Quaternary Science Reviews 173 (2017) 1-19

journal homepage: www.elsevier.com/locate/quascirev

Contents lists available at ScienceDirect

Quaternary Science Reviews

" QUATERNARY

SCIENCE REVIEWS

Invited review

Constraining processes of landscape change with combined in situ

cosmogenic “C-1°Be analysis

Kristina Hippe

CrossMark

@

Laboratory of Ion Beam Physics, ETH Ziirich, Otto-Stern-Weg 5, CH-8093 Ziirich, Switzerland

ARTICLE INFO ABSTRACT

Article history:

Received 11 April 2017
Received in revised form
26 July 2017

Accepted 28 July 2017

Keywords:

Cosmogenic nuclides
Quaternary

Surface exposure dating
Complex exposure
Glacial

Inheritance

Sediment

Soil

Erosion

Reconstructing Quaternary landscape evolution today frequently builds upon cosmogenic-nuclide sur-
face exposure dating. However, the study of complex surface exposure chronologies on the 10°—10*
years’ timescale remains challenging with the commonly used long-lived radionuclides ('°Be, 26Al, 36CI).
In glacial settings, key points are the inheritance of nuclides accumulated in a rock surface during a
previous exposure episode and (partial) shielding of a rock surface after the main deglaciation event, e.g.
during phases of glacier readvance. Combining the short-lived in situ cosmogenic C isotope with °Be
dating provides a valuable approach to resolve and quantify complex exposure histories and burial ep-
isodes within Lateglacial and Holocene timescales. The first studies applying the in situ #C-1°Be pair have
demonstrated the great benefit from in situ C analysis for unravelling complex glacier chronologies in
various glacial environments worldwide. Moreover, emerging research on in situ “C in sedimentary
systems highlights the capacity of combined in situ '“C-1°Be analysis to quantify sediment transfer times
in fluvial catchments or to constrain changes in surface erosion rates. Nevertheless, further methodo-
logical advances are needed to obtain truly routine and widely available in situ 'C analysis. Future
development in analytical techniques has to focus on improving the analytical reproducibility, reducing
the background level and determining more accurate muonic production rates. These improvements
should allow extending the field of applications for combined in situ 'C-'Be analysis in Earth surface
sciences and open up a number of promising applications for dating young sedimentary deposits and the

quantification of recent changes in surface erosion dynamics.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The development of surface exposure dating with cosmogenic
nuclides has opened up new perspectives for Quaternary
geochronology and revolutionized our ability to constrain land-
scape history (e.g., Balco, 2011; von Blanckenburg and Willenbring,
2014). In glacial landscapes, cosmogenic-nuclide surface exposure
dating provides a unique method to directly date the formation of
glacial landforms, e.g. the deposition of moraines or erratic boul-
ders, as well as the time of disappearance of glacier ice from a
bedrock surface (Ivy-Ochs and Briner, 2014). Cosmogenic nuclides
have become an integral part of quantitative geomorphology and
are one of the most widely used tools to determine the deposition
age of sedimentary landforms and volcanic deposits, to reconstruct
paleoearthquake activity and to quantify local to landscape-wide
soil-formation and hillslope erosion dynamics (for reviews see
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e.g., Cerling and Craig, 1994; Gosse and Phillips, 2001; Dunai, 2010;
Granger et al., 2013). The principle of cosmogenic-nuclide surface
exposure dating is based on the production of cosmogenic isotopes
within the uppermost few meters of the Earth surface by interac-
tion of secondary cosmic-ray particles with atoms in the rocks
(Dunai, 2010). The concentration of a cosmogenic nuclide primarily
depends on the time since initial exposure to cosmic rays, the rate
of its production, and the rate of its removal by radioactive decay or
erosion (Gosse and Phillips, 2001). A number of stable (*He, %' Ne)
and radioactive cosmogenic nuclides ('°Be, in situ 1C, 2Al, 3Cl) are
currently used to study Earth surface evolution, with 1°Be being the
most widely applied nuclide. In situ C sticks out of the list of
cosmogenic nuclides by its short half-life of only 5700 + 30 years
(www.nndc.bnl.gov, National Nuclear Data Center) compared to the
much longer half-lives of 1.4 Ma, 0.7 Ma and 0.3 Ma for 1°Be, 26Al
and 36Cl, respectively. Because of its fast decay, the in situ C
concentration will rapidly decrease as soon as a bedrock, sediment
or soil surface is shielded from cosmic rays by being covered under
several meters of sediment, soil or ice. This means that in situ 4C,
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when paired with a long-lived nuclide, allows detecting complex
surface exposure histories caused by interruptions in surface
exposure (e.g. by glacier readvance) or sediment transport, changes
in surface erosion rates or events of mass removal within Holocene
to latest Pleistocene timescales.

This review paper provides an introduction to in situ cosmo-
genic 'C dating, particularly in combination with 1°Be, and present
the hitherto few applications of coupled in situ *C-1°Be analysis. It
outlines the development and present status of in situ '4C analytical
techniques and discusses the current challenges with regard to
analytical reliability and the accuracy of production rates. Although
in situ C extraction methods and protocols that have set the
foundation for the currently applied techniques were developed
during the 1990s (e.g., Jull et al., 1992; Lifton et al., 2001), in situ C
extraction from terrestrial rocks is still a technically challenging
process that is not yet widely employed. Consequently, the number
of publications reporting in situ C data remains limited. So far, the
quantification of complex surface exposure histories in landscapes
previously or still covered by glaciers has been the primary appli-
cation for in situ C analysis, with a total of ten papers published
since 2006. This trend can be partially related to the comparatively
straightforward interpretation of in situ “C data from glacially
modified surfaces (in contrast to, e.g., in situ '*C in sediments), the
insensitivity of in situ C to surface pre-exposure and its high
sensitivity to post-exposure surface shielding. Besides glacier
chronologies, this review will further discuss the potential of in situ
14¢ analysis for quantifying surface processes and landscape evo-
lution outside glacial settings. The aim is to describe the conceptual
framework and to outline the direction of improvements needed to
exploit the full potential of in situ C in Quaternary geochronology
and Earth surface process dating.

2. Principles of in situ C production
2.1. Production mechanisms

In the 1940s the development of radiocarbon analysis intro-
duced the C isotope as a geochronological tool for dating organic
material (Libby, 1946; Anderson et al., 1947; Libby et al., 1949). In
conjunction with the huge progress made on AMS techniques (Jull
and Burr, 2006 and references therein), radiocarbon dating quickly
became one of the most widely used Quaternary dating methods.
However, it was soon recognized that the '“C isotope is not only
produced by cosmic-ray interactions in the atmosphere but also at
the solid Earth surface, i.e. “in situ” (Lal and Peters, 1967).

In situ C is produced by the same production pathways as the
long-lived cosmogenic '°Be and %Al nuclides, i.e. by the collision of
secondary cosmic-ray particles (neutrons and muons) with atoms
in rocks at the Earth's surface (e.g., Lal, 1988; Heisinger and Nolte,
2000; Gosse and Phillips, 2001; Dunai, 2010). Nuclide production
is dominated by spallation reactions caused by highly energetic
neutrons. For in situ C, the primary target for spallation reactions
is 0 (1%0(n, 2pn)™C, 70(n, «.)!“C); minor production occurs from Si,
Mg, and Al (Dunai, 2010). Further production occurs by interactions
with low-energy muon particles, either by negative muon capture
or by neutron reactions induced by fast muons (Heisinger et al.,
2002a,b). While production by spallation decreases exponentially
with depth below the surface (Fig. 1), muons can penetrate deeper
into the subsurface due to their much larger attenuation lengths
compared to neutrons. Below a few meters depth (about 3—4 m of
rock or ~1000 g cm~2), muonic processes overtake spallogenic
processes and dominate nuclide production. Therefore, the
magnitude of muonic production is most important for applications
that require an accurate estimate of nuclides produced at depth.
These include the quantification of surface erosion rates (especially
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Fig. 1. Relative nuclide production or nuclide inventory, respectively, of in situ “C and
19Be at depth below the surface, calculated for a rock density of p = 2.65 g cm 3. Black
solid line illustrates the decrease in the spallation production rate (or nuclide con-
centration), dashed and dot-dashed lines refer to negative muon capture and fast
muon processes, respectively. Calculated for SLHL with spallogenic production rates
(Lm scaling) of 4.00 + 0.32 at g~ a~! for '°Be and 12.2 + 0.89 at g~' a~" for in situ "C
(Phillips et al., 2016a). Depth dependence for spallation follows an exponential
decrease. Muonic nuclide production at depth was calculated with the freely available
MATLAB code from the online calculator (v. 2.3) of Balco et al. (2008b) using updated
muon interaction cross-sections as given in Borchers et al. (2016) for '°Be and muon
cross-sections of Heisinger et al. (2002a,b) for in situ 14,

for fast eroding landscapes), dating of erosional surfaces by depth
profiles as well as paired-nuclide burial dating, and the calculation
of post-burial nuclide production in surfaces or sediment deposits
that have not been completely shielded from the cosmic-ray flux.
The muon contribution to the total in situ C surface production
rate (at sea level high latitude = SLHL) is estimated at >20% (Lupker
et al., 2015) which is considerably higher than the ~1.5—2% of muon
contribution to the surface production rates of '°Be or 2°Al
(Borchers et al., 2016). Due to this large muon component, all ap-
plications involving in situ 'C analysis need to accurately account
for muonic 'C production rates including an appropriate estimate
for muonic production in the subsurface (for a detailed discussion
see Balco, 2017).

2.2. Production rates

Since the accuracy of any cosmogenic nuclide exposure age
critically depends on the accurate knowledge of the production rate
of each specific nuclide, production rate determination and site-
specific scaling represent a highly important issue for the cosmo-
genic nuclide community. Over the past 10 years many researchers
— independently or in connection with the CRONUS-Earth and
CRONUS-EU projects (Stuart and Dunai, 2009; Phillips et al., 2016b)
— have dedicated significant effort to improve the understanding of
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cosmogenic nuclide production and produce widely-accepted and
internally consistent calibration datasets to reduce the un-
certainties on the production rates of all commonly used cosmo-
genic nuclides.

The most recent estimate for the in situ “C spallation production
rate in quartz is based on ~90 analyses from six calibration sites and
yields a SLHL value of 12.76 at g! a~! for the new LSD (or Sa)
scaling (Borchers et al., 2016; Phillips et al., 2016a) which equals a
SLHL rate of 12.24 at g~! a~! for the so far predominantly used St
scaling method (Lal, 1991; Stone, 2000). An uncertainty of 7.3% was
assumed for the new production rate estimate but could not be
validated by the statistical % test due to a large scatter of the in situ
14C data (Borchers et al., 2016). The revised production rate does not
include the previously published production rate data reported
from Lake Bonneville (Utah, USA), the Scottish Highlands, the
Southern Alps of New Zealand and West Greenland (summarized in
Schimmelpfennig et al., 2012; Young et al., 2014). However, it is in
good agreement with these earlier calibration data.

