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a b s t r a c t

Stalagmites occasionally present laminae which, when demonstrated to be annual, may be used to
construct an annually resolved chronology. Such annually laminated records provide an opportunity to
improve the precision of age models based on other dating techniques. Since annually laminated
stalagmites sometimes present a complex stratigraphy with lateral variations in lamina thickness
associated with changing macroscopic growth shapes, a procedure for lamina counting is developed
here, which complements other methods of speleothem lamina counting. Regardless of the complexity of
laminae, when the exact date of a laminated section is unknown, lamina counting provides a floating
chronology. This paper describes a method to anchor floating chronologies in speleothems using the
least-squares fit of the lamina counting to the radiometric dates (typically UeTh). The estimation of
uncertainties in the age model is also considered, which accounts for uncertainties in the lamina
counting as well as the fit of the lamina count to the radiometric dates. The uncertainty of this fit does
not depend on the analytical uncertainty of the radiometric dates or the precision in the lamina counting,
and simply considers all the available dates and their distance to the proposed age model. As an example,
the method was applied to a stalagmite from Northern Spain and its accuracy was compared with the
annually resolved and cross-dated Greenland chronology during the 8.2 ka event. Although this method
has been described for stalagmites, it could be applied to other records in which cross-dating techniques
would not be suitable.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Stalagmites are among the most valuable paleoclimate archives,
since they contain numerous proxies that could be related to
climate and the environment at decadal to sub-annual scale (e.g.,
McDermott, 2004; Fairchild et al., 2006; Fairchild and Treble, 2009)
and the good precision of the radiometric techniques, especially
UeTh (Cheng et al., 2000; Shen et al., 2002), typically provides
better-resolved chronologies than other environmental records
(e.g., Wang et al., 2001; Cheng et al., 2009a). Additionally, stalag-
mites may show annual lamination (Baker et al., 1993), which can
be used both as proxy in itself and to improve the chronologies.
However, not all stalagmites show laminae, and only under
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favourable conditions they may be recorded. Seasonal environ-
mental changes are required (e.g., temperature or hydrological
changes in the cave and/or the surface) to produce laminae (Frisia
et al., 2003; Tan et al., 2006; Baker et al., 2008). Frequently, the
bedrock over the stalagmite should be thin enough (or permeable
enough) not to attenuate the external seasonality. However,
substantial changes in atmospheric CO2 due to contrasting venti-
lation may also affect the saturation index and then imprint
a substantial signature in the calcite texture (i.e., changing the
calcite porosity) regardless the thickness of the bedrock over the
cave. Different types of laminae have been described in stalagmites:
visual, fluorescent, mineralogical or chemical laminae. Lamination
observed under visible light is the most widely recognized since it
can be detected in hand specimen and easily counted using
a petrographic or binocular microscope. It reflects a variation in the
crystal fabric and usually is defined by dark compact calcite and
white porous calcite (Genty, 1992; Genty and Quinif, 1996).
However, other authors describe different textures defining
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laminae (Frisia et al., 2003; Boch et al., 2011). Fluorescent laminae
result from local increases in fluorescent organicmatter recorded in
the sample as shown after excitation with by ultra-violet or blue
light (Baker et al., 1993; Shopov et al., 1994). Mineralogical laminae
commonly consist of alternations of aragonite and calcite (Railsback
et al., 1994) or other mineral compositional changes such as calcite-
chalcedony (Railsback, 2000). Chemical laminae have been
described by analyses of trace elements or stable isotopes at sub-
annual resolution (e.g., Borsato et al., 2007; Mattey et al., 2008;
Smith et al., 2009).

The fact that certain stalagmites show laminae indicates envi-
ronmental change, but not necessarily an annual occurrence.
Supra-annual (Linge et al., 2001) and sub-annual laminae (Baker
et al., 2002) have been described. Sub-annual lamination is rela-
tively common and reflects the heightened sensitivity of the
stalagmite to hydrological variability, as for example different
heavy rain events or autumn rains and spring melt-out of snow
(Tan et al., 2006). However, with some experience they are nor-
mally easy to distinguish from annual laminae, since the latter
represent a much intense signature (Baker et al., 2008). When
counting laminae to construct chronology there is always the risk of
hiati. Although there are exceptions, in many cases the hiati are
indicated by clear petrographic evidence, such as corrosion of
crystals, a colour stain, or truncation of laminae from previous
years. Additionally, prolonged periods without precipitation may
be indicated by deposition of clay layers or other petrographic
indicators. The hiati are usually recognizable with microscope
analysis and in some cases can be dated with radiometric tech-
niques. Missing layers due to a lack of carbonate precipitation may
occur under extreme environmental conditions as severe drought
or cold years (Tan et al., 2006; Linge et al., 2009). However, this is
not thought to be very common, as indicated by the good fitting of
published chronologies to radiometric dates (e.g., Proctor et al.,
2000, 2002; Burns et al., 2002; Tan et al., 2003; Frisia et al., 2003;
Asrat et al., 2007; Cheng et al., 2009b).

