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Abstract. Cosmogenic-nuclide surface exposure ages pro-
vide empirical data for validating models simulating the tim-
ing and pace of ice-sheet response to a warming climate.
Increasing emphasis is being placed on obtaining exposure
ages that both accurately constrain Holocene deglaciation
and are precise enough to capture ice sheet change at the
sub-millennial scale. However, longer-lived nuclides such
as 10Be are susceptible to cosmogenic nuclide inheritance
often persisting through multiple periods of exposure and
burial, which can impact the accuracy of the most recent
Holocene exposure history. Shorter-lived in situ cosmogenic
14C (in situ 14C) is largely insensitive to nuclide inheri-
tance pre-dating the last glacial maximum (LGM), and when
combined with longer-lived nuclides can be used to con-
strain complex ice sheet histories over Holocene timescales.
Here, we present new in situ 14C exposure ages from nine
erratic cobbles from Mount Murphy, West Antarctica. Six
of these suggest Mt Murphy deglaciated from 5–3 ka; this
is inconsistent with previously measured 10Be ages of the
same samples that place deglaciation from 8–6 ka. We in-
vestigate potential explanations for the conflicting exposure
histories by analysing paired 14C–10Be data of Holocene
age presently archived in the informal cosmogenic-nuclide
exposure-age database (ICE-D, https://version2.ice-d.org/,
last access: 29 March 2024). Our analysis reveals that nei-
ther variations in geologic setting nor modelled scenarios of
subsurface nuclide production can explain the conflicting Mt
Murphy ages. However, replicate in situ 14C measurements
indicate that initial in situ 14C concentrations used to calcu-

late the youngest exposure ages (5–3 ka) do not reproduce
within stated 2σ uncertainty, whereas measurements used
to calculate the older ages (8–6 ka) are reproducible. Fur-
thermore, we observe that in situ 14C concentrations mea-
sured in 15 of 31 samples taken from ICE-D do not repli-
cate within their nominal 2σ analytical uncertainty. Together,
these results suggest that analytical uncertainty for in situ 14C
measurements may currently be underestimated. We provide
recommendations for improving measurement precision that
will benefit future Holocene deglaciation studies, including
analysis and publication of more replicate measurements and
the continuation of efforts to quantify and minimise sources
of scatter in blank measurements.

1 Introduction

Increasing emphasis is being placed on glacial chronologies
that both constrain the timing of ice-surface change during
the Holocene epoch and provide validation for model simu-
lations at sub-millennial scale resolution (Hippe, 2017; John-
son et al., 2022; Jones et al., 2022; Nichols et al., 2019). For
model validation, cosmogenic radionuclide (e.g., in situ cos-
mogenic 14C, hereafter in situ 14C, and 10Be) exposure ages
must both be accurate and precise. Accurate determination
of a Holocene exposure age relies on the assumption that
the sample being dated is free from nuclides accumulated
during periods of surface exposure that pre-date the LGM
(Balco, 2011). The prevalence of cold-based ice and conse-
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quent lack of basal erosion, however, often leads to nuclide
inheritance where longer-lived nuclides such as 10Be (half-
life; 1.387 Myr) persist over multiple glacial cycles (Balco,
2011; Hein et al., 2014). The shorter half-life of in situ 14C
(5700±30 years) greatly reduces the impact of any pre-LGM
exposure on 14C exposure ages constraining the most recent
deglaciation. For instance, a rock surface exposed prior to the
LGM for long enough to reach in situ 14C saturation (equilib-
rium between production and decay), deeply shielded by ice
at 25 ka, and re-exposed at 10 ka would contain a pre-LGM in
situ 14C inventory that only accounted for∼ 6% of the in situ
14C measured in that rock surface at the present day (Balco
et al., 2019). In situ 14C is therefore unique among cosmo-
genic nuclides for being largely insensitive to pre-LGM ex-
posure, making it ideal for studying Holocene deglacial his-
tories. However, measuring in situ 14C in quartz is extremely
challenging and was not routinely possible until relatively re-
cently (Lifton et al., 2001).

Following efforts to develop and improve in situ 14C ex-
traction procedures (Fülöp et al., 2010, 2015, 2019; Goehring
et al., 2014, 2019a; Hippe et al., 2009, 2013; Lamp et al.,
2019; Lifton et al., 2001, 2015b, 2023; Lifton, 1997; Lup-
ker et al., 2019), the method has been successfully applied
to accurately determine Holocene exposure where 10Be in-
heritance is known or suspected (Briner et al., 2014; Nichols
et al., 2019; White et al., 2011). Combining analyses of short-
lived in situ 14C with longer-lived 10Be has provided a valu-
able approach to detecting and quantifying complex exposure
histories (Hippe, 2017). If measurement precision of both nu-
clides is sufficient to resolve past ice sheet behaviour at the
sub-millennial timescale, then this method can be a power-
ful way of identifying and quantifying phases of retreat and
readvance in the later Holocene, for which there is emerg-
ing evidence (Balco et al., 2023; Kingslake et al., 2018; Ven-
turelli et al., 2020, 2023).

In this study, we present new in situ 14C exposure ages
measured in samples from Mt Murphy, a volcano adjacent to
Thwaites Glacier in the Amundsen Sea Embayment (Fig. 1a).
When compared to previously published 10Be ages (Adams
et al., 2022; Johnson et al., 2020), our new in situ 14C
ages apparently suggest two conflicting exposure histories
at Mount Murphy. Some paired in situ 14C–10Be ages from
the same sample are concordant (where the paired 14C–10Be
ages agree within uncertainty), indicating the sample experi-
enced a simple post-LGM exposure history. Others are dis-
cordant (the paired 14C–10Be ages do not overlap within an-
alytical uncertainty), indicating that a sample experienced
burial since post-LGM exposure or that there were changes
in the nuclide production rate (Balco et al., 2019).

Here, we describe an investigation into potential explana-
tions for co-existing concordant and discordant paired 14C–
10Be Holocene exposure ages observed at Mt Murphy. We
do this by revisiting the data of Johnson et al. (2020) and
Adams et al. (2022), and performing a more in-depth exam-
ination of sources of uncertainty associated with both in situ

14C and 10Be exposure ages. First, we present a new in situ
14C dataset from Mt Murphy (paired with previously pub-
lished 10Be measurements) (Fig. 1a) and assess the accuracy
and reproducibility of this new dataset. We then perform a
sensitivity analysis using blank and CRONUS-A quality con-
trol data (Table S5, Balco et al., 2023) and assess its impact
on our new in situ 14C data. Finally, we contextualise the new
Mt Murphy dataset by analysing available 14C–10Be paired
exposure age data that is of Holocene age (<∼ 11.7ka) from
Antarctica (Fig. 1b) and globally (Fig. 1c). These paired 14C–
10Be data are primarily sourced from publicly available data
archived in the Informal Cosmogenic-nuclide Exposure age
Database (Balco, 2020b) (https://version2.ice-d.org/, last ac-
cess: 29 March 2024). By documenting our rigorous investi-
gation of a challenging paired in situ 14C–10Be dataset from
Mt Murphy, West Antarctica, we aim to provide a concep-
tual framework with which the growing end-user community
may better critically test, diagnose, and improve the accu-
racy and precision of future in situ 14C cosmogenic exposure
ages using multinuclide (e.g., in situ 14C–10Be) methods, and
identify steps the community could take to consistently pro-
duce robust Holocene glacial chronologies.

1.1 Sources of uncertainty that impact in situ 14C and
10Be exposure ages

To provide additional context for our results and discussion,
we first outline sources of uncertainty that need to be ac-
counted for when calculating in situ 14C and 10Be exposure
ages, and introduce the concept of paired nuclide diagrams
(Granger, 2006). Uncertainty impacts both accuracy and pre-
cision at all stages of determining an exposure age of a sam-
ple and can be divided broadly into three categories: (i) geo-
logic uncertainty (ii) uncertainty incorporated during sample
preparation and isotopic analysis to determine a nuclide con-
centration and (iii) uncertainty sourced from exposure age
calculations.

Cosmogenic nuclide practitioners have least control over
geologic uncertainty, which is inherent in a sample from its
time of collection in the field and rooted in the limited knowl-
edge we have of a sample’s true exposure history and any
processes that may have modified production of nuclides fol-
lowing exposure (Dunai, 2010). The two main sources of ge-
ologic uncertainty are nuclide inheritance (described above)
and post depositional disturbance caused by shielding, ero-
sion, and/or rolling of a sample (Balco, 2011; Gosse and
Phillips, 2001). Steps commonly taken to reduce their impact
include a robust and detailed geologic interpretation of de-
posits or depositional features being dated (Balco, 2011) and
statistical techniques (Heyman et al., 2016; Johnson et al.,
2014). Comprehensive summaries of geologic uncertainty
and efforts to quantify it can be found in Balco et al., (2011,
2020b).

