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ABSTRACT
Gastropod shells are commonly preserved in the geologic record, but are often
avoided for radiocarbon dating because some taxa incorporate '"^C-deficient carbon
during shell formation. To determine the potential of minute (3-10 mm in length)
gastropods for

dating, we collected specimens en vivo from alluvium dominated by

Paleozoic carbonates and adjacent to springs with '^'C-deficient water present at the
surface. We found that at least three taxa, Pupilla blandi, Euconulus fulvus, and
Succineidae, do not incorporate ^'^C-deficient carbon during shell formation. We '"'C
dated fossil shells from these taxa recovered from the Coro Marl, a paleowetland deposit
in the San Pedro Valley of southern Arizona. Our results indicate that the timing of high
water table conditions in the valley occurred between >28 and 15.5 ka, which is
consistent with moist conditions found in other paleoclimate records from the American
Southwest.
The summit area of Mauna Kea, Hawai'i was covered intermittently by ice caps
during the Late Pleistocene. The maximum extents of the last two ice caps (older and
younger Makanaka) were similar, reaching -800 m below the summit. We have
developed a new chronology for these glaciations using cosmogenic ^^Cl, which shows
that the ice caps began retreating from their maximum extents at 23.3±2.3 ka and
13.0±0.9 ka, respectively, broadly coincident with the last glacial maximum and the
Younger Dryas chronozone.
The potential for using in situ cosmogenic ^'^C to determine surface exposure ages
of Holocene landforms, quantify erosion rates, and decipher complex exposure histories

when used in conjunction with other cosmogenic nuchdes is well known. Before this
potential can be realized, however, protocols for isolating and extracting in situ

must

be developed. Analytical techniques have been developed previously to isolate in situ
from quartz and carbonate. Although these minerals can be found in most places on
Earth, they are usually absent from basaltic terrains. To fill this gap, we conducted
numerous chemical pretreatment experiments and step-heated extractions aimed at
isolating and extracting in situ ''*C from olivine. Our results suggest that step-heated
extractions alone may be sufficient to isolate in situ

from olivine.

INTRODUCTION
This dissertation consists of five manuscripts that have been published or will
soon be submitted for publication. The topics covered in these manuscripts are diverse,
ranging from

dating of gastropods and fractionation of carbon isotopes in shell

carbonate to dating glacial landforms in Hawai'i to developing methods of isolating and
extracting in situ ''*C from olivine. In this section, I provide some background
information for the dating techniques used in this research and then summarize the
content of each of the five chapters. The full text of the manuscripts appears in
Appendices A through E.

1. RADIOCARBON DATING
Carbon has three naturally occurring isotopes, '^C, '^C, and '"^C. Two of these
isotopes, ^^C and ^^C, are stable and comprise 98.89% and 1.11% of the total carbon in
the atmosphere, respectively. ''^C is radioactive (P' decay; ti/2=5730 yrs) and accounts for
only 10"'° percent of the total carbon. '"^C is continually produced in the upper
atmosphere by the interaction of thermal neutrons and nitrogen by the reaction
''^N(«,/?)^'^C and, to a lesser extent, high-energy neutrons and oxygen by the reaction
'^0(«,2pn)'''C. It is produced at a globally-averaged rate of ~2 atoms cm'^ sec"'
(Lingenfelter, 1963) and is oxidized to ''^CO within hours to days, which in turn is
oxidized to ''^C02 over a period of weeks to months (Trumbore, 2000). The residence
time of CO2 in the atmosphere (~10^ years) allows '''COa to become well mixed before it
is introduced to the ocean and biosphere through chemical exchange and photosynthesis.

The

activity of the atmosphere is determined by the rate of production, as well

as the rate of CO2 exchange between the atmosphere and the ocean and biosphere. ''^C
activities of newly formed carbon compounds (e.g., aqueous carbon species, plant
tissues) are the same as atmospheric CO2 after correcting for fractionation. Upon either
death of an organism or physical isolation from the atmosphere, carbon is no longer
exchanged between reservoirs, and decay of

begins. This process constitutes the

basis of radiocarbon dating and is represented by

A = A„exp-^'
Eq. 1

where A is the measured activity (in disintegrations per minute; dpm), Ao is the initial
activity of the sample (in dpm), X=(ln 2)/ti/2 (in yr"') and t is the time elapsed since death
or isolation from the atmosphere (in yrs).
Carbon-14 was first measured in the late 1940's by W.F. Libby and colleagues at
the University of Chicago in, of all things, methane gas from the City of Baltimore's
sewer system (Anderson et al., 1947). Shortly thereafter, it was measured in a series of
samples with known ages of up to -5,000 years (Arnold and Libby, 1949; Libby et al.,
1949) and has since become the main dating tool for archaeology, climate studies, and
Quaternary geology, among a variety of other disciplines.
Carbon-14 was initially measured by counting techniques based on the detection
of energy emitted during P" decay. These techniques required sample sizes that were
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quite large, on the order of several grams per sample, and it often took several hours or
more to count enough decay events to produce statistically significant results. The advent
of accelerator mass spectrometry (AMS) in the late 1970's and early 1980's, which
directly measures the ratio of carbon isotopes present in a sample rather than counting the
decay products, dramatically reduced the sample size and time required during
measurements (Bennett et al., 1977; Nelson et al., 1977; Elmore and Phillips, 1987).
Today,

is routinely measured on as little as -0.5 mg of carbon, and computer

automation of AMS machines allows tens of samples to be measured overnight.
Radiocarbon ages are calculated using measured ''^C activities that are in units of
percent modem carbon (pMC) which, by convention, is referenced to the theoretical ''^C
activity of the atmosphere in 1950 after correcting for the introduction of "dead" carbon
by the combustion of fossil fuel during the first half of the 20"^ century. More
specifically, "modem"

activity is defined as 0.95 times the

activity of an NBS

oxalic acid standard that has a 5'^C value of-19%O(VPDB)- By convention,
calculated using an incorrect half-life for
half-life", to facilitate comparison between
correct half-life of
The

ages are

of 5568 yrs, which is also called the "Libby
ages published before and after the

was determined (Godwin, 1962).

activity of the atmosphere has not been constant through time, and

therefore the initial '''C activity of a sample depends upon the age of the sample. The
reason for this is that the primary cosmic-ray flux, which is the source of the neutrons
involved in the formation of ''*C in the upper atmosphere, is modulated by the Earth's
geomagnetic field and solar activity. Temporal variations in the intensity of the
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geomagnetic field, high-frequency variations in the activity of the sun, and variable rates
of exchange between carbon reservoirs on Earth all affect the
atmosphere on different timescales. Reconstructions of the

activity of the
activity of the atmosphere

through time have relied on independently dated, high-resolution records such as tree
rings, corals, and speleothems, and currently allow calibration of

ages to calendar

ages for the last ~25 ka (Stuiver and Reimer, 1993; Stuiver et al., 1998). At present,
calibration beyond this limit is tenuous because of the paucity of data available and the
potential problems associated with extrapolating local or regional datasets to global
scales.
In my view, the practical range for

dating is limited to the last ~35-40

ka,

although ages older than this are routinely reported in the scientific literature. The
primary concern with

ages in or beyond this range is that small amounts of

contaminant carbon can make the measured

age of old material appear much younger

than the true age. For example, if a sample with a true age of 100 ka is contaminated
with the equivalent of 1% modem carbon, the measured ''*C age would be only -37 ka.
Whether published ''^C ages at or beyond this practical limit are real or are the result of
small amounts of contamination is often unknown.

2. /A^S/rt/COSMOGENIC NUCLIDE DATING
Primary galactic cosmic rays, which are dominated by protons and alpha particles,
initiate nuclear reactions with gas nuclei in the upper atmosphere that generate cascades
of secondary particles. The flux of these secondary particles, which include nucleons
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(neutrons, protons) and mesons (kaons, muons, pions), diminishes with increasing
atmospheric depth as the nuclear cascade loses energy through successive collisions.
Many of these particles are still highly energetic by the time the cascade reaches the
Earth's surface, however, and interact with target nuclei in rocks to form in situ
cosmogenic nuclides (CNs). A summary of the main reactions and target minerals is
included in Table 1.

Table 1

Primary production reactions

Target
minerals

Stable

Spallation of ^Li, ^°Ca,
^^Ni, ^^Zn
by various reaction pathways

olivine,
pyroxene

1.5 Ma

Spallation: '®0(n,4p3n)^'^Be; ^^Si(n,x)'°Be
Muogenic:
,3p3n)^°Be; ^^Si(|Li",x)^°Be

5.73 ka

Spallation: ^®0(n,2pn)'''C; ^^Si(n,x)'^C
Muogenic: '^0()a",pn)''*C

0.7 Ma

Spallation: ^^Si(n,p2n)^^Al
Muogenic: ^^Si()i",2n)^^Al

0.3 Ma

Spallation: '"'Ca(n,3p2n)^®Cl; ^^K(n,2p2n)^^Cl
Muogenic: '^*^Ca(^',a)^^Cl
Thermal neutron activation: ^^C1(«,y)^^C1

Nuclide

Half-life

^He

'°Be

^^Cl

Summary of CN reaction pathways

quartz

quartz,
carbonate

quartz

feldspar,
calcite, fluid
inclusions
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Accumulation of in situ CNs depends on the intensity of the secondary cosmic-ray
flux, the concentration of target nuclei, the reaction excitation function (defined as the
probability of a nuclear reaction to occur that produces the CN of interest as a function of
energy), and the duration of exposure to cosmic rays. Production of cosmogenic
radionuclides, including '"Be, ''^C, ^^Al, and ^^Cl, is balanced by loss from decay
according to

Eq. 2

where N is the concentration of the CN of interest (in atoms g"'), P is the production rate
by a particular reaction pathway (in atoms g"' yr"'), X is (In 2)/ti/2 (in yr"'), p is the density
of the sampled material (in g cm'^), e is the erosion rate (in cm yr"'), A is the attenuation
length of the type of cosmic ray particle that is responsible for production of the CN (in g
'J

cm"), and t is the time of exposure (in yr) (Lai, 1991). If erosion of the sampled surface
is negligible, then Equation 2 simplifies to

Eq. 3
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If the CN concentration in a sample can be accurately measured, then the
exposure time can be calculated if the production rate of the CN is known. Production
rates have been determined for several CNs at a handful of geological calibration sites
worldwide, and models have been developed to scale production rates from these
calibration sites to sea level and high geomagnetic latitude (SLHL; by convention), and
then back to sites of geologic interest (Lai, 1991; Stone, 2000; Dunai, 2000, 2001;
Desilets and Zreda, 2003). These spatial scaling models account for the influence of the
Earth's geomagnetic field on the primary cosmic-ray flux, which causes CN production
to vary with geomagnetic latitude and atmospheric depth. For a given in situ CN, the
cosmic-ray particles contributing to its production must be scaled separately due to
differing altitude-latitude distributions for each particle type (Desilets and Zreda, 2003).
Production rates determined at geologic calibration sites are integrated over the
entire duration of exposure, which varies between sites, and therefore must be scaled to a
common point in time. Temporal scaling models must account for variations in the
intensity of the Earth's magnetic field through time, as well as movement of the
geomagnetic dipole axis (or polar wander). Paleomagnetic records, including
thermoremanent magnetization (TRM) data in archeomagnetic material and postdepositional remanent magnetization (post-DRM) data in marine and terrestrial
sediments, can be used to quantify the impact of paleointensity variations (up to 800 ka)
and polar wander (up to 10 ka) on time-integrated CN production.
CNs have been measured in extraterrestrial rocks since at least the 1960's (e.g.,
Goel and Kohman, 1962), but it wasn't until the advent of AMS that CN concentrations
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could be reliably measured in terrestrial rocks. In the last decade or so, in situ CNs have
been used to determine the timing of glacial events (e.g., Gosse et al., 1995; Phillips et
al., 1996; Owen et al., 2003), landslides (e.g., Barnard et al., 2001), volcanic eruptions
(e.g., Zreda et al., 1993; Phillips, 2003), uplift rates (Kim and Sutherland, 2004), and
paleoseismic events (e.g., Zreda and Noller, 1998; Phillips et al., 2003), as v^ell as to
quantify bedrock and basin-wide erosion rates (e.g.. Granger et al., 1996; Small et al.,
1997; Bierman and Caffee, 2001; Kirchner et al., 2001). Although CN exposure ages are
often not as precise as other dating techniques (uncertainties are usually on the order of
±10%), CN dating can provide direct dating of events that otherwise could only be
constrained by other dating techniques.
Geologic factors that can affect the cosmogenic nuclide inventory of a sample
include inheritance, erosion, landform deflation, and burial. Inherited CN atoms can
accumulate in geologic material before or during transport or when overlying material is
not sufficiently removed and the "cosmogenic clock" is not reset. Inheritance always
results in exposure ages that are older than the true age of the landform (Anderson et al.,
1996), and can be detected by measuring the exposure ages of multiple samples from the
same landform. Exposure ages that are "anomalously" old likely contain an inherited
component and should be excluded when determining the exposure age of a landform.
The impact of surface erosion depends on the erosion rate, as well as the CN of
interest. For example, production of CNs by high-energy neutrons and/or muons is
greatest at the ground surface, and decreases exponentially with depth (Lai, 1991).
Therefore, exposure ages derived using CNs, such as '°Be, '"^C, and ^^Al, that are
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produced by these mechanisms are always younger than the true age if the sampled
surface has been eroded. In contrast, the production rate of cosmogenic ^^Cl versus depth
depends on the proportion of production by thermal neutron activation of ^^Cl compared
to the component produced by spallogenic and muogenic pathways (Dep et al., 1994).
'•y

Production by activation of CI is highest slightly below (~10 g cm") the ground surface,
and therefore erosion can result in ^^Cl exposure ages that are older than, identical to, or
younger than the true age of a landform.
Landform deflation affects cosmogenic surface-exposure ages by exhuming
geologic material, such as boulders, that were once buried within the landform. Although
this requires substantial (at least 2-3 m) lowering of the landform surface, such conditions
are often met in old, unconsolidated deposits such as glacial moraines. Deflated
landforms usually exhibit a large range of ages with the oldest boulder age being closest
to the true landform age (Zreda et al., 1994).
Finally, landform surfaces may be continually or episodically buried by eolian
material or volcanic ash. Production of CNs in rocks that are fully or partially shielded
from cosmic rays is lower than at the landform surface, which results in surface-exposure
ages that are younger than the true age of the landform. Although surfaces that are
exposed today may not exhibit any evidence of past burial, eolian material and volcanic
ash often remain in cracks and fissures within the landform. Problems with episodic
burial can usually be avoided by collecting samples from the tops of large boulders and
rocks that protrude from the landform surface.
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PRESENT STUDY
Appendix A consists of a manuscript titled "Radiocarbon dating of minute
gastropods and new constraints on the timing of late Quaternary spring-discharge
deposits in southern Arizona, USA", which was published in the journal
Palaeogeography, Palaeoclimatology, Palaeoecology in 2004 (Pigati et al., 2004). This
paper presents the results of an evaluation of the

activities of shell carbonate of

minute (3-10 mm in length) gastropods collected en vivo from alluvium dominated by
Paleozoic carbonates and/or adjacent to springs with '"'C-deficient water present at the
surface. These settings provide worst-case scenarios for the incorporation of '''Cdeficient carbon and test the potential reliability of '"'C ages from minute gastropod shell
carbonate. We found that at least two taxa, Pupilla blandi and Euconulus fulvus, do not
incorporate carbon derived from limestone during shell formation even though it is
readily available, and therefore can provide reliable

ages. A third taxonomic group,

Succineidae, which is a semi-aquatic gastropod found living near the edges of spring-fed
streams, acquires only ~10% of its shell carbon from aqueous sources and will yield
reliable '""C ages in most environments. Other minute gastropods that we measured
incorporated significant and variable amounts of ''*C-deficient carbon in their shells and
will provide only maximum ''^C ages. To demonstrate a potential application of these
findings, we '"^C-dated fossil gastropod shells that were recovered from the Coro Marl, a
paleowetland deposit in the San Pedro Valley of southern Arizona. Our results indicated
that the timing of high water table conditions in the valley occurred between >28 and
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15.5 ka, which is consistent with moist conditions found in other paleoclimate records
from the American Southwest.
Appendix B consists of a manuscript titled "On correcting ''^C ages from
gastropod shell carbonate for fractionation", which was published in the journal
Radiocarbon in 2002 (Pigati, 2002). Carbon isotopes fractionate along biological
pathways because of differences in the rates of reaction for different molecular species.
If the effects of fractionation were ignored, the

age of material with a low 5'^C value

would appear older than contemporaneous material with a high 5'^C value. Correcting
the measured ''^C activity for fractionation is straightforward if all of the measured carbon
is derived, either directly or indirectly, from the atmosphere. However, if measured
carbon is derived from sources with different "'C activities, such as the atmosphere and
limestone, correcting for fractionation should only be performed on the component
derived from the atmosphere. In this paper, I derived a new expression that accounts for
fractionation and mixing of carbon sources when correcting for fractionation, which can
be applied to measured '"'C activities of living and fossil gastropods using an iterative
approach.
Appendix C consists of a manuscript titled ''Cosmogenic ^^Cl ages of full- and
late-glacial ice caps on Mauna Kea, Hawai T, which has been submitted for publication
in the journal Geology (Pigati et al., 2005a). Glacial landforms and deposits exposed in
deep gulches on the south and east flanks of Mauna Kea indicate that the summit area of
the volcano was covered intermittently by ice caps during the late Quaternary. We used
cosmogenic 36CI to determine the exposure ages of several glacial landforms, including
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two end moraines, an outwash channel, and a boulder-dominated alluvial fan, that are
associated with the latest glaciations (older and younger Makanaka). Our results indicate
that the Makanaka ice caps were present on Mauna Kea during the last glacial maximum
and Younger Dryas (YD) cold event. This study provides the first evidence of a link
between the central interior Pacific and other parts of the Northern Hemisphere affected
by the YD.
Appendix D consists of a manuscript titled ''Geomagnetic effects on timeintegrated cosmogenic nuclide production rates with emphasis on in situ '''C and '^Be",
which was published in the journal Earth and Planetary Science Letters in 2004 (Pigati
and Lifton, 2004). Temporal variations in the intensity of the Earth's geomagnetic field,
as well as movement of the position of the geomagnetic dipole axis (i.e., polar wander)
must be taken into account when calculating cosmogenic nuclide production rates that are
integrated through time. In this paper, we used a variety of paleomagnetic data to
develop a numerical model that accounts for these variations. Our modeling results
showed that in situ ''*C and "^Be production rates that are integrated over the last 3 ka are
up to 13% lower than modem rates at the same location. As the duration of exposure
increases, the impact of geomagnetic variations deviates between short- and long-lived
CNs. For example, in situ '"'C production rates that are integrated over the last 25-30 ka
are within ±5% of modem rates at the same location, whereas integrated "^Be rates are up
to 30% higher than modem under the same conditions.
Finally, Appendix E consists of a manuscript titled ''Isolation and extraction of in
situ cosmogenic '''C from olivine", which will be submitted for publication in the joumal
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Geochimica et Cosmochimica Acta (Pigati et al., 2005b). This paper documents the
results of new extraction procedures, a modified extraction system, and a series of stepheating experiments aimed at isolating and extracting in situ ''^C from olivine. We
experimented with numerous combinations of acids, acid strength, and durations of acid
treatment in an effort to remove contaminant

without affecting the in situ component.

We were able to isolate and extract a stable and reproducible in situ

component from

olivine using dilute HNO3 over a variety of experimental conditions. However, the
measured in situ

concentrations in all of our experiments were less than half of the

total that was expected based on computer simulations, cross-section measurements, and
measured concentrations in quartz. This discrepancy is likely related to the formation of
a synthetic mineral composed of magnesium and iron oxides (from the melted olivine)
and aluminum oxide (from the sample boat) that appears to have crystallized within the
lithium metaborate (LiB02) melt during the extraction process. We speculate that
approximately 50-80% of the in situ

atoms that originally resided in the olivine grains

remained in the melt, and perhaps were incorporated in the new mineral. This problem
might be avoided in the future by using a lithium tetraborate (Li2B407) flux that more
readily attacks mafic silicates, such as olivine.
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APPENDIX A

RADIOCARBON DATING OF MINUTE GASTROPODS AND NEW
CONSTRAINTS ON THE ^''C AGES OF LATE QUATERNARY SPRINGDISCHARGE DEPOSITS IN SOUTHERN ARIZONA, USA

30

ABSTRACT
Gastropod shells are commonly preserved in Quaternary sediments, but are often
avoided for radiocarbon dating because some taxa incorporate ^''C-deficient carbon
during shell formation. Recently, Brennan and Quade (1997) found that some minute
taxa (Vallonia, Pupilla, and Succineidae) appear to yield reliable ''^C ages for late
Pleistocene samples. A more rigorous evaluation of the '"'C inventory of minute
gastropods is presented here, which involved measuring the

activity of specimens

collected live in two geologic settings that maximize the potential for ingestion of "old"
carbon: (1) alluvium dominated by Paleozoic carbonate rocks, and (2) adjacent to extant
springs with highly ^"^C-deficient water present at the surface. We found that several
minute taxa, including Vallonia, incorporate significant and variable amounts of old
carbon (~2 to >30%) during shell formation. The

activities of the land snails P.

blandi and Euconulus fulvus, however, are indistinguishable from the '"'C activity of live
plants. The ''*C activity of the semi-aquatic gastropod Catinella sp. (family: Succineidae)
deviates from modem values in the presence of ''^C-deficient water by an amount
equivalent to -10% of the local carbon-reservoir effect. These results imply that at least
some minute gastropods can provide reliable

ages even when '"'C-deficient carbon is

readily available.
To demonstrate an application of our findings, we '"'C-dated shells from P.
muscorum, E. fulvus, and Succinea sp. (family: Succineidae) recovered from the Coro
Marl, a late Pleistocene spring-fed marsh deposit exposed at the Murray Springs
Paleoindian site in the San Pedro Valley of southern Arizona, USA. Radiocarbon ages
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obtained from the minute gastropods show that the unit was deposited between ~25,000
and 13,000

yrs ago. The marl is situated >15 m above the modem water table at

Murray Springs, and is similarly positioned in discontinuous outcrops along a ~150 km
stretch of the San Pedro Valley. Thus, the '"'C ages of minute gastropods presented here
may be used to infer the timing of high water-table levels throughout the valley.

1. INTRODUCTION
1.1. Radiocarbon dating of minute gastropods
Radiocarbon ages derived from terrestrial mollusks (Class Gastropoda) are often
anomalously old because they incorporate ''^C-deficient carbon during shell formation.
Numerous studies have demonstrated the magnitude of the ''^C-age anomaly can be
highly variable between taxa and among individuals of the same species, and may
approach -3000 '"^C yrs (e.g., Rubin et al., 1961; Tamers, 1970; Evin et al., 1980;
Goodfriend and Stipp, 1983; Goslar and Pazdur, 1985; Yates, 1986; Goodfriend, 1987;
Zhou et al., 1999). Consequently, terrestrial gastropod shells are not widely used for
radiocarbon dating.
Radiocarbon studies have traditionally focused on larger taxa and the observed
'"^C deficiencies were thought to apply to all gastropods, large and small. Recently,
Brennan and Quade (1997) suggested that reliable ^''C ages could be obtained from a
previously overlooked group of mollusks - minute gastropods. ("Minute" is a term
commonly used in the malacological literature to refer to small (~3-10 mm) gastropods,
and does not embrace specific taxonomic groups, life habits, or shell morphologies.)
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Minute taxa such as Vallonia, Pupilla, and Succineidae returned '"*0 ages that, in most
cases, agreed with

ages obtained from associated late Pleistocene organic material

(Brennan and Quade, 1997). These taxa are common in modem settings and the fossil
record (e.g., Ashbaugh and Metcalf, 1986; Quade, 1986; Quade et al., 1998) and hold
great potential for constraining the ages of Quaternary sediments, provided they actually
yield reliable '''C ages.
To determine the suitability of minute gastropods for

dating, we measured the

activities of specimens collected live in two geologic settings that maximize the
potential for ingestion of old carbon and thus provide worst-case scenarios for potential
age anomalies: (1) alluvium dominated by carbonate rocks, and (2) adjacent to extant
springs with highly ''^C-deficient water present at the surface. Collecting live gastropods
in their modem settings provides a more rigorous test of dating reliability than the
comparisons of fossil material discussed in Brennan and Quade (1997) for several
reasons. First, differences between '"'C ages of fossil shell carbonate and organic material
can arise through bioturbation and reworking of older shells, chemical alteration of the
shell carbonate, and/or contamination of the organic material by humic acids or rootlets.
Second, collecting live snails constrains the timing of shell formation to within a single
year for species having an annual life cycle. This is especially important when evaluating
the

activity of shell carbonate of live gastropods because the

activity of the

atmosphere (which ultimately is the source of carbon in shell carbonate) has decreased
exponentially since cessation of above-ground testing of nuclear weapons (Manning et
al., 1990; Meijer et al., 1995). Finally, collecting live snails allows observations to be
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made regarding their habitat, lifespan, and diet. Unlike many of their larger counterparts,
the life histories of minute gastropods are not well known.