There are some methods to test that the lamination is annual.
The most widely used is to perform radiometric dating at particular
levels within the sample and to count the number of laminae
between dated levels of the stalagmite to see if the number of
years/laminae for that interval is similar in both cases. UeTh is the
most used method in records lasting for some hundred to thou-
sands of years (e.g., Polyak and Asmerom, 2001; Asrat et al., 2007;
Fleitmann et al., 2004, 2007), whereas for recent samples the bomb
peakmeasured by the 14C activity is preferred (Genty andMassault,
1997;Mattey et al., 2008; Smith et al., 2009). A theoretical approach
can be used to model whether the observed physicochemical
conditions at the site could develop the observed growth rate at the
present-day, to validate the annual nature of the laminae (Baker
et al., 1998; Genty et al., 2001). Experimental monitoring using
plates deployed under active drips could record the rate of calcite
precipitation and, after some years, precipitated laminae compared
with the initiation of the experiment date (Tan et al., 2006; Banner
et al., 2007). The use of well known dated events at which sample
growth initiated or left a marker on the stalagmite, is also used
(Vokal, 1999; Baldini et al., 2005). Finally, the use of cross-dated
analyses, i.e. correlatable variations in different stalagmites, as in
dendrochronology, has been proposed (Betancourt et al., 2002).
However, growth rate in contemporaneous stalagmites does not
necessarily respond similarly to environmental conditions, and
additionally, due to conservation issues with stalagmites this kind
of analyses cannot be widely performed. Thus, cross-dating in
stalagmites is a rarely used method in samples from the same cave
(Proctor et al., 2002), although some attempts to do hemispheric
cross-correlations have been already carried out (Smith et al.,
2006).
The reported uncertainties related to the counting of laminae is
normally 1e3% (e.g., Proctor et al., 2000; Fleitmann et al., 2004; Liu
et al., 2008; Baker et al., 2008) and it is common to observe
precision better than 1% (e.g., Tan et al., 2003; Domínguez-Villar
et al., 2009). Therefore, if the speleothems are annually lami-
nated, the age models are constructed with the lamina chronology,
which is supported by radiometric dates or other tests to evaluate
the annual nature of the laminae. Most of the published stalagmite
lamina records are obtained from actively growing specimens at
the time of collection. Hence, once the laminae are tested to be
annual by radiometric dating or any other method, the chronology
is constructed by counting backwards from the stalagmite collec-
tion date (Baker et al., 1999; Genty et al., 2001; Burns et al., 2002;
Proctor et al., 2000, 2002; Frisia et al., 2003; Tan et al., 2003;
Baldini et al., 2005; Mattey et al., 2008; Smith et al., 2009; Jex
et al., 2010). When a hiatus is identified, or if the speleothem was
not active at the time of collection, the lamina counting produces
a floating chronology. The annual nature of the lamination is then
tested generally via UeTh dating, by checking that the growth rate
between dated intervals in fact provides an equivalent number of
years to the counted number of laminae. However, the uncertainty
associated with the radiometric dating provides a range of possible
dates for a single lamina. Thus, the floating chronology requires
anchoring to a particular year. Most researchers anchor their
floating chronologies to the radiometric date with the least
uncertainty in the analysis (Polyak and Asmerom, 2001; Fleitmann
et al., 2004, 2007; Cheng et al., 2009b; Linge et al., 2009; Dasgupta
et al., 2010). A radiometric age with least error has a better
analytical precision, but not necessarily a better accuracy than
other dates with a larger error. So, this approach assumes that the
accuracy of the chronology is based on a single data point. Recently,
an alternative approach considers all the available dates for the
period of interest and uses a least square fitting of the floating
chronology to the UeTh dates (Domínguez-Villar et al., 2009).

In this paper we describe the samemethod used by Domínguez-
Villar et al. (2009) to anchor the floating chronologies of laminated
stalagmites, using UeTh dates. Therefore, by including more
radiometric dates the accuracy of the chronology is improved as
does the statistical counts (i.e., size of the sample describing the
statistical population). Additionally, the possible sources of uncer-
tainty for the age model are described and quantified, considering
not only the radiometric uncertainties and the error in the lamina
counts, but also other sources of uncertainty during the procedure
of laminae measurement.