The second major source of uncertainty comes from our
ability to measure the nuclide concentration accurately and
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Figure 1. Panel (a) a Landsat-9 satellite image of the Turtle Rock, scoria cone and Notebook Cliffs sites at Mt Murphy showing locations of
samples with new in situ 14C exposure ages and previously published 10Be exposure ages. Grounding line position uses data from (Milillo
et al., 2022) and Antarctic Coastline is from version 7.7 of the Antarctic Digital Database. Panel (b) shows Antarctic and panel (c) global
site locations of paired 14C–10Be ages (sites 1–29) where both: (i) apparent 10Be exposure ages are < 4× older than apparent 14C exposure
ages (ii) 10Be exposure ages are of Holocene age (< 11.7ka) which are relevant to Sect. 4. of this manuscript but introduced here to better
contextualise our results from Mt Murphy. Site numbering uses the order of the specific site ID (lowest to highest) that locations have been
assigned in ICE-D (Balco, 2020b). Panel (b) Antarctic paired 14C–10Be site locations (1–16) are specified in an inset figure key. Panel
(b) abbreviations indicate the Antarctic Peninsula (AP), Amundsen Sea Embayment (ASE), Ross Sea embayment (RSE) and Weddell Sea
embayment (WSE). Details of global site locations (17–29) displayed in panel (c) are specified in Results, Table 4. Green squares in panel
(c) indicate locations where multiple in situ 14C measurements have been made on the same sample including Lake Bonneville, Utah,
Northwest Highlands, Scotland and Leymon High, Northwest Spain (see Fig. 8 and Table S3 in the Supplement). Note in panel (a) the
corresponding site number from the global site index (1–29) is specified in bold italics along with the name of the sample site, e.g., Turtle
Rock (2). Note in panel (b) paired in situ 14C–10Be sites 2, 7, 11 and 13 also contain replicate in situ 14C measurements but only the paired
14C–10Be symbol (orange circle) is displayed.
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precisely within a sample, which represents the internal un-
certainty component of an exposure age calculation (Balco,
2020a). Cosmogenic nuclide dating specialists make efforts
to minimise contributions to measurement uncertainty partic-
ularly from i) uncertainties introduced during sample prepa-
ration, and ii) sample measurement by accelerator mass spec-
trometry (AMS). Measurement of the cosmogenic nuclide
10Be is now relatively well-established and routine follow-
ing efforts to reduce sources of laboratory sample preparation
uncertainty (Corbett et al., 2016, 2022; Kohl and Nishiizumi,
1992) and improve AMS performance (Merchel et al., 2012;
Rood et al., 2010, 2013; Wilcken et al., 2022). These ef-
forts have resulted in 10Be measurement precision on typical
quartz interlaboratory comparison materials (e.g., CRONUS-
A, CoQtz-N) of between ∼ 2%− 4% (Binnie et al., 2019;
Jull et al., 2015; Phillips et al., 2016a). For high in situ 14C
concentrations (≥ 1− 2× 105 atg−1) internal analytical un-
certainty is dominated by AMS counting statistics, with a to-
tal measurement uncertainty (combined AMS counting er-
ror and blank correction) averaging< 2% (Goehring et al.,
2014; Hippe, 2017). For moderate in situ 14C concentrations
in the 104 atg−1 range, the uncertainty from AMS count-
ing statistics increases, but typically remains below 10 %
and mostly below 5 % (Hippe, 2017). However, for lower
in situ 14C concentrations the blank correction increasingly
dominates, leading to a rapid increase in total uncertainty
(Goehring et al., 2014; Hippe, 2017). These sources of un-
certainty have been challenging to quantify despite improve-
ments to in situ 14C extraction from quartz (Fülöp et al.,
2010, 2015, 2019; Goehring et al., 2014, 2019a; Hippe et al.,
2009, 2013; Lamp et al., 2019; Lifton et al., 2001, 2015b,
2023; Lifton, 1997; Lupker et al., 2019) and the dominance
of the blank at lower concentrations illustrates the signifi-
cant challenges of avoiding contamination from other poten-
tial sources of C that impart uncertainty into the final in situ
14C measurement. Laboratory intercomparison reproducibil-
ity studies of CRONUS-A (an intercomparison material for
cosmogenic nuclides including 14C and 10Be) indicate the
coefficient of variation (CoV) of in situ 14C concentration
measurements is in the range of 6 %–8 %, and 3 %–4 % for
10Be (Phillips et al., 2016a). There have also been several
recent improvements to the in situ 14C extraction process,
including identification of potential contaminant sources in-
troduced during quartz purification (Nichols and Goehring,
2019), and automation of 14C extraction lines that reduce risk
of atmospheric 14C contamination (Goehring et al., 2019a;
Lifton et al., 2015b, 2023; Lupker et al., 2019). Refinements
to the stepped heating process to liberate in situ 14C (in the
form of CO2) from quartz are also being explored (Lifton
et al., 2023) and some extraction facilities now omit the
graphitisation stage (that converts CO2 to C) in favour of
analysing in situ 14C directly using gas source AMS (e.g.,
Lamp et al., 2019).

The final major source of uncertainty comes from trans-
forming a measured nuclide concentration into an exposure

age. This requires estimating the production rate due to sec-
ondary spallation reactions, which accounts for the major-
ity of surface production (Dunai, 2010), and muons (Balco,
2017). Production rate uncertainties have been incremen-
tally reduced via improvements in scaling models, especially
more recent models based on particle-physics simulations
(Argento et al., 2015a, b; Lifton et al., 2014). Estimates of
the 10Be production rate uncertainty from spallation are cur-
rently in the range of 6 % (Borchers et al., 2016; Marrero
et al., 2016). However, in the case of in situ 14C, a spallogenic
production rate uncertainty could not be fitted to calibration
data because of scatter in excess of an assumed measurement
uncertainty of 7.3 % for in situ 14C concentrations at selected
calibration sites (Borchers et al., 2016). Muons account for
a much smaller proportion of total cosmogenic nuclide pro-
duction at the surface than spallation, but this quantity dif-
fers between 10Be and in situ 14C. The proportion of 10Be
production by muons at the surface is between 1.5 %–2 %,
which translates to a maximum scaling uncertainty of only
0.5 % for estimating total 10Be surface production by muons.
However, for in situ 14C, production by muons accounts for
∼ 20% of total in situ 14C nuclide production at the surface
(Lupker et al., 2015). Therefore, for in situ 14C the same
10 %–25 % uncertainty on computing a production rate by
muons equates to between a 2 % and maximum 5 % uncer-
tainty on the total surface production rate estimate (Balco,
2017).

Due to the inherently different systematics of production
and radioactive decay of in situ 14C and 10Be, paired nuclide
diagrams (Fig. 2) represent a useful method of visualizing
and interpreting exposure/burial histories, and can help to
identify or explain uncertainty and scatter in a dataset (see
Granger, 2006 for a detailed description of paired nuclide di-
agrams). Paired nuclide plots generated from exposure age
pairs (including 14C–10Be pairs) can be classed into three
distinct types: Type 1 for samples with simple exposure his-
tory (only one period of exposure), Type 2 for samples with
a complex exposure history (multiple periods of exposure
and burial), and Type 3 for samples with an impermissible
concentration ratio (where an ellipse plots above the line of
constant exposure in the “impermissible” zone). The Type
3 scenario can indicate analytical inconsistencies, for exam-
ple, 14C contamination increasing in situ 14C concentrations
(Nichols and Goehring, 2019) or could reflect application of
an incorrect production rate to one or both nuclides. In cer-
tain cases, a Type 3 nuclide ratio may be explained geolog-
ically because the constant exposure line assumes a surface
production rate rather than subsurface production. However,
because the cosmogenic nuclide production rate by muons as
a proportion of total surface production is an order of magni-
tude higher for in situ 14C than for 10Be, the 14C–10Be pro-
duction ratio increases with depth below the surface (Hippe,
2017). For example, a sample that is buried under a thin layer
of rock, ice, till or other material and then rapidly exhumed
by plucking can, therefore, exhibit seemingly “impermissi-
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Figure 2. Paired nuclide diagram with key features labelled. Note that the x-axis includes the concentration of the longer-lived nuclide, in
this case 10Be, and the y-axis is the ratio of the concentration of the shorter- to longer-lived nuclide, in this case 14C–10Be. Both axes are
normalised to the local nuclide production rate at each sample location using the LSDn scaling model. Uncertainty ellipses (68 % confidence)
are plotted using code from the online calculators formerly known as the CRONUS-Earth online calculators (Balco et al., 2008). Constant
exposure line (upper black), steady erosion line (lower blue), and steady-state erosion island (yellow shaded) are labelled on the figure. Paired
nuclide diagram terminology from (Granger, 2006).

ble” paired 14C–10Be concentrations due to differences in the
14C–10Be total production ratio at the surface versus at depth
(Hippe, 2017; Rand and Goehring, 2019).

In summary, sources of geologic, sample preparation,
and exposure age calculation uncertainty impact the accu-
racy and precision of Holocene deglaciation chronologies.
An increase in paired 14C–10Be measurements in the re-
cent ∼ 5 years, driven by greater 14C extraction throughput
(Goehring et al., 2019a; Lifton et al., 2015b, 2023) provide
many new data to make an assessment of the application of
both nuclides and investigate sources of uncertainty, partic-
ularly of in situ 14C. In the following sections, we investi-
gate the cause of concordant and discordant paired in situ
14C–10Be exposure ages at Mt Murphy and potential causes
for the large amounts of scatter in reported in situ 14C mea-
surements using new in situ 14C data from Mt Murphy and
existing paired in situ 14C–10Be data extracted from ICE-D.

2 Methods

2.1 Site description and sample selection

Mount Murphy is a large volcanic edifice adjacent to
Thwaites Glacier in the Amundsen Sea Embayment (Fig. 1a).
Along its western flank, adjacent to Pope Glacier, there are
several smaller nunataks, many of which host erratic cobbles

and boulders that are well-rounded and of exotic lithology,
indicating transport to the site by ice. We selected nine sam-
ples from erratics (Table 1) for in situ 14C analysis. These
had previously been measured for 10Be (Adams et al., 2022;
Johnson et al., 2020), with the resultant thinning history im-
plying exposure during the Holocene. We selected four of
the nine samples for repeat in situ 14C measurements to de-
termine if measurement uncertainty may have contributed to
conflicting exposure histories suggested by initial in situ 14C
concentrations from our samples.

We ensured that paired 10Be and 14C exposure ages cover
a wide elevation range by selecting samples from three differ-
ent locations around the Mt Murphy massif (Notebook Cliffs,
samples collected from 893–834 m a.s.l. (metres above sea
level), Turtle Rock, 696–438 m a.s.l., and a scoria cone ad-
jacent to Kay Peak, 239–178 m a.s.l.). Notebook Cliffs com-
prises basaltic lava flows overlying thick sequences of hyalo-
clastite (Adams et al., 2025; Smellie, 2001). A few gran-
ite erratics and SSE–NNW trending bedrock striations are
present, indicating past ice-cover (Johnson et al., 2020). Tur-
tle Rock, situated adjacent to Pope Glacier, is primarily com-
posed of hyaloclastite and consists of a broad flat lower ter-
race (438–452 m a.s.l.), which hosts the highest number of
erratics observed at Mt Murphy (Johnson et al., 2020). Tur-
tle Rock rises at its northern end to ∼ 710m a.s.l. and con-
sists of several superimposed sequences of basalt and hyalo-
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Table 1. New in situ 14C exposure ages from sites at Mt Murphy: Notebook Cliffs (NOT), Turtle Rock (TUR) and scoria cone (CIN).
Exposure ages were calculated based on the blank correction reported from the Tulane CNL of 4.53± 0.24× 104 atoms for initial 14C
measurements (n= 9) and 7.14±0.30×104 atoms for replicate measurements using the LSDn scaling scheme. A nominal 6 % measurement
uncertainty based on reproducibility of CRONUS-A reported from Tulane CNL of 6.12±0.32×105 at g−1 (n= 10) (Goehring et al., 2019a)
is assigned to 1σ internal 14C uncertainties and propagated into 1σ external uncertainties. Sample IDs appended with R denote repeat
measurements. See Table S1 for full in situ 14C AMS dataset. Previously published 10Be ages measured from the same sample (Adams et
al., 2022; Johnson et al., 2020) are included to facilitate comparison.