The calculation of in situ C production from muon reactions
has so far been based on the model and parameters specified by
Heisinger et al. (2002a,b). These authors experimentally deter-
mined muon interaction cross-sections and calculated the rates and
depth dependence of muonic nuclide production. In situ *C SLHL
muonic production rates given by Heisinger et al. (2002a,b) are
3.34+0.27 at g~ ' a~! for negative muon capture and 0.44 + 0.25 at
g~ 1 a1 for fast muon reactions. Compared to '°Be or 2°Al, only little
in situ “C data is available from analyses of natural depth profiles.
In situ "C concentrations measured by Kim et al. (2007) to a depth
of 1.45 m at Macraes Flat (New Zealand) did not allow a quantifi-
cation of muonic production rates due to exceptionally high '4C
concentrations. A first estimate of in situ 'C muonic production
from a natural setting was recently presented by Lupker et al.
(2015) who reported in situ C concentrations measured in a
quartzite core at Leymon High (Spain) to a depth of 15.5 m. Based
on these data, muonic production rates for SLHL and Lal/Stone
scaling of 3.31 (+0.43/-1.07) at g~ a~! for negative muon capture
and 0 (+0.42/-0.00) at g~' a~! for fast muon reactions were
modelled (Lupker et al., 2015). These values are in good agreement
with the experimental results of Heisinger et al. (2002a,b) and
confirm the comparatively large contribution of muon components
(~23%) to the total surface in situ '*C production. In a careful re-
evaluation of existing 1°Be, 2Al and in situ '*C muon data, Balco
(2017) reproduced the results of Lupker et al. (2015) using a
slightly different modelling approach to recalculate muonic pro-
duction at depth. As pointed out by Lupker et al. (2015), the
distinction of the fast muon component from the negative muon
capture processes is particularly difficult as even at 15 m depth fast
muon reactions only account for ~30% of the total muonic pro-
duction. A better resolution of the fast muon contribution neces-
sitates in situ '*C measurements from greater depths where the
relative amount of fast muon reactions is higher. However,
measuring the extremely low in situ “C concentrations at great
depths is limited by the current analytical capabilities.

2.3. Production-rate scaling

Since the incoming cosmic ray flux is partially shielded by the
Earth magnetic field and is further attenuated through interactions
with the Earth atmosphere, cosmogenic nuclide production rates
need to be scaled to the geographic location (e.g., Lal and Peters,
1967; Lal, 1991). Production rate scaling as a function of latitude
(or geomagnetic cutoff rigidity) accounts for the shielding effect by
variations in the magnetic field that is stronger at low latitude and
weakest at the poles. However, the geomagnetic shielding effect
also varied in time due to fluctuations in the geomagnetic field

intensity (Gosse and Phillips, 2001; Masarik et al., 2001; Lifton
et al,, 2008). The influence of magnetic field fluctuations on the
cosmogenic nuclide production rates is most important for young
exposure ages. With increasing exposure time the effect is averaged
out and gets largely insignificant for ages >40 ka (Masarik et al.,
2001). As in situ C dating is confined to Holocene and Late
Pleistocene timescales, geomagnetic field effects on the calculation
of the time-integrated production rate have to be taken into ac-
count to obtain accurate in situ *C exposure ages. Correction for
geomagnetic field fluctuations are accomplished in different pro-
duction rate scaling models (Lal, 1991; Dunai, 2001a; Desilets and
Zreda, 2003; Lifton et al., 2005, 2008, 2014) that are also imple-
mented in the online calculators presently available to calculate
surface exposure ages or erosion rates from cosmogenic nuclide
data, i.e. the online calculator of Balco et al. (2008b; http://hess.ess.
washington.edu/math/), CRONUScalc (Marrero et al., 2016; http://
webl.ittc.ku.edu:8888/2.0/), CREp (Martin et al., 2017; http://crep.
crpg.cnrs-nancy.fr) and the ICE-D database (http://antarctica.ice-
d.org/).

Production rate scaling as a function of altitude accounts for the
increasing abundance of cosmic-ray particles with decreasing at-
mospheric depth. Because the attenuation of particles in the at-
mosphere depends on the particle's energy, nuclide production by
high-energy spallation reactions increases much stronger with
altitude than lower-energy muon interactions (cf. Lal, 1991; Dunai,
2001b; Desilets and Zreda, 2003; Desilets et al., 2006). Therefore,
an independent altitude scaling for spallogenic and muonic pro-
cesses is needed to obtain accurate site-specific total production
rates. Another aspect in connection with in situ *C production rate
scaling is the question of nuclide specific variations in production
rates. Today, the same production rate scaling methods are applied
for all studied cosmogenic nuclides disregarding differences in the
individual nuclide cross sections that are relevant for the produc-
tion of each nuclide (Caffee et al.,, 2013; Reedy, 2013). However,
production rate modelling proposes deviations in the #C/1°Be
production ratio with increasing altitude that can amount to ~5%
for altitudes around 4000 m compared to the sea level C/1°Be
production ratio (Argento et al., 2015a,b). In effect, these discrep-
ancies will be small for most applications but might have to be
considered in studies using the in situ 'C-1°Be pair at high eleva-
tion sites.

3. In situ *C analytical methods
3.1. Historical development

The first measurements of the in situ 'C content of whole rocks
were obtained by pyrolysis of meteorites (Goel and Kohman, 1962;
Suess and Wanke, 1962) to determine their terrestrial ages (the fall
age) (Cresswell et al., 1994 and references therein). Because the C
concentration in extra-terrestrial material is usually over two or-
ders of magnitude higher than in terrestrial rocks (Lal and Peters,
1967; Lifton et al., 2001) it can be more easily determined for
meteorites. Early experiments on the in situ C content in terres-
trial rocks (basalts) employed sequential sample combustion
(Desmarais, 1978a) followed by isolation of CO; by distillation at
variable temperature traps (Desmarais, 1978b; Desmarais and
Moore, 1984). In a similar approach, at the University of Arizona
in situ "C extraction was performed on few grams of whole rock
samples that were fused with an iron combustion flux in a flow of
oxygen (Jull et al., 1989). This protocol also included a pre-heating
step at 500 °C to remove atmospheric contaminants. To compen-
sate for the low in situ C concentration in terrestrial rocks, first
analyses focussed on high-altitude samples that were at or close to
saturation (Jull et al., 1989, 1992). The extraction procedure was
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subsequently refined using larger sample sizes, a more rigorous
chemical pre-cleaning of the sample and longer heating times (Jull
et al., 1994). However, large and variable procedural blanks on the
order of 10° 1C atoms and variable '“C yields remained major ob-
stacles for routine in situ “C analysis from terrestrial rocks (Jull
et al., 1994).

An alternative technique for in situ ¥C extraction used wet
sample digestion with hydrofluoric acid (HF). This method relies on
the separation of 'CO and '¥CO in order to isolate the atmospheric
14C from the in situ produced component (Cresswell et al., 1993,
1994; Lal and Jull, 1994). However, due to highly variable initial
14co/1CO, ratios in quartz and partial conversion of CO into CO, in
the digestion process this approach has not been pursued any
further (Lal and Jull, 2001; Kim et al., 2007). Besides silicates being
the main target for in situ 'C analysis, Handwerger et al. (1999)
reported in situ C extraction from carbonates using acidic sam-
ple dissolution with phosphoric acid (H3PO4).

3.2. Current techniques and abilities

Following the approach of stepwise sample combustion but
redesigning the extraction system and modifying the analytical
protocol, Lifton et al. (2001) presented an improved extraction
procedure developed at U. Arizona. Whole-rock analysis was
entirely given up in favour of purified quartz samples. The modified
extraction system increased the reproducibility and showed more
stable blank values in the lower range of 10° *C atoms (Lifton et al.,
2001). It was further simplified in the following years (Pigati et al.,
2010) and subsequently served as a prototype and model for a
number of in situ C extraction lines established at other facilities
(Naysmith et al., 2004; Yokoyama et al., 2004; Hippe et al., 2009,
2013b; Fiilop et al., 2010, 2015b; Goehring et al., 2014; Lifton
et al,, 2015; Kim et al., 2016). While not all of these systems have
reported ongoing operation, a few new extraction lines are
currently under construction.

Probably the most important difference among the present in
situ C extraction lines lies in the method of sample combustion.
On the one hand, in situ 'C can be released from quartz by sample
melting. This is achieved at 1100 °C with the addition of LiBO,
(lithium metaborate) as a flux agent (e.g., Lifton et al., 2001, 2015;
Goehring et al., 2014). The use of a flux has the advantage of
comparatively low operating temperatures that can be easily
reached and maintained for several hours by relatively inexpensive,
off-the-shelf resistance furnaces. To remove carbon contamination
the LiBO; needs to be fused and degassed at extraction tempera-
tures prior to its addition to the quartz sample. However, some
contamination remains from the LiBO,. An alternative is the solid-
state extraction of in situ '4C by diffusion at temperatures >1500 °C
(Lifton et al., 2001; Yokoyama et al., 2004). As a result of the phase
transformation from quartz to cristobalite above 1470 °C the crystal
lattice undergoes restructuring that releases the trapped carbon
(Navrotsky, 1994). This approach allows obtaining in situ '“C
extraction without a flux agent by heating for 2—5 h to tempera-
tures of 1550—1650 °C (Hippe et al., 2009; Fiilop et al., 2015b). The
clear advantage is the omission of the flux as a major source of
contamination. However, the high operating temperatures imply
more sophisticated and costly extraction furnaces.