2. Site description and material

The stalagmite LV5 from Kaite Cave is used in this paper to
describe the proposed method. Kaite Cave is located in Northern
Spain, in the southern foothills of the Cantabrian Range, only 50 km
south of the Atlantic Ocean. The cave entrance is at 860 m above sea
level in the northern flank of a syncline which dips south (Eraso,
1986). The climate in the region is temperate and humid, with
most of the precipitation from October to April and a less rainy
summer (Ninyerola et al., 2005). However, there is no summer
drought and then the climate is oceanic and not Mediterranean
(Font Tullot, 1983). The closest meteorological station in Espinosa
de los Monteros shows a mean annual air temperature of 11.9 �C
and a precipitation of 1050 mm per year (discontinuous record
from 1930 to 2003). The cave is 300 m long and consists of a sub-
horizontal gallery w10e15 m beneath the surface, and constitutes
the uppermost level of the phreatic karst complex of Ojo Guareña
(Martín Merino, 1986). There is an open forest of evergreen oaks
over the cave, with abundant rock exposures in the surface and an
uneven soil cover consisting of shallow renzina or terra rossa soils.
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The stalagmite LV5 was taken at the far end of the gallery in a hall
very well decorated with stalactites and stalagmites, and without
any water stream. The temperature of this hall is rather stable
during the year at 10.40� 0.02 �C as well as the humidity is: >99%
(Turrero et al., 2007). Air currents were not observed during our
cave visits, although seasonal cave ventilation is expected due to
changes in air density in relation to the surface atmosphere. Most of
the drips in this gallery are continuous all the year through, and
chemical monitoring of drip sites in this hall has shown that there is
a seasonality in the Ca content (Turrero et al., 2008) and in the
growth rate from fast drips: slower growth in summer (Turrero
et al., 2007).

The stalagmite LV5 was broken and lying on the floor of the
gallery when collected. The base of the stalagmite that was
standing in its original position was identified and collected too.
The sample is 106 cm long and displays laminae through much of
its length (Fig. 1). LV5 is a candle shape stalagmite whose diameter
varies from its minimum in the basal half section around 2 cm to
maximum values up to 4 cm in its top half section (Fig. 1c). The
stratigraphy of the sample is complex due to the uneven changes in
the lamina thickness along each lamina, which produced irregular
shapes to the stalagmite tip. Basically, the shape of the apex of the
stalagmite alternated during different periods from convex-
upwards (Fig. 1c) to a morphology with an apical depression sur-
rounded by a rim (Fig. 1d), with a flat top being an intermediate
stage (Fig. 1e). The sectors where the laminae are observed to be
continuous correspond to those dominated by a central depression
surrounded by rims. In the top half of the stalagmite, the convex-
upwards shape is more common, and although the laminae are
observed, higher porosity makes it impossible to count laminae for
long sections. However, at the base of the stalagmite the laminae
aremuch clearer and could be continuously counted for over 56 cm.
The laminae are easily identified in the hand specimen, and can be
studied under binocular and petrographic microscopes. They
consist of couplets of dark compact calcite andwhite porous calcite,
similar to those described by Genty and Quinif (1996). Although
sub-annual layers have been identified in other stalagmites from
this cave as shown in Fig. 1f they are uncommon in LV5 (Fig. 1g) and
easily recognized due to the poor lateral continuity of the layers
(i.e., sometimes they are only observed on the rims but they do not
continue sideward). Additionally, sub-annual laminae sometimes
have weaker intensity of the porosity alternation in comparison
with the annual laminae.

3. Analytical methods

Stalagmite LV5 was cut in two halves along the growth axis. One
of the halves was preservedwhereas the other was carefully broken
(ideally not cut, so there is no loss of record) in blocks no longer
than 8 cm in order to make thick sections on glass slides of 8x4 cm.
The rock sections were 150e500 mm in thickness, depending on the
porosity of each sub-sample. Due to the extraordinary thickness of
the rock sections for microscope observation, they are termed thick
sections. To proceed with the counting of laminae a binocular
microscope equipped with transmitted light and a polarizer was
used. It was preferred to a classical petrographic microscope
because of the longer distance (>0.2 m) from the objective to the
sample. Additionally, using a lens multiplier (�2) it was possible to
increase the distance from the camera to the thick section to a final
distance in the order of 0.35 m. This permitted the coverage of each
thick section with only 4e6 pictures limiting the picture distortion
sideward from the focal point due to a reduced visual angle. The use
of analogue photography allows the operator to play with the light
exposure and to obtain an optimal contrast and shade balance
which is a common problem with this kind of laminae. Enlarged
pictures (�4) of the thick sections were merged and then scanned
to proceed with the lamina count at the computer. The whole
picturewas used to follow laterally each of the laminae, since due to
the irregular laminae thicknesses, a view over a narrow section
could lead to erroneous counting. Finally, the lamina count was fit
to the growth axis scale labelled in the thick section.

