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a b s t r a c t

A trace element record (Mg, Sr, Ba, Al, Si, P, Y, Zn) covering the ca. 133 ka to ca. 124 ka time interval was
acquired from a flowstone core from Tana che Urla Cave (central Italy). It was compared with stable
isotope data to investigate the environmental evolution in response to regional and extra-regional
climate changes in the period corresponding to the latter part of the Penultimate Deglaciation and the
first part of the Last Interglacial (Eemian). Trace element geochemical changes on centennial and
millennial time scales responded to changes in hydrological input, variations in the supply and transport
of catchment erosion products to the cave, including those linked to intense rainfall events, and to the
state of the overlying soil and vegetation. Abrupt increases in precipitation and the progressive devel-
opment of soil and vegetation occurred at ca. 132 ka, in response to the development of the global
deglacial phase. The major changes in trace element composition are coherent with the previous hy-
drological interpretation of speleothem oxygen stable isotope composition (d18O) as predominantly a
rainfall-amount proxy. However, reduced growth rate persisted until ca. 130 ka, suggesting still
depressed temperatures. An abrupt event of climatic deterioration, with marked decrease in precipita-
tion and soil degradation, is apparent between ca. 131 and 130 ka. Cool-wet conditions between ca. 132
and 131 ka and the subsequent dry period may represent the local hydrological response to an interval of
North Atlantic cooling and ice-rafted-debris (IRD) deposition known as Heinrich event 11 (H11). After
129.6 ka there was a rapid recovery according to all of the studied speleothem properties, indicating the
onset of full interglacial conditions. A minor amplitude event of reduced precipitation is recorded within
the LIG at ca. 127 ka. The record highlights the growing regional evidence for a complex penultimate
deglacial climate involving major reorganization of oceanic and atmospheric patterns.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Investigations of the climate and environmental dynamics
associated with deglaciations and the onset of interglacial periods
are important for addressing key issues regarding the effects of
rapid warming, as is expected in the near future. The Penultimate
Deglaciation, corresponding to Termination II (TII) in the marine
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Fig. 1. Location of TCU site and of other sites mentioned in the text.
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record (Lisiecki and Raymo, 2005), and the following warm stage,
the Last Interglacial (LIG or Eemian interglacial in the European
pollen stratigraphy), spanning the period ca. 140e110 ka, are
among the best documented in the geological record. They have
been the subject of a number of paleoclimate studies for over a
century (e.g. Govin et al., 2015; Kukla et al., 2002; Shackleton et al.,
2003). However, discrepancies still exist regarding timing and in-
ternal variability, as well as on the expression of this variability in
the marine and in the terrestrial realms (e.g. Drysdale et al., 2009;
Marino et al., 2015; Martrat et al., 2014). In particular, within TII, the
timing and expression on land of Heinrich event 11 (H11), i.e., the
millennial-scale episode of North Atlantic cooling and ice-rafted-
debris (IRD) recorded in marine records from the sub-polar to the
western Mediterranean between ca. 134 and 130 ka (e.g. Martrat
et al., 2014; Jim�enez-Amat and Zahn, 2015; Marino et al., 2015),
are still matter of debate. Due to the scarcity of absolute age con-
straints in most archives covering TII and the LIG, various strati-
graphic alignments to different reference chronologies have been
used to link ice core, marine and terrestrial records (e.g. Govin et al.,
2015; Zanchetta et al., 2016a). However, each of those approaches
relies on different paleoclimate assumptions. They often regard
synchronicity between climatic events recognized in marine re-
cords and those in terrestrial archives, and the paleoclimatic
meaning of the compared proxies. This makes difficult to evaluate
the climatic feedback mechanisms and the sequence of events over
this time period (e.g. Masson-Delmotte et al., 2010; Landais et al.,
2013; Zanchetta et al., 2016a). A detailed understanding of envi-
ronmental parameters controlling the proxies selected for align-
ment among records is definitely of paramount importance.

Speleothems record palaeoenvironmental changes via a suite of
geochemical properties that can be anchored to a robust radio-
metric U-Th chronology (Dorale et al., 2004). As a consequence of
the development of high-resolution, well-dated speleothem re-
cords covering the TII-LIG period (e.g. Wang et al., 2001; Drysdale
et al., 2009), several attempts have been made to refine the chro-
nologies of marine sediments and ice cores by using climatic
alignments to the most common tracer measured on speleothems,
the oxygen stable isotope composition of the calcite d18O (e.g.
Drysdale et al., 2009; Barker et al., 2011; Jim�enez-Amat and Zahn,
2015; Marino et al., 2015). Changes in temperature, rainfall
amount and rain sources are considered the dominant drivers of
d18O (e.g. Lachniet, 2009; McDermott, 2004). However, these
changes are often interconnected and the dominant climatic
parameter differ from one region to another, making it difficult to
forcefully argue the “climatic” link between d18O and the climate-
sensitive properties measured in other archives (Govin et al.,
2015). To overcome this issue and disentangle the different
drivers of the d18O changes, the assessment of the paleoclimatic
meaning of additional proxies measured in speleothems and the
extent to which they agree with the d18O series, is of paramount
importance. One widely exploited proxy is the stable isotope
composition of carbon (d13C), which has been used to infer local
pedogenic, hydrological and/or cave ventilation processes (Genty
et al., 2001a, 2003; Sp€otl et al., 2005). Another speleothem prop-
erty is growth rate, which is mainly controlled by the supply of CO2
in the seepage water, drip discharge and temperature (Hellstrom
and McCulloch, 2000; Genty et al., 2001b; Borsato et al., 2015). A
third source of information is trace element composition. In-
terpretations of speleothem trace element records are usually more
challenging than other properties, because the elemental vari-
ability arises from complex interactions between atmospheric in-
puts, vegetation/soil, karstic aquifer, primary speleothem crystal
growth and post-deposition processes (Fairchild and Treble, 2009).
However, the integration of information on local environmental
features from elemental records in the wider paleoclimatic
framework provided by stable isotopes can provide a robust multi-
proxy basis by which to unravel the response of the local palae-
oenvironment to regional- and wider-scale climatic changes. This
also helps to shed light on environmental and climate parameters
driving changes in the d18O composition.

