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ABSTRACT

Speleothems represent a key source of information on climate variations in continental
environments as they enable high temporal resolution reconstructions. The stalagmite salam3

presented in this study comes from the Salamandre Cave (SE France, Gard region). Its growth period,

230 234
determined by Th/ U chronology and MOD-AGE extrapolation, falls between 10.91 + 1.00 kyr BP

and 13.43 £ 0.25 kyr BP, which corresponds to the transition between the last glacial period and the

Holocene. This period is essential for the understanding of past and future climate variations.

In this study, trace elements were measured along the growth axis of this stalagmite and
results were compared with the elementary composition of bedrock and soil above the cave. Three
periods were identified with high Li, Rb, Cs, Th and rare earth element (REE) concentrations, between
13.43 £0.25 and 13.11 £ 0.27, between 12.70 £ 0.34 and 12.30 £ 0.15 kyr, and between 11.31 + 0.86

and 11.15 + 0.87 kyr.

Our results suggest that the alkali metals (alkalis) studied are either associated in the detrital phase
with the clay and particle fraction (correlation with Th), or with the organic matter and colloids as
complexed ligands (correlation with Mn). To attribute the origin of REE measured within the
stalagmite, we compared their pattern with those of soil and bedrock, and two sources were deduced:
1) periods with an enrichment in light REE and no cerium anomaly corresponding to mobilization from
soil during weathering episodes such as the Bolling-Allerdd period; ii) from bedrock during a longer
residence time of water in the epikarst such as during the Younger Dryas and the Holocene. Thus, as
illustrated in this study, combined analysis of REE and alkalis can provide key information on soil

weathering linked to climate/ environmental change.
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1. INTRODUCTION:

18
In recent decades, particular attention has been paid to the comprehension of stable isotopes (& O and

13
® C) in speleothems. Despite their major contributions to climate studies, the interpretation of stable

isotopes remains challenging because several factors (kinetic fractionation, evaporation, water source,
etc.) can affect their variations, and their use as climate proxies varies strongly depending on the site
studied. Trace elements (TE) within speleothems have also been intensively studied in recent years
and have proved to be useful for paleoclimatic reconstructions. To date, Mg and Sr are most
commonly used as hydrological proxies (e.g. Fairchild et al., 2000; Fairchild & Treble, 2009;
Hellstrom & McCulloch, 2000; Bourdin et al., 2011; Rutlidge et al., 2014 ; Unal-Imer et al., 2016).

A recent study by Owen et al., 2016 showed that Mg/Ca could be affected by a change in source
composition, which makes it difficult to use as a tool for the reconstruction of hydrologic processes.
They highlight the need to use Ca isotopes to quantify these mechanisms and avoid problems due to
variable source composition or detrital contamination. In the same vein, our study could help
disentangle the interactions in the soil zone that affect trace element concentrations before their

transfer to the epikarst system.

Improving our knowledge of the parameters driving trace element concentration changes within
speleothems is crucial for climate and environmental studies. These parameters include drip water
chemistry, the source of these elements and weathering processes, but also incorporation mechanisms

within CaCO crystals (Bourdin et al., 2011). Trace elements can come from local sources such as soil
3

or host rock weathering or from an exogenous source such as aeolian dust or marine spray (Goede et
al., 1998; Frumkin and Stein, 2004). Rare earth elements (REE) or some of the alkalis such as Li, Cs
and Rb are still poorly studied in speleothems (Zhou et al., 2008, 2012; Bourdin et al., 2011).

The present study focused on these poorly studied trace elements, specially alkalis, within a
speleothem from SE France (salam3), that recorded the Termination I period, which was characterized
by rapid changes in climatic (including precipitation) conditions, in order to determine the sensitivity

of these tracers. Very few speleothem records from this specific climatic period in Europe have been
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studied so far (e.g. Genty et al., 2006; Moreno et al., 2010), mainly because in many mid-latitude

locations, climatic conditions were not favorable to speleothem growth.

