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Recent developments in the uranium—lead (U—Pb) dating of speleothems have opened up new oppor-
tunities in palaeoclimate research. An important goal in this new frontier is to produce palaeoclimate
records underpinned by precise and accurate age models, which together will increase the range of
palaeoclimate questions that can be addressed by the speleothem research community. In this paper, we
investigate the level of age-model precision that is achievable by applying high-resolution U—Pb dating
of a stalagmite (CC8) from Corchia Cave (Italy) whose period of growth spans part of the Middle Pleis-
tocene Transition (~970—810 ka). Focussing largely on the periods encompassing three glacial termi-
nations, we carried out age sampling of CC8 at a density similar to that performed in many studies of
younger (i.e. U-Th-dated) speleothems. Using a combination of Tera—Wasserburg isochron and model
age approaches, coupled with age-depth modelling, our results show that age-model uncertainties of
~4 kyr are possible, equivalent to a precision of about 0.4%. At this level of precision palaeoclimate time
series derived from speleothems of this age can be used to test hypotheses of orbital forcing.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Speleothems are well-established archives of palae-
oenvironmental change (Fairchild et al., 2006; McDermott, 2004).
The proxy data that underpin their utility in this regard are derived
from the study of the physical and chemical properties of speleo-
them calcite, including the stable isotopes of oxygen and carbon
(McDermott, 2004; Lachniet, 2009); trace elements (e.g. Mg, Sr and
Ba — Borsato et al., 2007; Fairchild and Treble, 2009; Griffiths et al.,
2010a; Hellstrom and McCulloch, 2000); growth rates and growth
intervals (Baker et al., 1998; Baldini, 2010; Drysdale et al., 2005);
strontium isotopes (Frumkin and Stein, 2004; Goede et al., 1998;
Zhou et al., 2009); and fluid inclusions (Griffiths et al., 2010b; van
Breukelen et al., 2008). The major strength of speleothems when
compared to other palaeoclimate archives (e.g. deep-sea and ice
cores), however, is that they can be accurately and precisely dated
using the U-series decay scheme (Richards and Dorale, 2003),
allowing palaeoclimate series to be fixed in absolute time.
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Virtually all speleothem-based palaeoclimate studies up until
now have been confined to the Middle to Late Pleistocene period
because of the time constraints imposed by the practical upper
limit of the U—Th dating method, i.e. ~500 ka (Richards and Dorale,
2003). Although advances in U-series isotopic measurements
continue to push this boundary (Stirling et al., 2001; Cheng et al.,
2009), the age of many speleothems clearly exceeds the U—Th
limit (Walker et al., 2006; Woodhead et al, 2006, 2010).
The possibility of probing the many important but unanswered
questions in palaeoclimatology (and other fields, such as palae-
oanthropology) using such older speleothems has traditionally
been considered remote. However, recent refinement of the U—Pb
dating method for speleothems has opened up new research
opportunities in this field.

Since the publication of the first substantial paper on U—Pb
dating of speleothems (Richards et al., 1998), the method has
been improved, particularly in regards to screening procedures for
sample selection, chemical separation, and sample-size require-
ments in response to the advent of multi-collector inductively
coupled mass spectrometry (MC-ICP-MS) e.g. Woodhead et al.
(2006, 2012). This has led to a rapid increase in the number of
speleothem papers based around U—Pb dating. For example, U-Pb
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dating of flowstones has been used to bracket the age of early
hominin fossil-bearing sediments (de Ruiter et al., 2009; Pickering
and Kramers, 2010; Pickering et al., 2010, 2011; Walker et al., 2006)
and to determine rates of landscape evolution (Meyer et al., 2009,
2011; Polyak et al., 2008). Results of parallel dating of speleo-
thems younger than 500 ka by U—Th and U—Pb methods have also
been reported (Cliff et al., 2010), and a recent study has demon-
strated that speleothems as old as the Permian can be successfully
dated by U-Pb (Woodhead et al., 2010). Notwithstanding this
recent upsurge of interest in speleothem U—Pb chronologies, so far
no study has tested the limits of the method in terms of the age-
model precision that might be accurately achieved. This is an
important issue: in palaeoclimatology, in combination with isotope
measurement accuracy, age-model precision and accuracy govern
the specific palaeoclimate questions that speleothem studies are
able to address.

Here we present the first high-resolution U—Pb chronology
study of a single speleothem. Our principal aim is to explore the
limiting precision achievable by applying a high density of age
sampling comparable to that performed in studies of younger
(U—Th dated) speleothems (Drysdale et al., 2009; Fleitmann et al.,
2009). The stalagmite comes from Corchia Cave (central Italy) and
grew during the Middle Pleistocene Transition, an interval during
which the period of glacial—interglacial cycles apparently shifted
from 40,000 yr to 100,000 yr (Raymo and Huybers, 2008).
We demonstrate that levels of age-model uncertainty as low as
0.4—1.3%, equivalent to a few thousand years (95% confidence) are
achievable after all sources of random and correlated uncertainty
are considered, enabling the assembly of speleothem
palaeoclimate records capable of testing competing hypotheses of
climate forcing.

2. Study site and sample description

Corchia Cave is a ~60-km-long and ~1250-m-deep system
located in the Alpi Apuane massif in central Italy (Fig. 1). The massif
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is composed mainly of steeply dipping and complexly folded
Mesozoic calcareous rocks (marbles and metadolostones). Large-
scale structural features within the massif and a wet climate have
permitted the development of one of the longest and deepest cave
systems in Europe.