In this paper we investigate trace element changes (Mg, Sr, Ba,
Al, Si, Zn, Y, P) from a flowstone core (TCUD4) from Tana che Urla
Cave (TCU) in central Italy (Fig. 1) for the interval ca.133 ka to
ca.124 ka. The d18O and d13C profiles of TCUD4 for the period
ca.159 ka to ca.121 ka have already been discussed by Regattieri
et al. (2014a). In this new work, we explore the factors driving
trace element geochemical changes on centennial and millennial
time scales. Then we compare the trace element results with the
pre-existing stable isotope record and with the broader environ-
mental changes inferred from previous studies from the region (e.g.
Brauer et al., 2007; Couchoud et al., 2009; Drysdale et al., 2005,
2009; Milner et al., 2013; Tzedakis et al., 2003). This multiproxy
approach allows us to assess in detail the changing environmental
evolution at the TCU cave site during the period encompassing
most of the Penultimate Deglaciation and the first part of the LIG. It
also provides insights into the factors leading d18O variability and
on their links to regional and extra-regional climate changes.
2. Site and sample description

TCU is a sub-horizontal spring cave that opens at 620 m a.s.l. on
the south-eastern side of the Apuan Alps, central Italy (Fig. 1). The
cave characteristics have been discussed in previous studies
(Regattieri et al., 2012, 2014a) and are only briefly summarized
here. The cave has developed at the contact between meta-
siliciclastics (Fornovolasco schist formation, Pandeli et al., 2004)
and Triassic meta-dolomite (Grezzoni formations), and is crossed
by a permanent stream. The cave temperature is ca. 10.7 ± 0.5 �C
and the catchment is covered by a relatively deep soil that sustains
a well-developed forest of cultivated chestnut (Castanea sativa) and
beech (Fagus sylvatica). Regional climatic settings are described in
previous studies on TCU (Regattieri et al., 2012, 2014a) and on the
nearby Antro del Corchia Cave (Baneschi et al., 2011; Drysdale et al.,
2004; Piccini et al., 2008). Briefly, mean annual precipitation is high
at the cave (about 2500mm/yr, Piccini et al., 1999) due to the strong
orographic effect exerted by the Apuan Alps chain, which is located
only ca. 20 km away from the Tyrrhenian Sea. This chain traps
eastward-moving moisture sourced from the western Mediterra-
nean and the North Atlantic. Precipitation is distributed throughout
the year, with higher amounts during spring and autumn, when it
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can arrive as intense storms responsible for flooding of the cave
river. The sampling locationwithin TCU is located ca. 3 m above the
base-flow river level, but is submerged during extreme events.

TCUD4 (herein D4, Fig. 2) is a flowstone core of 350 mm length,
Fig. 2. Trace element results plotted vs. depth. From top: Mg, Ba, Sr, Zn, Y, P, Al, Si and secti
interval of continuous growth discussed by Regattieri et al. (2014a) and the twomain lithofac
trace element composition is indicated in red. (For interpretation of the references to colou
the basal section (237 mm) of which displays continuous growth
between ca. 159 ka and ca. 121 ka (Regattieri et al., 2014a). The ca.
133 ka to ca. 124 ka section investigated for trace element
composition is 141 mm long (Fig. 2) and composed of columnar
on image. Dark lines are 20 pts. running averages. Bottom: the whole D4 core with the
ies defined by Regattieri et al. (2012) indicated in blue. The section here investigated for
r in this figure legend, the reader is referred to the web version of this article.)
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calcite, which ranges from poorly to well laminated to massive,
with a variable detrital component. Based on clastic content,
microscopic fabric and visual appearance of the calcite, Regattieri
et al. (2012) defined two main lithofacies for D4, both of which
are represented in the interval investigated here (Fig. 2). Lithofacies
A occurs in the basal portion (from ca. 160 ka to ca. 132 ka), and is
richest in clastic material (Fig. 2). Lithofacies B (from ca. 132 ka
onwards) is characterized by compact, milky calcite, with little to
no evidence of lamination and a lower clastic content. It represents
the main interval discussed here (Fig. 2).

3. Methods

The isotopic record and age-model have been discussed by
Regattieri et al. (2014a), and thus the related methods (uranium-
series dating, age modeling and stable isotope analysis) are not
further described here.