Sample ID Latitude Longitude Elevation Lithology 10Be Age 14C Age 1σ Int. Err. 1σ Ext. Err.
DD DD (m a.s.l.) (ka) (ka) (ka) (ka)

NOT-104 −75.3886 −111.1175 893 granite 8.6 4.1 0.3 0.4
NOT-107 −75.3882 −111.0906 885 granite 8.9 5.2 0.4 0.6
NOT-103 −75.3914 −111.1399 852 granite 9.4 3.8 0.3 0.4
TUR-123 −75.3706 −111.2923 639 granite 10.3 3.8 0.3 0.4
TUR-117 −75.3811 −111.3066 451 granite 6.7 3.1 0.2 0.3
TUR-117-R −75.3811 −111.3066 451 granite – 8.2 0.8 1.1
TUR-132 −75.3830 −111.3091 446 granite 6.6 7.9 0.8 1.0
TUR-132-R −75.3830 −111.3091 446 granite – 7.4 0.7 0.9
CIN-102 −75.2194 −111.0232 239 gneiss 7.5 9.0 1.0 1.3
CIN-108 −75.2165 −111.0197 181 granite 6.2 6.3 0.6 0.7
CIN-108-R −75.2165 −111.0197 181 granite – 7.8 0.8 1.0
CIN-112 −75.2163 −111.0180 179 aplite 6.6 3.4 0.3 0.3
CIN-112-R −75.2163 −111.0180 179 aplite – 7.2 0.7 0.9

clastite, with erratics collected from three smaller terraces up
to 696 m a.s.l. (Johnson et al., 2008, 2020). The scoria cone
is located> 15km downstream of Notebook Cliffs and Tur-
tle Rock and is less than 1 km from the grounding line of
Pope Glacier. The site consists of two small outcrops com-
prised of rubbly oxidised scoria bounded on one side by a
moraine (Adams et al., 2022; Nichols et al., 2024). Cobbles
deposited on the outcrops are generally well-rounded sug-
gesting long distance transport (Adams et al., 2022). Detailed
geological and geomorphological descriptions of these sites
are provided by Johnson et al. (2020) and Smellie (2001).
Geomorphic descriptions and supporting information of the
nine samples with paired 14C–10Be measurements are pro-
vided in Sect. S1 and Table S2 in the Supplement.

2.2 In situ 14C analysis of Mt Murphy samples

We obtained purified quartz necessary for in situ 14C extrac-
tion of initial and replicate samples by performing mineral
separation on our whole rock samples in the CosmIC Lab-
oratory at Imperial College London (UK), largely following
methods specified in Corbett et al. (2016). We omitted the
froth flotation step (used to separate feldspars and quartz)
following recommendations made by Nichols and Goehring
(2019) and instead performed 3× 1% HF/HNO3 etches to
isolate the quartz (Kohl and Nishiizumi, 1992). Quartz pu-
rity was determined using Inductively Coupled Plasma Op-
tical Emission Spectrometry (ICP-OES), after which ∼ 10g
of purified quartz from each sample was sent to Tulane Uni-
versity Cosmogenic Nuclides Laboratory (Tulane CNL, New
Orleans, USA) for in situ 14C extraction. Extraction of in situ

14C was performed using the fully automated Tulane Uni-
versity Carbon Extraction and Graphitisation System (TU-
CEGS) following methods presented in Balco et al. (2023),
modified from Goehring et al. (2019a). Sample aliquots of
purified quartz ranging from 3–5 g were loaded into plat-
inum crucibles and fused with lithium metaborate (LIBO2)
flux to ensure sample dissolution and complete liberation of
in situ 14C (Lifton et al., 2001). The sample was heated in
a stable high purity O2 atmosphere for 30 min at 500 °C to
remove atmospheric 14C and organic contaminants. Follow-
ing evacuation of the furnace and addition of new high pu-
rity O2, the sample was further heated to 1100 °C for 3 h to
completely dissolve the quartz and liberate in situ 14C (in the
form of CO2). Liberated CO2 was cryogenically purified be-
fore being collected in a measurement chamber, quantified
monometrically and diluted with 14C-free CO2 to ensure a
measurable sample size (Goehring et al., 2019a). CO2 was
graphitized using standard H2 reduction methods over an Fe
catalyst (Santos et al., 2004, 2007; Southon, 2007). Several
changes were made to the configuration of the TU-CEGS
prior to the replicate measurements (n= 4). Alterations in-
cluded the introduction of a new compact borosilicate coil
trap held at liquid nitrogen temperature (−196°C) for trap-
ping evolved CO2 following quartz dissolution (Lifton et al.,
2015b, 2023, 2001; Pigati et al., 2010), which replaced
the previously installed variable temperature trap (Goehring
et al., 2019a). A new mullite tube was also used for 14C
extraction due to failure of the previous tube; mullite tubes
at Tulane CNL have previously been observed to undergo a
“break in” period, during which initial 14C blanks are higher
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but often fall with continued use (Goehring et al., 2019a).
14C/12C isotope ratios were measured by AMS at the Na-
tional Ocean Sciences Accelerator Mass Spectrometry Facil-
ity (NOSAMS) (Woods Hole, USA) using the methods de-
scribed in Longworth et al. (2015). A small aliquot of 2–
3 µg of C was removed for δ13C analysis at the University
of California Davis Stable Isotope Facility (see Table S1 in
the Supplement). Data reduction to convert 14C/12C ratios to
14C/Ctotal followed methods outlined in Hippe and Lifton,
(2014). We applied the blank correction reported from the
Tulane CNL of 4.53± 0.24× 104 atoms for initial 14C mea-
surements (n= 9) and 7.14± 0.30× 104 atoms for replicate
measurements (n= 4, Table S1), respectively, to total mea-
sured in situ 14C concentrations. Prior to calculating ex-
posure ages, we assigned a 6 % (1σ ) uncertainty to each
in situ 14C measurement concentration reported by AMS.
This 6 % uncertainty exceeds the reported analytical uncer-
tainty for all in situ 14C measurements made for this study
and reflects the reproducibility of replicate measurements of
CRONUS-A extracted at Tulane CNL, which is reported as
6.12± 0.32× 105 at g−1 (n= 10) (Goehring et al., 2019a).
This 6 % uncertainty has been routinely applied by studies
where in situ 14C extraction was carried out at Tulane CNL,
e.g., (Nichols et al., 2019).

We calculated exposure ages for the new in situ 14C
measurements, as well as for the published 10Be measure-
ments, using version 3 of the online calculators (https:
//hess.ess.washington.edu/math/v3/v3_age_in.html, last ac-
cess: 10 September 2025) with the “LSDn” production rate
scaling method for neutrons, protons, and muons (following
Lifton et al., 2014 and summarised in Balco, 2017). For 10Be,
exposure ages were calculated based on the CRONUS-Earth
primary production rate calibration data set of Borchers et al.
(2016). For in situ 14C, we used the long-term CRONUS-
A measurements from extractions performed at Tulane CNL
presented in Goehring et al. (2019a) for production rate
calibration. When comparing in situ 14C and 10Be expo-
sure ages at Mt Murphy, we used the external uncertainty,
which includes the 6 % (1σ ) measurement uncertainty prop-
agated in quadrature with the production rate and scaling
scheme uncertainties. We report all exposure ages assum-
ing no erosion or snow cover (making them “apparent” ex-
posure ages) and a sample density of 2.7 g cm−3 to main-
tain consistency with Johnson et al. (2020) and Adams et
al. (2022). In situ 14C AMS data and corresponding cal-
culated exposure ages are available from the NERC UK
Polar Data Centre, https://doi.org/10.5285/dbb30962-bbf3-
434a-9f27-6de2f61a86e2 (Adams et al., 2024).

3 Results

3.1 In situ 14C exposure ages from Mt Murphy

Thirteen in situ 14C measurements (including four replicate
measurements) were performed on nine erratic samples re-

covered from Notebook Cliffs, Turtle Rock, and the un-
named scoria cone (all from surfaces situated between 179
and 893 m a.s.l.). Exposure ages calculated from nuclide con-
centrations (Table 1) are reported with 1σ internal uncertain-
ties unless otherwise stated. Initial in situ 14C exposure ages
from the nine samples range from 9.0±1.0ka to 3.1±0.2ka
(Table 1 and Fig. S9 in the Supplement), with an average ex-
posure age of 6.0± 2.1ka (mean and standard deviation). At
the unnamed scoria cone, in situ 14C exposure ages exhibit
considerable scatter over a small elevation range (180–240 m
a.s.l.) with ages ranging from 9.0±1.0ka to 3.4±0.3ka. The
spread of in situ 14C exposure ages calculated from initial
measured in situ 14C concentrations is ∼ 6kyr, and some
samples at higher elevations yield younger exposure ages
than samples from lower elevations, which is the inverse of
the expected age-elevation pattern associated with ice-sheet
thinning through time. Apparent exposure ages from Note-
book Cliffs (850–900 m a.s.l.) are 2 kyr younger than those
from the scoria cone (180–240 m a.s.l.).

