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Editorial

New advances in the dating of speleothems - An introduction

Speleothems are secondary cave mineral deposits formed from
meteoric percolation waters. Environmental information held
within these waters, via their isotopic, organic and elemental
composition, is encoded in the growing cave minerals (usually
calcite, occasionally aragonite), producing a natural archive of envi-
ronmental history. This environmental history is unravelled
through quantitative and qualitative studies of the chemical and
physical properties of speleothems, which can be measured accu-
rately and precisely using a range of spectrometric, spectroscopic
and microscopic techniques.

In the last decade, there has been an explosion of interest in spe-
leothem research. A significant portion of this has been dedicated
to understanding the ways in which speleothems record environ-
mental change. This has been achieved through cave-monitoring
programs (Genty et al., 2001; Huang et al., 2001; Tooth and
Fairchild, 2003; McDonald et al., 2007; Mattey et al. 2008), labora-
tory experiments (Huang and Fairchild, 2001; Polag et al., 2010; Day
and Henderson, 2011) and mathematical modelling (Kaufmann and
Dreybrodt, 2004; Miihlinghaus et al., 2009; Dreybrodt and Scholz,
2011). Results of such studies provide a powerful basis upon which
we interpret speleothem proxy data. However, the utility of speleo-
thems as palaeoenvironmental archives is fundamentally under-
pinned by our capacity to date them precisely and accurately
(Richards and Dorale, 2003), enabling climate-proxy time series
to be developed at time frames ranging from recent decades to
millions of years, and at resolutions ranging from subannual to
millennial.

The earliest speleothem dating involved the use of radiocarbon
methods to verify annual layering in a flowstone entombing
a human thighbone (Broecker et al., 1960). Although a number of
subsequent studies employed radiocarbon methods (Franke,
1965; Labeyrie et al., 1967; Geyh, 1970; Franke and Geyh, 1971),
the technique fell out of favour due to uncertainties over the time
constancy of the ‘dead carbon fraction’. The most widespread tech-
nique of speleothem dating up until today has been based on
isotopic disequilibria in the uranium-series decay chain. First
applied to corals in the 1950s (Barnes et al., 1956) and subsequently
to speleothems in the 1960s (Rosholt and Antal, 1962), U-series
dating continues to underpin the majority of speleothem palaeoen-
vironmental studies. Advances in technology since the mid 1980s
have led to dramatically increased analytical precision and progres-
sively smaller sample-size requirements, as U and Th isotope deter-
mination by alpha counting was superseded by thermal ionisation
mass spectrometry (Edwards et al., 1997) then single- (Shen et al.,
2002) and multi-collector plasma mass spectrometry (Luo et al.,
1997). Along with the recent refinement of uranium-lead isotopic
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dating of speleothems (Woodhead et al., 2006), application of these
methods has dramatically expanded the scope of speleothem
studies and given rise to sophisticated methods for building age-
depth models (Scholz and Hoffmann, 2011). Recent years has also
seen the re-emergence of radiocarbon dating, as both a chronolog-
ical tool (especially for young speleothems - Genty and Massault,
1997; Mattey et al., 2008; Hodge et al., 2011) and as a means for cal-
ibrating variations in atmospheric radiocarbon (Hoffmann et al.,
2010; Southon et al., 2012). Speleothems are now hailed as one of
the most important and highly sought-after natural archives of
environmental change (Henderson, 2006), and our ability to date
them with great precision and accuracy has been fundamental to
attaining this status.

It is therefore timely to present a collection of ten research papers
in this special issue, representing some of the latest advances in spe-
leothem dating and their applications to speleothem-based palaeoen-
vironmental problems. The impetus came from two international
meetings that took place in 2011. The first, the 6th International Confer-
ence on Climate Change: The Karst Record held in Birmingham, UK, in
June, brought together over 200 speleothem specialists from around
the world. The second was the 18th INQUA Congress in Bern,
Switzerland, in July, which included an oral and poster session dedi-
cated to speleothem dating.