Termination Iis a strategic period for paleoclimatic studies as it is chronologically defined
between 18.0 kyr BP and 11.0 kyr BP (Kasper et al., 2014) and includes the Heinrich event 1, the
oldest Dryas, the Bolling period, the older Dryas, and the Younger Dryas. Termination I is of great
interest as it is the link between the last glacial termination and the onset of deglaciation, which
corresponds to the current interglacial period, the Holocene (Kasper et al., 2014). It is essential to
study the Termination I in order to better understand the natural mechanisms controlling climate

changes from a glacial period to a warmer one, here the Holocene.

The major goal of this study was to explore the possibility of using selected trace elements,
namely alkalis and rare earth elements, in speleothems as geochemical tracers for the paleo-
reconstruction of hydrological and soil processes. We first characterize the relationships between these
elements and the cross-information that they can provide on source, transport and uptake processes.
We then situate these processes in the framework of the climate variability observed during the
Termination I around the Mediterranean region, in order to determine soil weathering phases, periods
of vegetation change, and differences in the transport and sources of these trace elements. These
observations are finally compared with other European archives (speleothems, lakes and pollens) in
order to place the stalagmite salam3 in the particular climatic context of the different phases of the

Termination 1.

2. STUDY CONTEXT:

2.1. Geological setting

The Salamandre cave is located in SE France, northwest of the Méjannes-Le-Clap plateau, at
44°13> N 4°21" E in the Ceze valley. It is formed of Barremian limestone with Urgonian facies over
730 m for a gradient of 89 m. This fossil network consists of a 45 m access shaft opening into a vast

gallery with small E-W side galleries, which are old fossil hydraulic conduits. This cave was
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previously studied in an attempt to determine the origin of the collapse of some very large pillars

(Pons-Branchu, et al., 2004).

The Salamandre record will be compared with different archives, speleothems or lakes located in

Europe (Figure 1).

Figure 1 (Google Earth image): Yellow dots are the sites used for climate comparison. 1: Chauvet cave, Genty et al.,
2006; 2: Meerfelder Maar lake, Brauer et al., 2008; 3: ODP-976, Chabaud et al., 2014. Red dot: Salamandre cave

2.2. Site characteristics:

Today, the Salamandre cave site is characterized by a Mediterranean climate, with hot dry summers
and strong irregular rainfall especially during autumn. At Aubenas, 58 km from the studied cave, the
annual average precipitation between 2006 and 2016 was ~924 mm (website infoclimat
https://www.infoclimat.fr/climatologie/annee/2016/aubenas/valeurs/07570.html) and the mean annual

temperature during this 10-year period was around 13.5 °C.

Today the soil above the cave is terra rossa soil, typical of the Mediterranean region, and is less than

15 cm thick. The vegetation is scrubland with bush and green oaks.

The cave is located around 80 km north of the Mediterranean coast, at a latitude of ca 44° N. This area
is particularly interesting in order to study the atmospheric circulation changes between the low and

high latitudes for the Holocene (Magny et al., 2013).

3. MATERIAL AND METHODS

Salam3 is a 75.5 centimeter-long stalagmite. The general color of the stalagmite is beige with some
orange or whitish areas. X ray diffraction measurements on several samples along the growth axis
showed that it can be characterized as pure calcite. Bedrock and soil samples were also collected

above the cave.
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3.1. U-Th analysis and dating

Between 200 and 350 mg of calcite were cut for each sample. They were dissolved with hydrochloric

229 233 236

acid in beakers in which a triple spike ( Th, Uand U) had been previously added. After iron co-
precipitation, uranium and thorium fractions were separated and purified using a U-teva resin
(Eichrom technology) in nitric media. Details about U-Th separation and purification can be found in

(Pons-Branchu, et al., 2014). U and Th isotopic compositions were then analyzed on the multi-

ThermoScientific

collector inductively coupled plasma mass spectrometer (MC-ICP-MS) Neptune Plus fitted
with a jet interface and an aridus 2 desolvating system, at the Laboratoire des Sciences du Climat et de

I’Environnement (LSCE), Gif s/Yvette, France. To correct U and Th mass fractionation, we used the

238 235
exponential law (normalized to the U/ U isotope ratio of 137.88, Cowan and Adler, 1976) and

standard/sample bracketing.