Repeat in situ 14C measurements (n= 4) were made on
samples TUR-117 and TUR-132 from Turtle Rock (450–
650 m a.s.l.), and samples CIN-108, and CIN-112 from sco-
ria cone (180–240 m a.s.l.) to determine if measurement re-
producibility contributed to the two conflicting exposure his-
tories suggested by initial in situ 14C concentrations. Ex-
posure ages calculated from the four repeat measurements
range from 8.2±0.8ka to 7.2±0.7ka (Table 1). Only one ex-
posure age derived from replicate measurements reproduce
within internal measurement uncertainties (at 1σ ), whilst
three do not. Ages from TUR-117 and CIN-112 do not repro-
duce within internal uncertainty at 1σ (Table 1) or indeed 2σ ,
with ages calculated from initial 14C concentrations resulting
in ages 5–3 kyr younger than those calculated from replicate
in situ 14C measurements. In other words, TUR-117-R and
CIN-112-R are 165 % and 112 % older, respectively, than
initial ages from the same samples, and exhibit significant
scatter in excess of their internal uncertainties. CIN-108-R
(7.8± 0.8ka) is 24 % older than CIN-108 (6.3± 0.6ka) and
does not reproduce within 1σ internal uncertainty. TUR-132-
R does, however, reproduce within 1σ internal uncertainty.
Neither Turtle Rock nor scoria cone sites show a system-
atic bias in terms of reproducibility, with each site yield-
ing one unreproducible in situ 14C exposure age. There is
no correlation between sample lithology and in situ 14C re-
producibility, as ages derived from both granite and gneiss
samples do not reproduce within internal uncertainties. No-
tably, initial analyses of samples from Notebook Cliff (n= 3)
and TUR-123 from> 600ma.s.l. all yield younger ages than
those obtained from repeat measurements on samples be-
low 500 m a.s.l.; this is inconsistent with the expected age-
elevation pattern associated with ice thinning.

Published 10Be exposure ages and initial in situ 14C ex-
posure ages from samples TUR-132, CIN-102 and CIN-
108 overlap within their respective 1σ external uncertain-
ties making them concordant (Fig. 3a). However, most of the
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paired 14C–10Be ages (n= 6, including all Notebook Cliff
samples, TUR-117, TUR-123, and CIN-112) are discordant
and have apparent exposure ages that are mid-late Holocene
(5–3 ka). Where in situ 14C and 10Be ages are concordant,
the in situ 14C age is systematically older and early- to mid-
Holocene (9–6 ka). Ages calculated from three of four repli-
cate measurements overlap at 1σ external uncertainty with
the corresponding 10Be exposure ages (Fig. 3b). However,
the exposure age calculated from the in situ 14C concentra-
tion of sample CIN-108-R is discordant with the 10Be expo-
sure age from the same sample. We note the initial in situ
14C measurement of CIN-108 (6.3± 0.7ka), and average of
the two in situ 14C measurements of CIN-108 (7.1± 0.9ka,
n= 2) resulted in a concordant 14C–10Be exposure age pair.

Based on their initial in situ 14C concentrations, the sam-
ples from Notebook Cliffs, Turtle Rock, and scoria cone
(Fig. 4a) can be classified as Type 1 and Type 2 nuclide ra-
tios on a paired nuclide diagram (see Sect. 1.1). TUR-132,
CIN-102 and CIN-108 plot within the steady-state erosion
island (Type 1) and display concordant in situ 14C and 10Be
exposure ages (Fig. 4a). The remaining samples (NOT-103,
NOT-104, TUR-123, TUR-117, and CIN-112) yield paired
14C and 10Be nuclide concentrations that plot below the
steady state erosion line, suggesting complex exposure his-
tories (Type 2). Samples plotting below the steady erosion
line (n= 6) include all the young in situ 14C ages, which are
discordant with respect to the 10Be exposure age from the
same sample. Conversely, all in situ 14C concentrations mea-
sured in replicates result in older 14C exposure ages and yield
14C–10Be ratios which plot within the steady state erosion
island (Fig. 4b), suggesting samples CIN-112 and TUR-117
instead experienced a simple (Type 1) rather than complex
(Type 2) exposure history. The 14C–10Be ratio of CIN-108-R,
and to some extent TUR-117-R, CIN-102 and TUR-132, sug-
gest Type 1 exposure but border on an impermissible Type 3
exposure history (see Fig. 2).

4 Discussion

4.1 Key observations from the Mt Murphy paired
14C–10Be exposure ages

Three of the four replicate in situ 14C measurements yielded
exposure ages that do not overlap within internal uncertainty
(1σ ). TUR-117-R and CIN-112-R also do not overlap at 2σ
internal uncertainty with the corresponding initial 14C expo-
sure ages, and are also discordant with 10Be exposure ages
from the same samples. The six systematically young ini-
tial in situ 14C exposure ages measured in samples ranging
from 150–900 m a.s.l. appear to contradict previous interpre-
tations of ice surface lowering to∼ 150ma.s.l. at Mt Murphy
by 6 ka (Adams et al., 2022; Johnson et al., 2020). In addi-
tion, the young discordant in situ 14C exposure ages from
higher elevations (Notebook Cliffs and Turtle Rock upper
terrace; TUR-123) and older reproducible in situ 14C ages

Figure 3. Mt Murphy paired 14C–10Be exposure age versus ele-
vation plots (a) calculated using initial in situ 14C concentrations
and (b) using both initial (greyed-out) and replicate in situ 14C
concentrations. In situ 14C exposure ages plotted with 1σ exter-
nal uncertainties following application of nominal 6 % in situ 14C
measurement uncertainties. We report exposure ages with 1σ exter-
nal uncertainties when comparing exposure ages calculated from in
situ 14C and 10Be concentrations measured in the same sample (see
Methods Sect. 2.2).

from lower elevations (scoria cone; CIN-102, CIN-108) con-
tradict the age-elevation pattern expected with ice thinning.
The two samples measured for in situ 14C that did repro-
duce within their uncertainties at 2σ (TUR-132 and CIN-
108) were also concordant with respect to 10Be exposure
ages from the same sample (Fig. 3b). From the Mt Mur-
phy replicate measurements (n= 4), the two young in situ
14C ages are not reproducible at 2σ internal uncertainty, but
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Figure 4. Paired 14C–10Be nuclide diagrams using new in situ 14C concentrations from Mt Murphy samples. Panel (a) shows 14C–10Be
nuclide ratios using initial in situ 14C concentrations and panel (b) shows 14C–10Be ratios using in situ 14C concentrations from repeat
measurements. The x-axis represents the 10Be concentration normalised to its production rate (atg−1 yr−1) and the y-axis represents the
ratio of the concentration of 14C, the shorter half-life nuclide, normalised by its production rate to 10Be – the longer-lived nuclide. All paired
14C–10Be concentration ratios are normalised to the sample-specific production rate using the LSDn scaling scheme and plotted as ellipses
at 68 % confidence (Lifton et al., 2014) using the CRONUS-Earth calibration dataset for 10Be (Borchers et al., 2016) and measurements of
CRONUS-A at Tulane CNL for in situ 14C (Goehring et al., 2019a). The asterisk indicates that the respective nuclide concentrations have
been normalized to their respective production rates.

both older exposure ages are reproducible at 2σ internal un-
certainty. In summary, Mt Murphy paired 14C–10Be expo-
sure ages display both concordance and discordance across
multiple sites. Concordant exposure ages are consistent with
Type 1 14C–10Be ratios and discordant exposure ages consis-
tent with Type 2 14C–10Be ratios. Concordant 14C–10Be ex-
posure ages exhibit in situ 14C ages which are reproducible
at 2σ internal uncertainty whereas discordant 14C–10Be ex-
posure ages do not. This lack of reproducibility suggests the
stated 6 % (1σ ) measurement uncertainty (based on replica-
bility measurements of CRONUS-A at the in situ 14C extrac-
tion laboratory) that is assigned to in situ 14C concentrations
prior to calculating an exposure age may be underestimated
for our study.

A bootstrap linear regression analysis (see Sect. S3 in the
Supplement) of in situ 14C and 10Be exposure age datasets
from the scoria cone adjacent to Kay Peak indicate that the
chronologies derived from each dataset are broadly similar
with respect to the timing of deglaciation, implying they are
equally accurate (see Fig. S14 in the Supplement). There is,
however, excess scatter of ∼ 1849 years in the in situ 14C
ages (Sect. S3, Table S6 in the Supplement) that cannot be
accounted for by the nominal 6 % 1σ internal measurement
uncertainty for in situ 14C that has been adopted in many
studies (Balco et al., 2019; Nichols et al., 2019). Together,
our new in situ 14C exposure ages, the existing 10Be exposure
data and the corresponding 14C–10Be ratios from Mt Murphy
(Figs. 3 and 4) raise two questions: (1) Is there a way to ex-
plain why 3 of the 4 replicate in situ 14C analyses from Mt

Murphy do not reproduce at 1σ internal uncertainties? and
(2) Is there a geological explanation for the coexistence, of-
ten at the same elevation, of concordant and discordant paired
in situ 14C and 10Be exposure ages? We discuss answers to
these questions in the following sections.

4.2 Reanalysis of Mt Murphy in situ 14C exposure ages
using quality control data

First, we explore if discordant paired in situ 14C–10Be ages
and in situ 14C concentrations that do not reproduce within
reported uncertainties can be explained by a comprehensive
examination of blank and CRONUS-A data. For this, we de-
scribe results of a series of sensitivity analyses using quality
control data from Tulane CNL (Balco et al., 2023).

For initial in situ 14C concentrations, we apply a new blank
correction of 7.44± 4.16× 104 atoms (n= 6, cf. Table S5
Balco et al., 2023) calculated from the mean and standard
deviation of process blanks reported from 2 March–10 April
2021, which brackets the extraction dates of initial in situ
14C measurements. For replicate in situ 14C concentrations
(extracted week beginning 19 April 2022), we apply a re-
vised blank correction of 7.14± 3.50× 104 atoms, which is
the same as reported from Tulane CNL. We also propagate a
larger blank uncertainty of 35 043 atoms based on the stan-
dard deviation of all process blanks measured at Tulane CNL
from 2019–2021 (Table S5, Balco et al., 2023). The blank
uncertainty we use for the in situ 14C replicate analyses is
an order of magnitude larger than the blank uncertainty of ∼
3000atoms originally reported by Tulane CNL. See Sect. S2
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in the Supplement, for a further sensitivity analysis using
an alternative blank correction of 3.99± 1.25× 104 atoms
(n= 5).

Prior to calculating in situ 14C exposure ages, we also as-
sign a 10 % (1σ ) uncertainty to in situ 14C concentrations cal-
culated from the standard deviation of in situ 14C measured
in CRONUS-A extracted at Tulane CNL from 22 December
2015–12 March 2021 (5.88± 0.59× 105 atg−1, n= 18, cf.
Table S5 Balco et al., 2023). For three in situ 14C measure-
ments, the 10 % value is exceeded by our combined AMS
and recalculated blank uncertainty, which we use instead for
the 14C exposure age calculations (see Table 2 and Table S4
in the Supplement). The 10 % uncertainty we assign to in
situ 14C concentrations from the Mt. Murphy samples in-
cludes more recent measurements of CRONUS-A from Tu-
lane CNL and is larger than the 6 % typically assigned to in
situ 14C measurements from that laboratory in other studies
(e.g., Balco et al., 2019, Nichols at al., 2019, Rand et al.,
2025).