Sub-samples of 150e500 mg were obtained by micro drilling
the stalagmite with tungsten drill burrs 0.8 mm in diameter. The
samplewas drilled following the laminae pattern, with a maximum
thickness of w3 mm. Considering the average thickness of annual
laminae, each sub-sample corresponds to w10 years, which is one
order of magnitude less than the analytical uncertainties in the
absolute dating. The midpoint of the drill hole was assigned to the
growth scale labelled in the thick section by matching the stalag-
mite and the thick section. The samples were then processed for
separating U and Th following a standard procedure (Edwards,
1988; Dorale et al., 2004) and analyzed on a Finnigan-MAT
Element ICPeMS (Inductively Coupled Mass Spectrometer) fitted
with a double-focusing sector-field magnet in a reversed Nier-
Johnson geometry and a single MasCom multiplier. Dates were
corrected assuming an average crustal 230Th/232Th atomic ratio of
4.4�10�6� 2.2�10�6 (e.g., Shen et al., 2002).

4. Description of the anchoring method

4.1. Lamina counting in stalagmites with a complex stratigraphy

Depending on the nature of laminae (e.g., fluorescent, chemical,
etc) the laminae can be counted from images, as is the case of the
laminae observed under visible light and thefluorescent laminae, or
by numerical datasets, as in the case of chemical laminations, where
at least one profile along a track has been obtained. The counting can
be done manually or by software images (e.g., Meyer et al., 2006) or
numerical datasets (e.g., Smith et al., 2009). Wherever possible, it is
recommended to perform additional counts in parallel sections to
evaluate the quality of counting (Frisia et al., 2003; Tan et al., 2006).
Alternatively, or in addition, the lamina count can be done by
different operators to compare results (e.g., Rasmussen et al., 2006;
Brauer et al., 2008). Ideally, cross-dating techniques canbeused as in
dendrochronology (e.g., Cook, 1985), although its application in
speleothems have substantial limitations (Baker and Genty, 2003;
Smith et al., 2006) and only in rare occasion this is possible
(Proctor et al., 2002). The final result provides a succession of
laminae that has to be tested to be annual via any of the methods
previously reported (see also Tan et al., 2006; Baker et al., 2008).
When the nature of laminae is confirmed to be annual and no hiati
are identified, a continuous lamina count has beenproduced. Finally,
to construct a chronology, an age has to be assigned to one of the
laminae in that record. When the exact year of deposition of any of
the preserved laminae is not known, the set of laminae counted can
be considered as a floating chronology.

In the case of stalagmite LV5 the complex stratigraphy con-
strained the counting procedure, and a specific method was
applied. The growth axis of the stalagmite was set by a series of
straight lines defined with respect to images of thick sections as
near as possible to the centre of the stalagmite. When the stalag-
mite growth axis changes in orientation a knick point is defined and
a new line continues from the end point of the former line. Thus,
the growth axis along the stalagmite is defined as a series of lines
(the fewer the better) which approaches the vertical position but
considers the specific shape of the stalagmite. Only with major
truncations of the stalagmite growth axis (e.g., hiati or those caused
by substantial shifts in the drip site) do the lines not overlap. The
growth axis is then divided into centimetre grids, with lines
orthogonal to the growth axis dividing the stalagmite cross-section
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from one side to the other (Fig. 2). Lamina counting was carried out
on images that cover the whole cross-section of the stalagmite to
evaluate the lateral variability. In stalagmite LV5, laminae are often
difficult to recognize in the central part, whereas they are better
preserved in the rims at both sides of the growth axis. In order to
evaluate the ageedistance relationship in the stalagmite, the
thickness of the laminae has to be measured. Because of the large
lateral variability of lamina thickness, the criterion adopted was to
measure the laminae as close as possible to the crest of the rim
when this is preserved. When the morphology of the stalagmite is
flat and rims disappear, the apex is considered. The thickness of
each lamina was measured from scans using standard graphics
software to measure distances. The measurement of the laminae
thickness was carried out along a series of sequential segments that
follow the rims or the apex of the lamina morphology and are not
necessarily connected. The critical issue is that the next segment
will continue after the top of the last lamina, independently
whether the segments are connected or not. A standard criterion is
to try to keep the number of segments per centimetre as small as
possible (usually 1e6 segments are considered). A relative thick-
ness of each lamina is measured along the defined segments
considering only the vertical dimension component. Due to the
uneven growth of the stalagmite, the cumulative vertical length of
these segments within one grid slightly varies from less than to
more than 1 cm. Therefore, the sum of the segments in that
particular grid section is re-scaled to 1 cm and then the absolute
thickness of each lamina is calculated. In order to define the first
lamina in each centimetre grid, a specific criterion has to be
adopted. We use as reference the orthogonal lines crossing the
growth axis. The last lamina considered in each centimetre sector
occurs when at the rim or apex where the lamina thickness is being
counted crosses the orthogonal line (Fig. 3). Thus, as the growth
rate of the cumulative counts of laminae does not depend on the
complexity of the segments considered to measure the thickness,
subjectivity is avoided.