230 234 229
Th and U (and for a few samples Th) were measured on the axial electron multiplier, in

29 232 233 236 235 238
jumping mode, while Th, Th, U, U, Uand U were measured on Faraday cups. In order

to measure all the isotopes during the same sequence, U and Th fractions were mixed in sufficient

238
proportions to be able to measure the signal at mass 229 and 233 between 2 and 30 mV and U

between 3 and 15 V on a Faraday cup (see Pons-Branchu et al., 2014 for details).

3.2. Trace element analysis

139 samples were collected along the growth axis of salam3 stalagmite, 7 samples were collected
from the bedrock (1.1, 1.2,2.1, 2.2, 3.1, 3.2 and 4.2) and 2 from the soil. For the stalagmite and
bedrock 3 to 7 mg of powder of each sample were carefully extracted using a stainless steel micro drill

with a diamond tip. Trace-grade HNO and Milli-Q water were systematically used for dissolutions
3

and dilutions.

3.2.1. CaCO samples:
3
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The samples were dissolved in 0.5N HNO and diluted to obtain solutions containing 100 ppm of
3

calcium. Finally, they were centrifuged in order to eliminate particles that can plug the nebulizer (e.g.

clays). The analyses were performed at LSCE, Gif s/Yvette, France using a Quadrupole ICP-MS (ICP-

II Thermo Scientific

QMS) Xseries . The analytical protocol was based on the standard addition method for
Ca-100 ppm solutions at 0.5 N HNO3 (Rosenthal et al., 1999; Harding et al., 2006; Bourdin et al.,

2011).

Measured isotopes:

7 25 43 44 48 55 85 88 89 133 139 140 141 146 147 157 159

Li, Mg, Ca, Ca, Ca, Mn, Rb, Sr, Y, Cs, La, Ce, Pr, Nd, Sm, Gd, Tb,

163 165 168 169 172 175 232 238

Dy, Ho, Er, Tm, Yb, Lu, Th, U.

An in-house standard at Ca-100 ppm was analyzed every 10 samples to correct the long-term drift of
the ICP-QMS for each mass. All the samples were analyzed in a random order, trace element
concentrations and their associated uncertainties (20, 95% of confidence) were verified and validated
by analyzing three SRM (registered trademark of the National Institute of Standards and Technology)
carbonates referenced: JCp-1 (aragonite coral), JCt-1 (aragonite giant clam) and calcite BAM (Bourdin
et al., 2011)(Case, Robinson, Auro, & Gagnon, 2010), Gerard Aalbersbergb, Carole Be“geota et al.,
2006). The relative precision was 1-3 % for alkalis and uranium, 5 % for Y and Mn and about 10 %

for REE within CaCO (bedrock and stalagmite).
3

3.2.2. Soil samples

For the two soil samples, the preparation and analyses were done at the SARM laboratory, and the
complete method is detailed in (Carignan et al., 2001). Uncertainties for each element correspond to

the relative standard deviation of the mean. The majors were analyzed on an ICP-AES and the trace

Thermo Scientific

and rare earth elements on an ICPMS iCAP-Q . Measurement precision was between 5 and

15% depending on the elements considered.

4. RESULTS
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4.1. Chronology

238
The uranium ( U) concentrations ranged between 0.136 = 0.001 and 0.180 + 0.001 ppm, while the

232 230 232

Th concentrations ranged between 1.302 + 0.010 and 17.09 + 0.14 ppb (see table 1). The Th/ Th

ratio ranged from 4.36 + 0.04 to 48.09 = 0.32. Ages are reported as kyr BP “before 1950”. For age

230 230 232
determination, a classical correction for initial Th using (( Th/ Th) = 1.5 = 50%) was first

applied, then a second one, using stratigraphic correction (Hellstrom, 2006) with the StrutAge routine

(Roy-Barman and Pons-Branchu 2016). 2839 valid results were obtained with the Monte Carlo

230 232 230 232
simulations of StrutAge and defineda Th/ Th initial activity ratio ( Th/ Th) of 1.23 +0.07. The
0

chronological model (depth-ages) was constructed using the MOD-AGE software (Hercman &
Pawlak, 2012) and the corrected ages obtained with the StrutAge routine, giving modelled ages from
top to base of the speleothem for each 0.5 mm. These ages were used to determine growth rates, with
the highest rate (1.26 to 0.40 mm per yr) at the beginning of the sequence, between 13.43 + 0.25 kyr
BP and 12.52 + 0.26 kyr BP, and the lowest rate (0.02 mm per yr), between 12.33 + 0.09 kyr and
11.59 + 0.65 kyr (Figure 2). Large error bars on the youngest ages are due to the high detrital content

for these levels. The growth period of salam3 covers the Bolling-Allerdd period, the Younger Dryas