1.2. Coro Marl
We

dated the most promising minute gastropods to improve constraints on the

timing and rate of deposition of a late Pleistocene spring-fed marsh deposit in the San
Pedro Valley of southern Arizona (Fig. A.1). A series of arroyos on the east flank of the
Huachuca Mountains (31.57°N, 110.18°W) has exposed a nearly complete sequence of
late Pleistocene and Holocene deposits, including the Murray Springs Paleoindian site
(Haynes, 1968, 1974, 1987). Included in the depositional sequence is the Coro Marl
(formerly the upper member of the Boquillas Formation and also known as Unit E;
Haynes, 1968), which is a white calcareous marl that is ~l-2 m thick. The Coro Marl
contains a large number of minute gastropods (Mead, 1979; this study) that lived in and
around a shallow, spring-fed paleomarsh that developed at the site in the late Pleistocene.
Discontinuous outcrops of the Coro Marl have been identified along a -150 km stretch of
the San Pedro Valley and therefore determining the age of the marl at the Murray Springs
locality would allow us to infer the timing of high water-table levels throughout the
valley.
The upper age of the marl at Murray Springs is constrained by ages of
12,940±390 '"^C yrs B.P. (charcoal; Tx-1406) and 12,820±450 ^'^C yrs B.P. (unidentified
snail shells; SMU-190) recovered from an overlying channel-fill deposit. No reliable
dates have been obtained from the marl itself because of the lack of organic macrofossils
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within the unit. Radiocarbon ages from marl carbonate fall between 12,310±170 and
21,200±500

yrs B.P. (Table A. La). However, the accuracy of these dates is

questionable because of two important uncertainties: (1) the potential for incorporation
of old carbon from ground water during marl precipitation (i.e., carbon-reservoir effects)
and (2) post-depositional alteration and isotopic exchange of the fine-grained marl.
ages obtained from diffuse organic matter occluded in the Coro Marl range from
13,980±190 to 19,650±1,400

yrs, excluding one anomalously old sample (SMU-37;

Table A.l.b). The occluded organic matter, however, likely contains a significant aquatic
component, and may also be subject to carbon-reservoir effects. Improving constraints
on the age of the Coro Marl would allow comparison with other well-dated paleoclimatic
records to better understand the causes and timing of hydrologic changes in the
southwestern U.S. during the late Pleistocene.

2. FIELD AND LABORATORY METHODS
2.1.

activity of the atmosphere
We collected leaves of Ostrya knowltonii and Quercus gambeli in the Spring

Mountains of southern Nevada at Cold Creek and Deer Creek, respectively (Fig. A.2), to
determine the atmospheric ''^C value during the time of shell formation for gastropods
collected in 2001. Both sites are located far from the influence of urban and industrial
activities. Leaf growth for these species is fastest in the spring and decreases beginning
in early- to mid-summer, similar to the observed life cycles of the minute gastropods
studied here. Thus, the ''*C activity of the leaves represents the '"^C activity of the
atmosphere integrated over the period of shell formation. We also collected plant detritus
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(rotting leaves, twigs, etc.) from under the most heavily populated limestone boulders at
the Deer Creek locality to determine if the diet of the minute land snails includes
decaying vegetation.
Leaves were treated with 10% HCl for 2 hours at 25°C to remove carbonate dust,
washed repeatedly, sonicated for 5-10 minutes to remove any adhering HCl, dried using a
filter vacuum, and dried further in a vacuum oven at 70°C overnight. The dried leaves
were crushed and amalgamated using a mortar and pestle. Approximately 4-6 mg of the
crushed leaves were placed in a 6 mm O.D. Vycor tube along with cupric oxide (CuO)
and silver foil and combusted at 900°C for 4 hours to convert organic carbon to CO2.
The plant detritus sample was also amalgamated using a mortar and pestle and processed
in the same manner.
CO2 was extracted and purified at the University of Arizona's Desert Laboratory

using standard cryogenic techniques and split into two aliquots. One aliquot was
converted to graphite by catalytic reduction of CO (Slota et al., 1987) and submitted to
the National Science Foundation-Accelerator Mass Spectrometry (AMS) facility at the
University of Arizona for ^'*C analysis. The second aliquot was used to measure stable
carbon isotope ratios in order to correct the measured ''^C value for fractionation. Stable
isotope measurements were conducted on a Finnigan Delta-S gas source mass
spectrometer and the results are reported in the usual del (6) notation as the per mil (%o)
deviation from the PDB standard. Analytical uncertainties for 5'^C measurements are
less than 0.1%o based on repeated measurements of carbonate standards.
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The ''^C activity of the atmosphere prior to 2001 was determined by measuring the
''^C activity of individual tree rings of Pinus ponderosa sampled near Mt. Lemmon in the
Santa Catalina Mountains of southern Arizona (T. Lange, unpublished).

2.2. Live gastropods
Sampling locations for live gastropods (Fig. A.2) were selected to ensure
carbonate rocks and/or highly '"'C-deficient water were present at the surface. We
searched for gastropods in a variety of microhabitats, from leaf litter and grassy areas to
under limestone boulders and rotting wood. Snail density was highest in moist areas with
modest leaf cover adjacent to perennial, spring-fed streams. These conditions allow the
ground surface to remain continually moist without the threat of flooding.
We restricted our sampling to members of Order Stylommatophora (Subclass
Pulmonata), which are minute, lung-breathing snails that are common in extant and
paleowetland systems worldwide. Gastropods were routinely identified to genus and,
when possible, to species using Chamberlain and Jones (1929), Hibbard and Taylor
(1960), Burch (1962), Evans (1972), and Burch and Van Devender (1980). We collected
live Discus whitneyi, Euconulus fulvus alaskensis, Pupilla blandi charlestonensis, and
Vallonia cyclophorella from alluvium dominated by Paleozoic carbonate rocks in the
Spring Mountains of southern Nevada (Deer Creek locality), and Cochlicopa lubrica and
Oreohelix concentrata from Paleozoic carbonate bedrock and alluvium in the Huachuca
Mountains in southern Arizona (Garden Canyon locality). We obtained specimens of
Gastrocopta pellucida hordeacella and Vallonia perspectiva collected live in 1971 from
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carbonate alluvium in the Chisos Mountains of Texas, and Vitrina alaskana collected live
in 1976 from the Willow Creek locality in the Spring Mountains. All gastropods were
collected either directly from or adjacent to limestone clasts to maximize the potential for
ingestion of old carbon. Finally, we collected live Catinella sp. (family: Succineidae)
near extant springs at the Cold Creek and Montezuma's Well localities.
After collection, specimens were drowned and the soft parts removed from the
larger taxa {Succineidae, Oreohelix) using forceps. The soft parts of the smaller taxa
were removed after drying and breaking the shell. Shells were not powdered during
pretreatment to minimize the potential for adsorption of atmospheric '"'C (Samos, 1949).
We amalgamated a large number of specimens whenever possible to ensure the results of
the ''^C measurements represented the average activity of the population.
Shell carbonate was treated with 6% NaOCl for 48-72 hours to remove organic
matter, washed repeatedly, sonicated for 5-10 minutes, dried using a filter vacuum, and
dried further in a vacuum oven overnight at ~70°C. Shell fragments were examined
under a 25x-dissecting microscope to ensure the interior whorls were free of carbonate
and organic detritus. We also selected shells at random for XRD analysis using a
Siemens Model D-500 diffractometer to verify that only shell aragonite remained prior to
preparation for '"'C analysis. There was no evidence of primary or secondary calcite in
any of the modem or fossil shells analyzed.
Shell aragonite was converted to CO2 using 100% H3PO4 under vacuum at 50°C.
Extraction and purification of the resulting CO2, and conversion to graphite, were
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completed as described above. Measured

values for all gastropod shells were

corrected for isotopic fractionation as described in Pigati (2002).

2.3. Fossil gastropods
We measured and collected sediment and fossil shells from the Coro Marl at two
sections at Murray Springs (Fig. A.l.b). Section 1 was located in a recently eroded
headcut ~25 m south of the main channel (Curry Draw) cutting through the site, and
Section 2 was located on the south wall of the main channel. The marl was too indurated
to allow separation of gastropod shells in the field, so we collected blocks of sediment in
10-cm increments from each of the two sections for lab processing.
Calcareous sediment from each section was sonicated in 4 L beakers for at least
24 hours to soften it enough to pass it through 100 |^m sieves without destroying the
gastropod shells. We recovered the terrestrial snails Pupilla, Euconulus, Gastrocopta,
and Vertigo, the semi-aquatic snail Succinea sp. (family; Succineidae), the aquatic snails
Fossaria and Gyraulus, and the aquatic bivalve Pisidium. This assemblage is similar to
that found by Mead (1979). Shells were separated by taxa, and those chosen for
radiocarbon analysis were prepared for AMS analysis in the same manner as their living
counterparts.

2.4. Data analysis
Uncertainties for ''^C values associated with the blank correction (Donahue et al.,
1990) and the AMS measurement (counting statistics and random machine error) were
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fully propagated using the law of combination of errors, neglecting covariance terms
(Bevington and Robinson, 1992). We also fully propagated all errors associated with the
measurement, including the individual measurement error, and the daily and longterm variability of the mass spectrometer.
All weighted mean values were calculated using I/CTI weighting, where a; is the
analytical error associated with the individual sample measurement (Bevington and
Robinson, 1992; Eq. 4.17). We calculated both the standard error of the weighted mean
(Bevington and Robinson, 1992; Eq. 4.19) and the weighted average variance of the data
(Bevington and Robinson, 1992; Eq. 4.22), and took the square root of the larger of the
two as the uncertainty associated with the weighted mean. The standard error of the
mean represents the total analytical (internal) error, whereas the weighted average
variance represents the scatter of the data (external error). All uncertainties are reported
at the la confidence level unless otherwise noted.

3. RESULTS
3.1. Vegetation
The

results of leaves collected live in 2001 at the Cold Creek and Deer Creek

localities in southern Nevada have a weighted mean of 1.0919±0.0039 (Table A.2). The
"'C activity of plant detritus collected under and adjacent to limestone clasts at the Deer
Creek locality was 1.1724±0.0059. This value is equivalent to the atmospheric value in
the late 1980's (T. Lange, unpublished), which indicates plant litter persists in the local
environment for >10 years. The large difference between the ''^C activities of live and
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decaying vegetation allows us to determine whether minute gastropods feed exclusively
on live vegetation. This is an important consideration when

dating fossil gastropod

shells in arid regions because snails feeding on long-dead carbon could yield
anomalously old ''^C ages.

3.2. Live terrestrial snails
The ^"*0 activities oiPupilla blandi charlestonensis (1.0893±0.0064) and
Euconulus fulvus (1.0864±0.0044) are indistinguishable from the

value of live plants,

which suggests that these taxa do not incorporate limestone or other sources of old carbon
during shell formation (Table A.3, Fig. A.3). Although the effects of ingestion of a
small amount of old carbon could be offset by ingestion of plant detritus with a relatively
high ''^C activity, such a fortuitous offset is unlikely based on the number of specimens
amalgamated in each AMS measurement, 23 specimens for P. blandi and 7 iox E. fulvus.
In terms of application to the fossil record, these results indicate that both taxa can
provide accurate ''^C dates provided multiple shells are amalgamated for each AMS
measurement.
Other minute land snails appear to be

deficient to varying degrees. The ''^C

activity of Cochlicopa lubrica (1.0719±0.0047) is slightly lower than the atmospheric '''C
activity, which suggests that ~2% of the shell carbon was derived from limestone.
Incorporation of even this small amount of '"'C-deficient carbon is problematic for dating
late Holocene deposits (Fig. A.4). However, C. lubrica can provide maximum

ages

that deviate from the true age by <2% for samples older than -10,000 '"*0 yrs assuming

that the amount of ''*C-deficient carbon consumed by these specimens is similar to that
consumed at other localities.
The

activity

Discus whitneyi (1.0223±0.0047) and Vallonia cyclophorella

(1.0075±0.0076) indicate that ~6-8% of the shell carbon for each of these taxa is derived
from limestone. These taxa can provide maximum
by ~4% even after 20,000

ages that deviate from the true age

yrs (Fig. A.4). This is in contrast to the results of Brennan

and Quade (1997), which suggested Vallonia provide accurate radiocarbon ages for the
late Pleistocene. The measured

activity of Oreohelix concentrata (0.7826±0.0039)

deviated significantly from the atmospheric value, by -30%. This is similar to the upper
limit of the percentage of limestone-derived carbon observed by Goodfriend and Stipp
(1983).
The ''^C activity of Vitrina alaskana (1.3444±0.0060) collected live from the
Willow Creek locality in 1976 is slightly lower than the atmospheric

activity during

the year of collection (1.37±0.01). Thus, V. alaskana can provide maximum
that deviate from the true age by <2% for samples older than ~10,000

ages

yrs (Fig. A.4).

Specimens of Vallonia perspectiva and Gastrocopta pellucida hordeacella collected live
in 1971 from the Chisos Mountains in Texas yielded

activities of 1.3093±0.0075 and

0.9591±0.0049, respectively. These values are significantly lower than the atmospheric
activity (1.55±0.01) during the time of shell formation and suggest V. perspectiva and
G. pellucida can provide maximum ''^C ages that deviate from the true age by ~4% and
13%, respectively, even after 30,000

yrs (Fig. A.4).
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3.3. Live semi-aquatic snails
Catinella sp. (Family: Succineidae) is considered to be semi-aquatic and may be
subject to carbon-reservoir effects. Specimens of Catinella sp. were collected live from
grassy areas adjacent to ^''C-deficient surface waters at Cold Creek, Nevada (76.0±0.1
pMC - percent modem carbon; Thomas et al., 1991; Thomas, unpublished data) and
Montezuma's Well in central Arizona (6.46±0.42 pMC; Damon et al., 1964). Specimens
were collected at each locality within 5-10 cm of the water's edge on wet ground with
minimal leaf litter and few carbonate clasts. The weighted mean of the Cold Creek
specimens (1.0555±0.0033) and those collected at Montezuma's Well (0.9988±0.0227)
indicate Catinella incorporates old carbon during shell formation. Based on their
proximity to the highly '"^C-deficient surface water, we suspect the primary source of old
carbon in the Catinella shells is the water itself, rather than limestone, as in the case of
the other terrestrial snails. If this is true, we can calculate the magnitude of the carbonreservoir effect for Catinella.
Assuming only live, non-aquatic vegetation is consumed (i.e., no plant detritus),
the fraction of old aqueous carbon (faqueous) incorporated in the shell of Catinella is given
by

Ashell

Eq. A.l

Aaqueousfaqueous

Amodemfmodem
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where Ax is the

activity of the shell, water, and modem carbon, and f is the fraction of

carbon derived from each. The modem carbon source represents carbon obtained from
both the atmosphere and live terrestrial vegetation (they can be grouped together because
their

activities are identical). The

activity of the water at Cold Creek and

Montezuma's Well differ by an order of magnitude, yet the fraction of old carbon
incorporated in Catinella shell carbonate is similar, 11.0±1.8% at Cold Creek and
9.1±0.6% at Montezuma's Well. Thus, it appears Catinella can provide reliable '"^C ages
if a correction of ~10% of the local carbon-reservoir effect is applied. In most natural
settings, the magnitude of this correction will be much smaller than the -200 and 2200
'"'C yrs required for Catinella at the Cold Creek and Montezuma's Well localities,
respectively, because surface waters are typically at or near equilibrium with atmospheric
carbon-14. The spring water emerging from deeply circulating carbonate aquifers
sampled in this study makes these examples worst-case scenarios.

3.4. '"^C results for Coro Marl
Shells recovered from the Coro Marl were chosen for AMS analysis to
accomplish three primary objectives: (1) to determine the local carbon-reservoir effect in
order to correct measured ^'^C ages from Succineidae, (2) to constrain the age of the Coro
Marl, and (3) to compare the rate of deposition at two nearby sections to determine the
degree of continuity of depositional conditions within the paleo-marsh.
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3.4.1. Evaluation of the local carbon-reservoir effect
The magnitude of the carbon-reservoir effect was determined by comparing the
activity of the land snails Pupilla muscorum (0.0408±0.0010) and Euconulus fulvus
(0.0460±0.0011) and the freshwater bivalve Pisidium casertanum (0.0451±0.0010)
recovered from the same 10 cm interval (80-90 cm) at Section 1. The
fulvus and P. casertanum are indistinguishable. The

activities of E.

activity of P. muscorum,

however, is slightly lower, which is probably due to reworking of older P. muscorum
shells. However, if this deviation is due to incorporation of old carbon by P. muscorum
during shell formation, that would suggest that there are differences in terms of limestone
consumption within the Pupilla genus {P. muscorum is closely related to P. blandi,
which, as shown above, does not incorporate old carbon in its shell).
There are at least three possible reasons for the similar

activity values

between the aquatic bivalve {Pisidium) and terrestrial snail {Euconulus): (1) the carbonreservoir effect at this location is negligible; (2) the aquatic bivalves were living well
downstream of the spring outlets, which could have allowed exchange of CO2 between
the water and atmosphere, negating any carbon-reservoir effect originally present, or (3)
the similarity is an artifact of the sampling process (i.e., shells were not randomly
distributed within the 10 cm sample increment). The presence of at least four major
paleo-spring orifices only a few tens of meters upgradient of the sampling sites suggests
that there was probably not sufficient opportunity for aqueous '"^002 to attain equilibrium
with the atmosphere by the time it reached the sampling sites. The carbon-reservoir
effect originally present in the emerging spring waters, therefore, probably would have
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been recorded in the bivalve shells. The number of shells amalgamated (5 for E. fulvus
and 9 for P. casertanum) makes it unlikely that the similarity in

activities is an

artifact of sampling. We conclude that the carbon-reservoir effect at this location was
minimal, if present at all. The corresponding correction required for Succineidae (up to
-10% of the carbon-reservoir effect) is therefore considered to be negligible.

S.4.2.

age of Coro Marl
ages of minute gastropods from the top and bottom of each section were

measured to constrain the timing of marl deposition.
and bottom of Section 1 are 17,860±80 and 24,860±170
A.4.a).
13,680±80

ages of Succinea from the top
yrs B.P., respectively (Table

ages of E. fulvus and Succinea from the top of Section 2 are 13,140±60 and
yrs B.P., respectively (Table A.4.b). The

bottom of Section 2 is 23,020±200

age of Succinea from the

yrs B.P. Based on the difference in the upper age

between Sections 1 and 2, the top of the marl must have been truncated at Section 1. We
conclude that deposition of the Coro Marl at Murray Springs occurred between -25,000
and 13,000

yrs ago. These constraining ages are slightly older and younger,

respectively, than the measured

ages because it is unlikely we collected the first and

last gastropods present in the paleo-marsh system. Moreover, the measured

age

represents the mean age of the 10 cm block of sediment from which the gastropods were
collected, and therefore is slightly younger (for the basal increment) and older (for the
uppermost increment) than the true extreme.
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3.4.3. Deposition rate of Coro Marl
Accurate

ages of gastropods recovered from the Coro Marl allow us to

evaluate sediment accumulation variability within the deposit. We measured the '"'C ages
of a number of gastropods to determine the rate of deposition through time, and to check
whether the ages remain stratigraphically consistent through the sections (Table A.4).
There were no major stratigraphic reversals of the Succineidae or Euconulus ages at
either section.
The results indicate that deposition of the lower ~60 cm at Section 1 was initially
quite rapid (-0.6 mm/yr), and slowed dramatically after -23,500 '"'C yrs ago (Fig. A.5).
The deposition rate then remained relatively constant at -0.07 mm/yr until at least 17,900
yrs ago. Based on the three
mm/yr between 23,000 and 19,800

dates at Section 2, the deposition rate was -0.11
yrs ago, and -0.06 mm/yr between 19,800 and

13,000 ''^C yrs ago. Note that the sharp decrease in the deposition rate at Section 1 was
quickly followed by the onset of deposition at Section 2. We speculate that this may
reflect a local hydrologic change, such as migration of outflow channels within the
marsh.

4. DISCUSSION AND CONCLUSIONS
Live minute gastropods are found in a variety of environmental conditions, from
marshes and wet meadows, to grasslands and high-elevation forested areas. Their
distribution in the fossil record is equally diverse. Minute gastropod shells are common
in paleowetland and alluvial deposits throughout the southwestern and western U.S.

M
(Bequaert and Miller, 1973; Simcox and Gross, 1983; Lamb, 1989), loess deposits in the
Rocky Mountain foothills of Colorado (Roberts, 1935) and the midwestem U.S. (Muhs et
al, 1999; pers. comm., 2002), alluvial sediments in Asia (Margaritz et al., 1981), and
numerous archaeological sites worldwide (Evans, 1972; Yapp, 1979). The reliability of
Pupilla, Euconulus, and Succineidae for ^'*C dating, even in settings where highly '"^Cdeficient carbon is present, demonstrates their potential for dating a variety of Quaternary
sediments. Most geologic settings are not as extreme in terms of available '''C-deficient
carbon as those chosen for study here. Therefore, minute taxa such as Cochlicopa,
Discus, and Vitrina that incorporate small amounts of old carbon when living in
carbonate alluvium may potentially yield accurate, rather than maximum, ''^C ages in
many settings.
Our dating results from the Coro Marl demonstrate the utility of minute
gastropods for '"'C dating and provide new constraints on the timing of enhanced spring
discharge and elevated water tables in the southwestern USA. ''^C ages obtained from
minute gastropod shells indicate deposition of the marl occurred between ~25,000 and
13,000 ^''C yrs ago. The Coro Marl is situated >15 meters above the modem water table
at Murray Springs, and is similarly positioned in discontinuous outcrops over a -150 km
stretch of the San Pedro Valley. Thus, these ages may be used to infer the timing of
elevated water-table conditions throughout the valley.
Deposits similar to the Coro Marl have also been identified in westem Texas and
southern New Mexico (Ashbaugh and Metcalf, 1986), although the ages of these deposits
are not yet known. If synchronous with the Coro Marl, the widespread distribution of the
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deposits may provide information for the regional hydrology on a scale much larger than
the San Pedro Valley, possibly encompassing much of the southwestern U.S.
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Table A.l

Previous

(a) North wall of main channel

ages of Coro Marl at Murray Springs

(b) South wall of main channel''

Sample ID

Depth (cm)

Sample age
(''CyrsB.P.)

Sample ID

Depth (cm)

Sample age
("C yrs B.P.)

1-4562

0-5

12,310±170

SMU-34

0-10

13,980±190

1-4564

50-55

19,620±380

SMU-35

10-20

18,060±150

A-897

90-95

21,200±500

SMU-36

50-60

16,810±420

SMU-37

90-100

27,560±2,300'

SMU-38

110-120

19,650±1,400

^ '"*0 ages obtained from marl carbonate
'' '"C ages obtained from diffuse organic matter occluded in marl carbonate. Samples were subject to
pyrolysis and hydrolysation in HCl to remove carbonates prior to the '""C measurement.
Anomalously old '"C age
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Table A.2

results of live vegetation

Taxa

Date
collected

6"Cpdb

C activity

Cold Creek

Quercus gambeli

15-Oct-Ol

-27.5

1.0946±0.0052

Deer Creek

Ostrya knowltonii

15-Oct-Ol

-29.9

1.0888±0.0057

Sample ID

Locality

AA45596
AA45597

Weighted mean

A45598

Deer Creek

Plant detritus

15-Oct-Ol

-27.9

1.0919±0.0039

1.1724±0.0059
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Table A.3

jcality'

Taxa

CM

Gastrocopta pellucida

results of live gastropods
Date

Number of

5"C

Type"

collected

specimens

(%Opdb)

'•*€ activity"

T

09-Jun-71

15

nc'^

0.9591±0.0049

hordeacella
CM

Vallonia perspectiva

T

09-Jun-71

12

nc'^

1.3093±0.0075

WC

Vitrina alaskana

T

02-May-76

2

-7.5

1.3444±0.0060

CC

Catinella sp.

SA

23-Jun-Ol

1

-8.5

1.0528±0.0049

CC

Catinella sp.

SA

23-Jun-Ol

1

-9.6

1.0577±0.0044

DC

Discus whitneyi

T

23-Jun-Ol

1

-9.5

1.0223±0.0047

DC

Euconulus fulvus

T

23-Jun-Ol

7

-8.5

1.0864±0.0044

T

23-Jun-Ol

23

-9.4

1.0893±0.0064

alaskensis
DC

Pupilla blandi
charlestonensis

DC

Vallonia cyclophorella

T

23-Jun-Ol

13

-8.2

1.0075±0.0076

GC

Cochlicopa lubrica

T

04-Aug-01

4

-9.4

1.0719±0.0047

GC

Oreohelix concentrata

T

04-Aug-01

1

-5.4

0.7826±0.0039

MW

Catinella sp.