Although the few existing extraction systems use slightly vari-
able procedures, in general the extraction of in situ 'C from quartz
is based on several common analytical steps (Fig. 2): (i) preparation
of purified quartz through acid leaching and other mineral sepa-
ration techniques, (ii) sample pre-heating at 500 °C (1-2 h) to
remove atmospheric C adsorbed to the crystal surfaces, (iii)
release of the in situ component through heating to high temper-
atures for several hours (i.e., 1100 °C vs. 1550—1650 °C for flux vs.

non-flux systems), (iv) oxidation of all carbon species into CO; to
avoid the uncertainties of a poorly known '#C0/'4C0, ratio, (v) gas
purification by cryogenic sublimation and passage through hot Cu
(+Ag), (vi) and measurement of the extracted amount of CO; prior
to sample transfer to an accelerator mass spectrometry (AMS) fa-
cility. Commonly, CO, gas samples are graphitized prior to AMS
measurement which requires the addition of *C-free (“dead”) CO,.
However, at ETH Ziirich CO, can also be measured in the gas phase
using the gas ion source of the MICADAS AMS system (Ruff et al.,
2007; Synal et al., 2007). This speeds up sample processing and
avoids additional contamination from the graphitization process.
Due to the necessary pre-cleaning for sample holders and flux
agent, sample pre-heating to remove atmospheric contamination
and the required pump-down times between the individual pro-
cedural steps, extraction of in situ 'C from quartz is a time-
consuming procedure that has so far taken about two days per
sample at most facilities. A recently introduced extraction scheme
that is heating up to three tube-sealed samples at the same time in
one extraction furnace, promises increased sample throughput of
up to two samples per day (Fiilop et al., 2015b).

AMS measurements for in situ C usually follow identical pro-
cedures as analyses of C extracted from organic material. This
includes a normalization of the measured 'C/!C ratio to AD 1950
(“pre-bomb” atmospheric *C) and to 3'3C = —25%. for isotopic
fractionation. However, since anthropogenic changes in the atmo-
spheric C composition or fractionation processes during C up-
take in organic matter do not influence the production of in situ 4C
in quartz, AMS data reduction does not require these normaliza-
tions and data reporting for in situ *C has to be adjusted accord-
ingly (Hippe and Lifton, 2014).

3.3. Blanks and detection limits

Analyses to determine the procedural blank apply the full
extraction procedure as done for a quartz sample but either using
14C-free quartz (synthetic or natural) or without adding any quartz
into the system. Procedural blanks reported for flux-based extrac-
tion systems are on the order of ~1—2 - 10° C atoms, both for
quartz-free blanks (Pigati et al., 2010; Schimmelpfennig et al., 2012;
Goehring et al., 2014; Lifton et al., 2015) and for blanks using quartz
from rocks that have been shielded from the cosmic-ray flux (Fiilop
et al., 2010). Analytical uncertainties for the mean blank values
reported from the different laboratories are on the order of 10—35%
(10) which reflects the AMS statistical errors on the individual
blank analyses and is in the same range as the overall scatter of the
blank results. For flux-free systems, procedural blanks are about
one order of magnitude lower than for flux-based systems. Proce-
dural blanks of ~1—4 - 10* C atoms have been reported for blank
analyses without (Hippe et al., 2013b; Lupker et al., 2015) as well as
with quartz addition (Fiilop et al., 2015b). Associated uncertainties
for the mean blank values are comparatively high and range from
60 to 160% (10). These uncertainties mainly record the large scatter
in the obtained blank data. For example, procedural blanks re-
ported by Lupker et al. (2015) were measured with AMS un-
certainties of on average well below 10% but yield a standard
deviation of up to ~60%.

Fig. 3 illustrates the dependency of the AMS counting uncer-
tainty and the total analytical uncertainty, respectively, on the in
situ "C concentration of a measured quartz sample (for sample
sizes of 5 g qtz). Given data represent in situ '4C from natural quartz
(n = 110) of sedimentary and igneous origin that was extracted and
measured at ETH Ziirich over about a 2-year interval. The data show
a significant increase in the total uncertainty (AMS counting error
plus blank correction) for C concentrations below 1 - 10° at g~
which is in agreement with previous observations by Goehring
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Fig. 2. Simplified procedure for the extraction of in situ 'C from quartz. The diagram illustrates the key steps that are common to all currently running in situ 'C extraction systems.
In most laboratories, gas extraction is performed under addition of oxygen to ensure oxidation of all released carbon species into CO, (Lifton et al., 2001, 2015; Fiilop et al., 2010;
Pigati et al., 2010; Hippe et al., 2013b; Goehring et al., 2014). The procedures applied for gas cleaning, i.e. the isolation of CO, from other contaminant gases, vary between the
different laboratories with regard to the number and temperatures of cryogenic traps as well as the order in which the individual cleaning steps are performed. Please note that
prior to the transfer of the sample to the AMS facility '“C-free CO, might be added to ensure that the gas amount is large enough for the AMS measurement. Transformation of the
CO, gas into graphite is not needed for AMS systems equipped with a gas ion source. Determining the amount of released CO, is required to calculate an absolute in situ *C

concentration from the 'C/'2C ratio measured by AMS.

et al. (2014) for in situ 'C data from the Lamont-Doherty Earth
Observatory. Concentrations of ~ 1-2 - 10° at g~ ! seem to represent
a threshold below which relative uncertainties increase and above
which they remain on a more or less constant level (on
average < 2% total uncertainty). This threshold marks the shift from
the dominance of AMS counting errors at high concentrations to-
wards the dominance in blank correction at lower concentrations.
Uncertainties for AMS counting statistics increase only moderately
and remain well below 10%, mostly below 5%, even for concentra-
tions in the lower 10% at g~ ! range. In contrast, blank corrections
primarily control the rapid increase in the total uncertainty towards
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Fig. 3. In situ "C sample concentration vs. the analytical uncertainty, given for natural
quartz samples (n = 110) measured at ETH Ziirich during 2010—2012. The blue data
show the analytical uncertainty obtained from the AMS measurement only (including
small contributions from uncertainties on the determination of the extracted the CO,
and a possible addition of C-free CO,). The orange data show the total analytical
uncertainty as the sum of the AMS counting errors and uncertainties related to the
blank correction. Minor scatter in the diagram is attributed to the fact that the values
applied for blank corrections and their associated uncertainties varied over the 2-year
time span. However, this does not affect the overall trend in the data.

low concentrations. For illustration, an in situ '“C concentration of
~5-10%at g~ ! corresponds to surface exposure at SLHL of about 320
years.

In summary, Fig. 3 emphasizes two main points: (i) Current AMS
techniques for C analysis show excellent performance and enable
the detection of low in situ 'C concentrations with good precision.
(ii) Reducing the uncertainties related to the blank correction can
allow further lowering of the detection limit for in situ '“C. This
means not only reducing the blank level but more importantly
minimizing the scatter in the blank data, thus, achieving the gen-
eral objective of increasing the reproducibility of in situ 'C
analyses.

3.4. Reproducibility

To estimate the accuracy and precision of cosmogenic nuclide
dating, a number of inter-laboratory comparison measurements of
reference materials have been performed for different cosmogenic
nuclides within the scope of the CRONUS-Earth project (Jull et al.,
2015). For in situ '4C, a total of 23 analyses of the CRONUS-A
intercomparison material were performed at four different labo-
ratories. A mean value of (6.93 + 0.44) - 10° at g~ ! qtz (10) with a
coefficient of variation (CoV, % standard deviation) of 6.3% was
found. This CoV is only slightly above the one for 2°Al analyses
(4.9%) but clearly higher than the CoV for °Be (2.9%; Jull et al,
2015). Comparison of the CoV with the average analytical uncer-
tainty reported from the laboratories show a pronounced over-
dispersion of the data set, i.e. reported analytical uncertainties for
the single measurements were several times lower than the CoV of
the entire dataset. This indicates that the reported analytical results
do not account for all sources of variability that contribute to the
uncertainties of the measured in situ '“C concentrations and
therefore reported uncertainties might systematically underesti-
mate the actual uncertainties (Phillips et al., 2016a). However, the
strong overdispersion is not unique for in situ *C data but was to a
variable extent also observed for the other cosmogenic stable and
radioactive nuclides, most pronounced for 6Cl, 2'Ne, and 26Al.
Since the CoV values reported from the different laboratories for
their individual datasets are also on the order of 5—6%, i.e. similar to
the CoV of 6.3% for the combined data of all laboratories (Jull et al.,
2015), overdispersion in the CRONUS-A in situ '“C data most
probably indicates an underestimation of the intra-laboratory
variability. Inter-laboratory scatter seems to be of minor impor-
tance. This means that in many cases analytical uncertainties of in
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situ C concentrations might not sufficiently account for the full
contribution of the external reproducibility to the total uncertainty.
As pointed out by Hippe et al. (2014) and Lupker et al. (2015), re-
searchers reporting in situ *C data should fully propagate not only
AMS measurement errors and errors associated with the blank
correction but also include an uncertainty related to intra-
laboratory scatter.

It should be noted that the evaluation of in situ C analytical
reproducibility based on the data of the CRONUS-A reference ma-
terial is representative for high-concentration samples only, for
which AMS counting errors and blank contributions are compara-
tively low. Although low-concentration reference materials
(CRONUS-N and CRONUS-R) were distributed, determining the in
situ C concentrations in these materials has proven challenging
(Goehring et al., 2014; Filop et al., 2015b). The only results of
CRONUS-N analyses reported so far have provided a mean in situ
14¢ concentration of (1.3 + 0.7) - 10%at g~ ! (n = 5, 10) and a very
low reproducibility of around 50% (Lupker et al., 2015). This
excessive scatter can be mostly attributed to the dominant influ-
ence of the blank correction. In contrast, AMS counting errors for
the CRONUS-N results alone are in the range of 3—5% emphasizing
the excellent performance of current AMS systems in the analysis of
very low in situ C concentrations.

Clearly, further improvement of in situ *C analytical methods is
needed to increase the overall reproducibility and achieve high
accuracy and precision comparable to '°Be measurements (Phillips
et al., 2016b). One step towards more consistent intra-laboratory
sample processing conditions and, thus, increased reproducibility
could be achieved by automation of the in situ “C extraction and
purification techniques. Recent measurements of the CRONUS-A
sample (Jull et al., 2015) presented by Lifton et al. (2015) from an
automated extraction system have given excellent reproducibility
with a CoV of 0.6% (n = 6). The blank data of Lifton et al. (2015)
suggest that improvement can also be achieved in the reproduc-
ibility of low-concentration measurements due to system auto-
mation. This should be verified by further data.