3.1. Trace element analyses

Trace element analyses were carried out at the School of Earth
Sciences, University of Melbourne, using a 193 nm ArF excimer
laser-ablation system coupled to an Agilent 7700� quadrupole ICP-
MS. Briefly, the samplewas fitted into the sample holder of the laser
system, which moves in x, y via a computerised stage. The Helex
laser-ablation system (Woodhead et al., 2007) is driven using
GeoStar software (Resonetics). Prior to trace element determina-
tion, the sample was twice pre-ablated to clean the surface using a
circular spot of 260 mmdiameter at a scan speed of 500 mm/min and
a laser pulse rate of 15 Hz. Element concentrations were measured
from the pre-ablated surface using line scans parallel to the core's
growth axis and the isotope sampling track. A main scan was ob-
tained with a spot size of 55 mm, a scan speed of 50 mm/s and a laser
pulse rate of 10 Hz. Two additional lower-resolution scans (same
spot size, 110 mm/s of scan speed) were performed 500 mm apart
and parallel to the main scan line, to check for lateral data consis-
tency. Ablation took place in an environment of ultra-high-purity
helium with the ablated aerosol then carried in an ultra-high-
purity argon stream into the mass spectrometer. Quantification
was carried out using the NIST SRM612 glass reference as an
external standard, analysed three timeswith the same spot size and
a scan speed of 15 mm/s. Rawmass spectrometry datawere reduced
using Iolite software (Hellstrom et al., 2008; Paton et al., 2011) and
datawere internally normalised to 43Ca. Splicing of individual scans
was done visually, matching characteristic features of overlapping
intervals of Mg, Sr, Ba and P depth series. The age model for the
trace elements series was interpolated from the previously pub-
lished isotope record using IGOR PRO software (Wavemetrics Inc.).
To reduce the internal noise, data reported on the age model were
smoothed using a 20-points moving-average window, which cor-
responds to a resolution of ~60e80 yr between ca.133 ka and
ca.130 ka and ~30e15 yr from ca. 130 ka to ca.124 ka.

4. Results and discussion

4.1. Background

The major features of the TCU stable isotope record for the
period ca.133 to ca.124 ka (now covered by trace element results)
were discussed by Regattieri et al. (2014a). They include the dra-
matic excursions towards lower d18O values between 132.1 ± 1.8 ka
and 131.0 ± 1.2 ka and two abrupt events of increased isotope
values centered at 129.6 ± 1.0 ka and 126.1 ± 1.3 ka, both lasting
about 1 kyr (Fig. 3). In the central Mediterranean, changes in con-
tinental carbonate d18O (lacustrine and speleothem) are mainly
related to variations in regional hydrological conditions, particu-
larly in the amount of precipitation, with lower values during
wetter periods and 18O-enriched precipitation during drier periods
(Bard et al., 2002; Drysdale et al., 2004, 2005, 2006, 2007; Giaccio
et al., 2015; Regattieri et al., 2015, 2016; Roberts et al., 2008;
Zanchetta et al., 2014, 2016b). However, effects directly related to
changes in the d18O composition of the moisture source, especially
during major climate shifts such as deglaciations, have been also
invoked as an additional source of the observed d18O variability
(Bar-Matthews et al., 2003; Marino et al., 2015; Grant et al., 2012;
Rohling et al., 2015). According to previous studies, and in the
light of well-documented extra-regional teleconnections (e.g.
Drysdale et al., 2005, 2007, 2009), the major shift to more negative
d18O values in the TCU record has been interpreted by Regattieri
et al. (2014a) as an increase in regional precipitation related to
North Atlantic warming and increase in evaporation and advection
toward the Mediterranean during the penultimate deglaciation, in
agreement with other speleothem and pollen records from central
Italy (Brauer et al., 2007; Drysdale et al., 2005, 2009) and with
regional sea surface temperature (SST) reconstructions (Martrat
et al., 2004). In this context, the periods of increasing d18O have
been considered as events of reduced precipitation and have been
related to intra-interglacial climatic instability, also recorded in
North Atlantic and SW European records (Couchoud et al., 2009;
McManus et al., 1994; Oppo et al., 2001, 2006). The d13C record,
on the other hand, has been interpreted as related to soil and
vegetation development above the cave, with enhanced supply of
13C-depleted biological CO2 and resulting lower d13C values starting
at 131.9 ± 1.2 ka, closely following the increase in precipitation at
132.1 ka. The observed short lag (~0.2 kyr) in the response of the
d13C record has been addressed to the time needed for full recov-
ering of soil after the glacial period. The petrographic features
(discussed by Regattieri et al., 2012) and the growth rate, presented
along with the stable isotope record (Regattieri et al., 2014a), sup-
ported the proposed interpretation for the stable isotope compo-
sition. Increasing growth rate has been related to higher drip
discharge and rising temperatures. It shows an initial small rise at
ca. 132 ka, then a fourfold increase (Fig. 4) at 130.4 ± 1.0 ka, slightly
lagging the isotope shift. Similarly, the transition between dark,
clastic-rich calcite, related to enhanced soil erosion in a colder and
drier climate, and white, inclusion-free calcite, related to wetter
conditions and clastic flux prevented by well-developed soil cover
(Regattieri et al., 2012) has been shown to occur between ca.133 ka
and ca.130 ka.

4.2. Trace elements variations and their paleoenvironmental
significance

Elemental concentrations versus depth are shown in Fig. 2.
Pearson correlation coefficients between elements are reported in
Table 1 and time series are shown in Figs. 3 and 4.

In the light of the general climate conditions inferred from the
previously published TCU proxies (stable isotope, growth rate and
lithology), we can now discuss the new trace element record. The
aims are to assess: i) the potential role of local factors (e.g. sources,
mechanisms of transport) in determining variability and distribu-
tion of each element; ii) whether trace element variability supports
the previous paleohydrological interpretations; and iii) the re-
lationships between the local environmental features and the
regional and global climate changes. To simplify the discussion, we
will present the trace element results in the framework provided by
the d18O; that is, examining elemental variability and its relative
timing in time slices characterized by different hydrological con-
ditions inferred from d18O as reported in Regattieri et al. (2014a).