SA

07-Aug-01

4

-10.9

0.9682±0.0057

MW

Catinella sp.

SA

07-Aug-01

6

-12.6

1.0156±0.0043

" CC = Cold Creek, Nevada; CM = Chisos Mountains, Texas; DC = Deer Creek, Nevada; GC = Garden
Canyon, Arizona; MW = Montezuma's Well, Arizona; WC = Willow Creek, Nevada
'' SA = semi-aquatic; T = terrestrial
Not corrected for fractionation because sufficient material was not available for stable isotope analysis
'' '''C activities were corrected for fractionation as described in Pigati (2002)

Table A.4

results of fossil gastropods from Murray Springs

(a) Section 1 - Headcut of tributary channel ~25 m south of main channel

Sample ID

Type"

Taxa

Number of

Depth

8"C

Sample age

Specimens

(cm)

(%®pdb)

('"C yrs B.P.)

AA39316

Succinea sp.

SA

2

0-10

-6.5

17,860±80

AA39317

Succinea sp.

SA

8

0-10

-6.5

18,160±80

AA39326

Succinea sp.

SA

5

10-20

-5.8

19,380±110

AA39327

Succinea sp.

SA

9

20-30

-5.7

21,030±100

AA39319

Succinea sp.

SA

7

30-40

-5.7

21,600±120

AA39328

Succinea sp.

SA

8

40-50

-5.6

23,570±120

AA39329

Succinea sp.

SA

10

50-60

-5.5

23,690±130

AA39330

Succinea sp.

SA

7

60-70

-4.8

24,420±140

AA39331

Succinea sp.

SA

4

70-80

-5.5

24,980±140

AA39324

Pisidium casertanum

A

9

80-90

-7.1

24,890±170

AA47648

Euconulus fulvus

T

5

80-90

-6.8

24,740±200

AA47647

Pupilla muscorum

T

5

80-90

-6.8

25,700±210

AA39318

Succinea sp.

SA

8

80-90

-6.6

24,470±120

AA39333

Succinea sp.

SA

2

90-100

-6.2

24,620±140

AA39320

Succinea sp.

SA

2

100-110

-6.3

24,31 Oil 80

AA39321

Succinea sp.

SA

8

100-110

-6.3

24,860±170

(b) Section 2 - South wall of main channel
AA47649

Euconulus fulvus

AA43399

T

9

0-12

-6.6

13,140±60

Succinea sp.

SA

4

0-12

-6.0

13,680±80

AA43400

Succinea sp.

SA

4

37-49

-5.9

19,780±120

AA43401

Succinea sp.

SA

9

73-85

-6.0

23,020±200

A = aquatic; SA = semi-aquatic; T = terrestrial
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Figure A.1

Location of Murray Springs and stratigraphic sections
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Figure A.2

Locations of sampling sites for live gastropods

110.25W

111.75W

Sierra Vista
Huachui
StHwy90

MW
31.50 N

1700 m
1700 m
Ajilontezuma's Castle
National Monument
2000 m
4.5 km

5 krr

unnamed
road
Casa Grande
m)

Blacktall P«ak

10 km

Emory Beat

CC
2400 m

2800 m

DC
4200 m
36.25 N - -

'2000 m,
115.50 W

1600 m
2.5 km

103,30 W

--29.25 N

1^0 activity

O
O

CD
Ol

O
cn

Quercus gambeli

cn

(Q
<D

Ostrya knowletonii

fi)

Weighted mean

5"

3
(D
-T
<D

Pupilla blandi charlestonensis
Euconulus fulvus alaskensis

(0

Cochlicopa lubrica

W
w
3
fi)
W

Discus whitneyi
Vallonia
cyclophorella

h

H

CO

Catinella sp.
Catinella sp.

Catinella sp.
Catinella sp.

(D
3_
u
n
c
fi)
o
w
3
fi)
w

Figure A.4

Predicted deviation of measured

True age

yrs)

from actual ''*C age

59

Figure A.5

Depth versus age of Coro Marl at Murray Springs
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FIGURE CAPTIONS
Figure A.1 (a) Location of the Murray Springs Paleoindian site in the San Pedro Valley,
southern Arizona, (b) Location of sections at the Murray Springs site.

Figure A.2 Sampling locations for live gastropods, (a) GC = Garden Canyon; (b) MW =
Montezuma's Well; (c) CC = Cold Creek; DC = Deer Creek; WC = Willow Creek; (d)
CM = Chisos Mountains

Figure A.3 '"^C activities of minute gastropods collected live in 2001. Gray band denotes
'"^C activity of live plants collected in 2001.

Figure A.4 Maximum predicted deviation from the true '"^C age caused by incorporation
of '"^C-deficient carbon during shell formation (based on live-collected gastropods).
Predicted radiocarbon ages obtained from Pupilla blandi and Euconulus fulvus are
indistinguishable from the true ^"^C ages at any time, (a) Cochlicopa lubrica and (b)
Vitrina alaskana deviations are essentially identical; (c) Discus whitneyr, (d) Vallonia
cyclophorella; (e) Vallonia perspectiva; (f) Oreohelix concentrata; (g) Gastrocopta
pellucida. Error bars are included at 10,000, 20,000, and 30,000 '"'C yrs for comparison.

Figure A.5 Depth versus age of the Coro Marl at (a) Section 1 and (b) Section 2. A
weighted mean ''^C age was calculated for sampling intervals in which multiple
specimens were analyzed. Note the timing of the change in slope for Section 1 (marked
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by the gray band) is roughly coincident with the onset of deposition at Section 2, perhaps
suggesting a change in local hydrologic conditions.

62

APPENDIX B

ON CORRECTING ^""C AGES OF GASTROPOD SHELL CARBONATE FOR
FRACTIONATION
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ABSTRACT
Correcting the '"^C age of a sample for fractionation is straightforward if the
measured carbon was derived entirely from the atmosphere, either directly or through
chemical and/or biological reactions that originated with atmospheric carbon. This
correction is complicated in the case of gastropods that incorporate carbon from
limestone or secondary carbonate (e.g., soil carbonate) during shell formation. The
carbon isotopic composition of such gastropod shells is determined by fractionation, as
well as mixing of carbon from sources with different isotopic values. Only the
component of shell carbonate derived from atmospheric carbon should be corrected for
fractionation. In this paper, the author derives a new expression for correcting the
measured '"^C activity of gastropod shells for fractionation, and describes an iterative
approach that allows the corrected ^'^C activity and the fraction of shell carbonate derived
from atmospheric carbon to be determined simultaneously.

1. INTRODUCTION
Carbon isotopes ('^C, '^C, ^'^C) fractionate along biological pathways because of
differences in the rates of reaction for different molecular species (Clark and Fritz, 1997).
Typically, the lighter carbon isotope is taken up preferentially to the heavier isotope and,
therefore, the stable and radiogenic isotopic ratios of biological products are lower than
that of the reactants. For example, the isotopic composition of carbon in C3 plants is
nearly 20%o lower than the atmospheric CO2 from which it is derived. If the effects of

fractionation were ignored, the ''*C age of material with a low 5'^C value would appear
older than contemporaneous material with a high 5'^C value.
The effect of fractionation on
1981), and therefore the

is about twice that on '^C (Wigley and Muller,

value of a sample can be used to correct the measured

ratio (Ameasured)- The Ameasured valuc is determined by accelerator mass
spectrometry (AMS), and is standardized to a

value of -25%opdb (by convention)

using the equation

Acorrected = Ameasured

^ 1000-25 ^
1000 +

Eq. B.l

( Linick et al., 1986; Donahue et al., 1990). Note this equation is the correct form for
AMS measurements of the

ratio. The term in parentheses on the right side of the

equation should be squared for AMS measurements of the

ratio. The corrected

ratio (Acorrected) is uscd to calculatc the '''C age of a sample.
Equation B.l is valid only if the measured carbon was derived entirely from the
atmosphere, either directly or through chemical and/or biological reactions that originated
with atmospheric carbon. For example, carbon fixated in plants by photosynthesis or in
skeletal material by metabolic processes originates in the atmosphere. Similarly, carbon
in shells of gastropods that do not incorporate limestone during shell formation is derived
from the atmosphere, either directly or via consumption of plants. Any difference
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between the isotopic composition of these materials and atmospheric carbon is due
entirely to fractionation, and Equation B.l can be applied.

2. CORRECTING FOR FRACTIONATION AND SOURCE MIXING
Correcting the Ameasured value of shell carbonate for gastropods that incorporate
limestone or secondary carbonate is more complicated. Stable and radiogenic isotopic
values of gastropod shell carbonate are determined by fractionation, as well as mixing of
carbon from sources with different isotopic values (Goodfriend and Hood, 1983). Only
the component of shell carbonate derived from atmospheric carbon should be corrected
for fractionation. Goodfriend and Hood (1983) previously derived an expression to
correct the '"^C activity of this component for fractionation. However, their initial
correction equation was in error (Goodfriend and Hood, 1983; Eq. 14), and thus their
derived expression was also incorrect. The proper form of the correction equation for
shell carbonate is

Acorrected = Ameasured

^ 1000-25
1000 +

^

nlc J

Eq. B.2

where the subscript nlc denotes the component of shell carbonate derived from nonlimestone carbon. 5^^Cnic is related to the 6^^C value of the shell carbonate (5'^Csheii) by
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Eq. B.3

where/is the fraction of shell carbonate derived from limestone (/c) and non-limestone
{nlc) carbon. Goodfriend and Hood (1983) stated that the 6'^Cic value for gastropods
should be 0%o (identical to limestone), and thus the ficS'^Cic term could be dropped. This
is incorrect because carbon isotopes are fractionated during dissolution of limestone,
which is composed of calcite, and the subsequent precipitation of shell carbonate, which
is composed of aragonite. Laboratory experiments have shown the 5'^C value of
synthetic aragonite precipitated from a bicarbonate solution is enriched by ~1.8%o
(1.8±0.2%o - Rubinson and Clayton, 1969; 1.7±0.4%o - Romanek et al., 1992) relative to
calcite precipitated from an identical solution. The magnitude of enrichment is
independent of temperature between 10 and 40°C (Romanek et al., 1992). If these
experimental results can be applied to biogenic aragonite, and assuming equilibrium
conditions prevail (i.e., no vital effects), the 6'^Cic term in Equation B.3 equals the
value of limestone (typically 0%o) plus the amount aragonite is enriched relative to calcite
(denoted as Aa-c) during the dissolution-precipitation process, or simply Aa-c- Substituting
Aa-c for 5'^Cic and (1-fnic) for fic in Equation B.3 gives

= [(1 -
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Eq. B.4

which can be simphfied and solved for 6'^Cnic

^ shell

=
V

/„

a-c

J nlc

+ A„
J

Eq. B.5

Equation B.5 can then be combined with Equation B.2 to give

1000-25

Acorrected = Ameasured
1000 +

^shell

- Aa

+ A„

fnnlc

Eq. B.6

Equation B.6 cannot be solved directly because the fnic value cannot be
determined independently of the Acorrected value. However, an iterative approach can be
used to solve for both parameters for live and fossil gastropods.

3. APPLICATION TO LIVE GASTROPODS
The uncorrected '''C activity of gastropod shell carbonate (Asheii) is related to the
'"'C activity of the non-limestone carbon source by
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Eq. B.7

where the non-limestone component consists of carbon obtained via the atmosphere and
live plants (they can be grouped together because their

activities are identical). The

ficAic term can be dropped because the ''^C activity of limestone (Aic) is zero.
Rearranging gives

Eq. B.8

For gastropods that consume only live vegetation, the Anic value can be quantified
either through measurement of the atmosphere or live plants. In 2001, the '''C activity of
live plants was 1.0919±0.0039 (n==2; Pigati et al., 2004). Equations B.6 and B.8 can be
solved iteratively as follows:

(1) Begin by assuming fnic = 1 and solve Equation B.6 for Acorrected
(2) Substitute the calculated Acorrected value from step 1 for Asheii in Equation B.8, and
solve for fnic.
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(3) Substitute the calculated fnic value from step 2 into Equation B.6 and solve for
^corrected-

(4) Repeat steps 2 and 3 until the Acorrected and fnic terms converge. This is usually
achieved in 3-4 iterations.

An additional step is required for gastropods that include plant detritus (decaying
leaves, wood, etc.) in their diet. The
that of live vegetation because the

activity of plant detritus may be different from
activity of the atmosphere has decreased

exponentially since cessation of aboveground testing of nuclear weapons (Manning et al.,
1990; Meijer et al., 1995). The ''^C activity of homogenized plant detritus can be
measured by AMS, which can then be used to estimate the mean '''C activity of all plants
(live and detritus) consumed by the gastropod by using

A

plants

= A

f

liveplantsJ liveplants

+ A

f

ritus J dtt ritus

Eq. B.9

The calculated Apiants value can then be combined with the
atmosphere (Aatmos) to calculate the Anic value in Equation B.8 using

A

nlc

= A

f

plants J plants

Eq.B.lO

+ A

f

atmosJ atmos

activity of the
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There is disagreement regarding the relative contribution of plants (fpiants) and the
atmosphere (fatmos) toward the carbon isotopic composition of shell carbonate.
Goodfriend and Hood (1983) suggested that 25-40% of inorganic carbon in gastropod
shells is derived from plants, and 30-60% is derived from the atmosphere. Stott (2002),
however, found that atmospheric CO2 plays little to no role in determining the isotopic
composition of gastropod shell carbonate. Until this is resolved. Equation B.IO may be
solved using a range of atmospheric (0-60%) and plant (25-100%) values to determine a
range of corrected

activities.

4. APPLICATION TO FOSSIL GASTROPODS
There are two approaches for correcting
shells for fractionation. One is to measure the

ages obtained from fossil gastropod
activity of live specimens collected

from geologic settings that maximize the potential for ingestion of limestone. Equations
B.6 and B.8 can then be solved to determine a species-specific, worst-case fnic value for
the live specimens, which is assumed to be invariant through time. This should be done
using the same species that are to be used for

dating in the fossil record. Equations

B.6 and B.8 can then also be solved using an fnic value of 1 (i.e., no limestone correction)
to determine a range of possible Acorrected values.
For cases in which measuring the

activity of live specimens is not possible,

Equations B.6 and B.8 can be solved using fnic values of -0.6 and 1 to calculate a range of
possible Acorrected values. The lower fnic value is the minimum observed by Goodfriend
and Hood (1983) and Pigati et al. (2004). The upper value assumes limestone and/or
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secondary carbonate are not incorporated by the gastropod during shell formation. The
difference in the Acorrected values between those corrected using an fnic value of 0.6 and
those corrected using an fnic value of 1 is 1.1% for gastropods feeding exclusively on C3
biomass, and 0.1% for those feeding on C4 biomass. These corrections are quite small
compared to age anomalies due to incorporation of limestone during shell formation.

5. PROPAGATION OF UNCERTAINTIES
The uncertainty associated with the Acorrected term in Equation B.6 is given by

corrected

Eq. B.ll

where

975

A=

measured

1000 + A„_,+
\

J nlc

J

^shell

a-c

measured

B={
1000 + A_ +
V

J nlc

J

72

-915 A.measured

C=

shell

/„

nlc

1000+ A_ +
Lnlc

^shell

£) =
fL

1000+ A„

J

^a-c)

w.nlc

+ ^^'Khell-K-c

/„

nlc

J

where the delta (A) symbol at the end of each equation denotes the uncertainty associated
with the individual parameter.
The uncertainty associated with the fnic term in Equation B.8 is given by

A/„nlc
V

^shell
J
"^nlc

^shell^nlc\
nlc

J

Eq. B.12

where Asheii is the same as Ameasured in Equation B. 11. Equations B.11 and B.12 can be
solved iteratively in a spreadsheet simultaneously with Equations B.6 and B.8. The
magnitude of these uncertainties is certainly small compared to other sources of error in
the

age calculation, but nonetheless can be propagated for completeness.
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6. SUMMARY
Correcting the measured

activity of gastropods that incorporate limestone or

secondary carbonate during shell formation is complicated by the fact that the isotopic
composition of the shell carbonate is a function of fractionation and mixing of carbon
from sources with different isotopic values. Only the component of shell carbonate
derived from atmospheric carbon should be corrected for fractionation. The equations
presented here can be used to determine the corrected

activity of gastropod shell

carbonate, as well as the fraction of the carbonate derived from non-limestone sources.
For gastropods that do not incorporate limestone during shell formation (i.e., fnic = 1),
Equation B.6 simplifies to the standard correction equation (Eq. B.l).

ACKNOWLEDGMENTS
I thank N. Lifton for direction on propagation of uncertainties and T. Shanahan
and J. Rech for constructive reviews of this manuscript.

REFERENCES
Clark, I. D., and Fritz, P., 1997, Environmental Isotopes in Hydrogeology: Boca Raton,
FL, CRC Press LLC, 328 p.
Donahue, D. J., Linick, T. W., and Jull, A. J. T., 1990, Isotope-ratio and background
corrections for accelerator mass spectrometry radiocarbon measurements:
Radiocarbon, v. 32, no. 2, p. 135-142.
Goodfriend, G. A., and Hood, D. G., 1983, Carbon isotope analysis of land snail shells:
implications for carbon sources and radiocarbon dating: Radiocarbon, v. 25, no. 3,
p. 810-830.
Linick, T. W., Jull, A. J. T., Toolin, L. J., and Donahue, D. J., 1986, Operation of the
NSF-Arizona Accelerator Facility for radio-isotope analysis and results from
selected collaborative research projects: Radiocarbon, v. 28, no. 2a, p. 522-533.

74

Manning, M. R., Lowe, D. C., Melhuish, W. H., Sparks, R. J., Wallace, G.,
Brenninkmeijer, C. A. M., and McGill, R. C., 1990, The use of radiocarbon
measurements in atmospheric studies: Radiocarbon, v. 32, no. 1, p. 37-58.
Meijer, H. A. J., van der Plicht, J., Gislefoss, J. S., and Nydal, R., 1995, Comparing long
term atmospheric
and
records near Groningen, the Netherlands with
Fruholmen, Norway and Izana, Canary Islands '"^C stations: Radiocarbon, v. 37,
no. 1, p. 39-50.
Pigati, J. S., Quade, J., Shanahan, T. M., and Haynes, C. V. Jr., 2004, Radiocarbon dating
of minute gastropods and new constraints on the timing of spring-discharge
deposits in southern Arizona, USA: Palaeogeography, Palaeoclimatology,
Palaeoecology, v. 204, p. 33-45.
Romanek, C. S., Grossman, E. L., and Morse, J. W., 1992, Carbon isotopic fractionation
in synthetic aragonite and calcite: effects of temperature and precipitation rate:
Geochimica et Cosmochimica Acta, v. 56, p. 419-430.
Rubinson, M., and Clayton, R. N., 1969, Carbon-13 fractionation between aragonite and
calcite: Geochimica et Cosmochimica Acta, v. 33, p. 997-1002.
Stott, L. D., 2002, The influence of diet on the 5^^C of shell carbon in the pulmonate
snail Helix aspersa: Earth and Planetary Science Letters, v. 195, no. 3-4, p. 249259.
Wigley, T. M. L., and Muller, A. B., 1981, Fractionation corrections in radiocarbon
dating: Radiocarbon, v. 23, no. 2, p. 173-190.

75

APPENDIX C

COSMOGENIC

AGES OF FULL- AND LATE-GLACIAL ICE CAPS ON
MAUNA KEA, HAWAI'I
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ABSTRACT
Glacial landforms and deposits exposed in deep gulches on the south and east
flanks of Mauna Kea, Hawai'i (19.8°N, 155.5°W) indicate that the summit area of the
volcano was covered intermittently by ice caps during the Late Pleistocene. The
maximum extents of the last two ice caps (older and younger Makanaka) were similar,
reaching -3400 m above sea level or -800 m below the summit. We have developed a
new chronology for the Makanaka glaciations using in situ cosmogenic ^^Cl dating of
boulders from end moraines, an outwash channel, and a boulder-dominated outwash fan.
Our results show that the older and younger Makanaka ice caps began retreating from
their maximum extents at 23.3±2.3 ka and 13.0±0.9 ka, respectively, broadly coincident
with the last glacial maximum (LGM) and the onset of the Younger Dryas (YD)
chronozone. The agreement between our glacial chronology and the timing of the LGM
and YD elsewhere in the Northern Hemisphere implies that late Pleistocene ice caps on
Mauna Kea provide a highly responsive record of climate change in the central Pacific
and document teleconnections with other areas affected by the YD.

1. INTRODUCTION
The latest transition from glacial to interglacial conditions in the North Atlantic
region was characterized by multiple high-frequency climatic oscillations (e.g. Broecker,
1994; Bond and Lotti, 1995). Among the largest of these oscillations was the Younger
Dryas cold event (YD; Alley et al., 1993) that occurred between ca. 12.9 and 11.6 ka.
During that time, sea-surface temperatures (SSTs) in the Norwegian Sea decreased by
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>5°C (e.g., Karpuz and Jansen, 1992; Lehman and Keigwin, 1992), discharge of glacial
meltwater was minimal (Fairbanks, 1989), and atmospheric

levels approximately

tripled (Hughen et al., 2000). While it is generally accepted that these phenomena were
related to abrupt changes in ocean circulation patterns in the North Atlantic, the spatial
extent of late-glacial climatic oscillations, particularly during the YD, has been the
subject of much debate (e.g. Denton and Hendy, 1994; Lowell, 1995; Thompson et al.,
1995; Singer etal., 1998).
Early evidence of a YD climate signal in the North Pacific was sparse (Engstrom
et al., 1990; Mathewes, 1993), and the origin of isotopic and biotic changes in and near
marginal seas in the Northwest Pacific was contested (Keigwin and Gorbarenko, 1992).
However, the development of continuous, high-resolution records, notably from the Santa
Barbara Basin (e.g., Hendy, 2002), clearly demonstrated that conditions in the North
Pacific are tightly coupled with the North Atlantic. Alkenone-based records indicate that
sea-surface temperatures (SSTs) in the North Pacific decreased 3-4°C during the YD
compared to mean Boiling-Allerod and Holocene SSTs (Kienast and McKay, 2001;
Barron, 2003), vegetation in southern Alaska and the Pacific Northwest reverted to near
full-glacial assemblages (Grigg and Whitlock, 1998; Hu, 2002), and valley glaciers in
southwestern Alaska readvanced to 2-6 km beyond modem glacier termini (Briner,

2002).
Most records that document climatic changes in the North Pacific during the YD
are located along coastal margins (Grigg and Whitlock, 2002). Few are available from
the interior central Pacific because marine sedimentation rates are low, the deep waters of

the region are corrosive to calcium carbonate, and there are few opportunities to obtain
terrestrial climate records (Lee and Slowey, 1999). An exception is a sequence of Late
Quaternary glacial deposits on Mauna Kea, Hawai'i (19.8°N, 155.5°W). Mauna Kea is
the highest of five volcanoes that comprise the island of Hawai'i and is the only location
in the interior tropical Pacific that exhibits unequivocal evidence of former glaciation
(Fig. C.l). Glacial landforms on Mauna Kea have been mapped and studied in detail for
nearly a century (e.g., Daly, 1910; Bryan, 1918), but determining the ages of glacial
events has proven difficult (Porter et al., 1977; Porter, 1979; Dom et al., 1991; Wolfe et
al., 1997). Accurate dating of glacial events is especially important here because the
Hawai'ian Islands are located more than 3500 km from any continental land mass. Thus,
ice-cap response to paleoclimatic change occurs without complicating factors such as the
distance from open oceans, the presence of large topographic barriers that affect air
movement and moisture transport, and the proximity to continental ice sheets that can
influence large-scale atmospheric circulation. In addition, the timing of ice cap
expansion and retreat on Mauna Kea provides an important control point for global
circulation models (GCMs) and other paleoclimate studies that involve the central
Pacific.