4. Paired in situ 1C-1°Be analysis in glacial landscapes

Surface exposure dating using a single cosmogenic nuclide relies
on two fundamental assumptions: (i) complete and uninterrupted
surface exposure (with respect to the nuclide's half-life), and (ii) no
nuclide inheritance (e.g., Gosse and Phillips, 2001; Ivy-Ochs et al.,
2007; Akcar et al, 2011; Balco, 2011; Heyman et al, 2011).
Assumption (i) requires that the dated rock surface has not been
shielded from cosmic rays during the entire duration of exposure,
thus, excluding surface cover by glacier readvance or partial surface
shielding by seasonal snow, sediment cover etc. In the case of
dating moraine boulders or erratics it also presumes that the
boulders have not been turned or lost part of their surface by
weathering, frost-cracking or other erosional processes. Any un-
accounted for shielding or partial loss of the dated surface will lead
to an underestimation of the exposure age. Assumption (ii) implies
that the nuclide inventory in the dated surface was entirely accu-
mulated during the recent episode of surface exposure. This con-
dition is met if the rock surface has never been exposed to cosmic
rays before or if any nuclides accumulated during a previous
exposure event have been efficiently removed by glacial erosion or
had sufficient time to decay. Since radioactive decay is minor to
negligible for the “long-lived” 1°Be, 26Al and 36Cl nuclides on Late
Quaternary to Holocene timescales, nuclide resetting depends on
efficient glacial erosion. However, glacial erosion can be highly
variable and depends on the erosion mechanisms, ice dynamics and
the thermal conditions as the base of the ice (e.g., Hallet et al., 1996;
Hildes et al., 2004). Under cold-based glaciers and polythermal ice

sheets, the ice at the base remains (partially) frozen to the bedrock
inhibiting glacier sliding and subglacial abrasion (Kleman, 1994;
Kleman and Hattestrand, 1999; Kleman and Glasser, 2007). Thus,
cosmogenic nuclides can accumulate in the rock surface over
several exposure-burial periods, i.e. glacial-interglacial cycles, and
build up nuclide inheritance which limits the ability to date the last
deglaciation event (Bierman et al., 1999; Fabel et al., 2002; Briner
et al., 2006, 2014; Harbor et al., 2006; Corbett et al., 2013).
Glacially-transported boulders are often preferred over bedrock
surfaces for exposure dating as boulders are more likely to fulfil the
above conditions for simple exposure dating (Putkonen and
Swanson, 2003; Heyman et al., 2011; Stroeven et al., 2011). How-
ever, in a compilation of global 1°Be exposure ages from glacial
boulders Heyman et al. (2011) have shown that incomplete expo-
sure due to surface shielding after boulder deposition is in fact an
important process for creating geologic scatter in exposure ages.
Several studies further found that erratics deposited during one
glaciation can remain in position even after more than one subse-
quent advance and retreat of cold-based glacier ice (e.g., Stone et al.,
2003; Sugden et al., 2005; Fogwill et al., 2014).

Resolving nuclide inheritance or interrupted surface exposure
requires the analysis of two nuclides with different half-lives that
will exhibit disequilibrium due to differential decay in a surface
shielded by glacier ice. Until recently, the 1°Be-2®Al nuclide pair has
been predominantly used for complex exposure dating, especially
for studying glacier chronologies at high latitude sites and in the
polar regions (e.g., Bierman et al., 1999; Fabel et al., 2002, 2006; Li
et al., 2008; Glasser et al., 2012; Gjermundsen et al., 2015). Few
studies also combined '°Be with the stable nuclide ?'Ne (e.g., Ivy-
Ochs et al., 2006; Di Nicola et al., 2007; Balco et al., 2014). How-
ever, because of their long half-lives the °Be-2®Al pair is only
sensitive to changes in surface exposure on timescales of 100 ka to
few Ma. This represents a major drawback for dating glacier fluc-
tuations during the last glacial period and in particular the final
major deglaciation event after the Last Glacial Maximum (LGM, ~20
ka). Detecting relatively recent complex exposure histories is
therefore only possible with a nuclide of much shorter half-life as
given by in situ cosmogenic C. In situ 'C can be applied for surface
exposure dating over the past ca. 20—25 ka (~3—4 half-lives) before
it reaches secular equilibrium (i.e. saturation). As such, it perfectly
covers the post-LGM time range and can be ideally used to unravel
complex surface exposure histories during the latest Pleistocene
and Holocene.

4.1. Basic concept for dating complex glacier chronologies

Complex surface exposure dating typically combines in situ 4C
with 1%Be. Since all present extraction systems use quartz as target
mineral for in situ C extraction, sample processing for in situ 4C
and '°Be (and 26Al) can be performed on aliquots of the same pu-
rified quartz material. The use of the in situ “C-'°Be chronometer
follows the general concept of (1°Be-2%Al) burial dating. It exploits
the fact that nuclides with different half-lives will decay at different
rates once a sample is buried and shielded from the cosmic-ray flux.
The resulting change in the nuclide ratio will then provide a mea-
sure of the duration of burial. The development of the in situ
14¢_10Be nuclide concentrations through a deglaciation-readvance-
deglaciation cycle for a bedrock surface under the assumption of
negligible glacial erosion by the readvancing glacier is illustrated in
Fig. 4 (adapted from Zreda and Lifton, 2000):

(I) In the first stage of surface exposure both nuclides accumu-
late in the rock according to their individual production rates.
The nuclide concentration ratio is defined by the production
rate ratio, the C half-life and the surface erosion rate. At t;,
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Fig. 4. Concept of complex surface exposure dating with combined in situ C-'Be
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an equal time interval of 10 ka for each phase. Shielding during glacier readvance is
assumed to be complete; no erosion during exposure or by subglacial processes is
included.

conditions for simple exposure dating are fulfilled and both
nuclides will yield identical surface exposure ages.

(II) The second stage is characterized by glacier readvance and
shielding of the bedrock from cosmic rays by thick ice. Thus,
any further nuclide production ceases. During this stage, the
in situ C concentration rapidly decreases in consequence of
the short '“C half-life while the °Be concentration remains
virtually unchanged. At tp, i.e. immediately after re-exposure
following the shielding event, the bedrock surface will show
a'c/'%Be ratio clearly different from the production ratio.
Measured nuclide concentrations will yield a mismatch in
the apparent exposure ages with the in situ “C age being
younger than the 1°Be age. The in situ 'C and '°Be concen-
trations at t, provide a unique solution of both the timing of
initial deglaciation as well as the timing of glacier readvance.
The '°Be concentration records the time interval of surface
exposure while the amount of C lost by radioactive decay
quantifies how long the rock surface has been buried under
ice. In practical terms this means that the sampled surface
must have been glacially covered until recently (at most until
a few hundred years ago). Although such conditions might
today be found in polar regions and present glacier forefields,
many previously glaciated landscapes at mid to low latitudes
have been ice free for several thousands to more than ten

thousand years. Consequently, these surfaces have been re-
exposed sufficiently long to experience further significant
accumulation of cosmogenic nuclides. The result of such an
exposure-burial-exposure history on the rock's nuclide in-
ventory is illustrated in stage III.

(IIT) Stage III records additional nuclide production during the
second phase of surface re-exposure. Similar to the situation
at t,, the C/'%Be ratio in the bedrock surface sampled at t3
will be in disequilibrium and the apparent in situ 'C expo-
sure age will be younger than the °Be age. However, the
measured in situ *C-19Be concentrations at t3 do not provide
a single solution for the timing of the individual deglaciation-
readvance-deglaciation events. Reconstructing these more
complex sequences requires independent age information or
estimates that constrain the timing of either of the three
stages. Such independent constraints can be derived by other
dating methods (e.g. radiocarbon) or local to global climate
archives.

4.2. Subglacial erosion

Paired in situ *C-19Be analyses in previously glaciated surfaces
can also provide a means for constraining subglacial erosion rates.
Based on the amount of nuclide inheritance measured in formerly
glaciated bedrock which is a function of bedrock removal by sub-
glacial erosion, cosmogenic nuclides have been repeatedly used to
constrain subglacial erosion depths (e.g., Briner and Swanson, 1998;
Stroeven et al., 2002; Diihnforth et al., 2010; Young et al., 2016;
Wirsig et al, 2017). However, a major condition is a well-
constrained ice-cover and deglaciation history of the study area.
This can be established with the help of in situ *C. The coupled in
situ 1*C-1%Be approach follows the idea of 26Al-1°Be isochron dating
(Balco and Rovey, 2008; Balco et al., 2008a) and relies on a set of
samples that have experienced the same exposure-burial history
(Goehring et al., 2013). Assuming a simple exposure-burial scenario
(equivalent to stage II of Fig. 4, see above), samples collected from a
recently exposed proglacial bedrock area should have the same in
situ 4C-19Be ratios due to their identical glacial history. The offset of
the measured in situ “C-1°Be ratio from the production ratio is
primarily controlled by the loss of ¥C through decay during burial
under the readvancing glacier (Fig. 5A). In principle, the duration of
exposure and burial can then be determined from the “C/'°Be ra-
tio. However, in the case of subglacial erosion during burial, the
14¢C/1%Be ratio will additionally be modified due to the changing
14c/19Be ratio in the subsurface (Fig. 5B) which is caused by the
differences in muon contribution for in situ *C and °Be production
(Fig. 1). Therefore, an additional constraint on either the timing of
initial surface exposure or the timing of surface burial is needed. On
the basis of the thus established surface chronology, depths of
subglacial surface erosion can then be calculated for each individual
sample using the differences in the measured in situ 'C and '°Be
concentrations. Although a well-constrained glacier chronology is
essential for the applicability of the in situ '4C-1°Be pair to measure
subglacial erosion rates, it offers the unique opportunity to inves-
tigate small-scale differences in subglacial abrasion, e.g. across a
glacial trough or with respect to the bedrock geomorphology. The
concept of using the relative differences between concentrations of
two nuclides with a different production rate depth dependence to
assess subglacial bedrock erosion has also been demonstrated with
the 19Be-38Cl pair (Wirsig et al., 2017). In the light of the current
retreat of many glaciers worldwide, the newly exposed glacier
forefields provide the best study locations for this approach as they
have not seen significant nuclide accumulation or subaerial surface
erosion since re-exposure.
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see caption of Fig. 1.

4.3. Timeframe and sensitivity

The simplified three-stage exposure-burial-exposure scenario
introduced above can be adapted to different geochronological
contexts depending on the type of glacial landscape that is the
subject of research. In mid-latitude glacial settings where highly
erosive LGM ice is assumed to have largely reset the previously
accumulated cosmogenic nuclide inventory, the beginning of stage
I will in most cases coincide with the timing of initial deglaciation
after the LGM. However, because of the large contribution of
muonic production for in situ *C, subglacial erosion needs to erode
rocks to a greater depth than necessary for resetting the °Be
concentration (Fig. 1). For example, removal of 4 m of rock below a
glacier will erase close to 99% of the 1°Be inventory but only 89% of

the in situ C concentration. To eliminate 95% of the in situ 'C
inventory the glacier needs to erode around 9 m of underlying
bedrock. On the other hand, the rapid loss of C due to decay
contributes to the nuclide loss by subglacial erosion. After 10 ka of
complete shielding, 95% of the in situ *C nuclides are removed with
a total subglacial erosion of only 2.4 m (Fig. 6). Thus, re-zeroing of
previously accumulated in situ C during the LGM glaciation ap-
pears highly likely. In this scenario, stage II glacier readvance that
causes intermittent surface shielding with ¥C decay under less
erosive ice will then relate to post-LGM cold phases, particularly the

Younger Dryas but also to Holocene climate fluctuations. The

sensitivity of in situ “C to detect a period of readvance largely

depends on the uncertainty in the obtained 'C/°Be ratio.