In the interval before 132.4 ka the patterns of element



Fig. 3. Time series of those trace elements from the TCU-D4 core thought to be transported primarily as solutes (Mg, Sr, Ba) and comparison with the stable isotope and growth rate
records from the same core (from Regattieri et al., 2014a). From bottom: d18O, d13C, Mg, Sr, Ba and growth rate. Blue/yellow shadowing indicates the major hydrological shift and the
events of reduced precipitation respectively, as defined by Regattieri et al. (2014a). Note: all y-axes are inverted. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

E. Regattieri et al. / Quaternary Science Reviews 152 (2016) 80e9284
concentrations are less clear and a relationship with the stable
isotope profile is not apparent, possibly due to a higher background
noise related to the great amount of detrital material (Fig. 2) carried
in the cave during the glacial period. Thus, due to its rather
complicated paleoclimatic-environmental interpretation, we do
not consider further the interval preceding 132.4 ka.



Fig. 4. Time series of those trace elements from the TCU-D4 core thought to be
transported primarily as solids (Al, Si, P, Y and Zn) and comparison with the stable
isotope (d18O, d13C, from Regattieri et al., 2014a). From bottom: Al, Si, d18O, d13C, P, Y, Zn.
Blue and yellow shadowing indicates the major hydrological shift and the events of
reduced precipitation respectively (as reported by Regattieri et al., 2014b). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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4.2.1. The 132e131 ka wet period
The abrupt rise in precipitation inferred by the d18O record at

132.1 ka is synchronous with an abrupt decrease in Mg, Sr and Ba
(Figs. 3 and 5). It is also characterized by concomitant short-lived
increases in Si and Al (Figs. 4 and 5) and closely followed by
decreasing d13C and increasing P, Yand Zn concentration at 131.9 ka
(Figs. 4 and 5). Mg, Sr and Ba are mainly transported as solutes in
the drip water. They substitute for Ca in the carbonate crystal lattice
(Fairchild and Treble, 2009) and their partitioning between solution
and solid is described by a distribution coefficient (Morse and
Bender, 1990), which may vary with temperature, growth rate,
crystal morphology or other aspects of solution composition
(Fairchild and Treble, 2009). Variations in the concentration of
these elements, and especially of Mg, are often interpreted in
paleohydrological terms. Degassing in voids may occur in some
sectors of the recharge system under low-flow conditions, leading
to supersaturation of the water with respect to CaCO3, causing
calcite precipitation (Fairchild et al., 2000). Because the distribution
coefficient of Mg is less than one, the result is a much larger
reduction of Ca than of Mg and hence an increase in theMg/Ca ratio
in the solution and in the precipitating speleothem, a mechanism
known as prior calcite precipitation (PCP) (Fairchild et al., 2000).
Additional evidence for PCP is the concomitant enrichment in the
carbon composition, as lighter 12C is preferentially lost during the
degassing, causing 13C-enrichment in the solution (Fairchild and
Treble, 2009). Also, increased residence times of water within the
karst aquifer (i.e., longer water-rock interaction) can lead to
increasing Mg concentration during periods of reduced moisture,
especially inMg-rich dolomitic bedrock (Fairchild and Treble, 2009;
Regattieri et al., 2014b), as in the case of TCU. Increases of theMg/Ca
ratio (i.e., of Mg concentration when Ca is assumed to be invariant)
can thus be related to periods of reduced rainfall, whereas reduc-
tion in Mg concentration can be due to wetter conditions, causing
reduction in PCP and shorter residence times. Sr and Ba have the
highest positive correlation in the TCU record (r ¼ 0.96, Table 1),
implying that similar processes influence their concentration
changes over all time scales. As with Mg, they have partition co-
efficients less than unity, and thus may be impacted by PCP. This
impact is also detectable by positive correlation between Sr-Ba/Ca
and Mg/Ca ratios (Sinclair, 2011; Sinclair et al., 2012, Regattieri
et al., 2014b). Considering the whole 132e124 ka record, the cor-
relation of Ba and Sr with Mg is low or negligible (Table 1). How-
ever, between ca. 132 ka and ca. 130 ka they show significant
positive correlation with Mg (r ¼ 0.24 and r ¼ 0.58 for Sr and Ba
respectively), and similar pattern of variation (Figs. 3 and 5). Thus,
for this interval they can be related to PCP and variations in the
residence time, as for Mg, providing supporting evidence for an
abrupt increase in precipitation and a reduction in percolation
water residence time after 132.1 ka (Fig. 3).

The other investigated elements (Si, Al, P, Y, Zn) are likely to be
mostly transported not as solutes but as detrital components in
speleothems (Borsato et al., 2007; Fairchild and Treble, 2009). The
detrital phase is composed of mineral particles and organic colloids
that are produced by weathering of bedrock and leaching of soil
and then deposited as macroscopically visible layers of mud or silt
(Zhornyak et al., 2011) or, more commonly, as microscopic particles
concentrated in individual layers of calcite (Frisia et al., 2000). Their
concentration is supposed to be higher during periods of higher
infiltration. In the whole TCU record, statistical correlations show
major similarities between Al and Si from one side and P and Y from
the other side (Table 1, Fig. 4), with Zn having an intermediate
behavior. Concentrations of Al and Si show high correlation
(r ¼ 0.48, Table 1) and similar patterns of variation over time
(Fig. 4). In the TCU system, Si and Al are mainly sourced frommeta-
siliciclastic bedrock, the siliciclastic components of the meta-
dolomite (Azzaro et al., 1987; Cortecci et al., 1999) and the soil
cover, including clay minerals. Their transport is likely related to
input of mineral particles suspended in the drip waters (Fairchild



Table 1
Pearson correlation coefficients (r) between elements calculated using 20 pt running averages, (n ¼ 331).