2. GEOLOGIC SETTING
The subaerially exposed lava flows of Mauna Kea and interstratified glacial
deposits form a cap that conceals the underlying basalts of the volcano's shield stage,
which ended more than -240 ka ago (Sharp et al., 1996). The postshield cap consists of
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older basaltic lavas (Hamakua Volcanics) overlain by younger lavas (Laupahoehoe
Volcanics) that are composed of hawaiite, mugearite, and benmoreite (collectively
termed "hawaiitic" by Wolfe et al. (1997)). The Laupahoehoe Volcanics contain the
Makanaka Glacial Member, the youngest glacial unit on Mauna Kea, which is present as
end moraines, lateral moraines, and ground moraine that form a nearly continuous
annulus at elevations between ~3400 m and 3800 m (Fig. C.l). Well-preserved moraine
crests contain abundant large (~1 m in diameter) boulders that occasionally exhibit
weakly ventifacted surfaces. Numerous outwash channel deposits and at least one
boulder-dominated outwash fan lie downslope of the moraines. Both the Makanaka till
and outwash are predominantly composed of hawaiitic clasts because Laupahoehoe
eruptions produced an almost continuous pavement of hawaiitic flows and cones high on
the volcano before and during the Makanaka glaciation.
Porter (1977; 1979) spHt the Makanaka Glacial Member into younger and older
sub-units based on differences in the topographic profiles of the moraines (subdued older
moraines compared to more sharply-crested younger moraines), and on weathering
characteristics of individual clasts from each sub-unit. Wolfe et al. (1997) found the
lithology and degree of weathering of the older and younger Makanaka drifts to be
indistinguishable over most of the volcano, except on the northwest flank where the two
drifts were morphologically distinct and intercalating lava flows were "unmistakable"
(Wolfe etal., 1997; p. 54.).
Preliminary cosmogenic ^^Cl surface-exposure ages for the older drift (19.0±1.5
ka; ICT; one boulder), younger drift (17.4±0.8 ka; la; one boulder), and an intercalating

lava flow (18.9±1.2 ka; la; one abraded bedrock sample) from the northwest flank were
statistically identical (ages recalculated from Dom et al. (1991) using the production rates
and scaling procedures described in the Supplemental Information'). A K/Ar age of
53±14 ka (la) for a Laupahoehoe flow underlying the Makanaka Glacial Member and
K/Ar ages of 33±12 and 31±9 ka for lava flows contained within the glacial member
suggest that the Makanaka glaciation began ~30-50 ka ago (Wolfe et al., 1997). Wolfe et
al. (1997) concluded that the Makanaka glaciation was complex, with alternating
advances and retreats of the glacier front that began during oxygen isotope stage (OIS) 3
and continued into OIS 2.

3. CHRONOLOGY
We have determined cosmogenic CI surface-exposure ages of nine boulders
collected from the Makanaka moraines - three from the older moraine on the northwest
flank of the volcano (Fig. C.l; Mo), three from the nearby younger moraine (Fig. C.l;
Myl), and three from the younger moraine on the southwest flank of the volcano (Fig.
C.l; My2). We also sampled two boulders from an outwash channel, and eight boulders
from a boulder-dominated alluvial fan located just below a prominent lobe of the
Makanaka moraine on the south flank of the volcano (Fig. C.l). All samples were
processed at the University of Arizona and ^^Cl/Cl was measured by accelerator mass
spectrometry at PRIME Lab, Purdue University.
•
*
In situ cosmogenic 36CI is
produced in
the upper few meters of geologic materials

by spallation of'^'^Ca and

negative muon capture by ''^Ca, and slow (thermal and
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epithermal) neutron activation of ^^Cl (Phillips et al., 1986; Zreda et al., 1991). We used
the following production rates, which were recalculated from the calibration dataset of
Phillips et al. (2001) incorporating the spatial scaling model for neutrons developed by
Desilets and Zreda (2003), and accounting for temporal variations in the geomagnetic
field intensity and position of the geomagnetic dipole axis^ 78.5 atoms ^^Cl (g Ca)"' y f \
165 atoms ^^Cl (g K)'^ yr'^ and 764 fast neutrons (g air)"' yr"' (all at sea level, >60°
latitude, and a geomagnetic field intensity of 8.084E+22 Am^). Site-specific production
rates for each reaction pathway were then calculated using the same spatial and temporal
scaling models.
Geologic factors that may affect the cosmogenic nuclide inventory of a sample
include inheritance, boulder erosion, and surface lowering. Inherited ^^Cl atoms can
accumulate in boulders before or during glacial transport, which results in exposure ages
that are older than the true age of the landform. Inheritance does not appear to be a
significant problem in our dataset, with the exception of sample #MK03-8-BF (Fig. C.2).
The exposure age of this sample (24.6±1.8 ka) is double that of the other seven boulders
from the same landform, and its chemical composition indicates that it originated from
the older Hamakua Volcanic Group. This sample was therefore excluded from the
calculation of the mean landform age.
The impact of post-glacial surface erosion on ^^Cl exposure ages depends on the
contribution of production by neutron activation to the total production rate, and
consequently on the concentrations of CI, K and Ca in the samples. We calculated ^^Cl
exposure ages for each boulder using surface erosion rates of 1, 2 and 3 mm ka"'. Our

calculations indicate that erosion of boulder tops would change the exposure ages by
<5%'.
Finally, the impact of erosion of moraine crests on cosmogenic surface-exposure
ages should be minimal because it requires substantial lowering (at least 2-3 m) of the
original surface. Eroded landforms exhibit a large range of ages with the oldest boulder
age being closest to the true landform age (Zreda et al., 1994). The tight clustering of
ages for the Makanaka moraines (Fig. C.2), particularly for the younger moraine,
indicates that significant landform deflation has not occurred here.
Chlorine-36 exposure ages of boulders from the older Makanaka moraine range
from 22.0±2.8 to 25.3±2.6 ka, and have a weighted mean of 23.3±2.3 ka (2a)'. ^^Cl
exposure ages of boulders from the outwash channel are 19.7±1.8 ka and 20.9±1.2 ka.
CI exposure ages of boulders from the younger Makanaka moraine range from 10.5±2.0
ka to 13.7±1.4 ka, and have a weighted mean of 13.0±0.9 ka. Finally, ^^Cl exposure ages
from the boulder-dominated alluvial fan range from 10.3±1.4 to 13.9±1.2 ka. Based on
these results and stratigraphic relationships of the glacial landforms, we conclude that the
outwash channel was formed by meltwater from the older Makanaka ice cap, and the
boulder-dominated alluvial fan was formed by meltwater from the younger Makanaka ice
cap, thus providing minimum ages for each glacial event.
Our results for the latest glaciation (13.0±0.9 ka) are identical to cosmogenic ^He
surface-exposure ages obtained from eroded bedrock on the south flank of Mauna Kea
(13.2±0.4 ka; Cerling and Craig, 1994). Carbon-14 ages from algal material at the base
of a sediment core taken from Lake Waiau, a small volcanic crater lake on the south flank

of Mauna Kea at 3970 m (Fig. C.l), indicate that ice-free conditions existed ~2.5 ka
earlier (Peng and King, 1992). However, we view these

ages as maxima because

algal material can incorporate '''C-deficient carbon from magma-derived CO2 that was
almost certainly present near the summit during Mauna Kea's volcanic activity, which
continued well into the middle Holocene (Porter, 1979; Wolfe et al., 1997).

4. PALEOCLIMATIC IMPLICATIONS
Today, the seasonality and amount of precipitation on Mauna Kea are determined
by the presence of easterly to northeasterly trade winds that dominate the climate system
of Hawai'i (Schroeder, 1993). During summer months, the center of the subtropical
high-pressure ridge of the North Pacific anticyclone is positioned at -38° latitude (Juvik
and Juvik, 1998), resulting in strong and persistent trade winds and abundant
precipitation on lee (NE) slopes below the elevation of the trade wind inversion (-2000
m). Areas above the inversion level, particularly near the summit, are extremely dry
during the summer. In contrast, during winter months, the high-pressure ridge weakens
and shifts to the south, which allows the influx of frontal systems from the west (Porter,
1997). These storm systems are not restricted in elevation hke those associated with
trade winds, and therefore precipitation is able to reach the summit area more frequently
during winter.
Comparison of the timing of glacial events on Mauna Kea and climate records
from around the North Pacific suggests that the expansion and retreat of ice caps on
Mauna Kea during the late Pleistocene was also controlled by the availability of high-
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elevation precipitation, rather than by changes in local air or sea-surface temperatures.
Results of numerical experiments using GCMs indicate that cooling during the YD was
limited to coastal areas around the North Pacific (Renssen, 1997), and a pollen record
from O'ahu showed little change in air temperatures during the YD (Hotchkiss and Juvik,
1999). However, the latest Makanaka ice cap, which was coincident with the early part
of the YD, was as extensive as the older Makanaka ice cap, which formed during the
LGM.
Results from GCMs also indicate that the position of the high-pressure ridge of
the North Pacific anticyclone shifted to the south during both the LGM and YD, in part as
a response to an eastward shift and expansion of the Aleutian low during these periods
(COHMAP, 1988; Mikolajewicz, 1997). If the magnitude of this shift was similar to the
modem summer-winter migration of the high pressure cell, then annual precipitation in
the summit area of Mauna Kea would have been higher than modem during both the
LGM and YD. Such as scenario is consistent with equilibrium-line altitude (ELA)
estimates that called for a substantial increase in high elevation precipitation on Mauna
Kea during the younger Makanaka advance (Hostetler and Clark, 2000).

5. CONCLUSIONS
Glacial deposits on Mauna Kea, Hawai'i provide a rare terrestrial record of late
Pleistocene climate change in the central Pacific. New cosmogenic ^^Cl surface exposure
ages for the latest glaciations on Mauna Kea indicate that ice caps advanced ~800 m
below the summit during the LGM and YD. The presence or absence of glaciers on
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Mauna Kea during the late Pleistocene appears to have been determined largely by the
availability of high-elevation precipitation, which implies that the ice caps responded
quickly to changes in the atmospheric circulation patterns in the North Pacific, and
ultimately to conditions in the North Atlantic.
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Figure C.l

Location of Hawai'ian Islands and glacial deposits on Mauna Kea
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Figure C.2
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FIGURE CAPTIONS
Figure C.l.

(A) Location of Hawai'ian Islands. (B) Volcanoes of Hawai'i. Key:

H=Hualalai, Ki=KTlauea, Ko=Kohala, MK=Mauna Kea, ML=Mauna Loa. (C) Location
of Makanaka glacial deposits (after Wolfe et al. (1997)) and sample sites. Younger
Makanaka deposits are lightly shaded; older Makanaka deposits are darkly shaded. Key:
BF=boulder fan, Mo=01der Makanaka moraine, My=Younger Makanaka moraine,
OC=Outwash channel.

Figure C.2.

Cosmogenic ^^Cl ages for the Makanaka glacial landforms. Open squares

denote outliers that were not included in the calculation of landform ages. Thick lines
and boxes represent the weighted mean landform age and weighted average standard
deviation (2a) for the older and younger moraines.
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SUPPLEMENTAL INFORMATION
1. FIELD METHODS
We collected samples for cosmogenic ^^Cl analysis from glacial deposits on
Mauna Kea, Hawai'i in April 2000 and January 2003. Boulders were chosen based on
their size, appearance, position on the landform, and topographic shielding. We restricted
sampling to large (>1 m in diameter) boulders from end moraines, and, in the case of
non-moraine landforms, boulders that sat above the surrounding matrix. Large boulders
were chosen to minimize potential effects of episodic shielding by snow, volcanic ash, or
eolian material on cosmogenic production rates, as well as leakage of low-energy
neutrons from the sides of the boulders (Zreda et al., 1993). Boulders with evidence of
spalling were avoided. A hammer and chisel were used to collect samples from the tops
of the boulders. We kept only the top few centimeters for analysis and measured the
thickness of each sample in order to calculate depth-integrated production rates.
Measurements of the inclination to the horizon were taken at 30° azimuthal increments
using a hand-held clinometer to determine the degree of topographic shielding (Table
C.l).

2. LABORATORY METHODS
Samples were crushed and sieved to isolate the 0.25-1.0 mm size fraction, which
was then leached with 5% HNO3 to remove any atmospheric ^^Cl. Chlorine was liberated
from the silicate matrix using both open vessels (loosely capped PTFE bottles) and closed
vessels (high-pressure acid-digestion bombs). The use of open vessels has been the
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standard method for extracting ^^Cl, but the recent development of the closed vessel
technique combined with the use of a Cl-enriched isotopic 'spike' offers several
advantages, including smaller sample sizes and more precise total chlorine
determinations (Desilets et al., submitted). Chlorine was precipitated as AgCl, purified of
sulfur

is an isobar of ^^Cl and interferes with the measurement of ^^Cl), and the

^^Cl/Cl was measured by accelerator mass spectrometry (AMS) at PRIME Lab, Purdue
University. Total CI was determined by the ion-specific electrode method (Aruscavage
and Campbell, 1983) at MZ's laboratory at the University of Arizona. For open vessel
samples, total CI measurements were repeated a minimum of three times until the
standard error of the mean fell below 5% of the total chlorine concentration. For closed
vessel samples, only one measurement was required, and a precise determination of the
total CI was made from AMS measurement of ^^Cl/^^Cl on 'spiked' samples.
Major elements and trace elements that have high thermal neutron cross sections
(B, Sm, and Gd, among others) compete with ^^Cl for thermal neutrons and must
therefore be taken into account when calculating the cosmogenic production rate. Major
elements were measured by inductively coupled plasma optical emission spectrometry
(ICP-OES), selected trace elements were measured by inductively coupled plasma mass
spectrometry (ICP-MS), and boron was measured by prompt gamma-ray activation
analysis (PGAA), all at Activation Laboratories, Inc., Ontario, Canada (Table C.2). U
and Th were measured by instrumental neutron activation analysis (INAA), also at
Activation Laboratories. U and Th are important because neutrons produced from
radioactive decay of these elements produce ^^Cl by activation of ^^Cl. This radiogenic
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component must be subtracted from the total measured CI to obtain the cosmogenic

-if-

CI

that is used for the age calculation. The magnitude of the radiogenic component in our
samples ranged from 0.1% to 3.0% of the total measured ^^Cl inventory (calculated using
CHLOE V. 2b; Phillips and Plummer, 1996).

3. AGE CALCULATIONS
Individual cosmogenic ^^Cl ages were calculated using production rates of 78.5
atoms ^^Cl (g Ca)"^ yr"', 165 atoms ^^Cl (g K)"' yf', and 764 fast neutrons (g air)"' yf' (all
are normalized to sea level, >60° latitude, and a geomagnetic field intensity of 8.084
E+22 Am^). These rates w^ere determined using the calibration dataset of Phillips et al.
(2001), and accounting for spatial scaling using Desilets and Zreda (2003) (rather than
Lai, 1991) and temporal variations in the Earth's geomagnetic field intensity using
archeomagnetic data (Merrill and McElhinny, 1983; Yang et al., 2000) and stacked
marine cores (Guyodo and Valet, 1999), and the position of the geomagnetic dipole axis
using terrestrial sediments (Ohno and Hamano, 1992; 1993).
Uncertainties associated with individual samples ages represent analytical (or
random) errors, whereas uncertainties for landform ages include both random and
systematic errors (Table C.l). Analytical uncertainties associated with the ^^Cl/Cl and CI
measurements for the individual samples were propagated using Monte Carlo
simulations; ten thousand ^^Cl ages were generated with normally distributed random
variables ^^Cl/Cl and chlorine concentration; the variance of the resulting age distribution
was then calculated. The radiogenic component of ^^Cl can be calculated to within ~10-

20% (personal communication, F.M. Phillips, New Mexico Tech, 2001), and, given the
small magnitude of the radiogenic component in our samples, the uncertainty associated
with this correction is negligible compared to the total analytical error. Individual
boulder ages are reported for boulder erosion rates of 0, 1, 2, and 3 mm ka"'. Erosion of
the boulder surfaces generally alters the age by less than 5%, and therefore the landform
ages are calculated assuming no erosion.
Landform ages are reported as the weighted mean (fx') of the individual sample
ages using

weighting, where ai is the error associated with the individual sample

measurement (Bevington and Robinson, 1992; Eq. 4.17). The ai values used in the
landform age calculation include the analytical uncertainties described above, as well as
systematic uncertainties that are constant across samples. These include uncertainties
associated with production rates of high-energy neutron spallation and low-energy
neutron activation at sea level, high geomagnetic latitude (we assumed 5% for both),
scaling factors for high-energy neutron spallation (5%; Desilets and Zreda (2003)), and
scaling factors for low-energy neutron activation (6%; Desilets and Zreda (2003)).
Uncertainties associated with muogenic production are negligible for our samples
because muon production accounts for only a few percent of the total production at
altitudes of >3 km.
For landform ages, systematic and analytical uncertainties were propagated using
the Law of Combination of Errors, neglecting covariance terms (Bevington and
Robinson, 1992; Eq. 3.13). We calculated both the standard error of the weighted mean
(Bevington and Robinson, 1992; Eq. 4.19) and the weighted average variance of the data
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(Bevington and Robinson, 1992; Eq. 4.22), and took the square root of the larger of the
standard error and weighted average variance as the uncertainty of the calculated
landform age (i.e. weighted average standard deviation), which we report at the 95%
confidence level (2CT). For clarity, the landform age T±t (n=5), for example, means that
the weighted mean age T of five boulder ages should be within ±t of the weighted mean
age of any other five boulder ages from the same surface, 95% of the time.
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Table C.1. - ^Cl results for latest Mauna Kea glacial landforms

Sample ID

Latitude

Longitude

Elevation

Reaction

CN)

(•W)

(m)

vessel

155.497
155.496
155.500

3623
3626
3618

Spike

'^C^IO'XI)

CI

Production rate

Exposure age (ka)

A age (%)'^'

A age (%)^^'

A age (%y^'

(ppm)

(atoms ^Cl g'Vr^)

no erosion

E = 1 mm ka'^

e = 2 mm ka '

e = 3 mm ka '

-4.8

-8.1

-10.4

-1.1

-2.0

-2.8

-2.6

-4.5

-5.8

-2.2
-0.2

-3.7
-0.3

-4.9
-0.1

-0.3
-1.5
-2.4
-0.3
-0.5
-1.3

-0.5
-2.8
-4.3
-0.5
-1.0
-2.3

-0.6
-3.8
-6.0
-0.6
-1.3
-3.3

0.2
-1.8
-1.1
-1.5
-0.9
-0.7
-0.7
-1.7

0.6
-3.3
-2.1
-2.8
-1.7
-1.3
-1.2
-3.2

1.3
-4.6
-2.9
-3.9
-2.3
-1.8
•1.7
-4.5

Older Makanaka moraine

MK03-05-MKO
MK03-06-MKO
MK03-04-MKO

19.851
19.853
19.851

0.9995
0.9993
0.9995

closed
closed
closed

NaCI
NaCI
NaCI

643 ± 31
935 ± 61
678 ± 42

173.6 ± 0.1
78.2 ± 0.1
123.0 ± 0.3

76.3
57.1
65.3

Weighted mean age of iandform

25.3 ± 2.6
22.1 ± 3.1
22.0 ± 2.8

23.3 ± 2.2

Outwash channel

HI00-32-MA
HI00-33-MA

19.774
19.774

155.471
155.471

3227
3227

>0.999
>0.999

open
open

unsplked
unspiked

155.501
155.504
155.512
155.501
155.512
155.512

3607
3601
3633
3615
3634
3635

0.9989
0.9979
0.9997
0.9989
0.9997
0.9997

closed
dosed
closed
closed
dosed
dosed

NaCI
NaCI, KCI
NaCI
NaCI
NaCI
NaCI

628 ± 17
1.370 ± 60

92.9 ± 1-7
32.0 ± 0.8

47.7
38.5

20.9 ± 1.2
19.7 ± 1.8

52.1
56.5
72.7
45.1
50.1
57.3

13.7
13.6
13.1
13.0
12.9
10.5

Younger Makanaka moraine

MK03-02-MKY
MK03-03-MKY
MK03-19-MKY
MK03-01-MKY
MK03-20-MKY
MK03-21-MKY<'*'

19.844
19.841
19.813
19.844
19.813
19.813

834
475
285
886
693
321

± 42
± 26
± 20
1 50
± 42
± 29

49.9
95.5
199.0
38.7
54.9
112.2

i 0.1
i 0.2
t 0.1
± 0.1
± 0.1
± 0.1

Weighted mean age of Iandform

±
±
±
±
±
±

1.4
1.5
1.9
1.5
1.7
2.0

13.3 10.7

Meftwater fan

MK03-08-BF^^^
MK03-10-BF
MK03-11-BF
HI00-27-MA
HI00.26-MA
MK03-07-BF
MK03-09-BF
MK03-12-BF

19.788
19.788
19.788
19.790
19.790
19.788
19.788
19.788

155.451
155.449
155.449
155.452
155.452
155.451
155.449
155.449

3531
3516
3514
3475
3475
3527
3516
3518

0.9981
0.9981
0.9981
0.9981
0.9981
0.9981
0.9981
0.9981

dosed
dosed
dosed
open
open
closed
dosed
dosed

NaCI
NaCI
NaCI
unsplked
unspiked
NaCI
NaCI
NaCI

2,477
381
476
360
451
431
447
212

± 87
± 16
± 23
± 23
± 21
± 24
± 19
± 14

28.0
123.8
79.7
110.3
68.0
71.6
67.1
184.2

±
±
±
±
±
±
±
±

0.1
0.1
0.1
2.5
1.7
0.3
0.1
0.1

49.2
57.6
49.9
52.8
45.9
47.4
46.9
63.1

24.6
13.9
12.9
12.6
11.3
11.0
10.8
10.3

±
±
±
±
±
±
±
±

1.8
1.2
13
1.7
1.1
1.3
1.0
1.4

Uncertainties in the ^Ci/CI and total CI measurements are given at the 1o (68%) confidence level. Individual sample and Iandform ages are reported at the 2a (95%) confidence level.
Topographic shielding factor.
Percent difference in age if erosion is taken into account (negative numbers denote younger age).
Exposure age is >2u from the weighted mean. Not included in the final calculation of the Iandform exposure age.
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Table C.2 - Analytical results for latest Mauna Kea glacial landforms

Sample ID
MK03-01-MKY
MK03-02-MKY
MK03-03-MKY
MK03-04-MKO
MK03-05-MKO
MK03-06-MKO
MK03-07-BF
MK03-08-BF
MK03-09-BF
MK03-10-BF
IVIK03-11-BF
MK03-12-BF
MK03-19-MK
MK03-20-MK
MK03-21-MK
HI00-26-MA
HI00-27-MA
HI00-32-MA
HI00-33-MA

LOl'^'

AI2O3

CaO

Fe203

KjO

MgO

MnO

NajO

P2O5

SiOj

TIOj

TOTAL

B

Sm

Gd

U

Th

%

%

%

%

%

%

%

%

%

%

%

%

ppm

ppm

ppm

ppm

ppm

0.51
-0.30
0.42
0.77
1.65
1.36
0.18
0.32
0.03
0.40
0.29
0.64
0.64
0.75
1.15
0.12
0.32
0.10
-0.25

16.85
14.40
17.02
16.90
16.52
16.61
16.72
14.27
16.41
16.39
16.51
16.51
16.94
16.74
17.07
16.99
16.92
16.44
16.53

5.82
8.66
6.06
5.96
5.66
5.68
8.02
10.02
6.30
6.82
6.25
6.99
6.05
5.91
5.88
5.64
5.77
6.74
6.82

10.48
14.06
10.62
10.32
11.11
10.24
12.11
14.94
11.64
11.30
11.34
11.54
10.74
10.08
10.49
10.74
10.70
11.31
12.09

1.98
1.46
2.09
2.17
1.99
2.09
2.04
0.59
1.97
1.79
1.95
1.76
2.13
2.20
2.10
2.08
2.08
1.80
1.82

3.34
4.52
3.34
3.23
3.17
2.98
3.63
5.74
3.97
4.12
3.85
4.29
3.32
3.43
3.08
3.59
3.40
4.24
4.27

0.20
0.19
0.20
0.20
0.19
0.19
0.20
0.20
0.21
0.19
0.20
0.19
0.20
0.20
0.19
0.19
0.19
0.20
0.20

4.97
3.76
4.93
5.06
4.70
4.99
4.75
2.67
4.68
4.47
4.74
4.51
4.82
4.92
5.12
4.97
4.84
4.56
4.53

0.53
0.41
0.60
0.90
0.45
0.65
0.47
0.26
0.58
0.81
0.55
0.85
0.79
0.77
0.64
0.17
0.35
0.41
0.55

53.25
49.09
52.04
52.21
51.34
52.80
51.30
46.97
51.64
49.01
51.33
49.00
51.55
51.50
51.88
53.38
53.26
49.94
50.52

2.45
4.06
2.51
2.24
2.20
2.23
2.72
3.68
2.88
2.84
2.80
2.87
2.48
2.28
2.39
2.54
2.51
2.90
3.01

100.38
100.31
99.84
99.96
98.97
99.83
100.11
99.65
100.30
98.12
99.81
99.15
99.67
98.77
99.97
100.40
100.33
98.65
100.09

bdl

9.7
7.8
10.6
13.5
11.8
10.6
10.4
4.6
10.2
12.7
9.7
12.8
12.5
12.7
10.4
5.6
7.5
11.8
11.9

8.4
7.2
9.1
11.2
9.9
9.0
8.8
4.6
8.8
10.7
8.3
11.1
10.6
11.0
8.8
4.9
7.0
10.6
10.5

1.3
0.9
1.3
1.5
1.4
1.5
1.2
0.4
1.5
1.2
1.3
1.2
1.5
1.6
1.5
1.5
1.6
1.8
1.6

3.8
3.1
3.7
4.5
4.1
4.6
3.7
1.8
3.8
3.4
3.9
3.5
4.5
4.8
4.4
3.9
4.3
5.5
5.3

LOI = loss on ignition. Negative numbers indicate an increase in mass (e.g., oxidation of
bdl = below detection limit

4.8
1.4
11.2
5.9
5.7
7.3
1.1
5.7
1.6
3.2
5.8
8.9
4.9
6.9
7.0
10.0
6.0
bdl

to Fe^*).
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APPENDIX D

GEOMAGNETIC EFFECTS ON TIME-INTEGRATED COSMOGENIC
NUCLIDE PRODUCTION WITH EMPHASIS ON '^C AND ^"Be
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ABSTRACT
Production of cosmogenic nuclides (CNs) in geologic material is a function of the
cosmic ray flux at the Earth's surface, which in turn is a function of the intensity and
orientation of the Earth's geomagnetic field. Temporal variations in the intensity of the
geomagnetic field and the position of the geomagnetic dipole axis (i.e., polar wander)
must be considered when calculating production rates that are integrated through time.
We have developed a model, based in part on protocols set forth by Desilets and Zreda
(2003), that accounts for these variations in an effort to systematically determine their
impact on time-integrated production of short-lived {in situ

ti/2=5.73 ka) and long-

lived (in situ ^°Be; ti/2=1.5 Ma) CNs. Our modeling results show that for samples
exposed for the last 3 ka, integrated in situ ''^C and '°Be production rates that account for
temporal variations in the intensity of the Earth's geomagnetic field are up to -13% lower
than modem rates at the same location (modem rates are referenced to the 1945.0
Definitive Geomagnetic Reference Field (DGRF)). In contrast, intensity-corrected "^Be
rates are up to -30% higher than modem for samples exposed for >25-30 ka. Intensity
variations have little effect (<5%) on integrated CN production for samples exposed for
the last 15-20 ka, regardless of site location or nuclide used.
Our modeling results also show that the impact of polar wander on integrated CN
production is secondary compared to intensity variations. Accounting for polar wander is
critical, however, when determining modem production rates at mid-latitudes (30-40°)
because of the current offset between the geomagnetic and geographic poles. At sea
level, integrated in situ '''C production rates that account for both intensity variations and
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polar wander range from 27% higher to 24% lower than modem rates at the same
location, and integrated in situ '°Be rates range from 48% higher to 26% lower than
modem. Differences between integrated and modem rates increase significantly at higher
altitudes. Based on these results, we recommend correcting the modem production rate
(referenced to the 1945.0 DGRF or another specific geomagnetic reference field) at site
latitudes <60° for variations in the intensity of the Earth's geomagnetic field during
exposure, and for polar wander over the last 10 ka.