Excluding production rate uncertainties, the uncertainty in the

external reproducibility of in situ '*C measurements is most

important with a contribution of ~5—6% (Jull et al., 2015). Based on

a 5% uncertainty on the measured in situ *C concentration, a burial

time of at least 500 years should be detectable.

At higher latitudes, present-day ice caps and those expanding
during the LGM frequently contained non-erosive basal ice. In these
cases, the time window for the #C-1"Be chronometer is shifted back
in time. For the three-stage model this means that nuclides accu-
mulated during stage I can then represent pre-LGM surface expo-
sure while stage II reflects surface shielding under readvancing
LGM glaciers. Stage Il consequently relates to the time of

deglaciation after the end of the LGM. If surface shielding by thick
LGM ice was sufficiently long to reduce the in situ “C inventory
accumulated prior to the last glaciation to background levels (i.e.
blank levels), the measured in situ *C concentration can provide a
direct age estimate for deglaciation without the need for further

nuclide inventory (%)
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Fig. 6. Decrease of the in situ C concentration with depth of subglacial erosion and
nuclide decay due to surface burial by ice (complete shielding). Solid black line gives
the relative concentration for no burial, dashed lines show decreasing concentrations
with increasing burial time, calculated for 2 ka intervals. For production rates and

calculation parameters see caption of Fig. 1.
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independent age constraints. The possibility of complete resetting
of the inherited signal under cold-based ice cover is one main
benefit from the short C half-life and a major motivation for its
use in studies on glacier chronologies in the Arctic and Antarctic
regions (cf. Miller et al., 2006; White et al., 2011; Briner et al., 2014;
Fogwill et al., 2014; Bierman et al., 2015).

To assess the time required to reduce the in situ C inventory in
a glacially-shielded rock surface to near zero, two parameters have
to be taken into account: the duration of surface cover and the
thickness of the ice. As shown in Fig. 7A, a rock surface completely
shielded from the cosmic-ray flux loses 95% of the previously
accumulated 'C nuclides after 25 ka (about five half-lives). After
~40 ka about 99% of the inherited C nuclides will have decayed. In
contrast, 98% and 96% of the inherited '°Be and 2%Al nuclides are
still present in the rock surface after 40 ka of complete shielding.
However, due to the large contribution of muon-induced in situ 4C
production the total relative in situ C production rate below a
stack of ice of <100 m thickness is larger than the relative 1°Be
production rate. This means that achieving complete shielding for
in situ "C needs burial under a thicker amount of ice than needed to
inhibit °Be production. Reducing the 1°Be production to 1% of its
surface production rate is achieved by shielding with a compara-
tively thin glacier cover of about 13 m thickness (for a density of
glacier ice of 0.92 g cm™3). For the same shielding depth, in situ '4C
will maintain around 10% of its surface production rate. Reducing
the in situ C production rate in an ice-covered rock surface to the
1% level requires glacier ice of at least 70 m thickness (Fig. 7B).
Thinner ice cover will allow for low but ongoing in situ C pro-
duction even during glaciation and result in apparently older in situ
14C exposure ages.

4.4. Published examples of in situ “C-1"Be exposure dating of
glacial landscapes

Three glacier systems have been in the focus of previous studies
exploring combined in situ '*C-1°Be dating for glacier chronology:
(i) the Laurentide Ice Sheet (LIS), (ii) the Antarctic Ice Sheet and (iii)
the Central Alpine glaciers (Fig. 8). Paired in situ *C-1°Be data of
these studies are summarized in a two-nuclide diagram (Fig. 9) that
allows an easy visualization of differences between both nuclides.
Because the key point is the decrease of the in situ “C concentra-
tion, the diagram gives this value on the x-axis and the °Be/!4C
ratio on the y-axis. As in the familiar 1°Be vs. 26Al/1°Be two-nuclide
diagram, given “burial lines” that indicate the time span required
for surface burial to decrease the in situ *C concentrations to the
measured values, apply to complete and uninterrupted shielding in
a simple two-stage exposure-burial scenario (with burial until very
recently). Thus, in many cases the burial duration that can be read
from the diagram must be considered a minimum estimate.

4.4.1. Laurentide Ice Sheet

The extent and volume of the LIS, particularly during its last
culmination, has been subject to extensive research and discussion
(e.g., Dyke and Prest, 1987; Dyke et al., 2002; Marshall et al., 2002;
Miller et al., 2002). Surface exposure dating with '°Be and 26Al of
landscapes covered by the LIS has promoted great progress in
reconstructing ice sheet history but has also shown the limitations
of only using the °Be- 26Al pair in areas of polythermal ice cover
where the nuclide signal accumulated during one exposure event is
not re-zeroed by subglacial erosion during a subsequent glaciation
episode (summarized in Briner et al., 2006; Davis et al., 2006).

One of the first studies using combined in situ *C-1°Be-26Al
analysis investigated the efficiency of glacial erosion by the LIS and
ice-sheet dynamics in the interior Canadian Arctic of Baffin Island
(Miller et al., 2006). While the 26A1/1%Be ratio was used to constrain
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Fig. 7. Decrease of the cosmogenic nuclide concentrations during surface shielding. A)
Comparison of the relative in situ 'C, '°Be and 2°Al concentrations during a burial
interval of 0—50 ka assuming complete surface shielding from cosmic rays. B) Decrease
of the relative in situ 'C concentration over the same time interval due to shielding by
glacier ice of different thickness; calculated for an ice density of p = 0.92 g cm™2. C)
Decrease of the relative in situ 'C concentration in buried sediment over time. The

sediment is shielded to a variable degree by overlaying rock or sediment of different

thickness; calculated for a density of the overburden of p = 2.0 g cm™2.

the long-term glacial history over at least the past 400 ka, the in situ
14C exposure data determined the timing of late Pleistocene
deglaciation and suggested a short episode (~1 ka) of surface cover
by thin, cold-based ice caps during the late Holocene. Similar re-
sults with regard to the Holocene glacial evolution of the plateau
ice caps across Baffin Island were reported by Anderson et al.
(2008) who coupled measurements of in situ C in quartz with
radiocarbon dating of plant macrofossils emerging beneath the
receding ice margins. Building on this study, Briner et al. (2014)
combined published and new in situ C measurements with '°Be
and %Al data to further unravel the complex deglaciation history of



10 K. Hippe / Quaternary Science Reviews 173 (2017) 1-19

150°W

120°W 90°W 60°W 30°W

O™O
; Baffin Island ™ 21 G)
Laurentide Ice Sheet

) e
Central Swiss'Alpsiy . .~ 4
508 (9) (10) A

] Weddell Sea®
West Antarctic Ice Sheet O

0° 30°E 60°E 90°E

120°E

150°E 180°

Scandinavian i
Ice Sheet

60°N

30°N

30°S

60°S

Prydz Bay”)

Framnes Mountains(®)
East Antarctic Ice Sheet

Fig. 8. Location map of the study sites for which paired in situ *C-°Be data from glacial landscapes has been published. The map is also showing the extent of major ice sheets
during the LGM (from Ehlers et al., 2011). () Miller et al. (2006), ®) Anderson et al. (2008), © Briner et al. (2014), ® Bierman et al. (2015), ® White et al. (2011), ® Fogwill et al.
(2014), ) Berg et al. (2016), ® Goehring et al. (2011), ® Hippe et al. (2014), 9 Wirsig et al. (2016).

12:10: sl 6l 4 Z:ka burial
| |
field of complex | | : :
10.0 | exposure | | | | ]
L [ | I | constant exposure 1
r | o | | | (no erosion) 1
[ e ]
| J
oy I i
Lo |
o | | | 4
3
T 4
)
0
] |
1.0 Tj
I forbidden field i
0.1 L 1 1 L 1 1 i
0.0 0.4 0.8 1.2 1.6 2.0

in situ **C (10° at g at SLHL)

Laurentide Ice Sheet
@ Miller et al. (2006)
@ Briner et al. (2015)
A Bierman et al. (2015)

Antarctic Ice Sheet
® White et al. (2011)
@ Fogwill et al. (2014)
A Berg et al. (2016)

Central Alpine Glaciers
H Goehring et al. (2011)
@ Hippe et al. (2014)

A Wirsig et al. (2016)

Fig. 9. Two-nuclide diagram of in situ C vs. 1°Be/'C summarizing hitherto published
paired in situ "C-'"Be analyses from glacial settings. Published nuclide concentrations
have been rescaled to SLHL using the MATLAB code from the online calculator (v. 2.3)
of Balco et al. (2008b) with the scaling formula of Lal (1991)/Stone (2000) and mod-
ifications for paleomagnetic correction (Nishiizumi et al., 1989). Relative uncertainties
on the nuclide concentrations as well as corrections for topographic shielding and
sample thickness were applied as given in the original publications. The two-nuclide
diagram was calculated using production rates and calculation parameters as given
in the caption of Fig. 1.

Baffin Island (Fig. 10) and evaluate the long-term pattern of glacial
erosion during the presence of the LIS. Based on the °Be-2°Al re-
sults, the authors propose a sharp boundary between sliding
(erosive) and cold-based (non-erosive) conditions within the LIS
that can be traced by the presence or absence of inheritance for
these nuclides. However, since inheritance impeded accurate
exposure dating with 1°Be and 28Al only, the additional analyses of
in situ 'C proved invaluable to assess the timing of deglaciation and
reconstruct episodes of Holocene neoglaciation. A study by
Bierman et al. (2015) focussed on the highest summits of northern
New England, USA, that have been previously occupied by the LIS.
Significant inheritance detected for 1°Be and 26Al was used to
identify warm-based vs. cold-based conditions at the LGM glacier
bed. With LGM glacial cover being sufficiently long to remove
previously accumulated C through radioactive decay, in situ “C
concentrations recorded the timing of deglaciation as well as post-
LGM partial shielding of the surfaces by till cover, snow or cold-
based ice.

4.4.2. Antarctic Ice Sheet

Since organic material suitable for radiocarbon dating is largely
absent in the Antarctic environment, cosmogenic-nuclide surface
exposure dating has been crucial for reconstructing Antarctic Ice
Sheet history (cf. Balco, 2011). However, more than 20 years of
surface exposure dating in Antarctica has shown that many age
data are affected by scatter due to different geologic processes,
including surface burial by cold-based ice causing nuclide inheri-
tance (Hein et al., 2014).