Due to themultiple steps required by this countingmethod, only
one operator counted the laminae in stalagmite LV5. Two indepen-
dent lamina counts were carried out, one on the analogue pictures
and other on the scanned images. Sub-annual laminae existed, but
they were easily identified by the criteria described in Section 2
(Fig. 1g), and following experience in samples from the same cave
(Domínguez-Villar et al., 2004). Finally, the reproducibility of the
lamina counting and its lamina thickness was tested over two
specific 1 cm intervalswhere the laminaewere counted in both rims
at each side of the growth axis. This is the only sectorwhere this test
could be carried out. The test results showed exactly the same
number of laminae along both counting tracks and a variable lamina
thickness for each year in both rims (Fig. 4). However, when the
lamina thickness is smoothed, similar trends are revealed, indicating
that despite the large noise in the lamina thickness due to lateral
variability, the signal related to growth rate is preserved.

4.2. Testing annual nature of the laminae and anchoring the
floating chronology

The annual deposition of each lamina in LV5 needs to be
demonstrated. In a laminated stalagmite where a priori there is no
Fig. 1. Kaite Cave and LV5 stalagmite. (a) Location of Kaite Cave; (b) picture of the
setting of the cave; (c) line drawing of LV5 stalagmite (total sample length is 106 cm);
Pictures from thick sections taken under binocular microscope showing: (d) detail of
a period when the LV5 apex had a central depression surrounded with a rim; (e) detail
of a period in which the apex of LV5 stalagmite was almost flat; (f) example of sub-
annual laminae (arrowed) at the rim of LV3 stalagmite showing poor lateral conti-
nuity and clear transition to annual laminae in the centre of the sample; (g) annual
lamination with local sub-annual laminae (arrowed) in LV5 stalagmite.



Fig. 3. Examples on the definition of segments along two different centimetres in the
LV5 stalagmite. The schemes showing the identified laminae (left) and the binocular
microscope photograph (right) are shown. The scale of the photographs covers w1 cm
along the growth axis.

Fig. 2. Growth axis and orthogonal lines defined on a thick section of LV5 stalagmite. Binocular microscope photograph (left) and annotated sketch (right) along three complete
centimetres. The last lamina considered in each centimetre is shown in bold grey and marked by an arrow. See text for further description of its definition.
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data about the exact year of any of the laminae, radiometric dates
are required. A series of radiometric dates along a stalagmite
section of interest were used to evaluate the annual nature of the
laminae. Apart from recent samples (<w50 yrs old) where other
methods are recommended (e.g., Mattey et al., 2008), in stalagmites
with low detrital content whose age would not exceed w500 ka,
the UeTh is the most reputable dating technique (e.g., Dorale et al.,
2004). The results of the UeTh dates permit the calculation of the
growth rate over a considered section of the sample. Although two
dates (base and top of the section) could be enough to establish the
duration of the growth period, due to analytical uncertainties, the
larger the number of dates the better, since uncertainties would be
Fig. 4. Variability of the lamina thickness in LV5 stalagmite over a period of 54 years in
two tracks measured along the right (black) and left (grey) rims of the growth axis.
Thin lines show individual laminae, whereas bold lines represent a 5-year smoothing.
Although lamina thickness in the same year is very variable and dependent on local
factors, the noise in the signal does not prevent the preservation of a good record of
annual growth on inter-annual timescales.



Fig. 5. Graph showing lamina counts vs. UeTh dates. In this plot, since the UeTh dates
are provided in years, a slope of one indicates that each lamina represents a year. The
analytical uncertainties of the UeTh dates are considered in order to evaluate if the
lamination is annual. (a) Laminae failing to be annual. We use here the data from LV5
stalagmite as an example, but in this case the clear basal hiatus is not considered. This
is a hypothetical case to illustrate a failed test. It is obvious that the slope is far from
one. Additionally, up to five UeTh dates indicated with arrows fall outside the slope
considering their analytical uncertainties. (b) In LV5 stalagmite there is a clear hiatus
(black arrow in the picture). When the hiatus is considered two floating chronologies
with slopes 1:1 fit all the UeTh dates within their analytical uncertainties.
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reduced. If the sections of interest present hiati, it would be more
difficult to test unequivocally whether the laminae are annual. If
the number of laminae between hiati is within the analytical
uncertainty of the radiometric dates, it will not be possible to
evaluate the quality of the floating chronology. In those cases, even
if annual laminae could be assumed because of other sections in the
speleothemwere tested to be annual, it is possible that the floating
chronology for that particular segment would not represent a more
precise age model than one based only on the radiometric dates.
Thus, long sequences without hiati are preferred in order to provide
robust chronologies.