Si

Al + 0.48 Al

Zn + 0.02 + 0.34 Zn

Y + 0.05 + 0.09 + 0.45 Y

P + 0.11 + 0.08 + 0.44 + 0.44 P

Mg + 0.14 + 0.31 - 0.22 - 0.28 - 0.57 Mg

Sr - 0.18 + 0.17 + 0.38 + 0.11 + 0.13 + 0.02 Sr

Ba - 0.14 + 0.20 + 0.39 + 0.11 + 0.14 + 0.12 + 0.96
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and Treble, 2009) or to fine-grained detrital layers deposited over
the flowstone during flooding events (Borsato et al., 2007), which in
TCU are common during intense precipitation events. Si is also
known to be transported in solution, and in some systems its
behavior can be described by a distribution coefficient (Hu et al.,
2005). However, for TCU this mechanism is likely not significant
due to the abundance of silicate rocks in the catchment, to the close
relationship between Si and Al (the latter not transported as a so-
lute) and to the association of Si and Al peaks with detrital-rich
layers (Fig. 2). As noted above, Si and Al have no correlation with
P and Y (Table 1). They also show differences in the timing of the
respective concentration variations. An explanation for these dif-
ferencesmay lies in different sources and transport mechanisms for
these elements.

P content in speleothem has several potential origins, strictly
depending on individual cave settings. For example, where P-rich
minerals like apatite are present, it can be sourced from the bedrock
and be incorporated according to a distribution coefficient in the
crystal lattice as P-rich phases (Frisia et al., 2012). However, this
scenario is unlikely for TCU, because apatite in the Grezzoni for-
mation, in which TCU is developed, is rare (Azzaro et al., 1987).
Numerous studies of temperate ecosystems indicate that phos-
phorus in cave drip water derives principally from the leaching of
decomposing plant residue (Borsato et al., 2007; Treble et al., 2003).
Soluble hydrolysed HPO2 is easily transported in pH-neutral
groundwaters, especially if chelated to organic colloids (e.g.
Treble et al., 2003). The absence of correlation between P and both
Si and Al suggests that mineral- and organic-rich detrital fractions
in TCU were not deposited contemporaneously. In seasonal set-
tings, speleothem P is usually interpreted as a surface bio-
productivity marker (Fairchild and Treble, 2009) related to
changes in vegetation and soil conditions. Thus, higher P concen-
trations are related to enhanced primary productivity and aided by
high water infiltration rates, which remove it from soil, and
increased colloid transport, for example during warmer and wetter
periods.

The heavymetal Zn and the trivalent element Y (which, in terms
of behavior, is related to the heavy rare earth elements, Zhou et al.,
2008) are statistically significantly correlated (r¼ 0.45, Table 1) and
show high correlations also with P (r ¼ 0.44, Table 1). All three
profiles show an overall good internal agreement (Fig. 4), although
with some discrepancies that are addressed below. Despite their
diversity, P, Zn and Y are all prone to be transported in the detrital
fraction, i.e., in mineral particles and/or in organic colloids (Richter
et al., 2004; Schimpf et al., 2011). In particular, in temperate settings
with a deep soil cover, they are thought to be bound to organic
colloids (Borsato et al., 2007) and thus are indicative of the degree
of soil development and/or infiltration rate, as testified also by their
overall negative correlations with Mg (r¼�0.57 for P, r¼�0.22 for
Zn and r ¼ �0.28 Y, Table 1). However, Zn also shows a statistically
significant correlation with Al (r ¼ 0.34), indicating some contri-
bution of the bedrock source as carrier of this element, which is
abundant in the insoluble fraction of the Grezzoni formation
(Azzaro et al., 1987).

Following the interpretation exposed above, the short-lived
increases in Si and Al (Figs. 4 and 5) at 132.1 ka can be linked to
flood events capable of submerging the flowstone surface, leaving
residual, visible, detrital layers (Fig. 2). These spikes are likely
related to high infiltration rates from a catchment heavily mantled
by debris of glacial or periglacial origin (Federici, 2004) and thin
soils, with reduced capacity for the retention of mineral particles,
thus promoting catchment erosion. The rise in precipitation is also
responsible for the progressive recovery of soil and vegetation in
the infiltration area, as attested by the simultaneous decrease in
d13C and increase in P at 131.9 ka (Figs. 4 and 5). Infiltration rate
until ca. 131 ka is still very high, with enhanced transport of organic
colloids binding Y and Zn, but reduced catchment erosion due to
the improvement in soil cover. However, after a slight increase at ca.
132 ka, growth rate remains low until 130.4 ka, maybe indicating
that temperatures were still depressed, with plant activity not
sufficiently enhanced to trigger faster growth rates.
4.2.2. The 131e130 ka transitional period
At 130.7 ka, the d18O profile suggests the occurrence of a marked

dry event, which is also documented by rising Mg, Sr and Ba,
indicating a low-flow state of the system and/or increased water
residence time in the aquifer (Fig. 3). Infiltration rate rapidly de-
creases and there is a progressive deterioration in soil conditions
(decreasing P, Y, and Zn) and an increase in catchment erosion,
which attains a maximum at 130.6 ka, as reflected in the spikes in
Al and Si (Figs. 4 and 5). At 130.4 ka, precipitation increased again
(decreasing d18O and Mg/Ca) and a concomitant rise in tempera-
ture, promoting vegetation development and CO2 supply, may be
tentatively inferred from the dramatic increase in the growth rate
(from ~5 to 20 mm/ky). Precipitation increase was interrupted by a
brief reversal at 129.7 ka, well expressed in stable isotope, Mg and P
records (Fig. 5). Interestingly, after 131.4 the trend of Ba and Sr
unequivocally diverge from that of Mg (Fig. 3). The incorporation of
Sr and Ba into the calcite has been previously shown to be also
positively related to variations in the growth rate (Treble et al.,
2003), with a significant proportion of Sr and Ba incorporated
into crystal defect sites of the growing speleothem, which are more



