90 226.29 82.98 

194.26 19.81 
173.33 5.81 
184.86 27.09 
150.20 1.02 
133.01 19.89 
108.27 18.75 
115.02 6.67 
108.19 5.07 

83.97 14.16 
90.45 1.20 

66.78 0.75 

44.33 3.02 

55.04 0.78 

24.02 0.59 

mean 244.12 0.19 
14.44 8.71 179.83 21.64 
1.58 0.95 171.75 5.89 
0.69 0.43 184.17 27.10 
0.29 0.17 149.91 1.03 
1.63 1.01 131.38 19.91 
5.07 3.14 103.21 19.01 
0.87 0.52 114.15 6.69 
1.00 0.60 107.19 5.11 
2.37 1.47 81.59 14.23 
2.43 1.46 88.02 1.89 

mean 87.91 0.53 
0.36 0.22 66.43 0.78 

3.01 1.82 41.32 3.52 

0.81 0.49 54.23 0.92 
mean 53.41 1.12 

0.40 0.24 23.62 0.63 



Table 2. lOBe and 26AI data for KBA89-77 core from Brown et al. (1992). 

Sample Depth lOBe ls 26Al 1s 
(g) (Mat g-1) (Mat g-1) 

77-1 2.7 20.00 1.18 97.00 10.96 

77-2a 24.3 18.30 1.10 74.00 16.58 

77-2c 48.8 17.10 1.04 78.90 8.84 

77-3 69.1 13.30 0.78 73.90 8.20 

77-4+5 97.5 11.50 0.64 50.20 5.17 
77-6 141.4 8.96 0.53 45.00 6.57 

77-7a 154.7 6.56 0.39 36.90 4.28 
77-7b 167.6 6.86 0.41 40.30 4.72 

77-8 184.3 5.90 0.38 27.70 3.60 
77-9 208.4 3.92 0.79 23.40 3.11 

77-10 244.6 4.20 0.25 25.00 5.15 
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Table 3. Helium isotopic data for BAK90-79 core. 3HeJ4He ratios relative to atmospheric ratio (1.384 x to-
6), 3Het= total 3He. 3Her= radiogenic 3He, 3Hec=cosmogenic 3He. 3Her=4He x (3He/4He)r where 

(3He/4He)r = 0.011 ± 0.004 (see text). Means are weighted for analytical uncertainty. 

Sample Depth Inl Depth Size Fract. 4He ls R/Ra ls 3He ls 3Her ls 3Hec ls 
(em) (g) (mm) cc STP (Mat/g) (Mat/ (Mat/ 

xto8 g) g) 

79-1+2 4 .1 8.9 13.6 1-1.3 121.29 1.04 19.05 0.19 859.13 11.29 0.50 0.18 858.64 11.29 

79-1+2 4.1 8.9 13.6 .5-.7 98.39 14.34 12.71 0.14 464.96 67.96 0.40 0.16 464.56 67.96 

79-3 19.1 25.4 46.7 1-1.3 32.63 0.09 63.06 0.46 765.22 5.97 0.13 0.05 765.09 5.97 

79-3 19.1 25.4 46.7 .5-.7 79.15 2.12 11.49 0.10 338.04 9.52 0.32 0.12 337.71 9.52 

79-6 38.1 42.2 84.3 1-1.3 96.63 0.08 11.23 0.12 403.32 4.32 0.40 0.14 402.93 4.33 

79-6 38.1 42.2 84.3 .5-.7 374.11 5.96 1.85 0.04 257.08 7.02 1.53 0.56 255.55 7.04 

79-7 53.3 57.2 116.0 1-1.3 145.91 2.41 8.85 0.07 480.00 8.71 0.60 0.22 479.41 8.71 

79-7 53.3 57.2 116.0 .5-.7 39.16 0.11 17.64 0.14 256.90 2.13 0.16 0.06 256.74 2.13 

79-8 61.0 64.8 132.0 1-1.3 564.63 82.26 2.15 0.04 450.78 66.21 2.31 0.90 448.47 66.21 

79-8 61.0 64.8 132.0 .5-.7 135.18 1.42 4.61 0.08 231.63 4.61 0.55 0.20 231.07 4.62 

79-8 61.0 64.8 132.0 .5-.7 99.06 0.52 6.43 0.08 236.74 3.24 0.41 0.15 236.34 3.24 

132.0 mean 234.60 0.38 

79-11 81.3 85.1 174.7 1-1.3 162.65 4.35 5.22 0.06 315.95 9.15 0.67 0.24 315.29 9.15 

79-11 81.3 85.1 174.7 1-1.3 51.92 0.13 10.61 0.12 204.94 2.39 0.21 0.08 204.72 2.39 

174.0 mean 211.80 0.43 

79-11 81.3 85.1 174.7 .5-.7 42.32 0.12 11.87 0.10 186.78 1.60 0.17 0.06 186.60 1.60 

79-12 100.3 104.1 214.7 1-1.3 166.23 2.73 3.65 0.05 225.69 4.79 0.68 0.25 225.01 4.79 

79-12 100.3 104.1 214.7 .5-.7 90.49 0.32 2.96 0.03 99.44 1.16 0.37 0.13 99.07 1.17 

79-14 116.8 124.5 253.4 1-1.3 182.75 1.94 2.33 0.05 158.40 3.55 0.75 0.27 157.65 3.56 

79-14 116.8 124.5 253.4 .5-.7 143.96 1.53 1.36 0.02 72.59 1.50 0.59 0.21 72.00 1.51 
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Table 4. lOBe and 26Al data for core KBA89-77. Sample 79-1+2 is combination 
of 79-1 and 79-2. Means are weighted for analytical uncertainties. 