1. INTRODUCTION
Production of in situ cosmogenic nuclides (CNs) in geologic material is a function
of the flux of cosmic radiation that reaches the Earth's surface. The cosmic-ray flux has
varied through time due to (1) variations in the primary galactic cosmic ray (OCR) flux,
(2) solar modulation of the GCR flux, (3) changes in atmospheric shielding, and (4)
variations in the intensity and orientation of the Earth's geomagnetic field. The impact
that each of these has on geologic applications of in situ CNs depends primarily on the
timescale on which it operates. Most cosmogenic-based research to date has focused on
surficial processes that operate on timescales in the 10^- to 10^-yr range (e.g., bedrock
and basin-wide erosion (Granger et al., 1996; Small et al., 1997; Bierman and Caffee,
2001; Kirchner et al., 2001), glacial processes (Gosse et al., 1995; Phillips et al., 1996;
Owen et al., 2003), volcanic eruptions (Zreda et al., 1993; Phillips, 2003), and
paleoseismicity (Zreda and Noller, 1998; Phillips et al., 2003). Low frequency (>10^ yrs)
variations, such as (1), and high frequency (10*^ to 10^ yr) variations, such as (2), have
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minimal influence on CN production integrated over 10^ to 10^ yrs. Even exceptionally
powerful short-lived events, such as supemovae, do not generally affect CN production
rates because production is usually integrated over long periods of time (Gosse and
Phillips, 2001).
Changes in atmospheric shielding through time may be important for determining
integrated CN production rates (Stone, 2000), particularly for areas where atmospheric
conditions fluctuate with periods similar to or exceeding the application timescale.
However, atmospheric pressure is not recorded by any known proxy system, thereby
limiting pressure data to historical records. Global circulation models (GCMs) have
certainly improved over the last decade, but still lack the accuracy and resolution that is
necessary to constrain atmospheric conditions to the level required to determine their
effect on CN production through time. Until proxy records for reconstructing
atmospheric conditions are developed and/or GCMs improved, CN production rates must
be calculated using either historically averaged local atmospheric pressure data (corrected
to sea level) or the standard sea level pressure value (applied globally) in concert with an
atmospheric model.
The primary source of temporal variability in CN production that can be
addressed adequately is the Earth's geomagnetic field. Independent proxy records are
available that document changes in both the geomagnetic field intensity (Guyodo and
Valet, 1996, 1999; Yang et al., 2000) and the position of the geomagnetic dipole axis (or
geomagnetic pole) (Champion, 1980; Merrill and McElhinny, 1983; Ohno and Hamano,
1992, 1993) through time. Models have been developed previously to determine the
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impact that these variations have on production of longer-lived and stable CNs (e.g.,
Clapp and Bierman, 1996; Klein and Gosse, 1996; Licciardi et al., 1999; Shanahan and
Zreda, 2000; Dunai, 2001; Gosse and Phillips, 2001; Masarik et al., 2001). However,
discrepancies betv^een models and the lack of a systematic evaluation of the impact of
geomagnetic variations on CN production, particularly for short-lived CNs, have left it
unclear as to when and where geomagnetic variations must be taken into account.
We have developed a model, based in part on protocols set forth by Desilets and
Zreda (2003), to quantify the effects that temporal variations in the Earth's geomagnetic
field have on time-integrated production of both short-lived {in situ

ti/2=5.73 ka) and

long-lived {in situ '"Be; ti/2=1.5 Ma) CNs. Our model differs significantly from some
recent models in that integrated production rates are normalized to the modem production
rate at the geomagnetic, rather than geographic, latitude of a given site. Normalizing
integrated production rates to the modem rate at a site's geographic latitude incorrectly
suggests that a single correction can be applied to all sites along a given parallel (e.g.,
Fig. 6 in Dunai (2001); Fig. 3 in Masarik et al. (2001)). In contrast, integrated production
rates normalized to the modem rate at a site's geomagnetic latitude explicitly account for
the fact that modem production reflects the current offset between the geomagnetic and
geographic poles, and that time-integrated production is affected by polar wander
differently at different locations (Gosse and Phillips, 2001). For these reasons, we
referenced all geomagnetic latitudes in our model to the 1945.0 Definitive Geomagnetic
Reference Field (DGRF; http://www.ngdc.noaa.gov/IAGA/vmod/igrf.htmr). We selected
this reference field because its time frame approximately coincides with the rapid
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expansion of instrumental measurements of atmospheric cosmic radiation (e.g., Rossi,
1948), although any reference field would suffice as long as a single field is adopted for
use by the entire CN research community.

2. INFLUENCE OF GEOMAGNETIC FIELD VARIATIONS ON CN PRODUCTION
Primary GCRs are composed of particles that originate outside our solar system,
but are thought to come from within the Milky Way galaxy (Gassier, 1990). These
particles, consisting of 87% protons, 12% a-particles, and 1% heavy nuclei, are highly
energetic, with the vast majority falling between -0.1 and 10 GeV (Castagnoli and Lai,
1980; Masarik and Beer, 1999). After passing through interplanetary and terrestrial
magnetic fields and intercepting the Earth's atmosphere, primary GCRs initiate nuclear
reactions that generate cascades of secondary particles that can ultimately produce in situ
CNs in the upper few meters of the Earth's crust.
The primary GCR flux is thought to be essentially isotropic outside the solar
system (Ziegler, 1996). However, particle fluxes inside the solar system are heavily
influenced by magnetic fields carried by the solar wind (Belov, 2000). Closer to Earth,
the geomagnetic field is the dominant influence on the trajectories of primary GCRs.
Charged primaries are admitted or rejected by the geomagnetic field based on their
rigidity R (momentum per unit charge, in units of GV) and angle of incidence. For a
given angle of incidence at a given location, the rigidity of an incoming primary GCR
particle must exceed the cutoff rigidity (Re) value at that location in order to penetrate the
Earth's magnetic field and reach the upper atmosphere. For computational simplicity, Rc
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has typically been restricted to vertically incident particles (i.e., vertical cutoff rigidity)
when studying the geographic distribution of cosmic radiation (e.g., Cooke et al., 1991) we follow that convention here. For a dipolar geomagnetic field, Rc values are highest at
the cosmic-ray equator, where the magnetic field lines essentially parallel the Earth's
surface, and decrease toward the geomagnetic poles as the field lines become more
vertical. Incoming primaries with rigidities below the Rc are deflected either back to
space or toward higher geomagnetic latitudes. At latitudes greater than ~55°, the Rc falls
below the minimum rigidity present in the primary flux, and all primaries are admitted.
The long-term average geomagnetic field is typically assumed to be a geocentric
axial dipole (GAD), in which the dipole axis coincides with the Earth's rotational axis. In
such a case, the cosmic-ray and geographic equators coincide and the equatorial Rc value
is -14.9 GV (referenced to the 1945.0 DGRF) (Merrill et al, 1996). The modem
geomagnetic field consists of an eccentric dipole (its axis does not pass through the center
of the Earth) and non-dipole components that distort the geomagnetic field away from
that of a pure dipole. In fact, the non-dipole field may comprise up to 10-25% of the total
field strength at a given location over brief periods of time (Dunai, 2001). However, nondipolar components tend to be transient in time and space, as is the eccentricity of the
dipole, and a geocentric dipole appears to be a reasonable first-order approximation over
periods of 10^ to 10^ years.
Secondary nucleons (neutrons, protons) and mesons (kaons, muons, pions) are
produced in the upper atmosphere during collisions between primary GCRs and various
targets, including atmospheric gas nuclei and a range of subatomic particles. While the
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spectra of the primary and secondary fluxes are similar in the upper atmosphere (i.e.,
atmospheric depths <100 g cm" or altitudes >16 km above sea level (ASL)), the
secondary flux diminishes with increasing atmospheric depth approximately
exponentially as the nuclear cascade loses energy through successive collisions (Gosse
and Phillips, 2001). The composition of the secondary flux also changes with increasing
atmospheric depth as neutrons become dominant over protons (Lai and Peters, 1967).
The interaction between the cosmic-ray flux and the geomagnetic field causes CN
production to decrease with decreasing latitude, such that sea-level production by highenergy nucleons at the equator is approximately half of the production at high latitudes.
Production rates have been determined for several CNs at a handful of calibration sites
worldwide, and models have been developed to scale production rates from calibration
sites to sea level and high geomagnetic latitude (SLHL; by convention), and then back to
sites of geologic interest (Lai, 1991; Stone, 2000; Dunai, 2000, 2001; Desilets and Zreda,
2003). For a given in situ CN, the cosmic-ray particles contributing to its production
(e.g., high-energy and slow neutrons, fast and slow muons) should be scaled separately
due to differing altitude-latitude distributions for each particle type (Desilets and Zreda,
2003).

3. RECORDS OF TEMPORAL CHANGES IN THE EARTH'S MAGNETIC FIELD
Temporal variations in the intensity and orientation of the geomagnetic field must
be considered when calculating time-integrated CN production rates. As a basis for
developing a consistent procedure of accounting for these variations, we discuss below

108

our rationale for choosing specific geomagnetic records and describe our treatment of the
geomagnetic data in detail.
Several types and sources of paleomagnetic data can be used to quantify
variations in the geomagnetic field over the recent geologic past (Holocene and late
Pleistocene), as well as deeper in time (Merrill et al., 1996). Sources that have been used
previously include remanent magnetization (RM) in archeomagnetic materials, volcanic
flows, and sediment cores (e.g.. Champion, 1980; McElhinny and Senanayake, 1982;
Guyodo and Valet, 1996, 1999; Yang et al., 2000),

in tree rings (Masarik et al.,

2001), and meteoric ^^Be in marine sediments (Frank et al., 1997; Frank, 2000). For this
study, we avoided using atmospheric-based paleomagnetic records, specifically
atmospheric ''^C, for two reasons. First, atmospheric

is preferentially produced at

high latitudes (-30% is produced at >60° latitude; Masarik and Beer (1999)) where
changes in the geomagnetic field intensity do not affect production rates. Atmospheric
'"'C produced at high latitudes quickly mixes with

produced elsewhere, which results

in a diluted, globally-averaged signal that underestimates the magnitude of intensity
variations at a specific site. For example, if the geomagnetic field intensity doubled,
production of in situ cosmogenic
whereas the

at sea level at the equator would decrease by -35%,

activity of atmospheric CO2 would decrease by only -21% (calculated

from Table 1 and Figure 10b of Masarik and Beer (1999)). Meteoric '°Be is subject to
similar dilution effects and is further complicated by the fact that it is transported from
the atmosphere to the ground surface by precipitation, aerosols, and dust (Frank, 2000).
These transport mechanisms are not homogeneously distributed across the globe and.
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therefore, spatial patterns of meteoric ^''Bc reconstructed from sediment cores are not
necessarily identical to spatial patterns of '°Be production in the atmosphere.
Second, reconstructions of past geomagnetic field conditions based on
atmospheric ''^C (typically as A'^^C) must account for exchange of carbon between the
atmosphere and ocean, as well as other smaller reservoirs. While this can be done using
box models (e.g., Laj et al., 1996; Beck et al., 2001; Hughen et al., 2004), it adds
additional and unnecessary uncertainties that can be avoided by using more direct
paleomagnetic records, such as RM. On the other hand, ignoring exchange of
between reservoirs, even during relatively quiescent periods such as the Holocene, can
lead to a significant underestimation of the actual paleomagnetic variations (Siegenthaler
and Sarmiento, 1993). For example, Masarik et al. (2001) used the INTCAL98
atmospheric

calibration curve (Stuiver et al., 1998) to derive a paleomagnetic record

for the last 10 ka, apparently without using a box model. Although their paleomagnetic
record features changes that are in the same directions as those reconstructed from RM
data (Yang et al., 2000), the atmospheric

production signal embedded in INTCAL98,

and the resulting paleomagnetic record, is damped and diluted by at least an order of
magnitude. This damping effect is well known and is the primary reason that researchers
modeling the ''^C paleorecord (e.g., Hughen et al., 2004) use RM data as model input.
For this study, we relied on a compilation of thermoremanent magnetization
(TRM) data in archeomagnetic material to constrain changes in geomagnetic field
intensity during the Holocene, post-depositional remanent magnetization (post-DRM)
data in stacked marine sediments to constrain field intensity changes in deeper time, and
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TRM data from archeomagnetic material and post-DRM in terrestrial sediments to
constrain the position of the geomagnetic pole through the Holocene. Each of these
sources has important requirements and limitations, discussed below, which must be
appreciated when evaluating their impact on time-integrated CN production. One
requirement common for all sources is that the paleomagnetic data must be placed in a
firm chronologic framework. This is particularly important when integrating or stacking
paleomagnetic records because the tie points are often based on the chronologic data. A
second common requirement is that the paleomagnetic records be distributed as evenly as
possible around the world. Global coverage minimizes geographical biases within the
data, which can arise from the non-dipole component of the geomagnetic field or when
the geomagnetic pole does not coincide with the Earth's rotational axis (Merrill et al.,
1996).

3.1. Geomagnetic field intensity
3.1.1. Archeomagnetic data
Geomagnetic field intensity information can be obtained from fired ceramic
material recovered from surficial settings at open-air archeological sites or found in situ
during excavations. TRM is locked in ceramics when the fired material cools below the
Curie temperature, which preserves a nearly instantaneous record of magnetic field
intensity (Merrill et al., 1996). The quality of archeointensity data is determined by the
presence and preservation of appropriate mineral phases, the quality of the independent
age control for each site, and the number and distribution of sites for a given time period.

Ill

Yang et al. (2000) analyzed a compilation of archeointensity data (a total of 3243
records) that span the last 12 ka and cover much of the northern hemisphere. Their
dataset improves upon a previous compilation (McElhinny and Senanayake, 1982) by
expanding geographical coverage outside of Europe, particularly in Asia. For each site,
measured geomagnetic field intensity data were transformed to virtual axial dipole
moment (VADM) values, which were averaged over periods of 0.5 to 1 ka to eliminate
the influence of non-dipole field variations.

3.1.2. Marine sediment data
Changes in the intensity of the Earth's geomagnetic field in deeper time, up to
800 ka B.P., are recorded in the post-DRM of marine sediments (Guyodo and Valet,
1996, 1999). Small mineral grains that are magnetized during their pre-depositional
history are able to move freely within the water-filled interstices of newly deposited
sediment. As the sediment becomes compacted, the magnetic axes of the minerals align
with the ambient magnetic field and are eventually locked into position, giving the
sediment an overall magnetization that is parallel to the Earth's geomagnetic field
(Merrill et al., 1996). Although measuring the RM along a sediment core is relatively
straightforward, the interpretation of post-DRM in sediments has been debated (i.e., is it a
geomagnetic or paleoenvironmental signal?). Guyodo and Valet (1996) argued that postDRM in marine sediments is solely the result of geomagnetic processes based on the
coherency between records obtained from a variety of paleoenvironmental conditions,
lithologic contexts, and sedimentation rates. However, even if magnetization in marine
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sediments is indeed solely the result of geomagnetic processes, there may be additional
complications in reconstructing paleointensity variations from sediments. These include
(1) the age of acquisition may not coincide with the timing of sediment deposition,
particularly for areas with low deposition rates, (2) paleointensity variations are smoothed
during the acquisition process, and may be smoothed even more by turbation or mixing
of sediments after deposition, and (3) disturbance or deformation of the sediments during
the coring process may be difficult or impossible to detect.
Guyodo and Valet (1999) integrated 33 records of paleomagnetic intensity that
are reasonably well-distributed; 5 records from high latitudes (>40°), 8 records from midlatitudes (16-40°), and 20 records from low latitudes (0-15°). Relative VADMs were
calculated after the measured RM data were normalized by a magnetic parameter that
activates the same magnetic fraction as that which carries the RM (Guyodo and Valet,
1999; pg. 250). The relative VADM values were then divided by the mean VADM value
of the core to allow integration of the records on a common scale. Chronologic control
was based on wiggle-matching 5*^0 data obtained from planktonic foraminifera in each
of the marine cores to reference oxygen isotope curves (e.g., Martinson et al., 1987).
Integrated VADM values for each time period were converted to absolute values by
calibration with TRM from archeomagnetic material (McElhinny and Senanayake, 1982)
and natural remanent magnetization (NRM) data from volcanic flows in New Zealand,
Japan and western Europe (Thouveny et al., 1993; Tanaka et al., 1994).
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3.1.3. Treatment of geomagnetic field intensity data
Archeomagnetic and marine sediment records of the paleointensity of the Earth's
geomagnetic field were originally reported in units of Am"^ (Guyodo and Valet, 1996,
1999; Yang et al., 2000). We normahzed these reported values (M) by dividing by the
intensity of the magnetic field in 1945 (8.075 x 10^^ Am^; Mo; 1945.0 DGRF).
Archeointensity data were reported at 0.5-ka time intervals for the past 4 ka, and at 1 ka
time intervals between 4 and 12 ka (Yang et al., 2000). Paleointensity data fi-om marine
sediments were reported at 1 ka time intervals between 2 and 800 ka (Guyodo and Valet,
1996, 1999). We did not combine the two datasets where they overlap because the
records are not independent (the archeomagnetic data was used to calibrate the relative
VADM values from the marine sediment). Instead, we used the archeomagnetic data
exclusively for the last 12 ka and the marine sediment data beyond that. The combined
paleointensity records for the last 60 ka are shown in Figure D.l.

3.2. Variation in the geomagnetic pole position
3.2.1. Archeomagnetic data
Temporal variations in the position of the geomagnetic pole can be reconstructed
using the TRM of archeomagnetic material if the fired material has not been disturbed
since cooling. Such conditions are met more frequently for bricks that line pottery kilns
and ancient fireplaces than in ceramic pottery itself (Merrill et al., 1996); these have been
used to reconstruct the position of the geomagnetic pole over the past 2 ka (Champion,
1980; Merrill and McElhinny, 1983). These studies compiled TRM data from eight
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arbitrarily chosen regions around the world. Within each region, a virtual geomagnetic
pole (VGP) position was calculated at 100-yr time intervals. VGP data from all eight
regions were then averaged for each time interval to minimize the effects of non-dipole
field fluctuations. Merrill and McElhirmy (1983) contend these methods yield accurate
VGP positions because (1) the mean VGP calculated from the 1980 field values for the
center of each of the eight regions is close to the position of the 1980 geomagnetic pole,
(2) the calculated VGP position derived from archeomagnetic material is consistent with
historical observations, and (3) the scatter in VGPs remains relatively constant through
time.

3.2.2. Terrestrial sediment data
Terrestrial sediments enjoy many of the same advantages as marine sediments for
paleomagnetic reconstruction, particularly the ability to provide continuous records over
long periods of time. However, they are also subject to the same uncertainties as marine
sediments (i.e., debate over the interpretation of the post-DRM signal, potential
chronologic inaccuracies, smoothing of high-frequency variations, and sediment
deformation during coring).
Ohno and Hamano (1992; 1993) used the paleo-inclination and declination in a
series of ten sediment cores and two long archeomagnetic datasets to reconstruct the
position and movement of the geomagnetic pole over the last 10 ka. Cores were chosen
for analysis based on the following criteria: (1) the RM of the sediments was stable, (2)
the chronology of each core was based on at least five radiocarbon ages, and (3) the
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average sedimentation rate exceeded 0.4 mm yr"'. The raw inclination and declination
data obtained from the sediment cores were first compared to archeomagnetic and/or
paleomagnetic data from nearby sites, if available. Such independent data was only
available for four of the cores. The four cores were consistent with these data, and thus
no corrections were necessary. The remaining cores were compared to a second-order
spherical harmonic model of a global set of archeomagnetic and paleomagnetic data
extending from 0.35 to 1.55 ka. The measured core data were corrected for time lags (up
to 400 yrs) and deviation of the measured inclination from the modeled value (up to 5
degrees). The average position of the VGP was then calculated at 100-yr time intervals
based on the corrected sediment core and archeomagnetic inclination and declination
data.

3.2.3. Treatment of geomagnetic pole position data
Archeomagnetic and terrestrial sediment data pertaining to the position of the
geomagnetic pole were originally reported as latitude and longitude at 100-yr intervals
(Champion, 1980; Merrill and McElhinny, 1983; Ohno and Hamano, 1992, 1993). We
used the archeomagnetic data of Merrill and McElhinny (1983) exclusively for the last 2
ka and the lacustrine sediment and archeomagnetic data of Ohno and Hamano (1992;
1993) between 2 and 10 ka. Although these datasets are independent, we did not
combine them because we believe that Merrill and McElhinny's (1983) dataset is
superior to that of Ohno and Hamano (1992; 1993) for several reasons. First, TRM data
in archeomagnetic material are better understood and generally more reliable than post-
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DRM data in terrestrial sediments (Butler, 1992; Merrill et al., 1996). Second, VGP
positions from Merrill and McElhinny (1983) are average values from up to eight
regions, each based on multiple measurements from a number of sites within each region.
In contrast, VGP positions from Ohno and Hamano (1992; 1993) are based on a
maximum of 12 datasets, each essentially acting as a single site. Furthermore, data from
all twelve of these sites are only available to 4 ka, and only six datasets extend back to 10
ka. Finally, it was difficult to evaluate the accuracy of the post-DRM record of Ohno and
Hamano (1992; 1993) because measurement uncertainties in the data were ignored in
their analysis and potential biases in the method used to correct the data were not
rigorously addressed.
Since we lack geomagnetic pole position information beyond the Holocene, we
must assume a GAD prior to 10 ka. The time period required for the geomagnetic field to
average effectively to a GAD is still uncertain, but is generally thought to be between 10
and 100 ka (Dunai, 2001; Gosse and Phillips, 2001). Although the geomagnetic pole was
generally within 5-10° latitude of the geographic pole through the Holocene, this is not
necessarily characteristic of its long-term variation (Merrill et al., 1996) and polar wander
effects on CN production in the late Pleistocene could potentially be significant. CN
research would thus clearly benefit from further work to extend the polar wander record.