The growth rate obtained from radiometric dates and that
provided from the annual laminae have to be compared. The
laminae are considered annual if the number of years between
dating points and the number of laminae for the same section is
within the analytical uncertainties of the radiometric dates. In
a graph plotting radiometric dates vs. number of laminae (where
the scale of the former is in years and the latter is number of
laminae, which is expected to represent years), a slope of 1:1 would
confirm the annual nature of the laminae (Fig. 5). Three cases with
slopes different from 1:1 can occur. This is the case whether the
laminae are not annual (1), when the quality of the laminae count is
poor (2), or when unexpected hiati within the stalagmite are
present (3). In the first case, the slope in the graph would be clearly
different to one, and if the laminae are evenly distributed they
would have a constant slope. In the second case, the slopewould be
close to one in a section of the stalagmite but with longer sequences
would progressively be biased towards positive or negative slope
values, due to systematic addition or subtraction of years. In the
third case, the slope would differ from one, but if only one hiatus
existed the slope may be divided into two segments where the
slope fits to 1:1. Some annually laminated stalagmites have
frequent hiati (e.g., Railsback et al., 2011), and the periods without
record may be close to the analytical uncertainties. In these cases it
could be tempting to include hiati in order to force a lamina count
to fit the radiometric dates. Here it is proposed that when lack of
coincidence of lamina counting and radiometric dates suggests the
presence of small hiati, only clear hiati with petrographic evidence
should be considered. Otherwise, it is preferred to discard the
lamina count to construct an age model for that section beyond the
possible hiatus. An example of these fits of radiometric dates and
number of laminae is provided in LV5 which present a hiatus at the
base of the section of interest (Fig. 5).

Once the laminae are tested to be annual and the quality of the
counting and the presence of hiati have been evaluated, the record
has a robust floating chronology. The next step to construct the
chronology is to establish the year of one of the laminae and then
use the lamina count as an agemodel. Althoughmost of the authors
fit the floating chronologies to the date with the smallest analytical
uncertainty (e.g., Polyak and Asmerom, 2001; Dasgupta et al.,
2010), here we propose to use all the UeTh dates using the least
square method to get the best fit to the radiometric dates to the
floating chronology. In anchoring the floating chronology to
a single UeTh date, normally the analysis with the less uncertainty
is chosen. However, the date with the best precision is not neces-
sarily the most accurate. The least square method assumes that
there are no dates with better accuracy than others and by
increasing the number of dates the statistical approach would
improve the accuracy. To calculate the date of the first lamina, the
datasets “number of laminae” (ordinate axis) and “radiometric
dates” (abscissa axis) are crossed. The date will be given by the
parameter “b” of a linear equation with slope one (y¼ xþ b), in
which the equation would be fitted to the dataset by the least
square method which assumes the least residual of the equation to
each data point.
4.3. Determination of the chronology uncertainty

When a record has the possibility to be dated using annual
laminae, the provided age model is thought to be more precise than
that obtained from interpolation of radiometric dates (e.g., Anderson
et al.,1993; Rasmussen et al., 2006; Brauer et al., 2008). In the case of
annually resolved chronologies in speleothems, the calculation of
uncertainties is poorly described and systematized, reporting in best
cases the counting error, which is only part of the source of uncer-
tainty in the agemodel. Herewepropose amore complete analysis of
uncertainties to be considered. Two main sources of uncertainty are
associated with a floating chronology, one is related to the
construction of the lamina counting (LC) chronology and the other is
related to the accuracy in anchoring the lamina counting to the
radiometric dates (A). Thus, the uncertainty of the age model based
on the floating chronology ( 3) is defined by equation (1).

3¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LC2 þ A2

q
(1)

The uncertainty related to the construction of the lamina counts
(LC) dependsmostly on the good replication of the counted number
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of laminae (C), but there are other sources of uncertainty (Fig. 6).
When the count is based on digital images and the laminae are very
thin (e.g., <20 mm), the size of the pixel (P) may be of critical
importance. In the case of laminated sequences with a complex
stratigraphy, as in LV5 stalagmite, the re-scaling (R) produces
additional uncertainty when transferring distances in the growth
axis to the timescale. Finally, some distance distortion (D) arises
due to varying angles of view, problems when merging images, or
in correctly identifying the start and end points of the distance.
These factors are evaluated according to equation (2).