Fig. 5. Detail of the interval 129 to 133 ka encompassing the major rise in precipitation and the subsequent dry period. (light-blue and yellow shadowing as in Figs. 3 and 4). Grey
shadowing indicates the interval corresponding to detrital-rich calcite and not extensively discussed. From bottom: Al, d18O, d13C, Mg, P. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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frequent when growth is faster (Fairchild and Treble, 2009;
Fairchild and Baker, 2012). This seems to be the case for TCU.
Indeed, after the growth rate increase at 130.4 ka, Sr and Ba vari-
ations closely following that of the growth rate profile (Fig. 3). This
highlights a degree of complexity underlying the variability in
concentrations of these elements, and suggests the occurrence of a
switching mechanism involving the crossing of thresholds where
growth rate and/or hydrological changes become dominant. In this
view, Ba and Sr are somewhat indirect indicators of hydrological
changes in the sense that they roughly follow the growth rate and
also, to a lesser extent, the stable isotope composition.
4.2.3. The 129e124 ka period: the Eemian optimum and its decline
From 129.6 ka there is an abrupt climatic amelioration, with

rapid recovery of soil conditions and a persistently high growth
rate. The contemporaneous, moderate rise in Si and Al input at this
time (Figs. 4 and 5) may be attributed to very high infiltration rates
and to the availability of mineral debris in the catchment, possibly
inherited from the preceding period of climatic deterioration. After
129.6 ka, soil in the infiltration area seems to be well developed.
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However, the progressive trend of reduced precipitation inferred by
the slightly increasing d18O is apparent in Zn and P as well as in the
Mg (the Y response for this interval is less easily evaluated: Fig. 4),
which together indicate a progressively reduced infiltration and an
increasing residence time and/or low-flow state of the karst hy-
drological system, respectively. The same trend is also mimicked by
the decrease in the speleothem growth rate. The presence of clastic
layers (Fig. 2) at ca. 127.0 ka, coincident with the slight decrease in
d18O and d13C (Fig. 5), suggests an enhanced frequency of flood-
generating rainstorms responsible for repeated inundation of the
cave. The interval of reduced precipitation at 126.7 ka is recorded
by the Mg/Ca series, but is not clearly expressed by the soil/vege-
tation proxies, though growth rate decreased from 125.0 ka. After
ca. 127, the d18O has values of ~0.5e0.6‰ higher than before,
whereas all other proxies seem to indicate a full recovery of infil-
tration and soil-vegetation development (Figs. 3 and 5).

4.3. The environmental record of TCU in the frame of regional
climatic changes

A summary of the linkages between the TCU and other proxy
records was provided in Regattieri et al. (2014a). However, new
palaeoclimate records (H€auselmann et al., 2015; Jim�enez-Amat and
Zahn, 2015; Kandiano et al., 2014; Martrat et al., 2014; Marino et al.,
2015; H€auselmann et al., 2015; Moseley et al., 2015) and a detailed
review (Govin et al., 2015), dealingwith the same period, have since
emerged. This offers the opportunity for better framing the envi-
ronmental changes at TCU site in a wider paleoclimatic context,
although it has to be taken in mind that climate conditions inferred
from speleothem properties are linked to local climatology, and
that proposed links between local and global climate changes al-
ways rely on assumptions on the operating teleconnections.

The recent compilation of selected high-resolution records from
ice cores, speleothems, and lake and marine sediments allows to
define a sequence of major climatic events, with related age un-
certainties, across the penultimate deglaciation, the Last Intergla-
cial (LIG) period and the last glacial inception (Govin et al., 2015).
Accordingly, the TCU trace element record (ca. 133 ka to ca. 124 ka)
covers part of the interval corresponding to the second deglacial
phase (ca. 135 to ca. 129 ka) and almost the LIG acme (ca.129 ka to
ca.120 ka).

4.3.1. The late deglacial phase
The second deglacial phase corresponds to the interval of large

iceberg discharges, Heinrich event 11 (H11), responsible for a major
North Atlantic freshwater event (Jim�enez-Amat and Zahn, 2015;
Martrat et al., 2014; Marino et al., 2015). Such large influxes of
freshwater have the effect of stratifying surface waters (e.g. Bauch
and Kandiano, 2007), reducing NADW formation (Heinrich, 1988;
Bond et al., 1992; McManus et al., 1999) and causing slowdown of
Atlantic Meridional Overturning Circulation (AMOC). The associ-
ated expansion of winter sea ice in the northern North Atlantic
(Denton et al., 2010) forces the atmospheric circulation patterns
into a more sub-zonal direction (Dickson et al., 2000; Kandiano
et al., 2014), leading to a southward shift of the polar front and to
stronger westerlies influencing the W Mediterranean (Kandiano
et al., 2014).