Many speleothems contain growth laminae that may persist
over a large portion of, or more rarely throughout, the sample.
The counting of laminae, if demonstrated to be of annual frequency,
provides a powerful means by which to verify age models derived
from discontinuous radiometric ages (Dasgupta et al., 2010) and
to improve the internal chronology of a speleothem, leading to
age models with overall uncertainties lower than those of the
accompanying radiometric ages (Fleitmann et al., 2004; Scholz
et al,, 2012). However, as yet there is no agreement regarding
how a lamina-counted sequence is anchored in real time using
radiometric data and how lamina-count errors are propagated
into the final age model. The paper by Dominguez-Villar et al.
(2012) addresses these problems. After describing in detail their
imaging and lamina-counting technique (well-suited for counting
layers in texturally complex speleothems), they identify and esti-
mate all significant sources of error in lamina counting. They
recommend anchoring a lamina chronology not to the radiometric
age having the lowest 95% uncertainty but rather by using a least-
squares fit of the lamina chronology to the U-series age-depth plot,
which minimises the residuals between each date and the lamina
count. As one would expect, the technique will be more robust as
the number of radiometric ages increases. They illustrate their
approach using a section of a stalagmite from Kaite Cave, Spain,
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to refine their earlier chronology through the 8.2 ka event
(Dominguez-Villar et al., 2009).

Not all speleothems can be layer-counted, which means that age
models must be developed based solely on radiometric ages spread
along the depth of the speleothem. Until a decade ago, such models
were produced using either linear interpolation or spline fits, which
often struggled to accommodate speleothem growth characteris-
tics, especially where the density of ages was not high. Recent years
has seen the emergence of alternative models (Drysdale et al.,
2004; Scholz and Hoffmann, 2011; Breitenbach et al., 2012), yet
a consensus has yet to be reached on which style of model is
most appropriate. The contribution by Scholz et al. (2012) is there-
fore very timely: it ‘test-drives’ five alternative age-modelling
approaches using one synthetic and two empirical speleothem
age-depth datasets. Each dataset contains a number of ‘hurdles’
often encountered in speleothems, such as hiatuses, age inversions
and abrupt growth-rate changes. The authors compare how each
modelling algorithm handles these hurdles, with the conclusion
that StalAge, OxCal and the finite positive growth rate model are
generally better adapted to the complexities of speleothem growth
and age outliers than spline-based algorithms.

When designing a sampling strategy for any speleothem axial-
growth model, there is a suite of a priori considerations: age, growth
rate, U concentration, initial 22°Th/?32Th ratio and sub-sample integ-
rity. The last is a particular problem in slow-growing samples, for
which micro-milling and high-precision mass-spectrometric dating
techniques are now routinely employed, and this is the focus of
Drysdale et al. (2012). The internal fabric, or stratigraphy, of most
speleothem samples is evidenced by visible features, such as fluid
inclusions, detrital clays and changes in mineralogical composition
(see  http://www.gly.uga.edu/railsback/speleoatlas/SAintrol.html
for examples), however this is not always the case. Drysdale et al.
(2012) convincingly illustrate the advantages of trace-element
mapping or ‘contouring’ by laser-ablation ICP-MS to reveal the
growth structure in sections of a sub-aqueous speleothem from Italy
that do not display visible laminae. For these growth phases,
internal architecture is revealed by high-resolution maps of Sr, Ba,
Mg and U, which guide micro-milling sampling at the sub-
millimetre scale for U-series. The authors carefully consider the
contribution to overall age uncertainty from U-Th age determina-
tion errors, sampling morphology, resolution and density. These
are issues that are going to become ever more prevalent as the
community strives for robust growth models to support temporal
records of palaeoenvironmental information obtained at higher
resolution and density than age determinations.

Despite the large number of speleothem papers published in
recent years, relatively few long, high-resolution records have
been found. A resulting need to splice shorter, lower-resolution or
less well-dated records together has led to varied approaches in
the past, none of which has reached wide acceptance. The article
by Fohlmeister (2012) provides a much-needed systematic
approach to this problem, “intra-site correlation age modelling”.
Using synthetic and real speleothem datasets comprising U-Th
age determinations and oxygen isotope proxy data, the author has
demonstrated the use of a Monte Carlo technique through which
two closely related speleothem records can be placed on a common
timescale. The model begins with simple monotonic linearly-
interpolated age-depth models for each of a pair of speleothems,
which are then incrementally evolved subject to their constraining
age uncertainties. Whenever a new model is found for either speleo-
them which gives better correlation between the proxy records it
replaces the previous best-fit model for that speleothem. Following
a suitably large number of iterations, the two records may be placed
on a common timescale and spliced together, and additional speleo-
thems can then be merged into this composite record in the same

way. The author cautions of a number of limitations with this tech-
nique, in particular that it may give spurious results from widely
separated caves, and when used on records with low-resolution
age control. Intra-site correlation age modelling comprises a power-
ful new technique, best used only after a very careful reading of the
article. A number of possible enhancements to the technique are
noted by the author, and their future implementation will be some-
thing to watch over the coming years.