So far, few paired in situ #C-1°Be (and 2°Al) data from Antarctic
samples have been published (excluding in situ '¥C data from
saturated surfaces in Antarctica for production rate calibration;
Borchers et al.,, 2016). In a first study, White et al. (2011) reported
concordant °Be, %Al and in situ C age data (within 26) obtained
from three erratic boulders exposed from the East Antarctic Ice
Sheet. As discussed by the authors, given the uncertainties on
measurements and production rates of all three nuclides, it is not
possible to unambiguously distinguish between a continuous
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Fig. 10. Impressions from the different glacier systems studies with paired in situ
14C-1%Be dating. Top: Weathered bedrock outcrop in front the present-day ice cap on
Northern Baffin Island, Canadian Arctic (photo: courtesy of J. Briner). Considerable
nuclide inheritance for '°Be and 26Al are evidence of cold-based glacier cover by the
Laurentide Ice Sheet. Middle: Erratic boulder near the Weddell Sea embayment along
the West Antarctic Ice Sheet (photo: courtesy of C. Fogwill). Nuclide inheritance in this
and several other erratics from the area indicate the existence of cold-based ice during
the LGM that left the boulders in position during glacier readvance. The timing of the
complex exposure-readvance-exposure history could be determined by combined in
situ '4C-1Be analysis and ice volume estimates from sea-level reconstruction. Bottom:
Glacially-polished bedrock at the Central Alpine Gotthard Pass, Switzerland. Subglacial
erosion that efficiently removed any pre-LGM nuclide inventory provided overall
consistent '°Be and in situ '*C deglaciation ages.

surface exposure history and a complex exposure with only few ka
of inheritance for 1°Be. White et al. (2011) further point out the
particular difficulty to detect nuclide inheritance in the case of a
comparatively long (recent) re-exposure which decreases the
sensitivity of the C/'°Be ratio. A study by Fogwill et al. (2014)
investigated the response of the ice stream configuration in the
Weddell Sea, West Antarctic Ice Sheet, to external forcing since the
LGM. Chronological constraints on ice surface lowering were

obtained by paired in situ *C-1°Be surface exposure dating (Fig. 10)
in combination with global eustatic sea level data as an indepen-
dent proxy for local ice volume. Samples for in situ “C measure-
ments were chosen based on previously obtained '°Be exposure
ages that appeared to be “anomalously old”. Integrating the age
data with high-resolution, whole-continent ice sheet modelling
allowed identifying phases of post-LGM ice stream reorganization
and Holocene changes in the mass balance of the investigated ice
streams. Recently, Berg et al. (2016) reported a single in situ “C
measurement performed in the context of a study on the evolution
of the East Antarctic Ice Sheet during the last glacial cycle. In
contradiction to previous estimates that have indicated early Ho-
locene deglaciation, in situ 'C analysis yielded a high nuclide
concentration that is consistent with isotopic saturation, i.e.
exposure >40 ka under very low subaerial erosion rates.

4.4.3. Central Alpine glaciers

In contrast to the research presented from polar regions where
the issue of nuclide inheritance frequently occurs, LGM ice cover in
the mid-latitude Alpine environment is often assumed to have been
highly erosive (e.g., Nesje et al., 1992; Hallet et al., 1996; Riihimaki
et al., 2005; Wirsig et al., 2017), which is also evidenced by the
deeply carved Alpine valleys. With the cosmogenic nuclide clock
being completely re-zeroed before surface exposure from the dis-
appearing LGM ice, apparently “too old” 1°Be or 26Al exposure ages
are much less common than at high-latitudes (Kelly et al., 2006;
Ivy-Ochs et al.,, 2007). However, in the European Alps glacier
readvances during colder periods of the Lateglacial and Holocene
are known but yet often remain poorly dated (e.g., Ivy-Ochs et al.,
2007, 2009). Constraining these intervals of short-term glacier
advances is an important issue in the reconstruction of post-LGM
Alpine landscape evolution and provides vital information on the
sensitivity of small high-Alpine mountain glacier systems to
climate fluctuations.

Investigating fluctuations of the Rhone Glacier (Switzerland) in
response to Holocene climate variations, Goehring et al. (2011) used
paired in situ C-1"Be analyses from recently exposed proglacial
bedrock to quantify glacier growth or withdrawal compared to its
present extent. Since the obtained C/!°Be ratios were in agree-
ment (within 2¢) with a mean calculated C/'°Be ratio, the authors
propose the same exposure-burial history for all samples and
smaller extent of the Rhone glacier during most of the Holocene.
Goehring et al. (2011) further presented the first approach using the
14C/1%Be ratio to determine subglacial abrasion rates and their
variability in relation to the position below the glacier tongue.
Goehring et al. (2013) later applied a Bayesian isochron approach
incorporating geologic constraints, e.g. glacial erosion, to recalcu-
late their data from the Rhone glacier and obtain a better precision
on the burial and exposure ages. This approach was re-evaluated by
Beel et al. (2015) who published a sensitivity analysis of the in situ
14c_10Be jsochron method using the data of Goehring et al. (2011).
Just 15 km east of the Rhone glacier in the area of the Central Swiss
Gotthard Pass (Fig. 10), Hippe et al. (2014) used paired in situ
14c_10Be exposure dating for reconstructing local deglaciation and
the reorganization of the ice flow pattern during progressive
downwasting of the Lateglacial ice surface. The obtained '#C/1°Be
ratios further allowed estimations on the thickness of seasonal
snow cover that caused partial shielding of the otherwise entirely
ice-free surfaces throughout the Holocene. A different approach to
the question of subglacial erosion was presented by Wirsig et al.
(2016) who applied combined in situ C, 1°Be and 3°Cl analysis to
study the Holocene evolution of the Grueben glacier (Central
Switzerland). The authors made use of the fast 'C decay to deter-
mine Holocene burial episodes and additionally aimed to exploit
the sensitivity of 36Cl to surface erosion to assess subglacial erosion
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depths. Comparable to the differences in depth dependence be-
tween in situ “C and °Be caused by varying muon contribution
(Fig. 1), production of 36Cl at depth has distinct characteristics due
to specific thermal neutron capture processes (Phillips et al., 2001).
The three-nuclide method has the advantage that glacier chronol-
ogy and subglacial erosion are determined independently so that
robust results can be obtained without the need for additional
external constraints on the timing of exposure and burial (for a
recently re-exposed surface).

5. Beyond glacial landscapes: applications of combined in situ
14¢.10Be apalysis in sedimentary deposits, eroding surfaces
and along fault scarps

Unravelling complex surface exposure histories in glacially
modified landscapes has been a key target for combined in situ
14c_19Be dating. Nevertheless, the short half-life of in situ *C in-
troduces various applications in sedimentary systems to quantify
the processes in Earth surface development and landscape change.
In principle, coupled in situ *C-1°Be analysis can follow the path of
the 26A1-19Be pair but covering a shorter timescale (Holocene to
latest Pleistocene). However, the interpretation of the in situ 4C
signal in sedimentary systems is less straightforward compared to
the long-lived nuclides, particularly with regard to the integration
of landscape-wide signals. According to the general concept, the
cosmogenic nuclide inventory in an eroding surface depends on the
rate of surface erosion while the loss of nuclides by radioactive
decay is negligible. If erosion is very slow, however, the integration
timescale (the time required to erode the depth of one absorption
length of cosmic rays in the subsurface; t = A/e-p) can exceed the
nuclide's half-life. In that case, radionuclides accumulated at or
near the surface will decay before being eroded which reduces the
nuclide concentration below the actual erosion-controlled steady-
state level. For the long-lived 1°Be and 2°Al nuclides, erosion rates in
most natural settings greatly outrun their very slow rates of
radioactive decay. Due to its fast decay, however, this does not
generally apply to in situ 'C. Consequently, the in situ C con-
centration measured in river sediments collected at a basin outlet
might not represent an integrated basin-wide erosion signal in
slowly eroding landscapes or landscapes with highly variable local
erosion rates. This also implies a deviation of the '4C-1"Be ratio from
the erosion-controlled steady-state ratio. Moreover, in slowly
eroding surfaces soil mixing processes can additionally decrease
the in situ C concentration and further reduce the *C-1"Be ratio.
Another important aspect is the sensitivity of the “C-1%Be ratio to
recent changes in the surface erosion rates or events of mass
removal from the surface which can perturb the in situ “C-1°Be
signal. The crucial point is to recognize the different processes that
can influence the in situ 'C concentration and the C-1°Be ratio,
respectively, in eroding surfaces and to take these factors into ac-
count when interpreting in situ C data from sediment or soil
samples. Although this might be considered as a hindrance in the
use of in situ C in sedimentary systems, it also opens up new
opportunities to unravel and quantify variations in surface erosion
rates or soil removal as well as soil mixing processes. Below, an
overview on some possible applications is given. Not all of them
have already been tested in a natural setting underlining that the
true potential of the in situ “C-1°Be nuclide pair in quantitative
geomorphology is not fully explored.

5.1. Dating young sediments: burial, isochron-burial and depth-
profile dating

As shown for glacier shielding, burial dating of a bedrock surface
or sediment package can be accomplished with in situ '*C-1°Be over

a 102-10% year timescale (Fig. 7A). In the footsteps of simple
26A1-19Be burial dating (e.g., Granger and Muzikar, 2001; Granger,
2006, 2014), the in situ *C-1°Be pair can, for example, be applied
for dating cave sediments younger than ~25 ka. A major assumption
for any dating of sedimentary deposits is that at the time of
deposition the sediment has been in isotopic steady-state, meaning
that the C-1°Be ratio has not been modified by any of the pro-
cesses discussed above. It is further important to note that owing to
the large muon contribution to the in situ '“C production, near-
complete shielding of sediments washed into a cave requires a
comparatively large overburden of ~50 m thickness (for a density of
2.0 g cm 3, Fig. 7C). As such, the simple burial dating approach with
in situ C-1"Be is limited to deeply buried sediments for which
post-burial production can be excluded. If, however, some amount
of nuclide production during burial is likely, an accurate knowledge
of the burial depth, the density of the overlying rock or sediment,
the surface erosion rate, and the production rate depth profile is
needed to accurately determine the post-burial production
component (e.g., Granger, 2014). In this context, the muonic in situ
14C production becomes particularly important.