4. CALCULATING TIME-INTEGRATED IN SITU CN PRODUCTION RATES
Three steps are required for calculating site-specific, time-integrated in situ CN
production rates: (1) determine the modem in situ CN production rate at SLHL, (2)
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account for spatial variation in the secondary cosmic-ray flux by scaling the modem
production rate at SLHL to the site of interest, and (3) account for temporal variations in
the geomagnetic field (intensity and polar wander). We simplified the first step by
assuming a modem production rate of 1 atom g"' yr"' at SLHL. To account for spatial
variation in the secondary cosmic-ray flux, we used the scaling model of Desilets and
Zreda (2003). We selected this model because it is based on cosmic-ray survey data that
are ordered by Rc values derived by numerically tracing the trajectories of thousands of
incoming particles in a high-order geomagnetic field model. This is recognized as the
most accurate method for ordering cosmic ray survey data, and virtually all cosmic-ray
surveys since the 1960s utilize trajectory-traced

values (e.g., Allkofer and Grieder,

1984). In addition, Desilets and Zreda (2003) is the only published study with separate
scaling models for all cosmic-ray particles (high- and low-energy neutrons, fast and slow
muons) primarily responsible for CN production. The temporal scaling model presented
here can incorporate other spatial scaling models, but the primary purpose of this study
was to isolate and evaluate the effects of temporal variations in the Earth's geomagnetic
field on integrated in situ '"'C and '°Be production. This is best accomplished by using
only one spatial scaling model, regardless of which one is chosen, thereby eliminating
complications due to inherent differences between models. (Note that for comparison we
also modeled the impact of geomagnetic variations on CN production using the spatial
scaling models of Dunai (2001) and Stone (2000). The overall spatial pattems of
integrated CN production were similar, although individual results were up to 12 and
24% lower, respectively, relative to Desilets and Zreda (2003)).
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We accounted for temporal variations in the geomagnetic field as follows. First,
we used the reported latitude and longitude positions of the VGP (Section 3.2.3) to
calculate the geomagnetic colatitude of a given site (assuming a geocentric dipole) at
100-yr time intervals over the chosen duration of exposure within the Holocene
(Supplemental Information, Equation D.l). We then used the corresponding
geomagnetic latitude and normalized dipole moment (M/Mo) value (Section 3.1.3) to
determine the Rc at the site, also at 100-yr intervals (Supplemental Information, Equation
D.2). This required interpolation of the paleointensity data, assuming a linear variation
between data points originally reported in 0.5 or 1 ka intervals. The VGP data were
already reported in 100-yr intervals. We used the 1 ka intervals of the SINT-800 dataset
directly beyond 50 ka.
We used the Rc value and site altitude to calculate effective attenuation lengths
(Supplemental Information, Equation D.3), and altitudinal and latitudinal scaling factors
(Supplemental Information, Equations D.4 and D.5, respectively) at each time interval for
high-energy nucleons, fast muons, and slow muons. The altitudinal and latitudinal
scaling factors were combined to yield a total scaling factor for each reaction pathway
(Supplemental Information, Equation D.6). The resulting scaling factors were combined
with the production proportions for each pathway as determined by Heisinger et al.
(2002) (Supplemental Information, Equation D.7) and summed to determine the total
production rate for each time interval. The integrated in situ CN production rate was
calculated as the weighted mean of the total production rate for each time interval
averaged over the exposure duration, weighted by decay of the CN used and the inverse
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squared relative uncertainty in the total production rate (Supplemental Information,
Equation D.8). It is important to note that our decay clock runs from the time of the
initial exposure to the present, not vice-versa. While less important for longer-lived and
stable nuclides, this distinction is critical for in situ '"^C. The result is a time-integrated,
site-specific in situ CN production rate that accounts for spatial and temporal variations
in the geomagnetic field. A geomagnetic correction factor for a given site and exposure
interval was then derived by normalizing the integrated production rate to the modem
production rate at the geomagnetic latitude of that site, referenced to the 1945.0 DGRF
(Supplemental Information, Equation D.9).

5. MODEL RESULTS
We modeled the global effects of geomagnetic variations on integrated production
of both in situ

and '"Be by varying the following parameters: latitude in 5°

increments between -90° and 90°, longitude in 15° increments between 0° and 360°,
altitude in 1000 m increments between sea level and 4,000 m, and exposure time in 1 ka
increments between 0 and 20 ka and in 5 ka increments between 20 and 150 ka. We
focus the discussion below on production at sea level because even though the difference
between integrated and modem production rates increases significantly with altitude (up
to 19% greater at 4,000 m), the spatial pattems of CN production are similar. We
investigate separately the impacts of variations in geomagnetic intensity (assuming a
GAD for the calculations) and polar wander on integrated CN production, followed by a
discussion of their combined impact. All uncertainties are reported at the la level.

120

5.1. Impact of variations in geomagnetic field intensity
The influence of variations in the intensity of the Earth's geomagnetic field on in
situ CN production depends on the nuclide used, as well as the site latitude and exposure
time. During the Holocene, the maximum effect for both nuclides occurs over the last 3
ka of exposure. For samples exposed at low geomagnetic latitudes (0-20°) for the last 3
ka, intensity-corrected in situ

production rates are -11% (~13% for '°Be) lower than

modem rates at the same site. At mid-latitudes (30-40°), the difference between
intensity-corrected and modem

production rates decreases to 6-9% (7-11% for "^Be).

Geomagnetic intensity variations have no effect on CN production at geomagnetic
latitudes >60°.
The impact of intensity variations on integrated CN production decreases steadily
with increasing age, becoming insignificant for samples exposed for the last 20 ka,
regardless of geomagnetic latitude. Intensity-corrected ^"^C production rates integrated
over this period at low and mid-latitudes are <2% below modem, while corresponding
intensity-corrected '°Be production rates are 3-4% above modem (intensity-corrected
'°Be production exceeds the modem rate after about 15 ka).
The influence of geomagnetic field intensity variations on samples exposed for
more than the last 20 ka is significant for long-lived CNs, but not for in situ ''*C.
Intensity-corrected ''^C production rates are within 3% of modem rates for samples that
have been exposed for the last 50 ka, whereas integrated "^Be rates are up to -30% higher
than modem under the same conditions. The reason for this difference is that the short
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half-life of ''^C results in greater weight being given to the most recent time periods. For
example, if a landform has been continually exposed at the Earth's surface for the last 50
ka, only -0.2% of in situ ''^C atoms produced at the initial time of exposure remain at the
time of measurement. In contrast, -97% of "^Be atoms produced at the initial time of
exposure remain under the same conditions - even after 800 ka, -70% of the originally
produced "^Be atoms remain. Therefore, atoms produced more recently dominate the in
situ

inventory, whereas the '®Be inventory represents all time periods more or less

equally over the same duration. The result is that integrated '°Be production rates closely
follow the integrated geomagnetic field intensity record for the last 40 ka, whereas
integrated

rates are skewed toward the present.

5.2. Impact of polar wander
The maximum impact of polar wander at a given latitude is observed along a
plane defined by the 105° and 285° meridians (Fig. D.2). The longitudinal position of a
site is important because motion of the geomagnetic pole along a plane rapidly changes
the geomagnetic latitude (and Re) of sites located along the same plane. Motion of the
pole does not affect production at sites positioned along a meridian perpendicular to the
plane of motion. Geomagnetic polar motion over the past several thousand years has
been primarily from north to south near the 105° meridian and therefore, production rates
that account for polar wander generally increase near 105° longitude in the northern
hemisphere (285° longitude in the southern hemisphere) and decrease near 285°
longitude in the northern hemisphere (105° longitude in the southern hemisphere). CN
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production at sites located along the 15-195° meridian, which is perpendicular to the
plane of polar motion, has not been significantly affected by Holocene polar wander.
Polar wander does not significantly affect integrated CN production rates at either
low (0-15°) or high (>60°) latitudes, regardless of the nuclide used. At these latitudes,
integrated

and '°Be rates that account only for polar wander (M/Mo = 1 during

exposure) are within -5% of modem rates (Fig. D.2). The impact of polar wander is
much greater at mid-latitudes (30-40°) where integrated in situ ''^C rates that account only
for polar wander are between -29% higher and 19% lower (~36% higher and 21% lower
for '"Be) than modem for samples exposed for the last 5 ka, depending on the site
longitude.
The maximum impact of polar wander is observed for samples exposed for
approximately the last 5 ka, but the influence of polar wander decreases only slightly
with increasing exposure time. For example, the difference between integrated in situ
rates that account for polar wander and modem rates is still up to ~27% higher and 19%
lower (~30% higher and 22% lower for "^Be) at mid-latitudes even after 50 ka of
exposure. This may seem counter to the commonly-held notion that polar wander is not
important for samples exposed for >10-15 ka. However, this simply reflects our
normalization of the integrated production rate at a given site to the modem rate at that
site's geomagnetic latitude, which accounts for the current separation between the
geomagnetic and geographic poles. The 1945.0 DGRF geomagnetic pole is 11.5° latitude
from the geographic pole, while the separation between the poles was <5° latitude for
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most of the Holocene (Champion, 1980; Merrill and McElhinny, 1983; Ohno and
Hamano, 1992, 1993).

5.3. Combined impact of intensity variations and polar wander
Integrated production rates during the Holocene that account for both polar
wander and intensity variations, but which have not been normalized to the modem rate,
are within 5% of those corrected only for intensity variations, regardless of site location,
duration of exposure, or nuclide used. When normalized to the modem rate at the
geomagnetic latitude of a given site, however, integrated in situ "^C rates accounting for
both polar wander and intensity fluctuations are between 22% higher and 24% lower
(28% higher and 26% lower for ^°Be) than modem for samples exposed for the last 5 ka
(Figs. D.3, D.4). The difference between integrated and modem in situ '"'C rates
increases only slightly with increasing exposure time (Figs. D.3, D.4). In contrast, the
difference between integrated and modem in situ '°Be rates increases dramatically with
longer exposure times, and are up to 50% higher than modem for samples exposed for the
last 50 ka (Figs. D.3, D.4). Beyond 50 ka, the integrated production rates remain within
5% of these values over the last 800 ka.

6. CONCLUSIONS
The impact of correcting modem production rates for temporal variations in the
Earth's geomagnetic field intensity and movement of the geomagnetic pole depends on
the site location, altitude, exposure duration, and nuclide used. This paper presents a
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consistent framework for incorporating the effects of these variations on time-integrated
CN production rates. To stimulate debate of how best to incorporate geomagnetic
variations into time-integrated production rates, we have discussed the merits and
limitations of using specific geomagnetic records and the treatment of the paleomagnetic
data, and have provided a copy of our model as a Microsoft Excel® template for general
use (available online at the Earth and Planetary Science Letters website). Our motivation
in providing this spreadsheet is to encourage the reader to use the model to obtain
accurate correction factors rather than attempting to approximate a correction factor for a
particular site or time interval from Figures D.3 or D.4.
The impact of temporal variations in the geomagnetic field on CN production
rates has often been ignored in CN applications. However, we have shown that this can
lead to significant errors in the time-integrated production rate experienced by a given
sample, and thus in the interpretation of that sample's exposure history. We have also
shown that it is critical to normalize time-integrated production rates to the modem
production rate (referenced to a specific geomagnetic reference field) at the geomagnetic,
rather than geographic, latitude of a site. Normalizing integrated production rates to
modem rates using the site's geographic latitude (i.e., assuming a GAD) can lead to
errors in the correction factor of up to ±25-30% at sea level. We thus recommend
correcting the modem production rate (referenced to the 1945.0 DGRF or another
specific geomagnetic reference field) at site latitudes <60° for variations in the intensity
of the Earth's geomagnetic field during exposure, and for polar wander over the last 10
ka.
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Figure D.1

Intensity of geomagnetic field over the last 60 ka
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Figure D.2

Influence of polar wander versus longitude
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Figure D.3

Influence of geomagnetic field variations versus latitude
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Figure D.4

Global maps depicting impact of geomagnetic field variations
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FIGURE CAPTIONS
Figure D.1

Combined archeomagnetic and marine sediment paleointensity record for

the last 60 ka. Archeomagnetic data from Yang et al. (2000) are shown as filled circles;
marine sediment data from Guyodo and Valet (1999) are shown as open circles; modem
intensity (M/Mq = 1) indicated by dashed line. Uncertainties are given as standard error
of the mean at the la level.

Figure D.2

Variation with longitude of the percent difference {IsPnorm) between

integrated production rates at sea level accounting only for polar wander and modem
rates for (a) in situ '""C and (b) in situ "'Be for the last 5 ka. Note that for a given site, the
integrated rate is normalized to the modem rate at the geomagnetic latitude of the site.
The impact of polar wander on integrated production rates is highest at mid-latitudes (3040°) along a plane defined by the 105° and 285° meridians. The unmarked thin solid
lines represent modem production rates.

Figure D.3

Variation with geographic latitude of AP„orm values at 105° longitude

(thick solid lines) and 285° longitude (thick dashed lines) for integrated in situ '"'C (a, c,
e) and '°Be (b, d, f) production rates at sea level accounting for both intensity variations
and polar wander, for different exposure times. Production rates at all other latitudes fall
within these two extremes. Also shown are integrated production rates that are
incorrectly normalized to the geographic latitude of a site (thin solid line), which could
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lead to errors of as much as ±25-30% at sea level. Thin dotted lines represent modem
production rates.

Figure D.4

Global maps depicting AP„orm values for in situ '''C (a, c, e) and in situ

"^Be (b, d, f) production rates accounting for both intensity variations and polar wander,
for different exposure times. The impact of geomagnetic field intensity variations on
samples exposed for more than the last 20 ka diverges for short and long-lived CNs
because the relatively short half-life of

results in greater weight being given to the

most recent time periods, whereas minimal decay of the '°Be inventory weights all time
intervals more or less equally over the exposure durations depicted here. Contour
interval is 4%.
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SUPPLEMENTAL INFORMATION
1. INTRODUCTION
This Appendix is intended to serve as a detailed reference for calculating in situ
cosmogenic nuclide (CN) production rates that account for temporal variations in the
Earth's geomagnetic field. The relevant formulas used for calculating integrated CN
production rates are presented here in the approximate sequence in which they are used in
the calculations. We have also included a spreadsheet template in Microsoft Excel®
format (available online at the Earth and Planetary Science Letters website) that can be
used to calculate exposure ages to 150 ka B.P. or modem production rates at sea level,
high latitude (SLHL) for in situ

or "'Be. The spreadsheet can be modified easily to

accommodate other CNs that are produced by high-energy nucleons and slow and fast
muons (e.g., ^^Al, ^He, ^^Ne), but it is not currently set up to accommodate CNs with lowenergy neutron production pathways (e.g., CI).
All equations are accompanied by their corresponding uncertainty formulas,
except as noted. These uncertainty formulas are based on the Law of Combination of
Errors (neglecting covariance terms) (Bevington and Robinson, 1992), which states that
for an equation

x = f { u , V,

...)

the uncertainty associated with x (defined as Ax) is given by
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(AX;=[|A.) +[|av] + ...

The uncertainty formulas presented below were either derived by the authors or
determined using Mathematica 5 for Students®, and then simplified.

2. FORMULAS

Equation D.l Geomagnetic colatitude

Merrill et al. (1996); Equation 3.3.8

&.

Co-latitude of site (i.e., 90°- geographic latitude of site)

As'.

Geographic latitude of site

Zp\

Geographic latitude of geomagnetic pole; 1945.0 Definitive Geomagnetic

Reference Field (DGRF; http://www.ngdc.noaa.gov/IAGA/vmod/igrf.htmr) value; 78.5°N
(4:

Geographic longitude of site

4^:

Geographic longitude of geomagnetic pole; 1945.0 DGRF value; 291.5°E

Equation D.1.a

Uncertainty in geomagnetic colatitude
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cos

AO =

cos

- (t)p ^in Xp - cos Xp sin X^
1/2

- (cos Xp cos X^ cos ((|)^ - (|)^ )+ sin

cos

sin AJ

cos A, sin(f-(|)^)
A(t),
1/2 "Tp

+•

- (cos Xp cos X, cos ((j), - (t>p )+ sin

sin AJ

Equation D.2 Cutoff rigidity

1= 0

^c,dpl ~

JmY

X'

i=6

Desilets and Zreda (2003); Equation 19

Rc.dpi- Cutoff rigidity assuming a geocentric axial dipole field (GV)
M\

Geomagnetic field intensity at time t (Am'^)

Mo'.

Modem geomagnetic field intensity; 1945.0 DGRF value; 8.075 x 10^^ Am'^

A:

Geographic latitude of site

eufi.

Fitting parameters from Desilets and Zreda (2003), Table 8 (assumed 5%

uncertainty for each value)
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Equation D.2.a

Uncertainty in the cutoff rigidity

ARL, =FIL, +/,—] J.'-'AJ.L + 2[RFA^\ + Z(X'AC,) +
S U •

^ - m J

)

M J

' '

/V

X' — A
U K

M , ' ]

Equation D.3 Attenuation lengths
Attenuation lengths were calculated for high-energy neutrons, fast muons, and
slow muons. Uncertainties associated with these calculations were estimated to be on the
order of ±5% for neutrons and ±20% for fast and slow muons by Desilets and Zreda
(2003).

Equation D.3.a

^

Attenuation length for high energy neutrons

^

^2-^1
n(l + exp(-a^;'))''(xj - x ^ y 1/4(4, + 4 , + 6 ,

Desilets and Zreda (2003); Equation 8

t^eff.sp-

Effective attenuation length for high-energy neutrons (g cm'^)

a:2:

Atmospheric depth at sea leyel (1033 g cm^)

x/i

A t m o s p h e r i c d e p t h a t s i t e o f i n t e r e s t ( g cm"^)
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n, a, k, bi\

Fitting parameters from Desilets and Zreda (2003), Table 3

Equation D.3.a.l

X =

^lOPnV

T;

Atmospheric depth

vooor,^o

^ g y l7; + Po:>^J

'y

x:

Atmospheric depth (g cm")

Pq :

Atmospheric pressure at sea level (1013.25 hPa)

g:

Gravitational constant (9.80665 m s'^)

R/.

Gas constant (8.31451 N m mol"' K"')

Tq :

Globally-averaged air temperature at sea level (288.15 °K)
Adiabatic lapse rate (-0.0065 °K m"')

y:

Elevation of site (m ASL)

m:

Mean molecular weight of atmosphere (28.96443 g mol"')

Equation D.3.a.1.a

Uncertaintv in atmospheric depth

This calculation assumes significant uncertainties only in the site elevation (y).
The magnitude of the uncertainty in y depends on the type of hand-held global
positioning system (GPS) device used in the field (or uncertainty in estimating altitude
from topographic maps).
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gm

-T.P.

m

Equation D.3.b

Kffjn, = «0 +

f

^

T,

Attenuation length for fast muons

+ «3)

Desilets and Zreda (2003); Equation 6

Aejffm' Attenuation length of fast muons (g cm"^)
<3,:

Fitting parameters from Desilets and Zreda (2003), Table 2

Equation D.3.C

Attenuation length for slow muons

A,^,,„=233 + 3.69i?,

Desilets and Zreda (2003); Equation 7

Aeff,sm- Attenuation length of slow muons (g cm"^)

Equation D.4 Altitudinal variation of cosmic-rav flux

141

Desilets and Zreda (2003); Equation 2

J\

Cosmic-ray flux at site

Jo'.

Cosmic-ray flux at sea level and high geomagnetic latitude (SLHL)

h.eff,x- Effective attenuation length of cosmic-ray particle of interest at atmospheric depth
X (g cm"^)

Equation D.4.a

Uncertainty in altitudinal variation of cosmic-ray flux

Equation D.5 Sea-level latitudinal variation of flux
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Desilets and Zreda (2003); Equation 3

Equation D.5.a

Uncertainty in sea-level latitudinal variation of flux

\2

/

Aa

2

/

+

fel-

-a I n R ^ A k

( a

/

+

\

kR^'-'aAR^

Rc

ra ^

J

Equation D.6 Scaling factor

Equation D.6.a

Uncertainty in scaling factor

Equation D.7 Production rate at SLHL for each reaction pathway
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Px,siht'- Production rate for each reaction pathway at SLHL (atoms g"' yr"^)
PtMhi'- Total production rate at SLHL (atoms g"' yr"'). This value can be determined
iteratively using the geomagnetic correction model to minimize the difference between
the measured concentration of the CN at a calibration site and the predicted
concentration.
Rx.sihC- Percentage of production by each reaction pathway at SLHL; high-energy neutron
spallation, fast muons interactions, slow muon capture reactions as determined by
Heisinger et al. (2002).

Values used:
In situ '''C

In situ '°Be

High-energy neutron spallation

83.0±1.9%

96.4±0.4%

Fast muon interactions

2.0±1.1%

1.7±0.2%

Slow muon capture

15.1±0.9%

1.9±0.1%

pathwav

^x,slhl ~ (Pl,slhl ^^x,slhl y + Q ^x.slhl ^l,slhl ^
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Equation D.8 Integrated production rate over the time of exposure

'Y

p

h

Qxp(-Xt.)

'•

exp(-X^,.)
h

TA/^V
ITJ

Pt.int'-

Total production integrated over the time of exposure (atoms g"^ yf')

i\

Time step (yrs). We use a 100-year time step up to 50 ka, followed by a 1000-year

time step to 150 ka. Geomagnetic data at each time step are interpolated linearly between
measured values for times less than 50 ka.
tf.

Exposure duration (yrs), measured from the present up to time step I

texp.

Total exposure duration (yrs)

Pi.

Total production rate for time step i (atoms g"' yr')

AP,:

Uncertainty in P,

A:

ln(2)/^i/2

Note: Integration must be performed forward in time, such that to is the exposure age and
not the present. This distinction is especially critical for in situ

Equation D.8.a

Statistical uncertainty in time-integrated production rate
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AP,i
t,int

i=t^.

ex

S

f ApX
U )

Equation D.S.b

y
p
Z-i i

Weighted average variance in time-integrated production rate

P(-H)
/

^

\2

1= 0

P-iJ)

h (apX
AP/.,
=—
Mnt

N:

w
N-1

Number of time steps

Note: The larger of the statistical uncertainty and the weighted average variance was
taken as the uncertainty in the time-integrated production rate.

Equation D.9 Normalized production rate

p

_

PMnt
mod
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Pn.t.int'- Normalized production rate, integrated over the exposure time at site of interest
(atoms g"' yf'). Note that this is referred to as
Pmod'-

in the main text.

Modem production rate at site of interest (atoms g"' yr"')

Equation D.9.a

Uncertainty in normalized production rate
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APPENDIX E

ISOLATION AND EXTRACTION OF /iV^/rt/COSMOGENIC '''C FROM
OLIVINE
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ABSTRACT
The potential for using in situ cosmogenic ^'^C (in situ ''^C) to determine surface
exposure ages of young (<15 ka) landforms, quantify erosion rates in rapidly denuding
areas, and decipher complex exposure histories when used in conjunction with longerlived and stable cosmogenic nuclides (CNs) is well known. Before this potential can be
realized, however, protocols for isolating and extracting in situ '"^C from various target
minerals must be developed. Chemical pretreatment and extraction techniques have been
developed previously to isolate in situ '"'C from quartz and carbonate. While these
minerals can be found in most places on Earth, they are absent from basaltic terrains. To
fill this gap, we conducted numerous chemical pretreatment experiments and step-heated
extractions aimed at isolating and extracting in situ '"^C from olivine. We were able to
isolate and extract a stable and reproducible in situ '"^C component from olivine using
dilute HNO3 over a variety of experimental conditions. However, the measured in situ
'"^C concentrations in all of our experiments were less than half of the total that was
expected based on computer simulations, cross-section measurements, and measured
concentrations in quartz. This discrepancy may be related to the formation of a synthetic
mineral composed of magnesium and iron oxides (from the melted olivine) and
aluminum oxide (from the sample boat) that appears to have crystallized within the
lithium metaborate (LiBOa) melt during the extraction process. We speculate that
approximately 50-80% of the in situ '"'C atoms that originally resided in the olivine grains
remained in the melt, and perhaps were incorporated in the new mineral. This problem
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might be avoided in the future by using a lithium tetraborate (Li2B407) flux that more
readily attacks mafic silicates, such as olivine.