In the Alpine region, several speleothem records highlight a
complex deglacial climate. The re-commencement of speleothem
growth widely took place between ca. 137e135 ka (Holzk€amper
et al., 2004; Sp€otl et al., 2007; H€auselmann et al., 2015; Moseley
et al., 2015), in response to rising SST and to increased air tem-
peratures related to increasing insolation. For the period corre-
sponding to H11 (ca. 134e130 ka) they show some discrepancies,
both regarding growth phases and d18O variations. Alpine
speleothem d18O is thought to mainly reflect changes in regional
temperatures, with increasing values related to increasing tem-
perature (e.g. Mangini et al., 2005; Sp€otl et al., 2007; Boch et al.,
2011). On millennial time-scales however, an additional role is
played by relative contribution of North Atlantic (18O-depleted) and
Mediterranean (18O-enriched) precipitation (e.g. Sp€otl et al., 2007;
Moseley et al., 2015). In two recent records from the northern-
eastern Alps, where the d18O is mainly related to atmospheric
temperature (Mangini et al., 2005; Boch et al., 2011), the main
warming related to the deglaciation starts at ca. 131 ± 1 (Moseley
et al., 2015) and at ca. 132 ± 1 (H€auselmann et al., 2015) and
appear to be preceded by a cold spell lasting 0.6e1 kyr (Moseley
et al., 2015; H€auselmann et al., 2015).

The hydrological significance of Mediterranean speleothem d18O
during the penultimate deglaciation, especially during the period
corresponding to the H11, has been recently argued to be masked
by changes in the isotopic composition of the vapor source (Marino
et al., 2015). At this time, the decrease in calcite d18O observed in
this interval in speleothems from Corchia Cave (Drysdale et al.,
2005, 2009), and in nearby TCU Cave, has been suggested to be
due to the meltwater flux during the H11, which causes 18O-
depletion in the NA surface water and precedes the rise in ocean
SST and the resulting increase in evaporation and advection to-
wards the Mediterranean (Marino et al., 2015). This hypothesis has
been proposed due to similarities between the d18O curve of
G. bulloides planktic foraminifera of core ODP-976, located in the
Alboran Sea (Figs. 1 and 6) and Corchia speleothem d18O (Marino
et al., 2015). Both curves indeed show decreasing oxygen values
during the H11, which precedes of ca. 2.5 kyr-long the rise in SST
(Fig. 6). The chronology provided for ODP-976 and underlying this
hypothesis relies on tuning with speleothem d18O from Soreq Cave
and on the assumption that it strictly reflects changes in the iso-
topic composition of the E Mediterranean surface water (Bar-
Matthews et al., 2003; Grant et al., 2012). The result is a western
Mediterranean chronology which is very different from those
proposed by Drysdale et al. (2009), who tuned the SST record of
core ODP-977 (nearby ODP-976) directly to d18O of Corchia spe-
leothem, basing on the assumption of a direct link between North
Atlantic SST rise and increased precipitation at the Corchia site.
Without entering in details of strength and limitations of these
different chronological approaches, which results in differences up
to 2.5 kyr for the beginning of the Termination, and taking into
account the inherent difficulty in comparing paleoclimate records
from different realms (cf. Govin et al., 2015), the TCU trace element
record clearly shows that the first decrease in d18O at 132.1 ka
corresponds to increasing precipitation at the TCU site (Figs. 5 and
6). However, the low growth rate until 130.4 ka suggests that
temperatures were still depressed, consistent with regional cooling
related to H11 (Govin et al., 2015 and references therein). To
reconcile the apparent discrepancies between cold North Atlantic
conditions and an increase in precipitation at TCU site, an alter-
native climatic scenario characterized by wet but cool conditions is
proposed here. A potential mechanism that can explain the
decoupling between SST and precipitation may involve changes in
atmospheric circulation patterns in the Mediterranean. Modeling
and observational data show that AMOC weakening, related to
freshwater input at time of H11, would lead to reduced northward
heat transport and, thus, warming in low latitudes (Bahr et al.,
2013), enhanced also by rising insolation since ca.136 ka. At the
same time, cooling of the North Atlantic during H11 would result in
a southward shift of the polar front and to polar air outbreaks over
the Mediterranean, as commonly reported for H events (Cacho
et al., 1999, 2000). This sharp thermal gradient between high and
low latitudes likely influenced atmospheric frontal activity, causing
a more sub-zonal circulation and an increase in the penetration of



Fig. 6. Comparison between the TCU-D4 and ODP-976 time series. From bottom: Sea-surface temperatures (SST) (solid line) and planktic d18O measured on G. bulloides from core
ODP-976 on the chronology of Marino et al. (2015). Growth rate, d18O, Mg, P, from core TCUD4. Light blue box indicates the period corresponding to Heinrich Event 11 on the
chronology of Marino et al., 2015. The dashed blue line indicates the start of precipitation increase as inferred from TCU proxies. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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westerlies into theMediterranean (Kandiano et al., 2014). Increased
penetration of westerlies, carrying moisture from the warm low-
latitudes, would result in higher precipitation at the TCU site,
without the requirements of warm SSTs. In light of this scenario, the
event of reduced precipitation at 130.7 ka, accompanied by dete-
rioration of soil conditions and by increasing catchment erosion,
and previously interpreted as occurring within LIG (Regattieri et al.,
2014a), instead probably corresponds to the latter part of H11, when
the strong thermal gradient started to weaken, causing the polar
front to retreat northward, reducing the intensity of westerly
circulation, and thus rainfall at TCU site. Following this interpre-
tation, the achievement of full interglacial conditions at TCU occurs
at 129.6 ka, instead of 131.0 ka as previously proposed (Regattieri
et al., 2014b) and in better agreement with several other Mediter-
ranean records (e.g. 127.2 ± 1.6 ka, Brauer et al., 2007; 127.5 ± 2.3,
Tzedakis et al., 2003; 129.0 ± 1 ka, Drysdale et al., 2005; 128 ± 1 ka,
Bar-Matthews et al., 2003; 128.2 ± 0.9, Zanchetta et al., 2016a). We
stress that growth rate is just an indirect indicator of temperature
variations. It may be strongly influenced by drip discharge rate and
by CO2 supply by soil (e.g. Genty et al., 2001b). In addition, since
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flowstones are often fed by multiple seepage sources, it is reason-
able to expect that the relative contribution of each could cause
differential growth rates across the surface.