The object of this study is stalagmite CC8, which was recovered
in three broken pieces from the upper part of the Galleria delle
Stalattiti (GdS), situated 800 m from the nearest entrance and
400 m below the surface. The GdS is well decorated and is part of
a 2 km-long tourist path. It experiences a very stable climate
(Baneschi et al., 2011), and its speleothems have previously yielded
important information on long- and short-term palaeoclimate
events during the late Quaternary (Drysdale et al., 2004, 2005,
2007, 2009; Zanchetta et al., 2007). A key feature of these speleo-
thems is the tendency for their stable isotope and trace element
patterns to respond to changes in regional rainfall, which in turn
are thought to be driven by changes in North Atlantic sea-surface
temperatures (Drysdale et al., 2009).

The three pieces of CC8 have a combined length of 825 mm. The
stalagmite is composed of translucent to opaque calcite, and is
white to grey in colour (Fig. 2). Laminations are generally faint to
absent to the naked eye, although one section towards the base
displays a well-developed lamination pattern (Fig. 2c). There are no
visible signs of diagenesis. However, along the stalagmite growth
axis several potential growth hiatuses can be observed, as well as
obvious changes in growth-axis direction. Although climate
changes may be responsible for both, the effects of past earth-
quakes on the disruption of water flow paths in this seismically
active region cannot be ruled out.

Exploratory U—Pb dating revealed that CC8 grew between
~810 ka and ~970 ka, and confirmed the presence of one signif-
icant hiatus that divides the speleothem into two main growth
phases: 813 to 824 ka, and 873 to 968 ka. In this paper, we focus on
the lower, older phase of stalagmite growth, which, based on
a comparison with the deep-sea benthic oxygen isotope record,
encapsulates three Middle Pleistocene glacial terminations.

Nen-carbonate rock
(Palaeozoic - Tertiary)
Carbonate rock

(Triassic - Cretaceous)
Alluvium, colluvium &

littoral deposits (Quaternary)

Boundary of metamorphic
core complex

Fig. 1. Location of Corchia cave. (modified from Drysdale et al., 2004).
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Termination XI

Termination XII

Fig. 2. Photograph of stalagmite CC8. Each plot (a, b, ¢) contains Terminations X, XI or XII as indicated on the figure. Numbered boxes are (>34U/?**U) measurements and U—Pb
dating samples positions; the box labelled ‘FI' is the position of a fluid-inclusion sample (not discussed in the text). Black scale bars are 1 cm in length.

A stable-isotope profile, which, together with other proxy
measurements, is the subject of work in preparation, was used to
determine the position of these glacial terminations and thus target
the appropriate sections for intensive U—Pb dating.

3. Methods
3.1. Sampling

The three pieces of stalagmite CC8 were individually embedded
in resin to prevent breakage during sample preparation then
sectioned into slabs of 1—2 cm thickness for polishing. A total of 56
samples were extracted from the older 873 to 968 ka growth phase.
For each sample 234U/?38U analysis and U—Pb dating were per-
formed. Of the total 56 samples, five were run as U—Pb isochron
analyses, in which six to twelve prisms of calcite were extracted
from a single growth segment as identified from the faint lamina-
tion patterns. Two isochron analyses were also carried out on the
upper section of CC8.

For the U—Pb analyses, samples of between 50 and 200 mg were
extracted either manually using a dental air drill or, after an
upgrade of our speleothem sampling facility, by using a dental air
drill fixed to a manually operated, video-guided X—Y—Z milling
machine. In the former case, the samples were removed from the
main slabs. For the video-guided sampling, smaller sections were
cut from the main slabs and attached to the lathe’s fixing plate. Two
video cameras positioned along the X and Y stage axes of the lathe
allowed for a high level of sampling precision to be achieved.
Precise tracing of the laminations in the Z (vertical) axis was

achieved using a tilting sub-stage fitted to the fixing plate. Due to
the high-intensity sampling and limited availability of speleothem,
some samples were taken from the opposite side of the slabs.
Lamination pattern-matching was used to place these samples on
to a common depth scale. The sampling-depth uncertainties (which
are used in the final age-depth model construction) for these
samples were less than 0.5 mm.

For the 2**U/?*®U measurements powdered samples were
used. The powders were taken from the same depth position as
corresponding U—Pb sample using a separate computer-guided
micromilling machine (Drysdale et al., 2012).

3.2. U—Pb dating and 2>*U/?33U analysis

U and Pb were chemically separated and analysed according to
a slightly modified version of the method described in Woodhead
et al. (2006). Briefly, aliquots were cleaned by two, short (1 min)
immersions in very dilute (~0.1M) HCl and washed in ultrapure
water. The dried samples were dissolved in 6M HCI, and a mixed
233y2%5pp spike was added. After refluxing to ensure spike-
sample equilibration and dry down, Pb and U were separated by
conventional ion-exchange procedures. Full details of the method
are contained in Woodhead et al. (2006) and Woodhead et al.
(2012).

Isotope ratio analyses were performed on a Nu Plasma MC-ICP-
MS equipped with a DSN desolvation unit and employing a Glass
Expansion Opal Mist nebuliser uptaking at ~50 pL/minute. The
NIST SRM 981 reference material for Pb and an internal 238U/?3°U
ratio of 137.88 for U were used to monitor and correct for mass
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Table 1
U—Pb and #*#U/?*8U data from the lower portion of stalagmite CC8. Five samples with an asterisk are single-aliquot samples of the five isochron analyses from this portion of CC8. For the 234U/?38U disequilibrium correction,
(?>4U/?38U) measurements are used. See text for further details.