LC ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 þ P2 þ R2 þ D2

p
(2)

The uncertainty of C is calculated from the replication of the
number of laminae that can be obtained by several parallel counts
of the same stalagmite, or by counts of the same profile carried out
by different operators. In laminated speleothems this uncertainty is
frequently reported as a percentage that represents the difference
between counts, although when the stalagmite is divided in
sections, as described in this paper, it can be reported as the sum of
the squares of the age differences in each section (each cm in LV5
stalagmite). The pixel size is normally a minor factor, but when the
laminae are so thin that they only cover some pixels in a digital
image, this uncertainty can contribute substantially to the age
model. We consider it as half the ratio between the pixel size and
the average lamina thickness in the record. This value applies for
the whole record unless different pixel sizes would have been
applied. The re-scaling uncertainty only has to be considered when
the method for complex stratigraphy stalagmites previously
described would be applied. It accounts for the redistribution of the
distance scale assuming that the laminae fit perfectly to 1 cm. Thus,
Fig. 6. Illustration of the sources of uncertainty during the lamina counting (LC) process. All
order to be accounted for the total uncertainty. (a) Example of sub-parallel tracks to count la
year; (c) re-scaling of laminae to 1 cm in stalagmites with a complex stratigraphy; (d) disto
R is calculated as half the average lamina thickness. The uncertainty
associated to the re-scaling is almost negligible for the total count
unless the laminae are of millimetre scale (Table 1). The last factor
taken into consideration for the uncertainty in the lamina counting
is the distance distortion. This factor can be evaluated as the
difference (in percentage) between the cumulative lamina thick-
ness and the total thickness measured in hand specimen. However,
if the stalagmite has been divided along the thick sections, for
example in centimetres, the uncertainty can be evaluated from the
distance difference between thick sections and those same points
labelled in the images. Thus, since normally the errors would be
less than a standard ruler precision (�0.5 mm), the time equivalent
to this distance would be obtained by multiplying this number (or
the largest discrepancies if >�0.5 mm) by the average growth rate
of the stalagmite.

The anchoring uncertainty is related to the fit of the floating
chronology to the available dates. This uncertainty is usually not
reported in age models from stalagmites, because of difficulties in
how to report it, since it is not related to the uncertainty in the
analytical dates or in the lamina counting. We propose a method to
calculate the anchoring uncertainty based on the standard error of
the mean which is independent of the precision of the analytical
dating and the quality of the replication in the lamina counting.
Thus, the uncertainty related to the anchoring (A) is described by
equation (3), where s is the standard deviation of the difference in
years between the anchored lamina counting age model and the
radiometric dates and n is the number of radiometric dates for that
particular segment of the floating chronology.

A ¼
�

sffiffiffi
n

p
�
$1:96 (3)
uncertainties considered in percentage, or distance, should be transformed in years in
minas and their thickness; (b) influence of the pixel size in the spatial definition of each
rtion of distances due to angle of the camera or other sources of imprecision.



Table 1
Uncertainty in LV5 stalagmite floating chronology and quantification of each source
of uncertainty. All reported values are in years ( 3: final age model uncertainty and
sources of uncertainties associated with: (A) anchoring, (LC) lamina counting, (C)
replication of number of laminae counted, (P) pixel size, (R) re-scaling and (D)
distortion).

3: 63.80

A LC: 11.58

C P R D

62.74 11.58 0.02 0.14 0.33
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The constant 1.96 accounts for the 95% confidence interval, and
although this method to calculate uncertainty is different, the
comparison with other chronologies that use two standard devia-
tions of the mean is then more appropriate. The application of this
coefficient assumes a normal distribution of the deviation of the
radiometric dates from the proposed age model, which was tested
to be true at least in the LV5 chronology (Domínguez-Villar et al.,
2009). By using this method the analytical uncertainties of the
radiometric dates are not considered at this stage, the critical issue
being their accuracy, which is evaluated according to their fit to the
proposed age model (Fig. 7). Additionally, it should be mentioned
that the standard deviation of the mean is very sensitive to the
number of dates, and the uncertainty would be reduced by
increasing the number of radiometric dates.
5. Discussions and conclusions