Using different blank corrections (Table 2) to calculate the
in situ 14C exposure ages results in some improvements in
reproducibility. Older initial in situ 14C ages and replicate
in situ 14C ages in the ∼ 8− 6ka range now all reproduce
at 1σ and are concordant with previously published 10Be
ages. However, young initial in situ 14C ages spanning from
∼ 5−3ka (n= 6) do not reproduce at 1σ (or 2σ ) and remain
discordant with published 10Be ages (Fig. 5). The mean value
of all initial in situ 14C exposure ages lowers from 5.2±2.1ka
to 4.8± 2.0ka when the larger blank correction is applied
(7.44± 4.16× 104 atoms). This shift to younger in situ 14C
ages increases the mismatch between TUR-117 and TUR-
117R by 6.8 %, and CIN-108 and CIN-108-R by 10 %.

4.2.1 CRONUS-A normalization – sensitivity test

We conduct a further sensitivity test by normalizing our re-
calculated in situ 14C concentrations (Table 3) using two dif-
ferent CRONUS-A datasets from Tulane (Table S5, Balco
et al., 2023). First, we normalize the recalculated in situ
14C concentrations (Table 2) using a CRONUS-A value of
5.88±0.59×105 at g−1 (n= 18) – calculated from the mean
of all CRONUS-A from Tulane CNL – which is 4 % lower
than the 6.12± 0.32× 105 atg−1 value reported in Goehring
et al. (2019a). Second, we normalize Mt Murphy in situ
14C concentrations to a CRONUS-A value of 7.11± 0.10×
105 atg−1, which is 16 % higher. We select the higher value
of 7.11±0.10×105 atg−1 firstly because it is the CRONUS-
A value reported from Tulane CNL closest in time (12 March
2021) to the extraction of initial in situ 14C measurements (2
March–10 April 2021), and secondly because it is the last
CRONUS-A data published from Tulane CNL. In addition,
it aligns more closely to the CRONUS-A value reported from
other in situ 14C extraction laboratories (see Table 5). The re-
sults of our sensitivity analyses are presented in Table 3, and
Fig. S11 in the Supplement.

Figure 5. Mt Murphy paired 14C–10Be exposure age versus ele-
vation plot showing 10Be exposure ages and new in situ 14C ex-
posure ages calculated from initial and replicate in situ 14C con-
centrations. Initial in situ 14C concentrations use a blank correc-
tion of 7.44±4.16×104 atoms which brackets 14C extraction dates
from 2 March 2021–10 April 2021. Replicate in situ 14C concen-
trations (yellow triangles) are calculated from the blank correction
supplied by Tulane CNL for the samples of 7.14±3.50×104 atoms.
We report exposure ages with 1σ external uncertainties when com-
paring exposure ages calculated from in situ 14C and 10Be con-
centrations measured in the same sample (see Methods Sect. 2.2).
Our 1σ external uncertainty includes propagation of a 10 % uncer-
tainty for in situ 14C concentrations based on the standard devia-
tion of CRONUS-A measurements reported at Tulane CNL from
2015–2021 (n= 18, cf. Table S5, Balco et al., 2023). The propa-
gated AMS and blank uncertainties exceed 10 % for three in situ
14C concentrations (see Table 2) and were used to calculate expo-
sure age uncertainties for those samples.

Normalizing our in situ 14C concentrations by a
CRONUS-A value of 5.88±0.59×105 atg−1 (Fig. S11a) re-
sults in the young discordant in situ 14C ages becoming an
average of 12 % younger (n= 6) than those calculated using
the original blank and normalized to the CRONUS-A value
of 6.12± 0.32× 105 atg−1 (Table 1 and Sect. 3.1). Young
14C ages are between 6.3 % (TUR-123) and 14.3 % (CIN-
112) more discordant when compared with the correspond-
ing 10Be ages; however, the concordance and in situ 14C re-
producibility of the three older in situ 14C ages improves,
with CIN-108 and CIN-108-R overlapping within 1σ inter-
nal uncertainty. Normalizing in situ 14C concentrations by a
CRONUS-A value of 7.11± 0.10× 105 atg−1 has the oppo-
site effect, with young discordant in situ 14C ages becoming
between 6.6 % (TUR-117) and 24.3 % (NOT-107) closer to
the published 10Be ages. Nevertheless, all the young in situ
14C ages remain discordant with the 10Be ages at 1σ and
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Table 2. In situ 14C concentration data measured in Mt Murphy samples. In situ 14C concentrations are calculated from the mean and
standard deviation of process blank data from Table S5 Balco et al. (2023), see Table S4 in the Supplement. The final column displays a 10 %
assigned uncertainty for in situ 14C concentrations based on the standard deviation of CRONUS-A measurements reported at Tulane CNL
from 2019–2021 (n= 18, cf. Table S5 Balco et al., 2023). The 10 % uncertainty is assigned to situ 14C concentrations prior to exposure age
calculations when it exceeds the combined uncertainty calculated from 14C AMS measurements and process blanks.

Sample ID Blank Correction Blank Uncertainty Total 14C ±1σ 14C concentration ±1σ ±10% uncertainty
(aliquot) (atoms) (atoms) (atoms) (atoms) (atg−1) (at g−1) (at g−1)

NOT-104-a 7.44× 104 4.16× 104 6.12× 105 42 859 120 792 8465 12 079
NOT-107-a 7.44× 104 4.16× 104 7.07× 105 43 375 144 739 8876 14 474
NOT-103-a 7.44× 104 4.16× 104 5.44× 105 42 679 110 005 8624 11 001
TUR-123-a 7.44× 104 4.16× 104 4.63× 105 42 613 92 300 8497 9230
TUR-117-a 7.44× 104 4.16× 104 3.27× 105 42 148 64 290 8287 6429
TUR-117-b 7.14× 104 3.50× 104 6.77× 105 36 900 140 624 7669 14 062
TUR-132-a 7.44× 104 4.16× 104 6.80× 105 43 301 133 163 8477 13 316
TUR-132-b 7.14× 104 3.50× 104 6.29× 105 36 897 132 368 7767 13 237
CIN-102-a 7.44× 104 4.16× 104 5.89× 105 43 063 117 501 8594 11 750
CIN-108-a 7.44× 104 4.16× 104 4.45× 105 42 465 87 545 8360 8754
CIN-108-b 7.14× 104 3.50× 104 3.77× 105 35 901 107 288 10 217 10 729
CIN-112-a 7.44× 104 4.16× 104 2.73× 105 42 067 54 330 8385 5433
CIN-112-b 7.14× 104 3.50× 104 3.10× 105 35 708 102 114 11 777 10 211

Table 3. Comparison of recalculated in situ 14C exposure ages from sites at Mt Murphy: Notebook Cliffs (NOT), Turtle Rock (TUR) and
scoria cone (CIN). 14C age (4th column) are the same values as in Table 1. The initial in situ 14C concentrations used to calculate “Recalc.
14C Age” use a new blank correction of 7.44±4.16×104 atoms and replicate in situ 14C concentrations are again calculated from the blank
correction supplied by Tulane CNL (7.14× 104 atoms), but with an uncertainty calculated from the standard deviation of process blanks
measured at Tulane CNL from 2019–2021 (7.14± 3.50× 104 atoms). Additional sensitivity analyses that normalize our recalculated in situ
14C concentrations by different CRONUS-A values are presented in column “S1 14C Age” (CRONUS-A; 5.88±0.59×105 atg−1 (n= 18))
and column “S2 14C Age” (CRONUS-A; 7.11±0.10×105 atg−1), respectively. Sample IDs appended with R denote repeat measurements.
See Table S1 for full in situ 14C AMS results and Table S4 for calculations using Tulane CNL quality control data. The 1σ internal and
external uncertainties for the S1 14C age and S2 14C age columns can also be found in Table S4, Sheet 4.

Sample ID Elevation 10Be age 14C Age Recalc. 14C 1σ Inter. 1σ Exter. S1 14C S2 14C
(m a.s.l.) (ka) (ka) Age (ka) Err. (ka) Err. (ka) Age (ka) Age (ka)

NOT-104 893 8.6 4.1 3.9 0.5 0.6 3.7 4.8
NOT-107 885 8.9 5.2 4.9 0.7 0.8 4.7 6.1
NOT-103 852 9.4 3.8 3.6 0.4 0.5 3.4 4.4
TUR-123 639 10.3 3.8 3.5 0.4 0.5 3.4 4.3
TUR-117 451 6.7 3.1 2.8 0.4 0.5 2.6 3.3
TUR-117-R 451 – 8.2 8.2 1.4 1.6 7.7 11.0
TUR-132 446 6.6 7.9 7.4 1.2 1.3 7.0 9.6
TUR-132-R 446 – 7.4 7.4 1.2 1.3 6.9 9.5
CIN-102 239 7.5 9.0 8.3 1.4 1.6 7.7 11.1
CIN-108 181 6.2 6.3 5.7 0.8 0.9 5.4 7.2
CIN-108-R 181 – 7.8 7.8 1.3 1.4 7.3 10.2
CIN-112 179 6.6 3.4 3.0 0.6 0.6 2.9 3.6
CIN-112-R 179 – 7.2 7.2 1.3 1.4 6.8 9.3

2σ uncertainty. Furthermore, the older in situ 14C ages and
replicates are now also discordant with 10Be exposure ages
(Fig. S11b).

Normalizing initial in situ 14C concentrations by the
CRONUS-A value of 7.11± 0.10× 105 atg−1 and replicate
in situ 14C concentrations by the CRONUS-A value of

5.88± 0.59× 105 atg−1 does not improve reproducibility of
the young discordant in situ 14C ages. In addition, the older
initial in situ 14C ages (n= 3) also do not reproduce at 1σ
when this value is used (Fig. S11c). In summary, using the
quality control data from Tulane and different blank correc-
tions, assigning a larger uncertainty of 10 % to our in situ 14C
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concentrations and normalizing them to a CRONUS-A value
of 5.88±0.59×105 atg−1 do slightly improve reproducibility
of the older in situ 14C ages. They also increase concordance
with the 10Be ages. However, neither a reasonable range of
blank corrections nor normalization to a range of plausible
CRONUS-A values can explain the lack of reproducibility
associated with the six anomalously young initial in situ 14C
ages.