Sample ID  Depth of prism +100% error ~ Total Pb U (ppb)  238U/?%6pb  238y/26pp 207pp206pp  207ph206pp (33°u/2*20)  (P*UPPBu) (P*U/PBU) Age Ma (corr. Age 26 error
centre from the  (mm) (ppb) 26 error (%) 2c error (%)  (measured)  (measured) (measured)  for (24U/?%U))  (Ma)
top (mm) 20 error

CC8-3 367 4 3.69 7935 4677 1.0 0.441 1.0 27,280 0.9771 0.0015 0.877 0.016

CC8-64 383.5 2.5 1.92 5372 5685 4.8 0.351 7.6 85,500 0.9799 0.0014 0.879 0.014

CC8-63 393 2.5 0.89 6321 8592 29 0.117 20 60,060 0.9790 0.0016 0.877 0.009

CC8-62 398 2.5 1.57 7202 7110 2.6 0.227 8.0 64,180 0.9822 0.0018 0.878 0.010

CC8-61 406 2.5 1.55 6709 7026 3.4 0.240 9.6 154,900 0.9816 0.0014 0.872 0.009

CC8-21 410 2 3.05 9329 5676 0.5 0.351 0.7 36,660 0.9816 0.0018 0.873 0.012

CC8-95* 410 2 1.44 7292 7787 7.0 0.174 30 58,080 0.9825 0.0011 0.871 0.012

CC8-60 413 2.5 2.06 7084 6139 14 0313 2.6 31,900 0.9810 0.0013 0.875 0.010

CC8-59 417 2.5 2.70 6881 5187 15 0.389 2.0 91,920 0.9832 0.0012 0.869 0.011

CC8-58 419 2.5 1.17 6235 7578 2.1 0.191 7.9 69,450 0.9803 0.0021 0.882 0.012

CC8-26* 421 3 1.19 5881 7377 3.1 0.204 11 30,700 0.9821 0.0011 0.879 0.008

CC8-86 426 1 2.14 4899 5208 8.9 0.386 12 21,050 0.9820 0.0020 0.877 0.021

CC8-31 428 2.5 143 5956 6520 2.2 0.273 5.0 69,220 0.9830 0.0018 0.878 0.010

CC8-85 434 15 1.98 5877 5860 6.6 0.312 13 39,480 0.9853 0.0012 0.897 0.015

CC8-12 437.5 2 1.85 5934 5735 0.7 0.330 1.2 138,000 0.9841 0.0019 0.890 0.011

CC8-11 459.5 2 2.97 6912 4750 0.4 0.406 0.4 117,600 0.9850 0.0015 0.902 0.013

CC8-32 479 2 2.53 7631 5528 0.9 0.342 15 38,000 0.9849 0.0012 0.896 0.010

CC8-10 503 2 3.42 7343 4494 03 0.423 03 92,660 0.9869 0.0024 0.905 0.017

CC8-27 519.5 3.5 1.10 6124 7328 1.2 0.180 49 18,130 0.9850 0.0014 0.904 0.008

CC8-83* 531 2 1.49 6597 6991 5.0 0.207 17 51,060 0.9845 0.0017 0.911 0.012

CC8-33 537 2 233 5101 4576 0.7 0.425 0.8 40,330 0.9844 0.0019 0.895 0.016

CC8-91 5425 2 2.80 7769 5460 34 0.346 5.5 81,380 0.9821 0.0010 0.914 0.012

CC8-34 546.5 2 3.37 7726 4732 0.4 0.415 0.5 105,500 0.9803 0.0018 0.911 0.015

CC8-9 556 2 2.07 6653 5711 0.3 0.325 03 48,240 0.9831 0.0020 0.907 0.013

CC8-29 586.5 2 5.88 8061 3343 0.4 0.527 03 133,500 0.9837 0.0010 0.914 0.021

CC8-70 613.5 2.5 1.82 6908 6355 2.0 0.270 4.8 78,690 0.9824 0.0014 0.910 0.011

CC8-90 616 15 1.36 7045 7664 74 0.150 37 39,760 0.9825 0.0011 0.920 0.013

CC8-69 617.5 25 1.83 6723 6230 1.7 0.280 3.8 29,150 0.9815 0.0017 0.917 0.012

CC8-35 619 2 1.55 5412 5934 14 0.304 2.8 54,100 0.9832 0.0013 0.910 0.010

CC8-8 622 2 0.80 5972 8131 0.6 0.112 3.8 54,560 0.9813 0.0022 0.923 0.014

CC8-68 627.5 25 1.38 5270 6440 3.8 0.256 9.6 55,850 0.9829 0.0014 0.919 0.012

CC8-67 631.5 2.5 2.19 4989 4779 2.2 0.398 2.8 26,390 0.9824 0.0017 0.929 0.016

CC8-81* 637 2 135 5034 6754 10 0.224 31 114,500 0.9842 0.0016 0.917 0.020

CC8-66 645 2.5 2.04 5229 5106 2.7 0.357 4.2 52,320 0.9854 0.0014 0.936 0.013

CC8-65 649 2.5 1.14 4600 6538 3.7 0.233 11 25,370 0.9836 0.0018 0.938 0.014

CC8-79 668 15 1.38 5129 6354 6.2 0.232 18 79,380 0.9874 0.0014 0.945 0.014

CC8-89 689 15 151 5743 6463 7.2 0.218 23 79,510 0.9858 0.0021 0.962 0.018

CC8-7 696 2 4.46 5547 3093 2.0 0.535 14 12,000 0.9878 0.0013 0.937 0.023

CC8-38 701 2.5 2.49 5651 4677 2.7 0.382 3.8 25,360 0.9889 0.0021 0.947 0.017

CC8-4* 720.5 3.5 2.28 4470 4286 3.1 0.420 3.6 21,690 0.9879 0.0021 0.950 0.018

CC8-40 741 2.5 4.63 4595 3651 1.6 0.485 1.0 53,270 0.9844 0.0017 0.957 0.021

CC8-75 756 1.5 293 4922 3954 4.8 0.453 4.8 63,140 0.9870 0.0019 0.951 0.021

CC8-74 767 2 4.98 4815 2567 1.7 0.580 1.0 43,820 0.9863 0.0022 0.961 0.033
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0.307
0.356