1. INTRODUCTION
•

1

Like other in situ cosmogenic nuclides (CNs), such as Be,

OA

Al,

"Xft

'X

CI, and He,

that are widely used in Quaternary geology, in situ cosmogenic '"'C (ti/2=5.73 ka; in situ
''^C) is produced in the upper few meters of the Earth's crust by the interaction of cosmic
rays and target nuclei, primarily oxygen and silicon. The potential for using in situ '"^C to
determine exposure ages of young (<15 ka) landforms and quantify erosion rates in
rapidly denuding areas has been widely recognized (e.g., Lai, 1991; Gosse et al., 1996).
Also recognized is the potential for in situ '"'C to be used in concert with longer-lived and
stable CNs to elucidate complex exposure histories of surficial landforms (e.g., Zreda and
Lifton, 2000). Despite its potential, however, the impact of in situ '"^C on CN research to
date has been limited primarily because of the difficulty of measuring in situ '"^C
concentrations in terrestrial rocks.
In situ ''^C has been measured routinely in extraterrestrial rocks for decades (Goel
and Kohman, 1962; Jull et al., 1998), but ''*C concentrations in Earth-bound rocks are
typically 2-3 orders of magnitude lower than in lunar material and meteorites. Measuring
the in situ ''^C inventory of terrestrial rocks requires complete removal of contaminant '"^C
from sources such as CO2 and other atmospheric gases, organic matter, and secondary
carbonate, which are often present in quantities equivalent to or exceeding the in situ
component.
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An early attempt to isolate in situ
achieved some success, but assumed that

from terrestrial rocks (Lai and Jull, 1994)
exists largely as '"^CO within a rock, and

that the ratio of ^'*C0;''^C02 measured during sample dissolution in HF is constant.
However, the measured

ratio varied by a factor of 3-4 between samples,

limiting the actual precision of a given measurement. Lifton et al. (2001) recently
developed a technique that can successfully isolate and extract in situ

from terrestrial

quartz by combusting the quartz grains and a lithium metaborate (LiBOa) flux in the
presence of ultra-high-purity (UHP) O2 carrier gas. All evolved carbon species are
oxidized and collected as CO2. While this method is analytically difficult and time
intensive, it avoids the problem of variable C0;C02 ratios, and has resolved problems
with unstable background levels and reproducibility that have undermined other attempts
at isolating in situ

(Lai and Jull, 1994; Handwerger et al., 1999).

In 2001, we set out to build upon the success of Lifton et al. (2001) by designing
and constructing a simplified extraction system, altering our laboratory procedures to
reduce the amount of time required for an extraction, and investigating the potential of
using olivine as a target mineral for in situ ''^C research. Below we discuss our modified
extraction system and procedures in detail, as well as the results of numerous experiments
aimed at isolating and extracting in situ

from olivine. We present our results in full

so that other laboratories can avoid the pitfalls and obstacles that we have encountered
over the last few years of developmental research.
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2. MODIFICATIONS OF THE IN SITU

EXTRACTION SYSTEM AND

PROCEDURES
The original extraction system at the University of Arizona described in Lifton et
al. (2001), which is still in use, is a closed loop that consists of four major components:
(1) a Thermolyne® Type 59300 tube furnace capable of temperatures >1500°C fitted with
a dedicated 2" o.d. mullite tube, (2) a U-shaped secondary combustion furnace packed
with 2 mm diameter fiised quartz beads set at 1020°C, (3) three cryogenic coil traps, and
(4) a dual-stage stainless-steel (SS) bellows recirculating pump (Fig. E.l.a). The
recirculating pump forces UHP O2 through the secondary furnace where all carbon
species liberated from a sample are fully converted to CO2. Water is largely removed in
the first two coil traps, which are immersed in a dry ice/isopropanol bath, and the
remaining condensable gases (including CO2) are collected with liquid nitrogen (LN) in
the third trap. The O2 carrier gas is continuously recirculated through the closed loop to
ensure that all ^'*C atoms are oxidized and ultimately captured.
The extraction process has been condensed from ~26 man-hours over three days
(as described in Lifton et al. (2001)) to ~18 man-hours over two days. On the first day, a
quartz sleeve (replaced for every sample) is precleaned by heating to >800°C with a
glassblower's torch, and centered in the flimace tube using clean SS and quartz
implements. 20 g of LiB02 are placed in a high-purity AI2O3 boat, and slid into the
center of the quartz sleeve using a quartz push rod. The LiB02 is melted and degassed at
1200°C for 1 hour in an UHP O2 atmosphere to remove any water and contaminants, and
allowed to cool to room temperature overnight.
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On the second day, the AI2O3 boat with the solidified LiB02 is retrieved from the
furnace and placed in a laminar flow hood, again using cleaned SS and quartz
implements. The sample grains are loaded on top of the LiB02, and the boat is returned
to the furnace tube. After evacuating the extraction system, the boat is heated in UHP O2
to 500°C for 1 hour to remove atmospheric contaminants, followed by combustion in
UHP O2 at 1100°C for 3 hours.
The CO2 is purified (i.e. water, halides, nitrogen and sulfur species are removed)
separately from the extraction loop (but on the same vacuum system), while the CO2 is
converted to graphite in a separate, dedicated graphitization system. Until 2001, we used
BOC-Edwards Diffstak® oil diffusion pumps backed by oil-cooled rotary vane pumps to
evacuate each system. These have since been replaced with turbomolecular pumps
backed by dry scroll pumps to eliminate the possibility of contaminating the lines with
backstreaming oil vapors.
While the existing extraction system works well, extracting in situ

from

quartz with it is very time- and labor-intensive. Our intent in modifying this design was
to make it as small and simple as possible, with the idea that ultimately several extraction
lines could be operated simultaneously to maximize sample throughput. We achieved
this by eliminating the recirculating pump and two coil traps, and moving the purification
apparatus to a separate vacuum system. These changes required several modifications to
the extraction procedures discussed in Lifton et al. (2001). The primary difference is that
the O2 carrier gas moves through the modified extraction line in a single pass, rather than
being continually recirculated in a closed loop. We bleed the carrier gas through the line
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by cracking open various stopcocks and allowing the gas to flow through at a controlled
rate. After experimenting with different flow rates, we settled on the equivalent of 2-3
times the volume of the fimiace tube over a 1 hour period, although flow rates up to
~50% higher than this do not appear to affect our experimental results.
The modified extraction system consists of three major parts: (1) a Thermolyne®
Type 21100 tube furnace capable of reaching 1200°C, fitted with a dedicated 2" o.d.
mullite tube, (2) a secondary combustion furnace as described above, and (3) a single
cryogenic coil trap (Fig. E.l.b). The mullite tube is capped with 316 SS compression
flanges and glass frits are installed at both ends of the combustion chamber beyond the
flanges to protect the rest of the line from particulates. These frits also slow the
movement of oxygen through the mullite tube, which minimizes the possibility of
disturbing the sample during extraction. UHP O2 is bled through the fiimace tube and
carries evolved sample gases through the secondary combustion furnace before
condensable gases are collected in the coil trap. Sample purification and graphitization
are conducted separately as before. All glass tubing (except the coil trap) and glass-metal
connections are covered by heat tape that is maintained at 50-70°C to minimize gas
sorption inside the line.

2.1. Yield test, blank levels, and reproducibility
An initial concern with our modified extraction system was that the single-pass
design might not effectively trap all the CO2 evolved from a sample before pumping
away the carrier gas. To address this concern, a multiple-step yield test was conducted in
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July 2002 over a period of five days. The experiment began on Day 1 with the degassing
of the AI2O3 boat and LiB02 powder. On Days 2 and 3, blank measurements were made
to establish a trend in the blank levels because the blank and in situ '"'C concentration of a
sample cannot be measured simultaneously (the blank value for a given extraction must
be inferred or interpolated). At the beginning of each day, the temperature inside the
furnace tube was raised to 170°C and evacuated for 1 hour. The tube was then filled with
-50 torr of O2, and the temperature was raised to 1100°C. The carrier gas was then
slowly bled through the system for 1 hour, and condensable gases were collected in the
coil trap. The tube was allowed to cool to room temperature overnight between each
step. On Day 4, a small (34 |ag) aliquot of CO2 was purified, cryogenically introduced
into the furnace tube from a small cold finger immediately adjacent to the tube's
downstream end. Approximately 50 torr of O2 was then introduced into the tube, and
allowed to mix with the CO2 aliquot for 1 hour at 1100°C. UHP O2 and the gas mixture
were then bled through the system for 1 hour, and condensable gases were collected in
the coil trap. An additional blank measurement was conducted on Day 5 so that we could
interpolate a blank level for Day 4. All gases that were collected were later purified and
the CO2 yield was measured. The results indicated essentially 100% recovery of CO2
(Table E.l).
Blank levels for standard 2-day extractions for both systems are very low and
stable and do not show any trend through time (Table E.1). Blanks for the original and
modified extraction systems have a weighted mean of (152±12) x 10^ atoms (la; n=6)
and (239±11) x 10^ atoms (ICT; n=7), respectively. The weighted mean of step-heated
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blanks using the modified extraction line is (233±18) x 10^ atoms (la; n=2), which is
indistinguishable from the weighted mean of the standard 2-day blanks. Although the
blank levels for the modified extraction line are higher than those for the original line, the
limiting factor in a given measurement is not the blank itself, but rather the uncertainty in
the blank, which is essentially the same for both systems.
Our final test for the modified extraction line was to determine if we could
reproduce the measured number of in situ

atoms in a "known" sample relative to the

total measured using the original extraction system. For this, we used a sample of
quartzite (PP-4) that was collected from a wave-cut bench formed during the late
Pleistocene highstand of pluvial Lake Bonneville (Oviatt et al., 1992; Lifton et al., 2001).
All aliquots were treated and extracted in the same manner to facilitate direct comparison.
The number of atoms per gram of sample { N ) in each combustion step was
calculated using the equation

(F.A,,N,V,
N=

Eq. 1

where Fm is the measured fraction modem carbon normalized to a 5'^C value of -25%o
vpDB and A.D. 1950, A14 is the fractional abundance of modem carbon (1.177 x 10"'^ ''^C
atoms per C atom),

is Avogadro's Number, Vs is the volume of CO2 for a given

combustion step at STP (in cm^), Va is the volume of 1 mol of CO2 at STP (in cm^), B is
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the number of ''*C atoms associated with a blank extracted in the same manner as the
sample, and Ms is the mass of the sample (in grams). After measuring the yield, the CO2
was diluted with ''^C-free CO2 to a total mass of 0.5 to 1.0 mg for subsequent conversion
to graphite.
Correction factors were required for sample thickness and topographic shielding,
which were approximately 8% and 1%, respectively, for sample PP-4 (Lifton et al., 2001;
Table E.l). We also normalized the chemical composition to a pure SiOi composition
using experimental cross-section data as described in Lifton et al. (2001). The magnitude
of this correction was negligible for this sample. The weighted means of the corrected in
situ ''^C concentrations using the original ((359±11) x 10^ atoms; la; n=3) and modified
•3

((349±8) X 10 atoms; la; n=6) systems are indistinguishable at the la level (Table E.2).

3. IN SITU '^C AND OLIVINE
After achieving low and stable background levels and determining that we could
reliably measure the in situ

concentration of a sample using the modified extraction

line and new procedures, we investigated the potential for using olivine as a target
mineral for in situ

research. Olivine is found in many terrains, particularly basalt

flows, in which quartz and carbonate are absent, and has a relatively simple stoichiometry
and a high ionic density, which limits diffusion (Tingle et al., 1988; Trull et al., 1991). It
1A
01
is the preferred target mineral for in situ He, although in situ Be, Ne, and

Al, have

also been measured in olivine (Marti and Craig, 1987; Nishizumi et al., 1990). On the
down side, olivine is not as resistant to weathering and chemical treatment as quartz.

157

which complicated our efforts to remove contaminant ''*C without affecting the in situ
component.

3.1. Sampling locations
We selected basalt flow sampling localities based on the following criteria: (1) the
flows contained at least 5-10% olivine, (2) olivine was not altered to iddingsite, (3)
reliable independent ages constrained the age of the flows, (4) primary flow features were
present and well-preserved, and (5) flow surfaces were continuously exposed to cosmic
rays since the time of eruption (i.e., no evidence of episodic burial or shielding). We
collected surface samples from two basalt flows that met each of these criteria: the
Tabernacle Hill flow in the Black Rock Desert of south-central Utah and the McCarty's
flow in the Zuni-Bandera Volcanic Field in western New Mexico (Fig. E.2; Table E.3).
We also collected samples from a Miocene basalt flow in northern Arizona at the base of
roadcut (shielded by ~20 m of rock) for use as a procedural blank to ensure that we did
not introduce ''*C during the chemical pretreatment process.
The Tabernacle Hill basalt flow (38.93°N, 247.47°E) is an essentially circular
basalt flow that erupted into pluvial Lake Bonneville when the lake was at or near its
Provo Shoreline level (Oviatt and Nash, 1989). The age of the flow is constrained by
radiocarbon ages of 14.3±0.1

ka (Beta-23803; Oviatt and Nash, 1989), obtained from

dense tufa on the outer margin of the flow, and 14.5±0.1 ''^C ka, when the lake drained
catastrophically from the Bonneville highstand to the Provo level in the Bonneville Flood
(Oviatt et al., 1992). In general,

ages obtained from tufa can be younger than the true

158

age if younger aqueous carbon species are introduced by ground water or older than the
true age if the carbon isotopic composition of the original host water was not in
equilibrium with atmospheric carbon during precipitation of the tufa (i.e., carbonreservoir effects in the lake were present). The dated tufa was collected from beneath an
overhanging ledge of basalt, which effectively shielded it from percolating water.
Carbon reservoir effects in the Bonneville paleolake system were likely <500 yrs
(Broecker and Kaufman, 1965) and probably <200 yrs (Benson, 1978). We therefore
consider the age of 14.3±0.1

ka for the tufa to be a reliable minimum age for the

Tabernacle Hill eruption, and adopt an age of 14.4±0.1

ka (or 17.3±0.3 calendar ka;

age calibrated using INTCAL 98, Method A; CALIB 4.4.2; (Stuiver and Reimer,
1993; Stuiver et al., 1998)) as the exposure age of the flow.
Much of the surface of the Tabernacle Hill flow is well preserved and many
primary pahoehoe features, such as basalt ropes and pressure ridges, are present,
particularly in a grassy plain north of the caldera (Fig. E.3.a). The excellent preservation
of the flow and its well-established age has led to its use as a calibration site for
estimating production rates of other in situ CNs, including ^He (Cerling, 1990), ^'Ne
(Poreda and Cerling, 1992), and ^^Cl (Zreda et al., 1991).
The McCarty's basalt flow (34.84°N, 252.08°W) is the youngest flow in the ZuniBandera Volcanic Field and is located within the boundaries of the El Malpais National
Monument (EMNM). The age of the McCarty's flow is constrained by two ^'^C dates that
were obtained from burned tree roots located just below the base of the flow (Laughlin et
al., 1994). The '"'C ages have a weighted mean age of 3.0±0.1 '''C ka (or 3.2±0.1
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calendar ka), which we adopt as the exposure age of the flow. The surface of this flow is
remarkably well preserved. A thin veneer of volcanic glass that originally covered the
surface of the flow is still present in many areas (Fig. E.3.b), and primary pahoehoe
features are common and beautifully preserved.
We collected samples from the Tabernacle Hill flow during site visits in 1994
(NAL, JQ), 2002 (JSP, JQ), and 2003 (JSP) and from the McCarty's flow in 2002 (JSP,
JQ). During all visits, we used a hammer and chisel to remove the top few centimeters of
well-preserved pahoehoe ropes, and we measured the inclination to the horizon at 30°
azimuthal increments using a hand-held clinometer to determine the degree of
topographic shielding. We did not find evidence of episodic burial by dust or ash at
either location and, even though the Black Rock Desert and EMNM receive snow during
winter months, local meteorological records indicate that annual snowfall is <15 cm yr"'
at both locations, which would not significantly impact the flux of high-energy neutrons
and muons responsible for production of in situ '"'C.

3.2. Separation of olivine
We first measured the average thickness of all samples in order to calculate depthintegrated production rates. Samples then were crushed and sieved to isolate the 0.250.50 mm and 0.5-1.0 mm size fractions. Olivine was isolated from the matrix material
using a Frantz Magnetic Barrier Laboratory Separator (model LB-1) and heavy liquids
(lithium metatungstate at a density of 2.93-2.95 g cm"^). Our goal for each sample was to
separate at least 20-30 g of olivine so that multiple in situ '"'C measurements could be
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made on the same aliquot to facilitate direct comparison of the results. (Note that a single
in situ

measurement requires up to 5.0 g of the target mineral). To achieve this, we

typically crushed, sieved, and processed approximately 2-3 kg of basalt per sampling site.
Based on grain counts performed on randomly selected subsamples, the Tabernacle Hill
samples were approximately 97% olivine. The remaining few percent consisted largely
of pyroxene, which is difficult to separate from olivine because the minerals have similar
magnetic and density properties. The McCarty's flow samples contained approximately
63% olivine and 37% pyroxene.
Differences in the mineral compositions between samples should not pose a
significant problem because the weight percent of oxygen and silicon, which are the two
primary target nuclei for in situ

production, are similar for olivine (40.1% and 17.6%,

respectively, assuming 70% forsterite) and pyroxene (42.5% and 24.5%, respectively,
assuming a 70:30 ratio of Mg:Fe in clinopyroxene). Moreover, the measured in situ
concentrations were normalized to a pure Si02 composition, which negates variability
due to compositional differences between samples.

3.3. Experimental design
To successfully isolate in situ ''*C from the host mineral, it is necessary to remove
contaminant ''^C completely without affecting the in situ component. We used four
criteria to determine the success or failure of a given experiment; (1) identification of
contaminant
the in situ

(2) separation of contaminant

and in situ ''^C, (3) maximization of

component, assuming that the first two criteria were met, and (4) complete
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removal of in situ

from samples (i.e., negligible yield of in situ

combustion step). Contaminant

during the last

is largely released at or below 500°C, whereas the

vast majority of the in situ component is released at or above 1100°C (Lifton et al., 2001;
this study). If the contaminant and in situ components are successfully separated, the
CO2 yield of the 600 and/or 700°C combustion steps should be very low or, ideally, zero.
While separation of these components can easily be accomplished in quartz by etching
the surface of the mineral grains with dilute HF/hno3 (Kohl and Nishizumi, 1992) and
step-heating (Lifton et al., 2001), we found that olivine does not withstand the same
aggressive treatment and dissolves after only a few hours of exposure to the acid solution.
We therefore experimented with a variety of combinations of acids, acid strengths,
duration of acid treatments, and step-heated extractions in an attempt to find a
combination that would eliminate contaminant

while preserving the in situ ''^C

component. For each experiment, the final acid treatment was performed the day before
the extraction, and the treated grains were stored under low vacuum to minimize the
amount of time they were exposed to the atmosphere.
Step-heating experiments were conducted using fine and coarse temperature steps.
For all experiments, the temperature in the furnace tube was initially raised to 170°C and
the tube was evacuated for 1 hour. Fine step-heating experiments were conducted with
steps at 300, 500, 600, 700, 900, and 1100°C. Condensable gases were collected for 1
hour at each step between 300 and 900°C, and after each of 3 hours at 1100°C (a total of
8 aliquots per sample). Coarse step experiments were conducted with steps at 500, 600,
and 1100°C. Gases released during the 500°C step were discarded and condensable
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gases were collected for 1 hour during the 600°C step. The duration of the 1100°C step
was 3 hours - the tube was isolated for the first two hours and then all condensable gases
were collected during the final hour (a total of 2 aliquots per sample).

3.4. Treatment of raw data
The concentration of in situ

atoms in each combustion step or experiment was

calculated using Equation 1, corrected for sample thickness and topographic shielding,
and normalized to a pure Si02 composition and a 6'^C value of -25%OVPDB and A.D. 1950.
The corrections for sample thickness were on the order of a few percent for the
Tabernacle Hill and McCarty's flow samples, and topographic shielding corrections were
negligible at both locations (Table E.3). Normalization of the chemical composition to a
pure Si02 composition required a correction of 18% for the Tabernacle Hill samples,
20% for the McCarty's flow samples, and 21% for the Miocene basalt flow sample
(Table E.3). Analytical results are included in Table E.SI.l.
We did not measure the 6'^C value of every aliquot, but rather we measured the
stable carbon isotopic composition for the least- and most-diluted aliquots for samples at
each site (TH-1, TH-12, TH-13, TH-15, McC-lb, and AZ02-2) to determine a range of
possible 6'^C values. We then took the weighted mean of the measured values as the
5'^C value for aliquots that were not measured and assumed an uncertainty of ±l%o.
(Note that the full range of measured 5'^C values for all samples (n=17) was only l.l%o.)
This and all other uncertainties were fiilly propagated using the Law of Combination of
Errors, neglecting covariance terms (Bevington and Robinson, 1992).
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Weighted mean values were calculated using

weighting, where ai is the

analytical error associated with the individual sample measurement, relative to the
measured concentration (Bevington and Robinson, 1992; Eq. 4.17). We calculated both
the standard error of the weighted mean (Bevington and Robinson, 1992; Eq. 4.19) and
the weighted average variance of the data (Bevington and Robinson, 1992; Eq. 4.22), and
took the square root of the larger of the two as the uncertainty associated with the
weighted mean. The standard error of the mean represents the total analytical (internal)
error, whereas the weighted average variance represents the scatter of the data (external
error).

4. EXPERIMENTAL RESULTS
4.1. Step-heating experiments with HF and HCl
We conducted three step-heating experiments on aliquots of olivine from
Tabernacle Hill that were successively treated with dilute hno3, HCl, and HF/hno3
solutions over a period of three days. Between each step, the olivine grains were
thoroughly rinsed with 18.2 MQ Milli-Q water, filtered, and dried overnight in a vacuum
oven at 75°C. The duration of the hno3 and HCl treatments was 1 hour in all three
experiments, and the duration of exposure to the HF/hno3 solution ranged between 0.25
and 2 hours (Table E.4).
The results show that separation of contaminant and in situ ''^C was achieved for
the extended (1 hour and 2 hours) HF/hno3 treatments, but not for the short (0.25 hour)
treatment (Fig. E.4.a). The results also show that a significant portion of the in situ
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component was removed by the HF/hno3 solution, as the in situ ''^C yields decreased as
the duration of acid treatments increased. In other words, the HF/hno3 solution
removed both the contaminant and in situ components simultaneously. Partial dissolution
of the olivine was observed during both of the extended experiments, which supports this
interpretation. As a result, the use of the HF/hno3 solution to remove contaminant '"'C
was abandoned in favor of a less aggressive treatment.
We then conducted three step-heating experiments on Tabernacle Hill olivine that
was treated with dilute hno3 and HCl solutions over a period of two days. Again, the
olivine grains were rinsed in Milli-Q, filtered, and dried overnight at 75°C between steps.
We varied the concentration of each acid between 0.1 and 10% (Table E.4), and the
duration of the acid treatments ranged between 1 and 1.5 hours. Significant

yields

were obtained for the 600°C and 700°C steps (Fig. E.4.b) in all three experiments, which
suggest that these combinations of acids, acid strength, and duration of acid treatment
were not sufficient to remove contaminant ^'^C. In addition, at the end of each HCl
treatment we observed a white powder adhering to the surface of the olivine grains,
which we submitted for X-ray diffraction (XRD) analysis. The XRD results revealed the
powder was a complex, secondary clay mineral that we believe was formed by the partial
dissolution of olivine and reprecipitation during the HCl treatment. It is not clear if the
presence of the clay mineral affected the in situ '"'C yields. Regardless, the results of
these experiments demonstrate that neither HCl nor HF can be used to successfully
remove contaminant ''^C without affecting the in situ ^"^C component.
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4.2. Step-heating experiments with hno3
We then conducted three step-heating experiments on aliquots of the Tabernacle
Hill olivine that were treated only with 10% hno3. Durations of these acid treatments
ranged from 1.5 to 3 hours (Table E.4). As before, olivine grains were rinsed in Milli-Q,
filtered, and dried in a vacuum oven at 75°C overnight. The results of these experiments
were more promising. The duration and strength of each of the hno3 treatments were
sufficient to remove the contaminant

(yields ranged between (4±3) and (16±3) x 10^

atoms g"' for the 600°C and 700°C steps, respectively) and the magnitude of the in situ
component does not show a clear relationship with the duration of the acid treatment.
This indicates that there is a stable in situ ''^C component in the Tabernacle Hill olivine
that was not significantly affected by hno3 (Table E.4). In situ

yields (1100°C only)

for samples RN-751, RN-741, and RN-745 were (86±10) x 10^ atoms g"', (98±10) x 10^
atoms g"', and (161±11) x 10^ atoms g"\ respectively (Fig. E.4; Table E.4).
We then conducted four additional step-heating experiments and two extractions
in which we measured only the 1100°C aliquot on the Tabernacle Hill olivine samples to
verify these results. For these experiments, we varied the duration of the hno3
treatments (0.25 to 1.5 hrs), acid strength (0.1 to 10%), and grain size (fine; 0.25-0.50
mm diameter and coarse; 0.5-1.0 mm diameter). The in situ

yields from these

experiments ranged between (78±7) x 10^ atoms g"' and (127±9) x 10^ atoms g"'. The
yields do not show a clear relationship with duration of the acid treatments or acid
strength. This is important because if the in situ

component was leached during the

acid treatment, then increasing the duration of the acid treatment or acid strength would
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most likely result in lower yields. Moreover, the in situ

yield for sample RN-779

(122±8 atoms g"'), which was treated with 0.1% hno3 for only 0.25 hr at room
temperature, is identical to the yields of other samples treated more rigorously with
hno3. This implies that chemical pretreatment may not be necessary if only the 1100°C
aliquot is collected and analyzed.
The weighted mean of the hno3 experiments, excluding sample RN-745, is
•J

1

(106±7) X 10 atoms g" . We exclude the results from sample RN-745 for two reasons.
First, its yield ((161±11) x 10^ atoms g"^) falls outside of the 2a confidence interval of the
weighted mean calculated from the entire sample population. Second, while the in situ
yield profile of this sample is nearly identical to two other samples that were treated
in the same manner (RN-741 and RN-751; Fig. E.4.c), the yields of each combustion step
for sample RN-745 are systematically higher than the other samples by approximately
(20 to 25) X 10^ atoms g ' per step. The source of this offset is not known, although we
suspect it may be related to the fact that the measured

activities of our samples are

very close to the limits that can be measured at the NSF - Arizona Accelerator Mass
Spectrometry (AMS) facility. Fluctuations in the background level of the AMS machine
on the order of 0.1% fraction modem carbon, for example, could account for deviations
of this magnitude.