Although most speleothems described in the palaeoenviron-
mental literature are composed of calcite, a number of studies
have focused on speleothems formed of aragonite or aragonite-
calcite (e.g. Railsback et al., 1994; Frisia et al., 2002). Given that
aragonite is metastable at Earth-surface conditions, and readily
reverts to the more stable calcite form, speleothems composed of
both minerals are highly susceptible to calcitization through their
growth history. This has no doubt inhibited researchers from utilis-
ing such speleothems more widely, in spite of their abundance in
certain environments (e.g. caves developed in dolomite). Focussing
on an aragonite-calcite speleothem from Mexico, Lachniet et al.
(2012) explore the effects of calcitization on the integrity of U-
series chronologies. The U-series results on the (primary) aragonite
sections yield precise ages in correct stratigraphic sequence,
whereas the corresponding results on the calcite sections not
only give less precise ages but also ages significantly older than
ages of aragonitic sections from similar or identical stratigraphic
positions. Based on petrographic observations, trace-element anal-
yses and U-series measurements, the authors attribute the calciti-
zation to the penetration into the aragonite of conduit-flow
percolation waters undersaturated with respect to aragonite,
causing dissolution and recrystallization to calcite. They caution
against inflating the initial 2>>Th/?3°Th ratio as a means of bringing
the anomalous calcite ages into stratigraphic order.

U-series dating is clearly the method of choice to establish robust
age models for speleothems; very few other geochronological tech-
niques rival these chronologies both in accuracy and precision.
However, for some speleothems U-series dates may not be useful
due to very low uranium concentrations, insufficient radiogenic
Th and/or multiple sources of detrital Th. Hua et al. (2012) address
these challenges commonly faced in the study of late Holocene
stalagmites composed of impure calcite lacking continuous laminae
of annual origin. The authors studied two stalagmites using a series
of C AMS data and identified the ‘bomb peak’ in both specimens
within the uppermost millimetres. The authors then used two
approaches to estimate the dead carbon fraction for these stalag-
mites for the pre-bomb period. These corrected radiocarbon ages
were used as input data for age-depth modelling using both non-
Bayesian and Bayesian codes. Excellent agreement between the
outputs of these models was observed for both stalagmites. This
study is one of the first to demonstrate that for those young speleo-
them samples, where temporal variations in the dead carbon frac-
tion can be well constrained, robust age-depth models can be
established. More than half a century after the pioneering study
by Broecker et al. (1960) the results presented by Hua et al. (2012)
provide new hope for research on young speleothems previously
regarded as unsuitable given their unfavourable U-series
characteristics.

The article by Griffiths et al. (2012) explores the significance of
past radiocarbon values recorded by speleothems from a different
angle. The starting point was a robust age model for an Indonesian
stalagmite defined by U-series dated for an interval in the late Holo-
cene marked by a prominent excursion in atmospheric radiocarbon
content. Using these constraints and a series of radiocarbon analyses
the authors derived a time series of varying values of dead carbon
fraction. These data were then compared to paleoenvironmental
proxies (C and O isotopes and Mg/Ca ratios) to determine the
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controlling mechanisms. Not too surprisingly the authors found
a strong association between the dead carbon fraction and the local
karst hydrogeology and climate: more dead carbon was delivered to
the speleothem during intervals of strong monsoon (when the karst
water feeding system had a higher degree of openness) and vice
versa. The soil-karst model employed by Griffiths et al. (2012) also
showed that it is possible to estimate the initial 3'>C value of dis-
solved inorganic carbon in the drip water using the combined stalag-
mite C and 3'3C measurements. This finding opens the door to
more precisely describe and model isotope fractionation effects
that prevailed during calcite precipitation in the past. Or to put it
differently: to make better use of one of the most important proxy
indicators of speleothems, 5'3C.