1.7
1.0
5.2

5652
5708

6072

1.61
2.19
2.77
1.34
227
2.67
217
4.05
1.76
1.46
1.27

CC8-54

0.013

CC8-42

0.019

0.977

0.375

4648

782.5
784
793
799

CC8-73

0.014

0.954

0.227

1.9
6.5
33

6278

5473

2.5

CC8-53

0.018

0.969

0.313

5236
4166
4488

6022

1.5
1.5

2.5

CC8-72

0.019

0.977

39
34

4.5

0.421

5046
4705

CC8-71

0.013

0.975

0.387

25

802.5

CC8-56

0.009
0.011

0.959

0.230

1.8
4.0

6137
5534
6353

6109
5427

2.5

807.5

CC8-43
CC8-5

0.965

8.8

0.285

813.5
818

0.012

0.970

0.206
0.184

34
24

6094
5983

2.5

25

CC8-52

0.009

0.966

9.3

6617

821.5

CC8-51
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fractionation effects. Total Pb blanks were typically in the range
5—10 pg and appropriate blank corrections, coupled with isotope-
dilution calculations, were made using the Schmitz and Schoene
(2007) algorithm.

Isochrons were constructed from five sample positions in the
older section and two sample positions in the younger section of
CC8, and were used to assess the composition and variability of the
common Pb component present. Thereafter, ages were determined
from single-sample aliquots using the common-Pb corrected model
age methods outlined in Woodhead et al. (2012).

For 234U/?38U analysis, samples of ca. 5 mg were prepared and
analysed following the U—Th method described by Hellstrom
(2003). Powder samples dissolved in concentrated HNOs to
which a mixed 2*6U—?33U—2?%Th isotopic spike was added. After
overnight refluxing, ion-exchange chemistry was employed for U
and Th separation.

The samples were analysed on a Nu Plasma MC-ICP-MS, with
frequent repeat measurements of the uranium isotopic standard
NBL-112A used to determine external 234U/?33U variability, then
propagated into the reported uncertainties.

3.3. Age-depth model calculation

U—Pb data were interpolated versus depth using a Monte-Carlo
simulation of a finite positive growth-rate model (Drysdale et al.,
2004, 2005; Hendy et al., 2012; Scholz et al., 2012). For each iter-
ation of the Monte-Carlo simulation all dates were randomised
with respect to their uncertainties, and a least-squares fit obtained
of a series of line segments such that growth rate is always finite
and positive with an additional weighting to minimise its variation
between segments. After 10,000 iterations all model outputs were
ranked at each of 500 depths to construct curves for the 97th, 50th
and 3rd percentiles of the model. All age model outputs are re-
ported and discussed in terms of (typically asymmetric) 95%
confidence intervals.

3.4. Age model accuracy and precision

Until recently (Scholz et al., 2012) there has been little discus-
sion of how speleothem age models should be produced, and the
question of accuracy versus precision remains largely unaddressed.
Existing age models treat all uncertainty as random as is expected
from measurement uncertainty, however there may also be
correlated, systematic sources of uncertainty present such as in
decay constants, tracer calibration, isotopic compositions etc.
Although these sources of uncertainty are usually included in the
calculation of individual ages, overlapping densely sampled ages
can lead to overly precise age model uncertainties. Because of this,
it might sometimes be necessary to quarantine the effects of
known, correlated uncertainties during age model generation and
add them to the resulting uncertainty envelope afterwards.

4. Results
4.1. U and Pb concentrations

The U—Pb dating results are presented in Tables 1 and 2. As with
earlier studies on younger Corchia speleothems (e.g. Drysdale et al.,
2005, 2009; Zanchetta et al., 2007), the radiometric analyses
revealed high U concentrations: ~3.8—11.3 ppm. The Pb
concentrations are very low, ranging from ~0.8—6.1 ppb. Again,
this mirrors our previous observations regarding the relatively
clean nature of Corchia speleothems, as determined from low Th
concentrations recorded in U-—Th-dated samples. Additional
evidence for the purity of stalagmite CC8 is recorded in extremely
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Table 2
U and Pb data for seven isochrons measured along the whole section of stalagmite CC8. The common Pb composition has been used to calculate single-point isochron ages following the method of Woodhead et al. (2012). The
samples with an asterisk correspond to the samples for each isochron which have been used as the input ages in the age-depth modelling.