For the 2Al-1"Be pair, the method of isochron-burial dating has
been developed, which allows disregarding post-burial production
(Balco and Rovey, 2008; Erlanger et al., 2012; Balco et al., 2013).
Isochron-burial dating is performed on a set of samples taken from
within the same stratigraphic horizon which are assumed to have
experienced the same post-burial history but have a variable in-
heritance signal. Consequently, the 2°Al vs. 1°Be concentrations of
all samples will plot on a straight line whose slope denotes the
burial age (Balco and Rovey, 2008; Erlanger et al., 2012; Granger,
2014). While this approach has introduced great advantages for
26A1-19Be burial dating (e.g., Granger et al., 2015; Matmon et al,,
2015; Zhao et al., 2016, 2017), it will not be easily applicable for
in situ *C-1°Be burial dating because the in situ *C vs.°Be con-
centrations for samples of widely different inheritance will mostly
not fall on a straight line. In consequence of the short half-life, the
in situ *C concentrations in long-exposed erosional surfaces, i.e. in
slowly eroding landscapes, approach steady-state and become less
sensitive to resolve a variability in the inheritance signal. Fig. 11
illustrates the temporal development of the in situ “C vs.°Be
concentration for buried sediment starting from erosion-controlled
steady-state conditions (solid black line). It is shown that for high
inherited in situ C concentrations (>10° at g~!) the slopes of the
lines denoting simple burial (grey dashed) and those including
post-burial production (blue solid) will not be distinguishable, thus,
preventing an accurate burial age determination. The chances to
successfully apply in situ '*C-1"Be isochron-burial dating seem to be
better for lower inheritance concentrations and higher post-burial
production (Fig. 11), e.g. in fast eroding landscapes and for shallow
sediment burial. However, measuring such low nuclide concen-
trations usually also imply larger measurement uncertainties, often
above 5% (Fig. 3).

Depth profile dating is another method commonly applied to
determine the deposition age of a sedimentary deposit (e.g.,
Matmon et al.,, 2006; Hidy et al.,, 2010; Ciner et al., 2015). The
approach is based on the assumption that a sediment section has
been deposited during a single event and, thus, that a uniform
average nuclide inheritance is present throughout the section
profile (Anderson et al., 1996; Repka et al., 1997). Using the pre-
dictable post-depositional cosmogenic nuclide production at each
depth, which will follow a roughly exponentially decreasing curve
from the surface downwards, the inherited concentration, the time
of deposition and the surface erosion rate at the top of the deposit
can be modelled (Repka et al., 1997; Granger and Smith, 2000;
Braucher et al., 2009; Hidy et al., 2010). Due to its fast decay, the
development of the in situ 'C concentration within a depth profile
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Fig. 11. '°Be vs. in situ C concentration in buried sediment, e.g. in a fluvial terrace. The
sediment is assumed to leave the source area in isotopic steady-state controlled by the
local surface erosion rate. As an example, three samples are shown here with con-
centrations equal to surface erosion rates of 10, 50 and 100 mm ka~! (grey circles given
with an assumed 5% analytical uncertainty). Grey dashed lines show the decrease of
the in situ 'C concentration from steady-state for the case of simple burial (i.e.
complete shielding). Blue solid lines illustrate incomplete shielding with post-burial
production, here calculated for continuous nuclide production during the entire
burial episode of 10 ka for samples buried at 1 m and 5 m depth, respectively. The main
observation is that the slope for the lines of simple burial and those including post-
burial production are nearly identical, particularly for inherited in situ '*C concentra-
tions >10° at g~'. Consequently, ages determined from the apparent loss of in situ 'C
compared to steady-state, will always be minimum ages only. Calculated for SLHL with
a density of 2.0 g cm~3; for production rates and calculation parameters see caption of

Fig. 1.

differs significantly from the one for °Be. Most notably is the rapid
decrease of the in situ 'C concentration at depth with a strong
deviation from the inheritance concentration with increasing age of
sediment deposition (Fig. 12A). With the rapid approach to steady-
state, dating of sedimentary deposits with in situ '*C depth profiles
is limited to ~25 ka. Similar to '°Be, the in situ 'C concentration at
the surface is rather sensitive to the erosion rate of the sediment
deposit although small erosion rates below ~25 mm ka~! are
negligible (Fig. 12B). For very accurate dating of young deposits, the
combination of in situ *C with 1°Be depth profiles could provide a
valuable approach. Since the 1°Be concentration at depth will pre-
serve the inherited signal over short time-scales, the *C-1%Be ratio
at depth will be very sensitive to variations in deposition age, even
for depths of only few meters.

5.2. Quantifying sediment storage and transfer times

An exciting application that has only been little explored is the
use of the in situ *C-1°Be chronometer to investigate sediment
routing and periods of sediment storage within fluvial systems.
Analysing in situ 'C-1"Be in river sediment, provides a method to
directly determine episodes of sediment storage during transfer
from source to sink and to assess sediment residence times within a
fluvial basin (e.g., Brown et al, 1995; Wittmann and von
Blanckenburg, 2009; Hippe et al., 2012). The concept of dating
sediment storage times is in principle very similar to the idea of
dating complex deglaciation histories (Fig. 4). Again, the underlying
assumption is that the eroded sediment has left the source area in
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Fig. 12. In situ '“C depth profiles in a sedimentary deposit, e.g. a fluvial terrace. Very
fast deposition is assumed for the entire sediment stack allowing for a uniform in-
heritance concentration (blue vertical lines). (A) With increasing deposition age the in
situ "C concentration at depth rapidly decreases towards steady-state at ~25 ka (no
surface erosion). (B) The in situ 'C concentration at the surface is sensitive to the rates
of terrace erosion which can be resolved for rates > 25 mm ka~' (when assuming a 5%
analytical uncertainty on the in situ '*C data). For both diagrams an inherited con-
centration of 7.75 x 10% C at g~!, equivalent to sediment provenance from a source
area eroded with about 100 mm ka~', has been used. Calculated for SLHL with a
density of 2.0 g cm~>; for production rates and calculation parameters see caption of

Fig. 1.

isotopic steady-state or that the original *C-1%Be ratio is known or
can be reasonably assumed, e.g. from measurements of in situ
14C_10Be in source area surface samples. Fig. 13 illustrates the main
steps: (i) Surface denudation in the bedrock source area releases
sediment with steady-state in situ “C and '°Be concentrations that
are defined by the local erosion rates. (ii) Sediment transport is
interrupted by sediment storage, e.g. through deposition in fluvial
terraces. During storage (assuming complete shielding in this
example), the in situ C concentration will decrease while the '°Be
concentration hardly changes. (iii) After remobilization of the
sediment it is transported quickly downstream where it is sampled
from the active stream. The measured concentrations within the
river sediment will then yield a deviation of the C/'°Be ratio from
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Fig. 13. Simplified view on the path of sediment through a catchment illustrating the
concept of sediment storage time quantification with combined in situ '*C-'Be anal-
ysis. Both nuclides are assumed to be in erosion-controlled steady-state when leaving
the source area and sediment storage is associated with deep burial, i.e. complete
shielding of the sediment from the cosmic-ray flux. Although here only one storage
event and quick transport after remobilization is assumed, naturally the in situ C
concentration measured in fluvial sediment could also record an integrated decay
signal of repeated storage episodes. Note that the y-axes on the nuclide diagrams are
not to scale. The t;-t; time window equals a time range of about 20 ka.

the initial steady-state production ratio. Since the actual time of
active sediment transport is assumed to be negligible, the in situ '4C
concentration will record the integrated duration of sediment
storage whereas the °Be concentration will preserve the signal of
the long-term sediment production/surface erosion rate within the
source area. Sampling of sub-basins along the main channel or
within tributaries allows to pinpoint in detail the individual storage
sites and the time the sediment spends at each site on its pathway
through the basin. In the simplest but rather rare case, sediment
storage encompasses complete shielding of the sediment from the
cosmic-ray flux. In most other cases, however, a post-burial pro-
duction component has to be included into the calculations to
obtain accurate storage durations. Field observations on the depth
of river incision into sedimentary deposits can provide indepen-
dent constraints on the average storage depth within the study
area. Depending on the in situ ¥C measurement uncertainties,

storage times of several 103—10* years should be well-detectable.

The great potential of the in situ “C-1"Be pair for studying sur-
face fluxes and residence times in sedimentary fluvial systems has
been theoretically modelled in some detail for a variety of large
river basins with different floodplain residence times (Wittmann
and von Blanckenburg, 2009; Lauer and Willenbring, 2010). How-
ever, applications to natural settings have been few so far. In a steep
Alpine fluvial catchment (Central Switzerland), Kober et al. (2012)
reported a few thousand years of sediment storage for colluvium
and glacial sediments prior to their remobilization by debris-flows
events. In a largely different setting on the low-relief Altiplano
plateau (Bolivia), Hippe et al. (2012) used combined in situ
14¢_10Be_26A] analyses to determine sediment production rates and
sediment transfer times in fluvial catchments along the Eastern
Altiplano edge. Concordant °Be-26Al data were interpreted as
reflecting low, long-term steady-state surface erosion rates
(10*—10° year timescale) while comparatively low in situ *C con-
centrations seemed to indicate a considerable interruption of
sediment transport by storage at shallow depths. Finally, in a recent
study by Kim et al. (2016) overall concordant in situ *C-1°Be data
from river sediments at the former rift-flank margin of the Korean
Peninsula allowed confirming the absence of significant sediment
storage and agree with the near steady-state conditions that have
been suggested from local geomorphology.

5.3. Detecting landscape transience and rapid surface erosion
events

Another, yet unexplored application is to couple in situ 'C an-
alyses to '°Be measured in hillslope sediments to investigate
transience in actively eroding landscapes. The high sensitivity of in
situ 14C to recent, short-term changes in surface erosion offers the
opportunity to detect erosion transience and infer the timing and
magnitude of erosion rate change or the thickness of mass removed
during an instantaneous mass erosion event (Hippe et al., 2013a;
Mudd, 2016). This is based on the idea that any change in the
erosion rate will be recorded by the nuclide concentrations with a
significant lag time that depends on the nuclide's half-life. Thus, the
much faster adjustment of the in situ 'C concentration to the new
erosion signal in comparison to 1°Be creates an offset between the
apparent in situ 'C and °Be erosion rates and a deviation of the
14¢_10Be ratio (cf. Mudd, 2016). As illustrated in the simple scenario
of a rapid step change in erosion rates (Fig. 14), the highest offset in
the ratio between apparent in situ C and °Be erosion rates (4C
eapp/ 1Be eapp), i.€. the highest sensitivity of the in situ 4C-1"Be pair,
is given for events younger ~25 ka and for rather low surface
erosion rates in the range of few mm ka~. For high surface erosion
rates in the range of several 100—1000 mm ka~! the deviation of
the C e,pp/1°Be eapp ratio gets comparatively small and will be
difficult to detect (Fig. 14A). However, the sensitivity to detect a
change in surface erosion rates in the past increases with the
magnitude of the change (Fig. 14B). Fig. 14C further shows the case
of an increase in erosion rates that is accompanied by an instan-
taneous loss of mass from the surface, e.g. by soil stripping.
Although the nuclide ratios are not unique in all cases, in situ
14¢c-19Be pair allows modelling the timing of erosion rate acceler-
ation or deceleration as well as the initial and changed erosion rates
or the amount of material that has been removed from the surface.
A huge benefit is the fact that the erosion event or change can be
detected at the site where it happened. This is an advantage to the
common assessment of variations in surface erosion from the
sedimentary records of the downstream deposition areas which
requires an effective source-to-sink coupling and can be biased by
long sediment transit times (e.g., Phillips, 2003; Jerolmack and
Paola, 2010).
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Following a slightly different approach, Fiilop et al. (2015a)
proposed combined in situ *C and °Be analyses in soil depth
profiles to determine rates of surface erosion or date events of rapid
soil loss. It follows an idea presented in a study by Lal et al. (1996)
who measured in situ 'C and '°Be in a quartz vein in a soil profile to
model past variations in soil erosion rates. This approach compares
ameasured depth profile with a theoretical depth profile (of known
age or in steady-state) and exploits the fast adjustment of the in situ
14C concentration in a depth profile truncated by a surface erosion
event to the theoretical zero-erosion profile. In their investigation
of Younger Dryas moraines in Scotland, Fiilop et al. (2015a) ana-
lysed two depth profiles through the moraine deposits and
modelled the timing of a Holocene soil erosion event as well as the
amount of soil removal based on a known moraine deposition age.