4.3 Potential sources of geological uncertainty

Instances of concordant and discordant 10Be and 14C ex-
posure ages (Balco et al., 2019) or seemingly impermissi-
ble 14C–10Be concentration ratios have been explained in
previous studies by invoking geological processes (Balco
et al., 2019; Rand and Goehring, 2019). First, we examine
the Notebook Cliffs, Turtle Rock, and scoria cone sites (see
Figs. S1–S5 in the Supplement) to determine if localised
glacial-geological changes at Mt Murphy permit the exis-
tence of paired in situ 14C–10Be discordant exposure ages at
the same elevation as paired in situ 14C–10Be concordant ex-
posure ages. A USGS trimetrogon aerial (TMA) photograph
shows that in 1966, in contrast to today, the lower scoria cone
outcrop was almost completely buried by ice (see Fig. S7
of Nichols et al., 2024). This finding indicates that samples
CIN-112 and CIN-108 were shielded by ice for a non-zero
time between 6.4 ka and present (Adams et al., 2022; Balco
et al., 2023). A discordant initial in situ 14C age for CIN-112
(3.4± 0.3ka, 179 m a.s.l.) that is younger than the 10Be ex-
posure age (6.6±0.4) from the same sample and other in situ
14C ages from higher elevation scoria cone samples supports
the interpretation that such burial occurred during the late
Holocene. The in situ 14C replicate measurement, CIN-112-
R, however, yielded an exposure age of 7.2±0.9ka, which is
in agreement with the corresponding 10Be age. Both in situ
14C exposure ages determined from measurements of sample
CIN-108 (collected from the same outcrop and elevation as
CIN-112) are early-mid Holocene (CIN-108 – 6.3± 0.7ka;
CIN-108-R – 7.8± 1.0ka). With the exception of the initial
14C exposure age from sample CIN-112, all exposure ages
from the lower scoria cone outcrop (Adams et al., 2022) sug-
gest that ice cover during the late Holocene was short-lived.

At both Turtle Rock and Notebook Cliffs, there is little ev-
idence to suggest prolonged cover or burial of samples. At
Turtle Rock, discordant in situ 14C–10Be exposure ages of
TUR-117 and TUR-123 could be due to individual samples
being partially shielded by till or ice debris cover during the
Holocene, but the preferential sampling of topographic highs
makes this less likely (Johnson et al., 2020). Furthermore, the
in situ 14C exposure age of TUR-117-R (8.2±1.1ka) agrees
with the sample’s existing 10Be exposure age. There is no ge-
ological explanation for measurements of the same nuclide
(in situ 14C) on the same two samples (TUR-117, CIN-112)
yielding different exposure ages. At Notebook Cliffs, all in
situ 14C exposure ages (n= 3) are late Holocene and discor-

dant with existing 10Be ages, implying inheritance in 10Be
and prolonged burial of all three samples. The three Note-
book Cliffs in situ 14C exposure ages contradict evidence
from lower elevations of Mt Murphy that indicate early to
mid-Holocene deglaciation from 9–6 ka (Adams et al., 2022;
Balco et al., 2023; Johnson et al., 2020). In situ 14C ages
from Notebook Cliffs could be reconciled with the currently
accepted Mt Murphy deglaciation history if a localised ice
dome had persisted atop Notebook Cliffs, shielding samples
until the late Holocene. The flat top of the Notebook Cliffs
site would favour persistence of a post-glacial ice dome;
however, there is no physical evidence for this having oc-
curred (Johnson et al., 2020)

Except for late Holocene ice cover of samples CIN-108
and CIN-112 at the lower scoria cone outcrop, evidence for
localised geological and topographical drivers of repeated
burial and exposure of samples at Mt Murphy are lacking.
Instead, differing exposure and transport histories of erratics
prior to deposition might explain the concordant and discor-
dant paired 14C–10Be ages observed at the same elevation
at Mt Murphy. A similar mechanism, whereby some errat-
ics are initially exposed at higher elevation (and thus sub-
jected to a higher nuclide production rate) has been used to
explain the presence of concordant older 14C–10Be ages and
discordant young 14C ages at comparable elevations at an-
other site, Shark Fin Nunatak, adjacent to Tucker Glacier
in the Ross Sea Embayment (Balco et al., 2019). This hy-
pothesis is supported by both extensive weathering of older
samples at Shark Fin Nunatak, and the presence of cliffs
of the same lithology upstream, from which erratics could
have originated (Balco et al., 2019). However, exposed out-
crops with lithologies matching the aplite, granite, and gneiss
lithologies of erratics observed at Mt Murphy and surround-
ing nunataks (Adams et al., 2022; Johnson et al., 2020) are
absent in the near vicinity. The nearest outcrop upstream, Mt
Takahe (Figs. S6 and S7a in the Supplement)∼ 100km to the
south, is composed of mafic extrusive rock (Ohio State Polar
Rock Repository; https://prr.osu.edu/collection/, last access:
15 February 2024). Such prior exposure and transport of er-
ratics from nunataks with the same lithologies as those found
at Mt Murphy would necessitate dramatic past ice flow re-
organization, for which there is no evidence (see Supplement
S1 and Figs. S6–S8 in the Supplement).

4.3.1 Identifying sites with paired 14C–10Be nuclide
systematics resembling those of Mt Murphy
samples

Paired 14C–10Be nuclide ratios measured in samples from
Shark Fin Nunatak all indicate a simple exposure history (Ta-
ble 4 and Sect. S5 – Site 4 in the Supplement), which con-
trasts with paired 14C–10Be nuclide ratios obtained from Mt
Murphy. The sites at Mt Murphy instead exhibit a mixture
of Type 1 (simple), Type 2 (complex), and a few borderline
Type 3 (impermissible) exposure histories (see Figs. 2 and
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4). To determine if any other sites in Antarctica, or elsewhere,
display similar paired 14C–10Be nuclide diagram systematics
to Mt Murphy, we used an SQL search filter implemented in
MATLAB (Balco, 2020b) to extract from the informal on-
line database ICE-D (https://version2.ice-d.org/antarctica/,
last access: 29 March 2024) sites with 14C–10Be exposure
age pairs that meet the following criteria: (1) the ratio of the
10Be exposure age to the 14C exposure age is < 4 : 1 and
(2) the 10Be apparent exposure age is < 11.7ka (indicating
the sample was exposed during the Holocene). We applied
these filters to remove 10Be apparent exposure ages older
than the Holocene because 10Be inheritance and its impact
on measurement accuracy is well-documented, especially in
Antarctica, where limited erosion often results in 10Be nu-
clide inventories which encapsulate more than one glacial
cycle. A summary of all sites with paired in situ 14C–10Be ex-
posure ages compiled from ICE-D that satisfy our search cri-
teria (n= 29) is provided in Table 4 and numbered in Fig. 1.
Age-elevation plots and paired nuclide diagrams for samples
from each site can be found in Supplement S5.

An examination of the paired 14C–10Be nuclide diagrams
from the twenty-nine sites returned from our search of the
ICE-D database which includes data from Mt Murphy (Ta-
ble 4) indicate samples that exhibit paired 14C–10Be con-
centrations consistent with a Type 1 simple exposure his-
tory are the most prevalent at over half of sites (n= 15),
e.g., Kangiata Nunata Sermia, Greenland (Young et al., 2021;
Fig. 6b). There are two sites where samples exhibiting a Type
2 complex exposure history are dominant, including Rhône
Glacier forefield in the European Alps (Goehring et al., 2011,
Fig. 6c). A total of six sites exhibit Type 3 14C–10Be ratios
(indicative of impermissible exposure histories), but many
of these datasets contain just one sample. An exception is
Sjögren Glacier (Figs. 6d and 7) on the Antarctic Peninsula
where numerous samples exhibit impermissible 14C–10Be
nuclide ratios (Balco and Schaefer, 2013). Notably only sco-
ria cone, Turtle Rock and Mt Hope, Beardmore Glacier (Site
9) display an equal distribution of both simple (Type 1) and
complex (Type 2) exposure histories. An interrogation of the
geologic setting of these endmember sites, which consist of
multiple samples of the same type, did not provide informa-
tion that could help explain the concordant and discordant
exposure ages or the mixture of Type 1, Type 2 and border-
line Type 3 paired 14C–10Be nuclide ratios at Mt Murphy
(Fig. 6a). For a detailed account of our geological interroga-
tion and comparison of endmember sites to the Mt Murphy
dataset, see Sect. S1.2 in the Supplement.

The impermissible (Type 3) paired nuclide 14C–10Be ra-
tios from Sjögren Glacier (Site 12 in Table 4) present an op-
portunity to attempt to identify the cause of high in situ 14C–
10Be ratios such as those observed in samples CIN-108-R
(Fig. 4). As well as several replicate in situ 14C measure-
ments having been made on samples from there, Sjögren
Glacier Site C bears a close geomorphic resemblance to the
scoria cone site at Mt Murphy making it a useful compari-

son with our dataset. To investigate possible causes of bor-
derline Type 3 ratios at Mt Murphy, we modelled scenarios
where samples from Sjögren Glacier were subject to either
rapid exhumation from ice (Fig. 7a) or prolonged burial un-
der ice (Fig. 7b), both of which would lead to higher in situ
14C production relative to 10Be production in the subsurface
(see Sect. 1.1). In these scenarios, in situ 14C nuclide con-
centration is therefore expected to increase relative to 10Be
and may explain impermissible Type 3 14C–10Be concentra-
tion ratios. However, we observed ratios of in situ 14C–10Be
relative to 10Be concentrations at Sjögren Glacier that cannot
be reconciled by either of these processes. In both scenarios,
if the concentration of 10Be atoms is < 2000atg−1, which is
very low, we observe high modelled 14C–10Be ratios compa-
rable to the in situ 14C–10Be concentration ratios in Sjögren
Glacier samples. However, as soon as 10Be nuclide concen-
trations exceed 1000–2000 at g−1, we no longer observe high
14C–10Be ratios due to high erosion rates rapidly removing
accumulated nuclides or faster decay of in situ 14C relative to
10Be offsetting the higher 14C–10Be subsurface production
ratio. In addition, all measured in situ 14C nuclide concentra-
tions from Sjögren Glacier Site C appear to be systematically
offset by approximately 5000 extra 14C atoms, suggesting a
potential source of contaminant in situ 14C. A high propor-
tion of those samples consist of vein quartz (see Table S3),
and it is possible that impermissible (Type 3) 14C–10Be ratios
observed at Sjögren Glacier are due to an additional carbon
source present in the quartz or incorporated during in situ 14C
extraction instead of being geologically caused (Nichols and
Goehring, 2019).