Sample ID Depth of prism +100% error  Total Pb U (ppb)  23%U/?%pb  238y/206pp 207pp206pp  207pp296pp MSWD?*  (34u/?*8u)  (P%U/8U)  Age Ma (corr. Age error
centre from the  (mm) (ppb) 26 error (%) 26 error (%) (measured)  (measured)  for (33*U/>*%U)) 20 (Ma)
top (mm) 20 error

CC8-1 5.0 2.0 54

CC8-1-1 2.54 9974 6767 0.4 0.309 0.7

CC8-1-2 1.69 7706 7296 0.7 0.272 1.6

CC8-1-3 2.30 8396 6514 0.5 0.327 0.8

CC8-1-4 1.10 6524 8161 1.0 0.200 3.4 0.9762 0.0020 0.822 0.011

CC8-1-5 2.40 8022 6192 0.5 0.349 0.8

Isochron age 0.820 0.060

ccs-2 1875 25 7.5

CC8-2-1 1.0 9237 9134 1.1 0.105 8.1 0.9800 0.0020 0.833 0.009

CC8-2-2 1.32 9349 8407 0.9 0.161 4.2

CC8-2-3 1.95 11,268 7802 0.8 0.211 2.5

CC8-2-4 2.06 11,252 7609 0.8 0.224 2.6

CC8-2-5 2.02 10,325 7411 0.7 0.240 19

Isochron age 0.833 0.024

€C8-95 4100 20 13

€C8-95-1 238 8206 6285 35 0300 7.2

CC8-95-2 2.14 7873 6619 5.8 0.269 14

CC9-95-3 2.13 8005 6685 6.2 0.255 16

CC8-95-4 291 8225 5555 19 0.358 3.0

CC8-95-5 1.83 7698 7029 49 0.237 14

CC8-95-6 3.26 8198 5212 19 0.394 2.4

CC8-95-7" 1.44 7292 7787 7.0 0.174 30 0.9825 0.0011 0.871 0.011

CC8-95-8 235 7488 6037 3.6 0.325 6.4

CC8-95-9 2.40 8150 6095 1.9 0.310 3.7

CC8-95-10 343 7964 4868 1.1 0.413 13

CC8-95-11 3.14 8109 5217 1.6 0.383 2.2

CC8-95-12 2.56 7949 5928 3.4 0.331 6.0

Isochron age 0.876 0.014

CC8-26 421.0 3.0 65

€C8-26-1 1.76 5626 5792 05 0336 038

€C8-26-2 114 5793 7262 06 0217 19

€C8-26-3 1.10 5531 7216 05 0218 1.6

CC8-26-4 124 5441 6816 04 0255 1.1

€C8-26-5° 119 5881 7377 3.1 0.204 11 09821 0.0011 0.879 0.008

CC8-26-6 1.30 5951 7204 3.9 0.217 13

Isochron age 0.877 0.016

€C8-83 531.0 2.0 55

CC8-83-1 2.37 6691 5504 43 0.331 7.5

CC8-83-2 2.58 6641 5193 3.8 0.357 5.9

CC8-83-3 2.49 6786 5449 5.0 0.338 8.5

CC8-83-5 213 6926 5898 3.2 0.300 6.4

CC8-83-6 2.27 6896 5707 2.7 0.327 4.8

CC8-83-7 141 6261 7537 13 0.158 60

CC8-83-8" 1.49 6597 6991 5.0 0.207 17 0.9845 0.0017 0.911 0.012

CC8-83-9 2.05 6943 5979 2.6 0.293 54

CC8-83-10 233 6851 5626 4.2 0.321 7.6

oL

21-5 (Z10Z) 1 A80j0u0.y2039 Aip1iaip1ip) / Iv 32 ofog d
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0.019

0.908

Isochron age

6.9

2.0

637.0

CC8-81

20
1.9
6.4
23
5.6

0.541
30

29

3218

5446

5476

4.35
4,

CC8-81-1

3.0 0.562

5.2

2904
4677

929

CC8-81-2

0.408

5268
5432

1
4.04

CC8-81-3

0.519

3373

CC8-81-4

0.425

49

4620

5164
5034
5060
5042
5107

53

CC8-81-5

0.020

0.0016 0.917

0.9842

0.224
0.580
0.608

10.0
3.1

6754
2622

5

CC8-81-6"

1.8
14
1.6

CC8-81-7

2.8
3.0

2299
2424

1
82

6.1

CC8-81-8

0.597

5.

CC8-81-9

0.041

0.915

Isochron age

18

35

720.5

CC8-4

0.4
0.3

0437

04
0.4

4053

4216

3
47

CC8-4-1

0.462

3764
3806
3993
4085

4187
4087

CC8-4-2

0.459 0.3

03

7
0
07

CC8-4-3

0.4
0.4
0.4
13
23
3.6

0.442

0.4
0.4

0.5

4076

2.2

CC8-4-4
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0.435

3961
3779
3823
4416

2.

CC8-4-5

0.484

3541

244

2.

CC8-4-6

0.494

1.6

3472

62
45

CC8-4-7

0.441

4012

CC8-4-8

0.018

0.0021 0.950

0.9879

0.420

3.1

4286

4470

8

CC8-4-9"

0.045

0.947

Isochron age

* Note: the MSWDs are calculated by Isoplot (Ludwig, 2001) based upon the assumptions of a model 2 fit, i.e. by assigning equal weights and zero error correlations to each point.

high 23°Th/?3?Th activity ratios measured for all of 56 samples with
the minimum value greater than 10,000 (Table 1). As noted by
Woodhead et al. (2006), who reported the U—Pb age of another
Corchia speleothem (CC16), the combination of high U and low Pb
presents significant advantages for U—Pb chronologies and
confines the major source of final age uncertainty to the initial
uranium disequilibrium correction. We minimised this limitation
by measuring 234U/>3%U activity ratios for each U—Pb sample
position.