Annually resolved chronologies provide a high temporal reso-
lution to their paleoenvironmental records. This is essential to
compare archives from different sites and establish if a particular
climate or environmental proxy responds synchronously, or has
a lag time following a common forcing mechanism. As Quaternary
scientists are progressively bearing down on shorter timescales,
these annually laminated records are needed in order to answer
some of the major scientific research questions. However, even
more important than providing a highly resolved chronology is to
estimate its uncertainty, which is essential in order to compare
with certainty chronologies from different paleoclimate records.
Stalagmite LV5 was used for advancing in the knowledge of the
8.2 ka event, which has been, over the past 15 years, one of the
most challenging issues for geochronology in the Holocene (e.g.,
Alley et al., 1997; Rohling and Pälike, 2005; Daley et al., 2011). A
large drop in the d18O value in the calcite of LV5 stalagmite was
interpreted as mainly due to changes in the isotope composition of
rainfall over the region as a result of a sudden change in the ocean
isotope composition (Domínguez-Villar et al., 2009). This inter-
pretation is supported by isotope models (LeGrande et al., 2006;
Fig. 7. Residuals of UeTh dates to the age model used to calculate the anchoring
uncertainty (A). Dots represent UeTh dates and their distance to the age model in
years. Grey and black dots are dates before and after the hiatus in LV5 base. The
residuals fit to a normal population with a mean of zero and a standard deviation of
90.1 years with a confidence level >90%.
LeGrande and Schmidt, 2008) and implies a common mechanism
that could be affecting a broad region in the North Atlantic, which is
source of the precipitation inWestern Europe, Greenland and some
sectors of North America eastern coast. Thus, the traces of this
isotope event should have been transferred to precipitation within
<10 years (LeGrande et al., 2006; LeGrande and Schmidt, 2008),
which means that records capable of detecting such an event in
their d18O signals should be recording it synchronously (i.e., within
�5 years). Probably, the best chronology for the occurrence of the
8.2 ka event is from Greenland (Thomas et al., 2007). However,
many records suggest the occurrence of two events, whereas
Greenland records do not record the earlier of these two events. A
summary of the dates reported for the onset and demise of the
8.2 ka event pulses in Greenland and LV5 stalagmite records is re-
ported here (Table 2). It should be considered that Greenland
provides maximum error estimates (Rasmussen et al., 2006),
whereas in stalagmite LV5 the uncertainty estimate is according to
the method described in this paper. It should be noted that the
uncertainty estimate for the age model in LV5 stalagmite is slightly
larger than previously published (Domínguez-Villar et al., 2009),
since we are considering here the 95% confident interval for better
inter-comparison of uncertainties, although the chronology has not
been modified. The reported chronologies from Greenland and LV5
stalagmite support their synchronous occurrence within the ex-
pected �5 years (Fig. 8). However, the age model uncertainties
(>45 years) prevent definitive confirmation. Nevertheless, the
similar duration of both events and the common mechanism for its
occurrence suggest that the accuracy of both age models is excel-
lent. Unfortunately, the first event was not recorded in Greenland,
and although many archives in the North Atlantic region record
such event (e.g., Ellison et al., 2006; Flesche Kleiven et al., 2008),
there is no comparable chronology to these two records. So, at
present the LV5 stalagmite provides the most robust chronology for
the first pulse of the event.

The method here proposed for counting laminae in stalagmites
with a complex stratigraphy represents a standard procedure for
this kind of stalagmite and complements those described for spe-
leothems withmore regular lamination (e.g., Tan et al., 2006; Smith
et al., 2009). Additionally, a proposal for the estimation of uncer-
tainties in floating chronologies has been described in detail. This
would allow better assessment of the quality of annually resolved
chronologies in stalagmites. The method here described for
anchoring floating chronologies and estimating uncertainties is
focused on speleothems, but has the potential to be applied to other
laminated records where cross-dating techniques are not suitable.
The application of this method to the laminated record in stalag-
mite LV5 provided one of the most robust chronologies for the
8.2 ka event. Since having robust, highly resolved chronologies are
needed in order to answer critical questions about short timescale
events or fast climate/environmental transitions, the use of
methods such as the one presented here is recommended for those
researchers having floating chronologies in their records.
Table 2
Chronology of the 8.2 ka event based on d18O signals in LV5 stalagmite and the
Greenland composite record using GICC05 chronology (Thomas et al., 2007). All
values are reported in years and years BP (BP¼AD1950).

Event LV5 stalagmite Greenland

Pulse 1 Onset 8340 e

Demise 8322 e

Duration 18 e

Pulse 2 Onset 8211 8212
Demise 8141 8141
Duration 70 71



Fig. 8. Comparison of LV5 stalagmite d18O record during the 8.2 ka event with
Greenland composite d18O record (Thomas et al., 2007). In both records single data are
presented as dots, whereas bold lines represent a 6-yr filter in the series. The uncer-
tainty in both age models is shown by the error bars. These uncertainties account for
the absolute age, although for the duration of the event only the lamina count
uncertainty should be considered (see Table 1). Although Greenland does not show the
first pulse, the second pulse chronology is almost identical in both records. This
suggests an excellent accuracy of both age models apart from the precision reported by
the uncertainties.
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