Overall, neither our comparison of the geomorphic setting
of the Mt Murphy site with other locations (Sect. 4.1 and
Supplement 1), our interrogation of paired 14C–10Be ratios
from the ICE-D database (including those from sites with
Holocene 14C–10Be exposure ages), nor our efforts to model
seemingly impermissible high 14C–10Be concentration ratios
(Sects. 4.3 and S1.3) could provide a plausible geological
explanation for the in situ 14C–10Be dataset from Mt Murphy.
In contrast, the sensitivity analysis of the Mt Murphy data
(Sect. 4.2) did improve reproducibility of the older in situ
14C exposure ages, suggesting that the explanation for the
young discordant in situ 14C ages is likely related to sample
preparation.

4.4 In situ 14C reproducibility assessment

To investigate potential sources of sample preparation un-
certainty, we focus on evaluating in situ 14C measurement
reproducibility using both our new data from Mt Murphy
and existing datasets from the ICE-D database for sam-
ples where two or more measurements had been made, ex-
cluding measurements of laboratory intercomparison mate-
rials such as CRONUS-A. In addition to the Mt Murphy re-
sults, a further 25 samples with repeat in situ 14C measure-
ments are available in ICE-D, and we present a further two
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Figure 6. Paired in situ 14C–10Be nuclide concentrations from (a) Mount Murphy (this study), and paired 14C–10Be concentration data
from other sites extracted from ICE-D including: (b) Kangiata Nunata Sermia (KNS), Greenland (Type 1, dominated by concordant ages),
(c) Rhône Glacier, Switzerland, (Type 2, complex exposure – burial history) and (d) Sjögren Glacier, Antarctic Peninsula (Type 3 – im-
permissible exposure history-dominated dataset). NB: Other paired 14C–10Be datasets classified using the same system are displayed in
Table 4. All paired 14C–10Be concentration ratios are normalised to the sample-specific production rate using the LSDn scaling scheme and
plotted as ellipses at 68 % confidence (Lifton et al., 2014) using the CRONUS-Earth calibration dataset for 10Be (Borchers et al., 2016)
and measurements of CRONUS-A at Tulane University for in situ 14C (Goehring et al., 2019a). Note different in situ 14C production rate
calibration datasets would be more suitable for generating paired nuclide diagrams presented in panel (b) (Young et al., 2014) and panel (c)
(Goehring et al., 2011), but do not change the type classification for each dataset. For further information on paired nuclide diagrams and
type classification scheme, see Sect. 1.2.

samples with replicate in situ 14C measurements from the
Leymon High Core (Lupker et al., 2015) bringing the to-
tal number of samples with replicate in situ 14C measure-
ments to 31. The majority of replicate measurements are
reported from samples sourced from the Antarctic Penin-
sula (Balco and Schaefer, 2013), Weddell Sea Embayment
(Nichols et al., 2019), Promontory Point (Pleistocene Lake
Bonneville), Utah (Lifton et al., 2015a), and the Northwest
Highlands, Scotland (Borchers et al., 2016). To each in situ
14C concentration, we assign a measurement uncertainty of
6 % of the total concentration reported from AMS measure-
ments for each replicate. Using a 6 % uncertainty is appro-
priate here because the majority of replicate measurements
presently in the ICE-D database were measured at Tulane
and 6 % is the published, and conventionally used, measure-
ment uncertainty from that laboratory based on reproducibil-

ity of in situ 14C measured in CRONUS-A from 2015–2018
(Goehring et al., 2019a) cited in numerous studies (e.g.,
Balco et al., 2019, Nichols et al., 2019, Rand et al., 2025).
In cases where in situ 14C replicates were reported from a
different extraction laboratory, and that laboratory reports
measurement uncertainty exceeding 6 %, we assign the larger
value to each in situ 14C concentration.

From our reproducibility assessment of 31 replicate sam-
ples, 18 display one or more in situ 14C measurements that
do not replicate within 6 % (1σ ) measurement uncertainty
(Fig. 8). There is a slight increase in reproducibility at 2σ ,
but 15 samples still exhibit one or more in situ 14C measure-
ments that are not reproducible (Fig. S13 in the Supplement).
These results include the 3 out of 4 in situ 14C concentrations
reported from Mt Murphy which do not replicate within the
6 % (1σ ) measurement uncertainty, and 2 of 4 in situ 14C

https://doi.org/10.5194/gchron-8-255-2026 Geochronology, 8, 255–277, 2026



270 J. R. Adams et al.: Paired 14C–10Be exposure ages from Mount Murphy, West Antarctica

Figure 7. Plots showing modelled subsurface production scenarios
that lead to a higher in situ 14C relative to 10Be ratio than typical
for the surface. Panel (a) shows in situ 14C–10Be nuclide ratios as
a function of glacial exhumation rate integrated over a time t, as-
suming both 10Be and in situ 14C nuclide concentrations are zero
at the LGM (t = 20000 years). The black line represents the con-
stant exposure line and blue line the steady erosion line including
muon production. Grey dots indicate modelled in situ 14C–10Be
nuclide concentration ratios for an erosion rate which is specified
above each dot (mmkyr−1). Panel (b) shows modelled in situ 14C–
10Be nuclide concentrations as a function of burial under different
ice thicknesses over Holocene timescales (plotted as isolines). The
black line represents the constant exposure line, but we omit the
steady erosion line to improve legibility. On both plots red ellipses
indicate in situ 14C–10Be concentration ratios measured in samples
from Sjögren Glacier, Site C (68 % confidence). Plots are generated
using the surface and subsurface production rate estimating code
from (Balco et al., 2023).

concentrations do not replicate at 2σ (see Sect. 3.1). No-
tably, replicate measurements included in our Holocene filter
analysis from the Antarctic Peninsula (Sjögren and Drygalski
Glaciers, n= 5; see Sect. 4.3.1 and Fig. 8) also yielded many
impermissible paired 14C–10Be ratios, suggesting a possible
link between in situ 14C reproducibility and Type 3 14C–10Be
concentration ratios. However, the lack of an apparent ge-
ologic explanation for irreproducibility of in situ 14C mea-
surements from field samples (see Sect. 4.3) suggests that
the assumed measurement uncertainty may be too low. Such
an issue has been noted previously by Borchers et al. (2016)
where scatter of in situ 14C concentrations from calibration

sites (including the Northwest Highlands) exceeded stated
measurement uncertainties.

4.4.1 In situ 14C reproducibility – CRONUS-A and blank
data

The long-term average in situ 14C concentration measured
in CRONUS-A reported from different in situ 14C extrac-
tion facilities ranges from 6.12± 0.32× 105 atg−1 for Tu-
lane CNL to 7.28±0.03×105 atg−1 at ETH Zurich (Lupker
et al., 2019). The CRONUS-A value reported from Tulane
CNL, 6.12± 0.32× 105 atg−1 (Goehring et al., 2019a), is
5 %–10 % lower than other in situ 14C extraction laborato-
ries and below the consensus interlaboratory value (n= 23)
of 6.97× 105 atg−1 of (Jull et al., 2015). In addition, the
long-term CRONUS-A value suggested by all CRONUS-
A measurements reported from Tulane CNL is even lower;
5.88± 0.59× 105 atg−1 (n= 18) from 22 December 2016–
12 March 2021 (Table S5, Balco et al., 2023). LDEO report a
higher than average – and 15.8 % higher than Tulane CNL –
value for CRONUS-A (n= 13) of 6.98±0.25×105 atg−1 for
graphitised samples (Lamp et al., 2019; Young et al., 2021).
Interlaboratory comparison of CRONUS-A in situ 14C val-
ues, therefore, is consistent with findings from our within
laboratory sensitivity tests in Sect. 4.2 that suggest a 6 %
in situ 14C measurement uncertainty is too low (Jull et al.,
2015).

Inconsistencies in the interlaboratory reproducibility of
CRONUS-A and corresponding underestimation of in situ
14C measurement uncertainty have been documented in pre-
vious studies. These highlight that laboratories uniformly un-
derestimated the magnitude by which empirical coefficients
of variation exceeded average reported analytical uncertain-
ties for all nuclides (Jull et al., 2015; Phillips et al., 2016a).
However, the underestimation in the reported analytical un-
certainty exceeds 300 % for 14C on the CRONUS-A mate-
rial (Phillips et al., 2016b), although subsequent analyses of
CRONUS-A reproducibility following the CRONUS-Earth
Project (e.g., Fülöp et al., 2019b; Goehring et al., 2019a;
Lamp et al., 2019; Lifton et al., 2023) may alter this value.

The CRONUS-A intercomparison material is derived from
a high elevation site (1612 m) in Antarctica with millions
of years of constant exposure, making it saturated with re-
spect to 14C (mean value= 6.93± 0.44× 105 atg−1, Jull
et al., 2015). Reproducibility estimates from CRONUS-A
are, therefore, only representative for high concentration
samples, for which AMS counting errors and blank contri-
butions are typically low (Hippe, 2017). Achieving the same
level of measurement precision in a sample with a lower con-
centration of in situ 14C is more challenging, and a typical
sample exposed during the Holocene will yield an in situ 14C
concentration lower than CRONUS-A. For instance, sample
TUR-132 from Turtle Rock (7.4± 1.2ka, 446 m a.s.l.) has a
mean in situ 14C concentration of 1.32± 0.08× 105 atg−1

(n= 2). Samples exposed during the Holocene, and particu-
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Figure 8. In situ 14C concentrations in ICE-D with one or more replicate measurements from the same sample (n= 31). To enable com-
parison with the Mt Murphy dataset, in situ 14C concentration error bars represent a 6 % measurement uncertainty based on repeatability
of CRONUS-A measured at Tulane CNL (Goehring et al., 2019a). The graph displays all samples with repeat in situ 14C concentrations
uploaded to ICE-D as of 29 March 2024 as well as repeat in situ 14C measurements from Mt Murphy samples (this study) and Leymon High
bedrock core samples (Lupker et al., 2015). We use the measurement uncertainty reported with a particular study when this value exceeds
the nominal 6 % (1σ ) uncertainty. Replicate in situ 14C measurements discussed in the text, including Turtle Rock, scoria cone, and Sjögren
Glacier, are indicated by shaded bars. See Table S3 for full list of sample details.