4.2. Raw U—Pb data and disequilibrium-corrected ages

4.2.1. Isochron age results

The seven isochron age results are shown in Table 2 and Fig. 3.
As reported in Woodhead et al. (2012), single-aliquot U—Pb ages are
a possible alternative to the more labour-intensive isochron ages in
cases where the speleothem is highly radiogenic (i.e. with high
238(J/206pp, where measured samples occupy a position relatively
close to concordia) and where the isotopic composition
(?°7pb/2%6pb ratio) of the common-Pb end member is well con-
strained. If these two criteria are met, the individual aliquot ages
should be statistically indistinguishable from the isochron age.
207pp206pp jntercept values for all seven isochrons are within error
of each other (Fig. 4), which is indicative of a consistent net source
of common Pb throughout the growth of the stalagmite. The robust
median of all seven isochron y-intercepts and their uncertainties
gives an estimate of the common Pb composition of 0.818 + 0.006/
—0.011 (98.4% confidence).

4.2.2. 24U/238U results and secular disequilibrium correction

Due largely to weathering and hydrological processes, speleo-
thems are always deposited out of secular isotopic equilibrium with
respect to the initial 22*U/?38U activity, ie. (3*U/238U) = 1
(Richards and Dorale, 2003). The age effect of this disequilibrium
(when compared to the more traditional U—Pb assumption of U-
series equilibrium at the time of deposition) can amount to more
than 100 ka and thus its accurate quantification is very important
for samples of a few Ma or less in age (Ludwig, 1977; Richards et al.,
1998; Woodhead et al., 2006). For a given U—Pb sample, such
a correction is based on an estimate of the (>>4U/?38U);, which for
relatively young samples can be quantitatively derived from direct
measurement of (23U/>3%U) within the calcite. For the latter, we
performed (*>4U/?*8U) measurements on all U-Pb samples from
the older portion of CC8 (Table 1, Fig. 5). (23*U/%*8U) values varied
from 0.9771 + 0.0015 to 0.9912 + 0.0013 during the ~ 100 kyr-long
growth period of this section of CC8. These values are low
compared to those of speleothems from most other cave systems
(Richards and Dorale, 2003), but consistent with previous U-Th
studies at Corchia (Drysdale et al., 2009). Although the overall
trend of (234U/?38U) is decreasing with time, our high density of
sampling reveals that this is not monotonic: we observe significant
variability in (23*U/>28U) that likely reflects changing hydrological
conditions during different climate states. This is currently the
subject of ongoing study.

4.2.3. U—Pb age calculation

Disequilibrium-corrected, single-aliquot U—Pb ages were
determined by projecting an assumed initial 2°’Pb/2%6Pb through
the measured 297Pb/2%6pb—238U/2%6ph point onto a disequilibrium
concordia corresponding to measured 234U/?38U, and assuming
complete initial exclusion of all other daughter products
(Woodhead et al., 2006). All inputs are randomised with respect to
their uncertainties, taking account of measured 2°7Pb/?°®pPb—
238J/206ph error correlation, during a 1000-point Monte-Carlo
simulation from which age and its 95% uncertainty are determined.
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Fig. 3. Plots for seven full isochrons determined for CC8 and constructed using Isoplot (Ludwig, 2001). NB: the x- and y-axis ranges are different for each plot.
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Fig. 4. 2°7Pb/?%5Pb intercept values for all seven isochrons are within error of each
other, suggesting a consistent source of common Pb. The robust median for this
common Pb composition is 0.818 + 0.006/—0.011 (98.4% confidence), indicated by the
thick horizontal line.

The final U—Pb ages for the lower part of CC8 are plotted versus
depth in Fig. 6. Although this plot shows some degree of age scatter
with depth, all U—Pb analyses returned ages in stratigraphic order
when viewed within the constraints of the combined age uncer-
tainties of stratigraphically successive sample pairs. A finite
positive-growth-rate age-depth model determined through these
data gave an MSWD of 0.62 indicating that, if anything, their
uncertainties had been overstated. Removing the assigned uncer-
tainty of the common Pb 2°’Pb/?%Pb from the ages gives an age-
model MSWD of 1.05. Varying the assigned 2°7Pb/2%Pb yields
a minimum MSWD of 1.03 at 0.8195, giving a stratigraphically-
constrained (Hellstrom, 2006), best-fit initial 2°7Pb/2%°Pb well
within the range determined by isochron analyses. A conservative
uncertainty of +£0.010 was assigned on the basis of both
approaches.
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4.3. Age uncertainties and age-depth modelling

A finite, positive-growth-rate age-depth model was determined
through the entire population of single-aliquot U—Pb ages. A
feature of this and other commonly used speleothem age-depth
models (Scholz et al., 2012) is that all age uncertainty is treated
as independent, and as such increasing age measurement density
leads to increasingly higher-precision models, with no limit. Here,
the isochron-dependent initial common 2%’Pb/2%6Pb value assigned
to the single-aliquot ages is taken to be invariant between samples,
and any error in our determination of it will affect all of them in
a systematic manner. To address this, a component of the assigned
207pp296pp uncertainty (of +£0.007) was removed from the U—Pb
ages prior to age-model calculation using
207pp296pp = 0.8195 + 0.0070. Two additional age models were
determined for ages calculated with 2°7Pb/2%Pb of 0.8125 + 0.0070
and 0.8265 + 0.0070, and their differences from the original model
were calculated along their lengths. The offsets to these two
additional age-depth models were then combined with the
uncertainty envelope originally derived for the first model to give
a composite uncertainty reflective of the impacts of both random
and correlated uncertainty.

The resulting age model for the entire lower part of CC8 is
shown in Fig. 6 together with the 95% confidence interval. Although
individual U-Pb 20 age uncertainties ranged between values of
7.7—32.5 kyr (on average, about 1.5% of the determined age), the
age-model uncertainties are in the range 3.9—12.2 kyr if the
values before and after the two extreme age points are excluded
(NB: lack of radiometric ages beyond the limits of the section
results in an end-effect amplification of the age uncertainties).
This equates to uncertainties between 0.4 and 1.3% of the modelled
age. We now consider in detail the age uncertainties through each
of the three glacial terminations represented in the lower section
of CC8.