4.3. Additional results
Aliquots of olivine from the shielded Miocene basalt flow in northern Arizona
(sample AZ02-2) and the surface of the McCarty's basalt flow in western New Mexico
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(sample McC-lb) were also treated with 10% hno3 for 1.5 hours before each extraction.
The in situ

yield for the shielded olivine was (0±4) x 10^ atoms g"', which indicates

that we have not introduced

at any point during the chemical treatment, extraction,

purification, or graphitization processes. The in situ

yield for the McCarty's sample

was (26±5) X 10^ atoms g"'.

5. DISCUSSION
Theoretical estimates of in situ

concentrations in the olivine samples can be

calculated based on production rates previously established for quartz (sample PP-4; see
Section 2.1), accounting for the differences in the chemical composition between quartz
and olivine (Section 3.2), and scaling CN production rates in space and time. The
relationship between the concentration of a CN and the production rate is governed by

f,1- e

N=X + Pi
A
Eq. 2

where N is the concentration of the CN of interest (in atoms g"'), P is the production rate
by a particular reaction pathway (in atoms g"' yr"'), X is (In 2)/ti/2 (in yr"'), /7is the density
1

of the sampled material (in g cm"), £-is the erosion rate (in cm yr'), A is the attenuation
length of the type of cosmic ray responsible for production of the CN (in g cm"^), and t is
the exposure time (in yr) (Lai, 1991). Based on the preservation of the sampled surfaces
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of the Tabernacle Hill and the McCarty's flows, erosion is negligible, which allows
Equation 1 to simplify to

Eq. 3

Production rates calculated using Equation 3 are integrated over the time of
exposure and are valid only at the sampling site. These rates must be scaled in space and
time to a common point, which by convention is sea level, high geomagnetic latitude
(SLHL) and modem geomagnetic field intensity. We have chosen to use the spatial
scaling model of Desilets and Zreda (2003) to account for the influence of the Earth's
magnetic field and atmospheric depth on the secondary cosmic-ray flux because it is
based on cosmic-ray survey data that are ordered by trajectory-derived effective cutoff
rigidity (Re) values, which is considered the most accurate method for ordering cosmic
ray data (Allkofer and Grieder, 1984). It is also the only published study with separate
scaling models for each major CN production pathway (high- and low-energy neutrons,
fast and slow muons). We followed the guidelines of Pigati and Lifton (2004) to account
for temporal variations in the intensity of the Earth's magnetic field, as well as movement
of the geomagnetic dipole axis (i.e., polar wander). Note that the production rates
presented here are normalized to SLHL and are referenced to the 1945.0 Definitive
Geomagnetic Reference Field (DGRF; http://www.ngdc.noaa.gov/IAGA/vmod/igrf.html).
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Using the measured concentrations for the 1100°C aliquot of sample PP-4 and
assuming in situ

production only by high-energy nucleon spallation, the modem,

SLHL production rate for in situ ''^C in quartz is 14.7±0.5 atoms g"' yr"'. Experimental
evidence suggests that in situ

is also produced by slow, negative muon capture and

fast muon interactions (Heisinger et al. 2002). However, the difference between
predicted concentrations in the Tabernacle Hill and McCarty's olivine samples based on
production by all three mechanisms are statistically indistinguishable from predicted
concentrations based only on production by spallation. After accounting for differences
in chemical composition, location, and exposure age, the predicted in situ
concentrations for the Tabernacle Hill and McCarty's flow olivine samples are 286±10
and 136±5 atoms g'\ respectively.
These predicted in situ ''^C concentrations are 2 to 5 times higher than our
measured in situ

concentrations (Fig. E.5; Table E.5). There are a number of

potential sources of error that could individually or collectively contribute to this
discrepancy, including problems with the sampling locations (weathering, incorrect
independent ages, episodic burial), mineralogy (diffusion), chemical pretreatment (acid
leaching, partial dissolution), and laboratory procedures (loss of ^''C during extraction,
purification, and/or graphitization). After exhaustively reviewing the potential impact of
each of these sources of error, it did not appear that the discrepancy could be attributed to
any one source alone.
The predicted concentrations are based on the assumption that all in situ '"'C
atoms present in the olivine grains are released and ultimately collected. However, upon
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close inspection of the spent sample boats, we discovered that there were several
undissolved pyroxene grains present near the base of the LiBOa melt following the
extraction process. Although the number of undissolved grains was not enough to
account for the missing in situ '"^C (Table E.5), we also found that there were thousands
of small (fine silt size) grains that we could not readily identify. Electron microprobe
analysis revealed that these grains are predominantly composed of Al, Mg, Fe, and
oxygen. Although the mineralogy is unknown, the stoichiometry of the grains suggests
that they may be some form of spinel. Grains located near the surface of the melt were
small, angular, and composed of -90% of ai2o3. Grains near the base of the melt were
elongated, less angular, and composed of ai2o3 (70%), MgO (20%), and Fe203 (5%).
Based on the physical and chemical characteristics of these grains, we speculate
that they formed in the melt as a result of the interaction between the partially dissolved
sample boat, which is composed of ai2o3, and the melted olivine grains. It is unclear
exactly how the formation of these grains affected the in situ

atoms released from the

olivine. The stable and reproducible nature of our hno3 experimental results suggests
that a constant fraction of the total in situ ''^C that is proportional to the Mg content of the
olivine remains in the melt during the extraction process. We hypothesize that the Mg in
the olivine and the Al from the sample boat interacted with the evolved carbon species
within the melt, causing a significant portion of the in situ

to be sequestered. If true,

and assuming that the proportion of in situ ''*C retained in the melt is a fiinction of the
ratio of Mg to Fe in the olivine samples, then our predicted in situ

concentrations

must be adjusted accordingly. Using these ratios, the resulting predicted in situ
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concentrations for the Tabernacle Hill and McCarty's flow samples are 103±4 and 30±1
atoms g"', respectively, which agree with our measured in situ

values at the ICT

confidence level (Fig. E.5; Table E.5). While this correction is only empirical, we
believe that it does, at least to a first order approximation, address the root cause of the
discrepancy between the predicted and measured in situ ''^C concentrations. Further
research will answer the questions of (1) whether all in situ ''^C is released from the
olivine grains, and (2) if the partial release that we observed is related to the higher
melting point of Mg-rich olivine compared to lower melting point of Fe-rich olivine.

6. CONCLUSIONS
The experimental data presented here summarizes nearly three years of
developmental research, which included construction and testing of a modified in situ '''C
extraction system, and a series of chemical pretreatment and step-heating experiments
aimed at isolating and extracting in situ ^'^C from olivine. Blank levels for the modified
extraction system are low ((239±11) x 10^ atoms (la; n=7)) and stable, which allows
measurement of as little as ~150 x 10^ atoms for a 5.0 gram sample. The precision of a
given measurement depends on the concentration of ''*C atoms, but is typically <5% for
•

^

1

concentrations of 100 x 10 atoms g' or more. While our extraction methods are
analytically difficult and quite time intensive, modification of the original procedures has
reduced the amount of time required for an extraction from -26 hours over three days to
~18 hours over two days without sacrificing accuracy or precision.

172

Results of numerous step-heating extractions aimed at isolating and extracting in
situ

from olivine suggest that the current extraction protocol, specifically the use of a

LiBOa flux, is not sufficient to allow quantitative recovery of in situ

atoms from

olivine. Although we are able to isolate and extract a stable and reproducible component
of in situ

from olivine, approximately 50 to 80% of the in situ

atoms appear to

remain in the olivine-LiBOi melt during the extraction process. Future work will involve
the use of a new flux, lithium tetraborate (Li2B407), which more readily attacks mafic
silicates, such as olivine. We hope that using this new flux, along with a quartz sample
boat, will allow all of the in situ

atoms that are released from the olivine grains to be

recovered for subsequent analysis.
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Table E.1: Summary of yield test and blank data

Lab#

AMS#

Date

Extraction system

Temperature &
duration

Yield (tig C)

Yield (10 atoms)

Yield test
blank • day 2
blank - day 3
blank-day 4
blank-day 5
initial CO2

--

total recovered CO2
recovered COj •- blank CO2

25-Jul-02
26-Jul-02
27-Jul-02
28-Jul-02

modified
modified
modified
modified

1100X; 1 hr
1100X; 1 hr
interpolated
1100X; 1 hr

3.34
1.61
1.02
0.74

±
±
±
±

0.61
0.57
0.58
0.57

--

--

--

--

34.24 ± 0.74

-

27-JUI-02

modified

1100'C; 1 hr

34.63 ± 0.63

-

--

--

-

33.61 ± 0.86

-

Recovery (%)

98 i 3

Extraction blanl<s
RN-632
RN-635
RN-636
RN-647
RN-649
RN-650

AA41990
AA41990
AA41990
AA41990
AA41990
AA41990

14-Feb-01
11-Jul-01
13-Jul-01
30-Apr-02
9-May-02
22-May-02

original
original
original
original
original
original

1100''C;3hrs
1100X;3hrs
HOCCiShrs
1100®C;3hrs
1100X;3hrs
1100X;3hrs

4.08
5.19
6.23
5.79
5.34
6.56

±
±
±
±
±
±

0.04
0.39
0.43
0.24
0.14
0.49

Weighted mean

RN-682
RN-684
RN-686
RN-698
RN-705
RN.7I6
RN-750

AA48353
AA48353
AA48353
AA48353
AA48353
AA48353
AA48353

22-Oct-02
24-Oct-02
O5-N0V-O2
07*Jan-03
27-Feb-03
08-Apr-03
20-Apr-04

modified
modified
modified
modified
modified
modified
modified

llOO-CiShrs
1100X;3hrs
1100X;3hrs
1100X;3hrs
1100'C;3hrs
1100°C:3hrs
1100''C:3hrs

10.06
9.87
7.22
5.24
5.32
5.32
6.38

±
±
±
±
t
±
±

0.51
0.36
0.44
0.40
0.59
0.61
0.82

Weighted mean

94
125
185
119
145
161

± 14
± 13
± 13
t 18

± 11
± 12

152 ± 12

265
285
220
265
237
240
207

±
±
±
±
±
1
±

24
40
19
17
57
19
12

239 ± 11

Step heated blanl(s
RN-720a
RN-720b
RN
RN-720d
RN-720e
RN.720f
RN.720g
RN-720h

-720C

AA48353
AA48353
AA48353
AA48353
AA48353
AA48353
AA48353
AA48353

18-Apr-03
18-Apr-03
18-Apr.03
18-Apr-03
18-Apr-03
18-Apr-03
18-Apr-03
18-Apr-03

modified
modified
modified
modified
modified
modified
modified
modified

300X; 1 hr
500X; 1 hr
600'C; 1 hr
700'C; 1 hr
900°C; 1 hr
1100X; Isthr
HOO'C; 2nd hr
1100X; 3rdhr

0.74
0.62
0.37
0.74
1.11
1.12
1.11
0.87

±
±
±
±
±
±
±
±

0.55
0.57
0.61
0.65
0.65
0.57
0.61
0.61

Total (600-1100°C steps)
RN-743a
RN-743b
RN
RN-743d

AA48353
AA48353
AA48353
AA48353

RN-743e''^

AA48353
AA48353
AA48353
AA48353

-743C

RN-743f

RN.743g
RN-743h

25-NOV-03
25-NOV-03
25-NOV-03
25'Nov-03

25-N0V-O3

25-NOV-03
25-NOV-03
25-NOV-03

4
0
0
22
22
95
68
22

±
1
±
±
±
±

20
13
10
9

7

13
i 13
1 10

229 ± 24

modified
modified
modified
modified

300°C; 1 hr
500'C; 1 hr
600'C; 1 hr
700X; 1 hr

0.37
0.87
0.50
0.50

±
±
±
±

0.35
0.40
0.48
0.48

32
46
0
0

±
±
±
±

14
14
9
10

modified
modified
modified
modified

900°C; 1 hr
1100X; 1st hr
IIOCC; 2nd hr
IIOOX; 3rdhr

1.11
1.75
1.13
1.26

±
±
±
±

0.65
0.40
0.13
0.09

22
101
94
19

±
±
±
±

7
9
17
12

Total (600-1100^0 steps)

All uncertainties are given at the 1a level
sample accidentally lost during purification; assumed same results as RN-720e

236 ± 26
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Table E.2: Summary of data for sample PP-4

Lab#

AMS#

Date

Yield (^g C)

10^ atoms g'^

Original extraction line

RN-674
RN-690
RN-691

AA34075
AA34075
AA34075

28-Jul-02
2-Dec-02
4-Dec-02

25.65 ± 0.72
24.75 ± 0.37
25.11 ± 0.62

Weighted mean

358 ± 19
368 ± 19
352 ± 18

359 ± 11

Modified extraction line

AA61595
AA61595
AA61595
AA61595
AA61595
AA61595

All uncertainties are given at the 1a level

10-Jun-02
12-Jun-02
19-Jun-02
6-N0V -O2
19-Feb-03
27-May-04

0.60
0.62
0.31
0.21
0.54
0.68

343
349
349
380
324
353

±
±
±
±
±
±

Weighted mean

349

00
1+

RN-661
RN-662
RN-665
RN-687
RN-704
RN-758

26.12
24.24
29.18
25.03
26.56
29.07

±
±
±
±
±
±

19
19
24
20
17
25

Table E.3: Summary of information for sampling sites

Shielded sample

Exposed samples

Tabernacle Hill, central Utah

Site information
Latitude (°N)
Longitude (°E)
Elevation (m)
Independent age
ka)
Reference^
Calibrated age (kaf
Sample information
Rock type
Desity (g cm"^)
Thickness (cm)
Correction factors
Sample thickness
Topographic shielding
Chemical composition

McCarty's
Flow,
western New
Mexico

Miocene flow,
northern Arizona

TH-1

TH-12

TH-13

TH-15

McC-1b

AZ02-2

38.93
247.48
1454

38.93
247.48
1464

38.93
247.47
1461

38.92
247.50
1479

34.84
252.08
2185

34.83
248.39
1979

3
17-21 Ma

14.4 ±0.1

14.4 ±0.1
1
17.3 ±0.3

3.0 ±0.1
2
3.2 ±0.1

17.3 ±0.3

17.3 ±0.3

14.4 ±0.1
1
17.3 ±0.3

basalt
2.15 ±0.20

basalt
2.15 ±0.20
3±1

basalt
2.15 ±0.20
3 ±1

basalt
2.15 ±0.20
4±1

basalt
2.30 ±0.20
5±1

1.02 ±0.01
1.00 ±0.05
1.18 ±0.02

1.02 ±0.01
1.00 ±0.05
1.18 ±0.02

1.03 ±0.01
1.00 ±0.05
1.18 ±0.02

1.04 ±0.01
1.00 ±0.05
1.20 ± 0.04

1

2±1

1.01 ±0.01

1.00 ±0.05
1.18 ±0.02

14.4 ±0.1
1

basalt

1.21 ±0.04

^ (1) Oviatt and Nash, 1989; (2) Laughlin et al., 1994; (3) Kamilli & Richard, 1998
^ Calibrated ages calculated using INTCAL 98, Method A; Calib 4.4.2 (Stuiver and Reimer, 1993; Stuiver et al 1998)
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Table E.4: Summary of experimental results
Lab#

Sample #

Size'^'

AMS#

Date

Step'^'

10' atoms g"^

Tabernacle Hill

RN-739

TH-13

coarse

AA55357

10-Aug-03

1%, 1 hr

1%, 1 hr

1%, 0.25 hr

fine

RN-728

TH-1

fine

AA53333

23-Jun-03

10%, 1 hr'®'

10%. 1 hr

1%, 1 hr

fine

86 ± 10

RN-725

TH-1

fine

AA53333

12-Jun-03

10%, 1 hr'®'

10%, 1 hr

1%.2hrs

fine

65 ± 8

RN-736

TH-13

fine

AA55357

17-Jul-03

1%, 1 hr

1%, 1 hr

fine

274 ± 16

RN-730

TH-13

fine

AA55357

29-Jun-03

10%, 1 hr'"

10%, 1 hr

~

fine

304 ± 14

RN-721

TH-13

coarse

AA55357

1-May-03

0.1%, 1.5 hrs

0.1%. 1.5 hrs

--

fine

49 ± 9

178 ± 10

RN-779

TH-12

coarse

AA55356

29-Sep-04

0.1%, 0.25 hr

RN-777

TH-15

coarse

AA55359

27-Sep-04

0.1% 1.5 hrs

-

~

-

122 ± 8

RN-776

TH-15

coarse

AA55359

25-Sep-04

1% 1.5 hrs

-

~

coarse

RN-774

TH-15

coarse

AA55359

23-Sep-04

5% 1.5 hrs

-

~

coarse

78 ± 7

RN-754

TH-15

coarse

AA55359

10-May-04

10% 1.5 hrs

-

~

coarse

118 ± 9

RN-756

TH-15

fine

AA53333

17-May-04

10% 1.5 hrs

-

-

coarse

127 ± 9

RN-751

TH-15

coarse

AA55359

22-Apr-04

10% 1.5 hrs

~

~

fine

RN-745

TH-15

coarse

AA55359

15-Jan-04

10%, 2 hrs

-

~

fine

86 ± 10
161 ± 11'«>

RN-741

TH-15

coarse

AA55359

I7-N0V-O3

10%, 3 hrs

-

--

fine

98 ± 10

Weighted mean

85 ± 6
100 ± 8

106 ± 7

McCarty's flow

RN-771

McC-1b

fine

AA60994

16-Aug-04

10% 1.5 hrs

..

..

coarse

26 ± 5

-

--

coarse

0 ± 4

Shielded basalt

RN-757

AZ02-2

fine

AA58546

24-May-04

10% 1.5 hrs

All uncertainties are given at the 1a levei
^ coarse = 0.5-1.0 mm diameter; fine = 0.25 to 0.50 mm diameter
^ Acid concentration (vol. %), Duration of acid treatment
^ Temperature increment (or step) between 600°C and 1 lOO'C for step heating experiments.
released below 1100X was not included in the tota! yie
The duration of each combustion step was 1 hr, except for the 1100°C step, which was 3 hrs.
^ Total concentration of all aliquots collected at 110O^'C
® Sample also treated with 10% HNO3 for 1 hr prior to extraction
^ Concentration is >2a from the weighted mean. Not included in the weighted mean calculation.
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Table E.5: Measured versus theoretical in situ

concentrations

Tabernacle Hill
Theoretical concentration (atoms g"^)^
Olivineipyroxene ratio
Corrected theoretical concentration (atoms g"^f
Fe:iVlg ratio (in wt %)

286 ± 10

McCarty's Flow
136 ± 5

97 : 3

63 : 37

277 ± 10

86 ± 3

37 : 63

35 : 65

Actual theoretical concentration (atoms g"')'

103 ± 4

30 ± 1

i\^easured concentration (atoms g"')

106 ± 7

26 ± 5

Ail uncertainties are given at the la level.
' Based on a SLHL production rate of 14.7±0.5 atoms g"' yr"' in quartz. Target concentrations account for differences
in production rates in space and time (Desiiets and Zreda, 2003; Pigati and Lifton, 2004) and for differences in
chemical composition between quartz and olivine (Lifton et al., 2001).
^ These values reflect that fact that pyroxene was not melted during the extraction process.
' These values assume that in situ ^^C atoms that originally resided in Fe-rich zones within the olivine grains were
released and that in situ '""C atoms that resided in Mg-rich zones within the olivine grains were retained in the melt.
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Figure E.1

Schematic diagrams of in situ

extraction lines

Type 59300 Thermolyne® tube furnace
fitted with 2" mullite tube

>

Dual stage
SS bellows
recirculating
pump

(a)

Quartz-bead
combustion
furnace

CO2 trap

Dual water traps

Type 21100 Thermolyne® tube furnace
fitted with 2" mullite tube
Oxygen
source

Quartz-bead
combustion
furnace

to scroll pump

(b)

CO2 trap
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Figure E.2

Locations of sampling sites
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Photographs of sampled surfaces
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Figure E.4

Results of step heating experiments with olivine
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RN-725
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Figure E.5.

Predicted versus measured in situ '"'C concentrations
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FIGURE CAPTIONS
Figure E.l

Schematic diagrams of (A) the original in situ '"^C extraction line (after

Lifton et al., 2001; Fig. 4) and (B) the modified extraction line in our laboratory at the
University of Arizona. Dark arrows show the flow path of O2 carrier gas, which is kept
at pressures equivalent to -50 torr at 170°C. Carbon species liberated during combustion
are fully oxidized to CO2 and collected in the coil trap. Contaminant gases are
subsequently removed, the sample co2 is diluted with '"^C-free co2, and converted to
graphite for analysis by AMS.

Figure E.2

Locations of (A) the Tabernacle Hill basalt flow in the Black Rock Desert

of central Utah and (B) the McCarty's basalt flow in the Zuni-Bandera Volcanic Field of
western New Mexico. At Tabernacle Hill, surface samples were collected from multiple
points in a grassy plain north of the caldera denoted by the large circle. Independent ''^C
sampling locations at each site are denoted by open circles.

Figure E.3

Photographs of sampled surfaces. (A) Basalt ropes at the Tabernacle Hill

basalt flow (sample TH-12). (B) Glassy surface at the McCarty's basalt flow (sample
McC-lb). The areas around these sites were relatively flat and did not show any
evidence of mass wasting or episodic shielding.

Figure E.4

Results of step-heating experiments with (A) HF/hno3, HCl, and hno3,

(B) HCl and hno3, and (C) hno3 only. The types of acids, acid strengths, duration of
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exposure to the acid solutions, and step-heating increments are summarized in Table 4.
Contaminant

is released at temperatures of 500°C or below, whereas in situ

is

released above this temperature, predominantly at 1100°C and above. Significant yields
at the 600 and/or 700°C steps indicate incomplete removal of contaminant

(e.g., RN-

739; RN-736, RN-730, and RN-721).

Figure E.5. Measured in situ

concentrations versus (A) predicted concentrations that

assume all in situ '^'C originally present in the olivine grains was released and collected,
and (B) predicted concentrations that account for pyroxene grains that remained
undissolved in the LiB02 melt and in situ

atoms that may were likely retained in the

olivine-LiB02 melt. Solid diagonal lines in each frame show 1;1 values.
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Table E.SI.1 - Analytical results for olivine samples

Sample ID

PP-4
TH-15
TH-15
TH-15
TH-15
McC-lb
AZ02-2

Lab ID

RN-758
RN-741
RN-745
RN-751
RN-754
RN-771
RN-749

Si02

AI2O3

Fe203

MnO

MgO

CaO

NaaO

K2O

Ti02

P2O5

TOTAL

%

%

%

%

%

%

%

%

%

%

%

97.82
40.08
38.38
39.70
40.75
40.33
40.44

0.86
1.19
1.44
1.53
2.45
2.88
2.28

0.29
18.76
13.41
18.10
17.43
18.81
21.42

0.00
0.24
0.23
0.24
0.23
0.22
0.36

0.31
32.33
30.46
31.57
30.37
35.06
26.13

0.03
0.70
0.68
0.83
0.97
1.88
2.45

0.07
0.17
0.20
0.24
0.59
0.52
0.40

0.07
0.00
0.09
0.04
0.17
0.13
0.08

0.08
0.11
0.12
0.13
0.17
0.30
0.16

0.00
0.03
0.02
0.05
0.05
0.06
0.02

99.53
93.61
85.03
92.43
93.18
100.19
93.74