Table 5. Summary of CRONUS-A intercomparison material and long-term blank values reported from different in situ 14C extraction
facilities. Note: Tulane CNL and LDEO are examined more closely over several measurement cycles because in situ 14C measured from Mt
Murphy samples was extracted at both facilities. The latest AixMICADAS gas ion source AMS measurements reported by LDEO highlight
how gas ion source AMS in situ 14C measurements have reduced 14C background levels reported by LDEO by removing a potential source
of 14C contamination from graphitisation.

Extraction Laboratory CRONUS A (atg−1) No. CRONUS-A Representative blank (atoms) Associated Publication

Tulane – reported 2019 6.12± 0.32× 105 10 0.98± 0.32× 105 Goehring et al. (2019a)
Tulane – Mt Murphy (initial) 5.88± 0.59× 105 18 4.53± 0.24× 104 *Balco et al. (2023)
Tulane – Mt Murphy (replicates) 7.11± 0.10× 105 1 7.14± 0.30× 104 This publication.
LDEO – Graphitised pre-2014 6.74± 0.10× 105 5 1.19± 0.37× 105 Lamp et al. (2019)
LDEO – Graphitised post-2014 6.98± 0.25× 105 13 1.17± 0.37× 105 Young et al. (2021)
LDEO – AixMICADAS 6.62± 0.10× 105 5 8.84± 1.21× 104 Young et al. (2021)
ETH Zurich (2011–2013) 7.09± 0.39× 105 13 3.48± 2.04× 104 Lupker et al. (2015)
ETH Zurich 2018 7.28± 0.03× 105 7 2.63± 1.05× 105 Lupker et al. (2019)
Cologne 6.72± 0.71× 105 6 1.00± 0.68× 104 Fülöp et al. (2015)
ANSTO 6.93± 0.44× 105 14 0.98± 0.68× 104 Fülöp et al. (2019)
PRIME Lab (Purdue) 6.89± 0.04× 105 6 1.84± 0.38× 105 Lifton et al. (2015b)
PRIME Lab (Purdue) 7.08± 0.17× 105 12 3.40± 0.90× 104 Lifton et al. (2023)
Working interlaboratory – Mean 6.93± 0.44× 105 23 Jull et al. (2015)
Working interlaboratory – Median 6.97× 105 23 Jull et al. (2015)

* In Balco et al. (2023), long-term blank values for Tulane CNL surface sample measurements presented in our present study are not reported, but blank variability at Tulane CNL
spanning the same time period is discussed at length.
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larly those at low elevations such as the scoria cone and Kay
Peak, are therefore more sensitive than CRONUS-A to blank
correction.

For our samples, the blank correction reported from Tu-
lane CNL for in situ 14C repeat measurements was higher
than that of the initial 14C measurements (Table 5). The dif-
ferences in in situ 14C concentrations may be explained, in
part, by several changes made to the extraction line at Tulane
CNL between the two sets of extractions, including the addi-
tion of a new coil trap (Lifton et al., 2023) and a new mullite
tube which was previously observed to increase background
14C (see Methods, Sect. 2.2). However, our sensitivity anal-
yses indicate that applying different blank corrections based
on the long-term blank data from Tulane CNL (cf. Table S5,
Balco et al., 2023) neither reconcile young initial in situ 14C
ages with discordant 10Be ages or older replicate in situ 14C
ages (see Sect. 4.2) nor the in situ 14C concentrations from
our Mt Murphy dataset that do not reproduce.

In an additional effort to identify a potential cause for
lack of in situ 14C reproducibility, we investigated if het-
erogeneities in quartz mineral separates could yield notably
different in situ 14C concentrations in the same sample (see
Sect. S4, Tables S7 and Table S8 in the Supplement). Impu-
rities in quartz mineral separates have previously been evi-
denced to negatively impact the reproducibility of 10Be (Cor-
bett et al., 2022). However, we found no link between abun-
dance of impurities in quartz mineral separates and in situ
14C reproducibility in the Mt Murphy samples.

4.5 Summary and suggestions for future work

The findings presented in this paper suggest that routine
laboratory uncertainties reported with our samples from Mt
Murphy likely underestimated the true measurement uncer-
tainty of in situ 14C for our dataset. This result is consis-
tent with previous findings from the CRONUS-Earth Project
(Borchers et al., 2016; Phillips et al., 2016a) and other stud-
ies (Hippe, 2017; Jull et al., 2015) where issues regarding
the interlaboratory variation in reported CRONUS-A in situ
14C concentrations (∼ 15%) and in situ 14C blank variabil-
ity were shown to impact the accuracy and precision of in
situ 14C measurements. A seemingly isolated issue associ-
ated with the initial in situ 14C extractions likely resulted in
systematically young ages inconsistent with both the repli-
cate measurements and previously published 10Be exposure
ages from Mt Murphy, as well as with records of the deglacial
history of the Amundsen Sea Embayment more widely. The
nature of the apparent loss of in situ 14C from most of our
samples during the initial extractions is not understood and is
atypical of the considerable number of in situ 14C measure-
ments reported from Tulane CNL. Nevertheless, complexi-
ties in our dataset highlight the value of routinely conduct-
ing replicate analyses not just for in situ 14C, but for all cos-
mogenic nuclides, especially if a dataset displays systematic
offsets that cannot be accounted for by reported uncertain-

ties. Ongoing developments, including automation of in situ
14C extraction (Goehring et al., 2019a; Lifton et al., 2023;
Lupker et al., 2019), will help facilitate analysis of the ad-
ditional replicates and process blanks needed to improve the
precision of in situ 14C measurements. With a focus on im-
proving in situ 14C analytical reproducibility and precision,
we therefore make the following suggestions for future work,
which will ultimately contribute to the provision of robust
combined 14C–10Be chronologies:

– Routinely undertake and report more in situ 14C repli-
cate measurements. This will provide a check on quality
control.

– Conduct an in situ 14C interlaboratory comparison
study using additional intercomparison materials (e.g.,
CoQtz-N, CRONUS-R) to determine if apparent inter-
laboratory offsets reported for in situ 14C measurements
of CRONUS-A are specific to CRONUS-A or are repli-
cated for other samples. If interlaboratory offsets for
in situ 14C measurements of CRONUS-A are consis-
tent across other intercomparison materials, a standard-
ization consensus value can be established, facilitating
comparison of exposure age data generated by different
in situ 14C extraction facilities.

5 Conclusion

In this study, we presented new in situ 14C ages from Mt
Murphy, West Antarctica and compared them with published
10Be ages, identifying numerous conflicting exposure histo-
ries. Young in situ 14C ages from high elevations that are
discordant with 10Be measured in the same sample appear to
have deglaciated after concordant paired 14C–10Be exposure
ages from lower elevations with simple exposure histories.
There is no plausible geological explanation for divergent
concordant-discordant exposure histories or excess scatter
observed within the in situ 14C dataset. Instead, we find that
most of the replicate in situ 14C measurements performed on
samples from Mt Murphy do not reproduce within a 6 % 1σ
internal measurement uncertainty. Furthermore, concordant
14C–10Be pairs at Mt Murphy with simple exposure histories
exhibit reproducible in situ 14C concentrations, but discor-
dant in situ 14C exposure ages suggestive of complex expo-
sure are not reproducible. A subsequent sensitivity analysis
applying a larger non-standard 10 % uncertainty to in situ
14C concentrations improved the reproducibility of one of
the replicate in situ 14C measurements; however, despite the
larger assigned measurement uncertainty, half the in situ 14C
concentrations still did not reproduce. These observations
from Mt Murphy are reflected in archived in situ 14C con-
centrations extracted from the informal cosmogenic-nuclide
exposure-age database (ICE-D), where replicate concentra-
tions measured in 18 of 31 samples fail to reproduce within
the 6 % 1σ measurement uncertainty (15 of 31 at 2σ ).
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In summary, the results of our analysis of in situ 14C–10Be
exposure ages from ICE-D are consistent with the interpre-
tation that discordant in situ 14C–10Be exposure ages from
Mt Murphy are a result of isolated issues with in situ 14C re-
producibility at the Tulane Cosmogenic Nuclide Laboratory
(Tulane CNL), while concordant 14C–10Be pairs are consis-
tent with deglaciation (between 9–6 ka) identified by previ-
ous studies. Tulane CNL has produced a comparatively large
number of in situ 14C replicate measurements; having access
to this laboratory’s quality control data enabled us to iden-
tify inconsistencies in our dataset that crucially prevented us
from drawing incorrect conclusions regarding Mt Murphy’s
deglacial history. We attribute the new discordant in situ 14C
exposure ages reported from Mt Murphy that do not repro-
duce at 1σ and 2σ to an unexplained issue with some of the
initial in situ 14C measurements, which appears to have been
rectified for the replicates. Our results highlight the need to
perform replicate analyses when measuring in situ 14C con-
centrations, and to fully investigate and quantify scatter in in
situ 14C datasets.

Several factors may contribute to the low in situ 14C re-
producibility observed in this study and require further in-
vestigation. These include long term blank variability within
in situ 14C extraction facilities and differences in CRONUS-
A measurements between in situ 14C extraction laboratories.
Quantifying the excess scatter in in situ 14C measurements
observed in this study is important because, if used in isola-
tion, in situ 14C exposure ages appear to currently lack the
precision needed to reconstruct Holocene deglacial histories
at sub-millennial resolution.

Code and data availability. Some of the in situ 14C data exam-
ined in this study were obtained from the informal cosmogenic-
nuclide exposure age database (ICE-D) and remain unpublished.
These data are, however, freely available in ICE-D under the pub-
lic release requirements of the National Science Foundation (NSF)
U.S. Antarctic Program which requires data be made publicly avail-
able 2 years after collection. In situ 14C AMS and exposure age
data shown in Table 1 are publicly accessible in the UK Po-
lar Data Centre https://doi.org/10.5285/dbb30962-bbf3-434a-9f27-
6de2f61a86e2 (Adams et al., 2024).
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