4.3.1. Age uncertainties through Termination X

Details of the age-depth model spanning Termination X, as well
as the corresponding age uncertainty plot, are shown in Fig. 7a—b.
According to the age-model results, this 88.5 mm long section grew
continuously over a ~22 kyr period. Of the 15 U—Pb ages
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Fig. 5. (2**U/?*%U) measurements were performed along the lower part of the CC8. (>>*U/238U) sample depth positions correspond to U-Pb sample positions. Although (234U/?38U)
is decreasing with time, the trend is not monotonic. This observed variability likely reflects changing hydrological conditions during different climate states, a subject of ongoing

study at Corchia.
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Fig. 6. Age-depth model for the older portion of CC8 based on 56 U—Pb dates and their associated uncertainties. The grey shaded area represents the 95% confidence age-model
uncertainty envelope. Black dashed lines are age-depth models calculated using common Pb values of 0.8125 + 0.0070 and 0.8265 + 0.0070 and they are presented here to
emphasize the effect of common Pb variability on final model ages. All U-Pb analyses returned ages in correct stratigraphic order when the age uncertainties of stratigraphically
successive sample pairs are considered. The MSWD of 0.62 indicates that analytical uncertainties more than explain the observed scatter.

determined along this section, only one raw age deviates appre-
ciably from the age model curve (CC8-59: 417 mm) but this still lies
well within the overlapping 2c age error bars of the neighbouring
samples. The model age uncertainties range from 3.9 to 11.0 kyr,
with highest values occurring at the youngest end of the section
due to the end effect noted above: this is the youngest end of the
age-depth model for the lower part of stalagmite CC8.

The section defining the start of Termination X is of greatest
interest and is located around 877 ka. From the age uncertainty plot
(Fig. 7b) it can be seen that model age uncertainties here are in the
range 4.1-4.9 kyr, or 0.5—0.6% of modelled age.

4.3.2. Age uncertainties through Termination XI

The age model and age uncertainty plot for Termination XI is
presented in Fig. 7c—d. With a length of 202.5 mm, this is the
longest of all three sections and according to the mean modelled
ages it spans ~45 kyr of time. Twenty samples were dated along
this section. As with the T-X section, there is one clear outlying
age-depth point but this overlaps with neighbouring samples
within their respective uncertainties. Model age uncertainties
along this section are in range from 4.9 to 9.7 kyr, or 0.5—1.1% of the
corresponding model ages.

As can be seen in Fig. 7d, the model age uncertainties through
the region where Termination XI commences are in the range of
7.3—7.5 kyr (i.e. 0.8% of the modelled age).

4.3.3. Age uncertainties through Termination XII

The lowest part of the stalagmite captures palaeoclimate infor-
mation about Termination XII, the oldest termination preserved in
CC8. Detail of the age-depth model for this 163.5 mm long section,
as well as the age uncertainty plot, are shown in Fig. 7e—f. In Fig. 7e
we can see that the U—Pb ages for this part of stalagmite are
characterized by the highest U—Pb age uncertainties, particularly in
the area from ~ 700 to 790 mm of depth. The age model is relatively
poorly constrained in this part of the stalagmite, with uncertainties
greater than 10 kyr. This reflects greater scatter in the ages deter-
mined at this depth.

According to our stable isotope data the onset of Termination XII
occurred at ~963 ka, where the model age uncertainty is in the

range of 5.2—5.9 kyr (i.e. ~0.6% of the corresponding modelled
ages).

5. Discussion
5.1. Factors influencing age-model precision and accuracy in CC8

Accurate, robust age models and minimised age uncertainties
are crucial for the successful application of speleothem time-series
to palaeoclimate problems. Total age uncertainties of 1% or less for
speleothems in the range of the U-Th dating method are now
commonly reported. However, our results show that accurate ages
with a precision as low as 0.4% are possible for older speleothems
dated by the U—-Pb method. Achieving high precision and accuracy
provides an opportunity to date some of the most prominent but as
yet insufficiently explored palaeoclimate events of the Early Pleis-
tocene, such as the shift from 40-kyr to 100-kyr glacial—interglacial
cycles.

The low magnitude of the age uncertainties in CC8 can be
attributed to a combination of the high U content, low common Pb,
and readily quantifiable residual 2>4U/?38U disequilibrium. Careful
sample selection and thorough pre-screening procedures play
a large role in satisfying the first two of these factors. Even in cases
where U concentrations are lower than those at Corchia (see
Woodhead et al., 2012, for a summary of typical U and Pb contents
in speleothems), satisfactory ages and age models with reduced age
uncertainties should be achievable provided common Pb concen-
trations are in the low ppb range.