5.4. Influence of soil mixing on the in situ 'C surface concentration

On soil-mantled hillslopes the occurrence of soil mixing that
causes vertical particle transport by bioturbation and/or cry-
oturbation processes might detectably affect the nuclide concen-
tration (Brown et al., 1995; Granger and Riebe, 2007; Schaller et al.,
2009; Hippe et al., 2012). From a cosmogenic nuclide perspective,
quartz grains with low nuclide concentrations are brought from
depth towards the surface, while quartz grains with high nuclide
concentrations are transported downwards. In the idealized case of
complete mixing the nuclide concentration should be equal
throughout the entire mixed soil layer (Fig. 15). However, the actual
concentration strongly depends on the soil/surface erosion rate and
the half-life of the cosmogenic nuclide. In slowly eroding surfaces (e
lower than ~100 mm ka~!), the in situ '4C concentration within the
well-mixed soil is essentially controlled by radioactive decay and
the depth of the mixed soil layer (Fig. 15B). This holds the potential
to quantify the depths of soil mixing processes and reveal changes
between past and modern mixing depths, e.g., in relation to climate
change or human land use. Although model calculations on the
theoretical development of the in situ C concentration at the
surface for increasing soil mixing depths have been presented
(Fig. 6 in Hippe et al., 2012) field studies to further explore this
concept are lacking so far.

5.5. Dating fault scarps

Surface exposure dating of vertical fault scarps with cosmogenic
nuclides is dominated by applications of °Cl dating in limestones

(e.g., Zreda and Noller, 1998; Mitchell et al., 2001; Benedetti et al.,
2002; Schlagenhauf et al., 2011; Akcar et al., 2012). Few studies
have also applied '°Be (and 2%Al) in silicates for direct dating of fault
planes and the determination of fault slip rates (e.g., Hippolyte
et al, 2006; Kong et al., 2010). The use of in situ 'C for fault
scarp dating has been uniquely examined by Harrington et al.
(2000) in a study on neotectonic activity in the Yucca Mountains
of Nevada (USA). The authors presented in situ 14¢C data measured in
whole rock samples of welded tuff exposed along several fault
scarps and found Holocene exposure ages as well as many saturated
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Fig. 15. The effect of mixing processes in soil-mantled, slowly eroding surfaces on the
19Be and in situ 'C concentrations at the surface and within the mixed layer. Blue and
red solid lines illustrate the exponential depth dependence of both nuclides in the
absence of soil mixing, given for a constant surface denudation rate of 50 mm ka~".
Black vertical lines give the nuclide concentrations in a well-mixed soil layer for
mixing depths of 50 cm (solid line) and 100 cm (dashed line). While the '°Be con-
centration records the erosion-controlled surface concentration throughout the mixed
layer, the “mixed” in situ "C concentration is considerably lower compared to the non-
mixed surface concentration and decreases further with increasing mixing depth (as
given by the deviation from the unmixed surface concentration in %). Calculated for an
averaged substrate density of 2.0 g cm~> using the modified equations of Brown et al.
(1995) and Schaller et al. (2009) following the descriptions given in Hippe et al. (2012);
for production rates and calculation parameters see caption of Fig. 1.
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surfaces (exposure >20 ka). As illustrated in the theoretical distri-
bution of in situ C within a stepwise exposed fault plane (Fig. 16),
the fast approach of in situ C to the saturation concentration
makes this application most useful on Holocene timescales. Since
the analysis of whole rock samples has been given up for in situ “C,
its use is now limited to quartz-bearing lithologies. However, in
view of the well-established, routinely and widely performed an-
alyses of 1°Be, in most cases 1°Be dating will be preferred over in situ
14¢ for studying fault scarps in silicate rocks. On the other hand
when combined with '°Be, in situ 'C offers a substantial benefit for
more accurate exposure dating of older fault planes because the in
situ “C concentration measured in a saturated surface allows the
direct determination of the amount surface erosion on the dated
surfaces.

6. Synthesis

Current abilities in in situ cosmogenic C analysis have intro-
duced new prospects for reconstructing complex surface exposure
histories, in particular complex glacier chronologies on the Late
Pleistocene to Holocene timescale, and the quantification of geo-
morphologic process rates. Results from the studies performed in
different glacial settings demonstrate that combining analyses of
the short-lived in situ ™C nuclide with those of °Be (and 2°Al)
improves the temporal resolution and hence provides better-
constrained glacial histories. This provides unique opportunities
to study the evolution of previously glaciated ancient landscapes
that have been preserved under non-erosive, cold-based ice
through several glacial-interglacial cycles. The absence of inheri-
tance for in situ 'C also gives a minimum estimate for the time span
of local glaciation which is given by the time needed for in situ C
to decay to near-zero levels while shielded under thick glacier ice.
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Fig. 16. Synthetic profiles showing the theoretical distribution of the 36Cl, 1°Be and in
situ 'C concentrations along a fault scarp exposed during 5 m displacement events at
5 ka intervals (for a detailed discussion see Benedetti et al., 2002; Akcar et al., 2012;
Tikhomirov et al, 2014). A fault plane angle of 45°, horizontal colluvium cover, a
bedrock density of 2.65 g cm~> and a density of the colluvium of 1.4 g cm > were used.
For simplicity, exponential depth dependence was assumed for spallogenic and
muonic nuclide production. Scaling factors for self-shielding of the scarp plane were
derived from Dunne et al. (1999). Note the rapid approach of the in situ 'C concen-
tration to the saturation level (given here with a 5% uncertainty interval) with
increasing exposure age and scarp height. The rapid increase in the in situ 'C con-
centration below the colluvial cover is due to the overall higher in situ C production
rate compared to '°Be as well as the larger contribution by muonic production.

Studies from the European Alps have demonstrated that the in situ
14c.19Be chronometer can constrain the timing and duration of
Holocene glacier readvances and assess the impact of Holocene
climate variability on high Alpine glacier systems. The high sensi-
tivity of the in situ C-1°Be pair even to limited surface shielding
can provide additional constraints on environmental parameters,
e.g. the amount of local snow cover during the Holocene. Moreover,
in recently exposed surfaces with a well-constrained exposure-
burial history the measured in situ *C and '°Be can also be com-
bined to calculate subglacial erosion rates.

With only few studies published so far, applications of in situ '4C
in sediments and soils remain largely unexplored. A crucial
assumption for an accurate interpretation of paired in situ '4C-1°Be
data in fluvial sediments or sedimentary deposits is that the ana-
lysed sediment has been in erosion-controlled, isotopic steady-
state when leaving the source area. Under this condition, com-
bined in situ “C-1Be analysis in fluvial systems constitutes an
effective tracer of sediment transfer times on timescales of 103—10*
years. This covers the typical duration of sediment storage in many
natural systems and bridges the time gap between modern sedi-
ment yield data and long-term cosmogenic sediment flux rates
obtained from °Be and 2°Al data. The in situ C-'"Be pair further
offers different approaches to date young (<25 ka) sedimentary
deposits in analogy to 26Al-1°Be burial dating and depth profile
dating methods. Moreover, it is a singular tool to study landscape
transience as it allows detecting changes in surface erosion rates
and events of rapid mass removal from the surface, e.g. by climate-
and/or human-caused soil stripping. In situ “C might further be
used in studies on soil dynamics by quantifying effective soil mix-
ing depths. Moreover, measurements of in situ “C in saturated
surfaces (>25 ka exposure) provide a direct estimate on surface
erosion allowing more accurate cosmogenic-nuclide surface
exposure dating.

In view of the remarkable first results of combined in situ
14c-10Be analysis and the need to resolve complex landscape evo-
lution in more detail, in situ C could contribute increasingly to
cosmogenic nuclide applications in Earth surface sciences. To
exploit its full potential, future development needs to advance the
current analytical techniques in order to increase the reliability of in
situ C analyses. The most relevant tasks are i) to improve the
analytical reproducibility, ii) reduce the background level, and iii) to
refine the in situ "*C production rate calibration, notably for muonic
production. Recent improvements made in the automation of the
extraction process seem most promising for improving the repro-
ducibility to well below the 6.3% found in the CRONUS inter-
laboratory comparison. This will be an important step towards a
higher sensitivity for very short burial times of only a few hundred
years, for example in the context of LIA glacier readvances or for
dating young sedimentary deposits. A reduction of the blank level
is most important for low concentration measurements, i.e. in the
study of very recently exposed rock surfaces for which the blank
correction contributes significantly to the total analytical uncer-
tainty as well as any measurements of samples from depth profiles.
Currently achieved blank levels range over one order of magnitude
with lowest blanks derived from extraction systems that do not
employ a flux agent in the extraction process. Minimizing the large
uncertainties related to the blank correction which mainly reflect
the large scatter in the blank analyses, will also prepare the ground
for further reliable analyses of muonic in situ C production at
greater depths. With these improvements, the combination of in
situ 'C analysis with one or more long-lived nuclide could open up
further novel opportunities for the use of cosmogenic nuclides to
decipher the history of landscape development. Most importantly,
simplified and more reliable analytical procedures should lead to a
greater accessibility of researchers to in situ '4C analyses which is a
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prerequisite for an advanced use of in situ 'C in the future.
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