4.3.2. The early LIG
As stated above, the second event of reduced precipitation at

ca.127 ka is not fully expressed in the trace element data, and after
that a certain degree of decoupling between the d18O and the other
proxies is apparent (Figs. 3 and 4). The d18O remains ~0.5e0.6‰
higher than beforewhereas all other proxies indicate a full recovery
of infiltration and soil-vegetation development. This reduction was
previously argued to signal a northward shift of the atmospheric
polar front (Rasmussen et al., 2003) and a consequent reduction of
winter rainfall related to reduced penetration of westerlies in the
Mediterranean basin (Regattieri et al., 2014a). A change in the
seasonal pattern of the precipitation can potentially explain the
observed decoupling between d18O and other proxies. For the early
part of the LIG, an enhanced mediterranean-type climate (i.e.,
summer drought and precipitation concentrated in autumn and
winter) has been highlighted by several paleoclimate records in the
central Mediterranean (Milner et al., 2012; Toucanne et al., 2015).
We suggest that the stable but increased d18O values after ca. 127 ka
are related to a reduction in the proportion of winter precipitation,
which is 18O-depleted (e.g. Longinelli and Selmo, 2003). This would
explain why the proxies related to soil conditions (d13C and P) and
to the hydrological state of the system (Mg/Ca ratio), do not record a
concurrent decrease in precipitation but rather a trend towards
further development of soil and vegetation, in line with a reduction
of summer drought, and a decrease in PCP, which is consistent with
a year-long recharge of the hydrological system.

5. Conclusions

The trace element (Mg, Ba, Sr, Si, Al, P, Y, Zn) record of a flow-
stone from Tana che Urla Cave (central Italy) spanning ca. 132 ka to
ca. 124 ka period shows marked variations consistent with hydro-
logical changes previously inferred from the stable isotope record
(Regattieri et al., 2014a). Changes in element concentrations are
linked to the hydrological state of the recharge system, to changes
in the infiltration rate and in the capacity of the soil cover to retain
the mineral flux, and to the degree of soil and vegetation devel-
opment. At ca. 132 ka all geochemical proxies suggest an abrupt
increase in precipitation, with concomitant increase in the inci-
dence of intense storm events occurring in a catchment charac-
terized by wide debris covers and thin soil horizons. The rise in
precipitation is responsible for the rapid recovery of soil and
vegetation, with increasing transport of organic colloids and soil
development. This major hydrological shift could be related to the
progression of the global deglacial phase. High precipitation, well-
developed soil and limited mineral flux are apparent since ca.
131 ka, but the relatively low growth rate until ca. 130.4 ka may
suggests wet but cool conditions. All the examined proxies show an
event of climatic deterioration between 130.7 ka and 129.6 ka,
characterized by reduced precipitation, deterioration of soil con-
ditions and vegetation activity, and enhanced catchment erosion.
To reconcile the regional evidences of widespread cooling during
the cold Heinrich event H11 and increased precipitation at TCU site,
we propose that enhanced rainfall is related to North Atlantic at-
mospheric pattern. Meltwater input and extensive sea-ice cover in
the subpolar region would have shifted the polar front southward,
leading to more sub-zonal westerlies. In the Mediterranean it
would result in increased penetration of westerly winds, carrying
moisture from the warmer low latitudes. The subsequent dry-cold
event may be addressed to the latter part of the H11, when the polar
front started to retreat northward, weakening the thermal gradient
and the wind strength.
This event is followed by a prompt recovery of climate and

environment. From ca.127 ka, decoupling occurs between the d18O
and soil and hydrological conditions of the cave system as inferred
from trace elements. This decoupling could reveal a change in the
seasonal pattern of precipitation: a decrease in the proportion of
winter precipitation (18O-depleted) would affect the oxygen record
but possibly not the proxies related to soil conditions (d13C and P)
and to the hydrological state of the system (Mg). As matter of fact,
the latter show a rather slight trend towards further development
of soil and vegetation, in line with a reduction of summer drought,
and a decrease in PCP, which both are in agreement with year-
round recharge of the hydrological system.

Recently, it has been proposed that the hydrological significance
of d18O in Mediterranean speleothems can be overprinted by the
effect of changes in the isotopic composition of the vapor source
(i.e. the North Atlantic and the western Mediterranean), especially
during major transitions such as deglaciations (Marino et al., 2015).
The observed coherence between trace element changes, the latter
unambiguously related to environmental changes, and stable
isotope variations throughout the TCU record and especially during
the major hydrological change recorded at 132.1 ka, allow us to
reappraise the predominance of the source-effect, supporting the
notion that the d18O of western Mediterranean speleothem is
mostly related to changes in the amount of precipitation. Moreover,
we have to note that any source-effect from North Atlantic should
affect all the areas surrounding the ocean and mainly fed by its
vapor, i.e. not only the Apuan Alps but also the Alpine region, where
however speleothem oxygen records do not show any decreasing
values during the interval corresponding to the deglaciation but
rather an increase in d18O values related to increasing temperature
(e.g. H€auselmann et al., 2015; Boch et al., 2011;Moseley et al., 2015).
However, genuine records of temperature, which would allow
direct correlation with sea surface temperature records, indepen-
dently from any assumptions regarding the link between thermal
state and rainfall, are needed to explore in detail the relationships
between western Mediterranean hydrology, North Atlantic tem-
perature and source effects during times of meltwater release.
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