Breakthroughs in U-series techniques have provided the crucial
momentum to position speleothems among today’s key paleoenvir-
onmental archives (Henderson, 2006). Yet, the decay constant of
230Th dictates that despite technological advances U-series dates
beyond 500-600 ka are progressively less precise and the method
effectively approaches its upper limit. The hope for researchers
working on speleothems of older (but unknown) age relies on the
U-Pb technique, and the article by Woodhead et al. (2012) is
a timely attempt to summarize the key aspects of this dating tech-
nique. Written by members of a leading U-Pb laboratory, this
review discusses the various steps from sample selection to data
evaluation. Given the fact that U-Pb dating still belongs to the suite
of most time-consuming techniques, sample pre-screening is
essential. The authors discuss various methods and recommend
autoradiography using beta scanners, ideally in combination with
laser-ablation ICP-MS, as rapid screening methods for reconnais-
sance studies. Following a detailed description of the chemical
preparation and the mass-spectrometric analyses using state-of-
the-art MC-ICP-MS data, alternative methods for isochron
construction are presented. Case studies clearly show the high
degree of precision that can be achieved with ancient speleothems
of optimum quality. The authors emphasize, however, that even
with these technologies the issue of age resolution becomes highly
relevant beyond a few million years and it is no longer possible to
use U-Pb methods to develop internal chronologies for typical spe-
leothems (showing a growth duration rarely exceeding several tens
of thousands of years). Notwithstanding these limitations, this
article will certainly contribute to the growing interest in this tech-
nique that leads the way for the speleothem community tackling
issues of climate change beyond ~500 ka.

To test theories of climate change and human evolution for the
Middle Pleistocene and earlier, including phasing relationships
between astronomical forcing and climate parameters, we require
continuous palaeoenvironmental records with a high density of
independent, radio-isotopic ages. As discussed in the review by
Woodhead et al. (2012), there exists great potential for U-Th-Pb
dated speleothem records to fill the existing gap beyond 500 ka,
but to do this effectively requires levels of precision and accuracy
of <5 ka (i.e. much less than the period of precession of the Earth’s
axis of rotation). This is challenging, but Bajo et al. (2012) highlight
a detailed and robust contribution that achieves such levels using
material, with very low common Pb, high U and a residual disequi-
librium in 234U/?8U activity ratio, that grew during three glacial
terminations of the Middle Pleistocene ( ~970-810 ka). The authors
discuss the importance of sample density for age models and also
the contribution of various sources of correlated and systematic
errors, including spike calibration, decay constants and Th and
common Pb corrections that can affect the derived age model.
Note the age model discussed here for CC8 from Corchia Cave in
Italy is an improvement on that for the same sample illustrated
in Woodhead et al. (2012). Importantly, the long record of stable
oxygen isotope composition in this speleothem can be linked

with past North Atlantic sea-surface temperatures (Drysdale
et al,, 2009). This will be revealed in forthcoming contributions
and is likely to be compared with astronomically-tuned archives
of Middle Pleistocene age, such as marine 3'80 (e.g. Lisiecki and
Raymo, 2005), loess magnetic susceptibility (e.g. Sun et al., 2006)
or ice core d0;/N; records (e.g. Landais et al., 2012), to make useful
observations about the synchroneity and the spatial pattern of
climate response to insolation forcing at this time.

Finally, compared to the last two decades, the 1970s and 1980s
saw a considerably larger proportion of speleothem research
focused on studies of landscape history, where speleothem U-series
chronologies were used to help constrain uplift and incision rates
(Ford et al., 1981; Williams, 1982). Recent advances in speleothem
and sediment burial dating using terrestrial cosmogenic nuclides
have led to something of resurgence in this field recently
(Granger and Stock, 2004; Stock et al., 2005; Meyer et al., 2009;
Polyak et al., 2010). Szanyi et al. (2012) use a suite of single-
collector plasma-source mass spectrometric U-series ages on fossil
calcite rafts from Hungarian caves to refine the regional uplift
history. The rafts were deposited in a series of cave pools thought
to have been active at the time when the regional base level occu-
pied similar elevations. Based on the extent of these rafts, the
authors argue that they formed in extensive bodies of water coinci-
dent with the regional water table, rather than as isolated pools in
the karst vadose zone. The authors identify regional variations in
uplift rates, the range of which brackets independently derived
estimates from nearby travertines.
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