Regardless of the raw uncertainties, densely dated records such
as the one presented here (i.e. where the uncertainties of many age
determinations overlap) can lead to final age-depth model uncer-
tainties significantly smaller than those of their best individual
uncertainties (e.g. Scholz et al., 2012). An important consideration
in improving age-model precision by this means is to correctly
identify and quantify all sources of random and correlated uncer-
tainties. Here the biggest source of uncertainty is a common
component of the assigned initial 2°’Pb/?%Pb of the single-aliquot
ages and so we have propagated this source of correlated uncer-
tainty into the age model after completion of the age-depth
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Fig. 7. (a, c, e) Details of the age-depth model through portions of CC8 where Terminations X, XI and XII are recorded, and the corresponding age-model uncertainty plots (b, d, f).
Thick dashed lines on the uncertainty plots show the periods when terminations started according to our stable isotope data.

modelling process. An earlier version of the CC8 age-depth model
depicted by Woodhead et al. (2012) did not consider the effect of
correlated common uncertainty, which was exacerbated by the use
of sparsely-constrained 23*U/?*8U data rather than the per-sample
measurement approach used here. This serves to illustrate the
importance of per-sample measurement of 234U/?3U where
samples are sufficiently young that resolvable disequilibrium
remains. Final sources of correlated age-model uncertainty to
consider are spike calibration, decay constant and 3**®U uncer-
tainties. These are small compared to analytical and common Pb

uncertainties and do not significantly affect the age uncertainties
reported here for CC8. They do, however, limit the age model
uncertainties that could be theoretically achieved, to a little over
0.1%. Correlated uncertainties seem to be an important consider-
ation in age-depth modelling in general and their impact is also
likely to be of significance to U—Th chronologies in some cases,
particularly where a non-trivial initial Th component is present.
Although U—Pb age uncertainties as low as 1-2% are readily
achievable (Cliff et al., 2010; Meyer et al., 2009; Woodhead et al.,
2006, 2010), another factor that controls the absolute magnitude
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of the age uncertainties is the time interval under consideration.
Once age-model uncertainties move significantly beyond ~ 10 kyr
(about half a precession cycle) the ability to make a first-order
discrimination between the different orbital parameters
disappears.

5.2. Age density versus age uncertainty

The final issue we discuss is the point at which the addition of
further ages does not measurably improve the age model. On first
viewing of the age-depth model (Fig. 6), it is obvious that the
distribution of dated samples is unevenly spread throughout the
section of the stalagmite. This was by design: our rationale here
was to derive precise age-model solutions through specific palae-
oclimate events. Hence, the sections of highest age density and thus
in most cases lowest modelled age uncertainties correspond to
these events. An important consideration in U—Pb dating of spe-
leothems is estimating the density of ages that are required to
achieve a certain level of age-model uncertainty. To address this, we
derived a simple age-density function and compared this to age
uncertainty. The model age and maximum model age uncertainty
at the depth of each age determination were first derived by
interpolation of the raw age-depth model; raw U—Pb ages were not
used because of the scatter of mean ages along the depth profile.
The age-density function was calculated as the inverse of the
difference in kyr between each successive model-interpolated age,
expressed as “dating samples per kyr”. When plotted against the
maximum model age uncertainty achieved within each successive
pair of age positions (Fig. 8), there is, overall, a negative correlation
that is best described by a power function. From this plot, we can
see that uncertainties of <10 kyr can be achieved consistently once
the sampling density reaches 0.8 (i.e. eight age determinations
every 10 kyr), and that once a density of 2.0 is reached (i.e. two age
determination per Kkyr) uncertainties of ~5 Kkyr are possible,
although not consistently so. Thus, to establish the timing of
a glacial termination during the late Early Pleistocene to a precision
of 5—10 kyr, we suggest that a minimum of eight U—Pb determi-
nations are necessary, assuming that a typical termination spans
a 10-kyr interval and that the speleothem has similar characteris-
tics to CC8, i.e. high U, low common Pb, and well-constrained
234y/238y and initial 2%7Pb/?%6Pb. This represents considerable
analytical effort, particularly if isochron ages are required.

Ultimately, this approach is limited by the impact of correlated
uncertainty of the 207Pb/2%5Pb determination, and further progress
can only be made by refinement of this parameter.

6. Conclusion

Although speleothems from the late Quaternary have been
increasingly used in palaeoclimate research during the last few
decades, exploration of the palaeoclimate potential of speleothems
older than 500 ka has been hampered by an inability to produce
accurate and precise ages. Further improvement of the U—Pb
method and development of time series for older speleothems is
recognized as one of the main scientific goals in speleothem
palaeoclimate science (Fairchild and Baker, 2012). Our study on
stalagmite CC8 from Corchia cave shows that this is well within the
realms of possibility.

The palaeoclimate significance of stalagmite CC8 lies in the three
Middle Pleistocene glacial terminations recognized from its stable
isotope profile (not presented here). Our main goal in this study was
to explore how precisely we can establish the timing of these events.
To achieve this, 56 samples unevenly distributed along the lower
portion of CC8 were dated by the U—Pb method (Woodhead et al.,
2006). Five of these were isochron ages and the remaining 51
samples were single-aliquot ages determined using the common-Pb
procedure of Woodhead et al. (2012) based on a common Pb
composition calculated from the five isochrons plus a further two
from the upper part of the stalagmite. For disequilibrium corrections
we measured 234U/?*8U ratios for each age point.

With carefully selected samples from the key parts of the spe-
leothem we developed an age-depth model that produced age
uncertainties to just below 4 kyr (i.e. 0.4% of the accompanying
modelled age, at a position through Termination XII). Although the
dataset may still be refined, our analysis suggests age uncertainties
of 41—-4.9 kyr, 7.3—7.5 kyr and 5.2—5.9 kyr have been achieved for
the onset of Terminations X to XII respectively. Coupled with
ongoing refinements in the age model, this level of accuracy gives
us a confidence that we can use CC8 to test orbital theories
responsible for these terminations. Our results demonstrate the
necessity for intensive U—Pb sampling to date late Early Pleisto-
cene terminations. In spite of the large time and analytical effort
involved in producing precise and accurate age models, a palette of
significant palaeoclimate questions can now be addressed with this
method.
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