Sample Depth lOBe ls 26Al 1s 
(g) ( Matg-1) (Mat g-1) 

79-1+2 6.5 30 1.77 116 6.58 

79-3 48.9 20.9 1.17 92.7 6.19 

79-3 48.9 25.3 1.48 

mean 22.59 1.09 
79-6 88.3 16.9 0.845 

79-7 121.5 13.5 0.796 55.3 3.67 
79-7 121.5 13.3 0.781 

mean 13.40 1.79 
79-11 183.0 9.01 0.533 38.9 2.76 

79-11 183.0 9.7 0.573 
mean 9.33 2.56 

79-12 224.9 6.5 0.381 27.4 1.96 

79-12 224.9 7.2 0.414 
mean 6.82 3.57 

79-14 265.4 5.05 0.291 21.25 2.125 
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Table 5. Lithium concentrations in core top sandstones. 

Mt. Fleming 
BAK90-81 leach 
BAK90-81 bulk 

Arena Valley Terrace 
KBA89-77-12 bulk 
KBA89-77 -12bulk 

4.6 
3.28 

below detection 
5.0 
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Chapter 7 Appendix. Matlab code "difpro.m." Finite difference solution to 
equation 6 in text. Representative results are shown in Fig. 7. 

% Chapter 7 Appendix 
%Matlab M-file "difpro.m" Aug 19 1993 E. Brook 
%Adapted from Findif program of Trull (1990). 
% 
%The program is a finite difference model designed to 
%calculate concentration versus time for spherical grains 
%experiencing 3He production by muons 
%and neutrons, including the effects of diffusion and erosion. 

%The results of the finite difference calculations are presented in Figure 7. 

%tmax=le8; 
%k=l; 
%while tmax<=le8 

%Parameters 
e=le-4; 
D=2e-18; 
Dyr=D*365*24 *60"2; 
rho=2.8; 
Pn=454; 
Pnv=Pn*rho; 
Pm=50.5; 
Pmv=Pm*rho; 
a=.03; 
vgrain=(4/3}*pi*a"3; 
Ln=l50; 
Lm=l700; 
gridsp=SO; 
dr=a I (gridsp); 
%dt=.2*dr"2/Dyr; 
tmax=2e7; 
tstep=lOOOOO; 
dt=tmax/tstep; 
dc=Dyr*dt/ dr"2; 

%vector parameters 
tp=(O:tmax/ tstep :tmax); 
t=(tmax-tp); 
Pnvt=Pnv.*exp(-1 *e.*t / Ln); 
Pmvt=Pmv.*exp(-l*e.*t/Lm); 

%initialize cold 
for i=l:gridsp+l; 

cold(i)=O; 
cnew(i)=O; 

end 

%loop to calculate profile 

%erosion in g cm-2 yr-1 
%Diffusion coefficient in cm2 s-1 
%Diffusion coefficient in cm2 yr-1 
%density in g cm-3 

%prod. from neutrons at g-1 yr-1 
%Pn in at ee-l yr-1 

%prod. from muons at g-1 yr-1 
%Pm in at ee-l yr-1 
%grain radius in em 
%grain volume in cc 

%neutron att length g cm-2 
%muon att length g cm-2 
%radial step dist 
%radial grid spacing 
%stability parameter 
%total time in yr 
%time grid 

%grid time interval in yr 
%flux increment 

%time variable 
%time backward for time-variant production rates 
%neutron-3He production rate each time step 
%muon-3He production rate at each time step 

%set initial cone. to 0 
%+ 1 to set boundary conditions 

%nested loops to calculate radial profile at each time step 
for j=l:tstep 
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for i=2:gridsp 

%algorithm below is standard finite difference solution for spherical geometry 
%(Crank, J. (1975) The Mathematics of Diffusion. Oxford University Press. 414pp.) 

cnew(i)=cold(i)+( de I i)*( (i-1)*cold(i-1 )-
2*i*cold(i)+(i+ 1)*( cold(i+ 1)))+ Pnvt(j)*dt+ Pmvt(j)*dt; 

cnew(1 )=cold (1 )+6*dc*( cold(2)-cold(1) )+ Pnvt(j)* d t+ Pmvt(j)* d t; 
M(:,j)=cnew'; 

end; 
cold=cnew; 
end; 

%Calculate total 3He in grain with volume-weighted average 
%For time steps corresponding to last 300 g cm-2 of model 

for i=2:gridsp 
volout(i)=(413)*pi*(i*dr)"3; 
volin(i)=( 4 I 3)*pi *( (i-1)*dr) "3; 

%outer volume 
%inner volume 
%net shell volume 
%wt for cone. calc. 

v olshe II( i) =vo lout( i)-volin( i); 
wtshell(i)=volshell(i) lvgrain; 
wtshell(1)=(4/3)*pi*dr"3/vgrain; %wt for center cone. 

end 

M1=M(1:gridsp ,:); %remove boundary cone. 
lplm=300I ((tmaxl tstep )*e) %time step corresponding to 300 g cm-2 
for i=1 :lplm %calculate total cone. for 0-300 g cm-2 

fconc(i) =(1 I rho )*sum(wtshell'. *M1 (:,i +(tstep-lplm)) ); 
end 
save 
% last section of loop to calculate attenuation length as a function of time 
%sol(k)=fconc(1)1fconc(lplm); %apparent attenuation factor at time index k 
%csol(k)=fconc(lplm); %concentration at time index k 
%isol(k)=lplm; %step corresponding to 300 g cm-2 
%k=k+1; 
%tmax=tmax+Se6; 
%end 
%save dfdatl 
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