234 234
and the very beginning of the Holocene (Figure 2). The initial & U (8 Ui) values depended on the

growth periods: between 94.42 + 1.42 and 72.37 + 0.96 %o for the oldest period, until 12.71 kyr BP +
0.33, and between 64.54 + 1.33 and 66.63 + 0.92 %o for the youngest period (from 12.52 kyr BP +

0.26 to the top).

4.2. Trace elements

The 139 samples analyzed cover a time period of 2530 years, and a mean temporal resolution

of 20 years. Trace element variations in the salam3 stalagmite display contrasted variations (Figure 3).
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Three main periods of high alkalis, namely Li, Rb, and Cs (called alkalis here) content, are
specifically outlined. Period 1 (between 13.43 + 0.25 and 13.11 + 0.27 kyr BP during the Bolling-
Allerdd), is characterized by a high content of alkalis and Th, a maximum growth rate but extremely
low content of REE and Mn. Periods 2 and 3 are characterized by a high content of both alkalis, Th
and REE and occur respectively between 12.70 + 0.34 and 12.30 + 0.15 kyr BP (during the Younger

Dryas) and at the beginning of the Holocene, from 11.31 £ 0.86 kyr BP.

4.2.1 Alkali metals and Th

In salam3, alkali concentrations display a large variation range, namely from 18 to 488 ppb for Li, 22
to 952 ppb for Rb and 2 to 88 ppb for Cs. To our knowledge, very few studies have dealt with alkali
contents in speleothems. Among them, Li concentrations ranged from 24 to 470 ppb in speleothems
from two Israeli caves (von Strandmann et al., 2017) and water from Ballynamintra cave in Ireland

had Rb concentrations of 0.85 ppb and Cs concentrations of 0.07 ppb (Baldini et al., 2012).

There is a very good correlation between the three alkalis studied: the R? for Cs and Li is 0.93 and 0.92

for Rb and Li (see figure Ala and Alb in Supplementary material), and to a lesser extent between

2
these alkalis and Th: R = 0.7 (see figure Alc in Supplementary material). The mean concentrations

measured in stalagmite, bedrock and soil are summarized in Table 3.

4.2.2 Rare earth elements

In salam3, the total REE concentrations vary from 15 to 1628 ppb (mean concentration: 207 ppb), La
vary from 2.47 to 257 ppb (mean concentration: 39 ppb) and Lu from 0.04 to 6.28 ppb (mean
concentration: 0.86 ppb). In the nearby Chauvet cave, the REE concentrations were much lower (total
REE ranging from 24 to 125 ppb, La ranging from 4.7 to 22 ppb and Lu ranging from 0.17 to 0.69
ppb, Bourdin et al., 2011). By contrast, the Songja cave (China) displays La concentrations between 4

and 570 ppb, and Lu concentrations between 0.6 and 4.5 ppb (Zhou et al., 2008).
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The stalagmite REE concentrations are averaged for the three climatic periods considered (see table 3

with Bolling-Allerdd: BA, Younger Dryas: YD, and Holocene: HO).

In the bedrock, the REE concentrations vary by a factor of 6. These mean REE concentrations were ca

25 times higher than those of the stalagmite.

In soil samples, the total REE concentrations were around 40 times higher than those of the bedrock

and around 1000 times higher than in the stalagmite.

The REE concentrations in salam3, in the bedrock and in the soil were normalized to the North
American Shale Composite (NASC) concentrations (Gromet et al., 1984) in order to smooth the
concentration variations that are not related to Earth surface processes (Bourdin et al., 2011) (Figure

4).

For the bedrock samples, the NASC normalized REE pattern displays a negative Ce anomaly (Ce*).

Ce*= (2*Ce) / (La+Pr)

For the two soil samples, as REE concentrations were homogeneous, the mean concentration was
used. The patterns do not display a Ce anomaly but an enrichment in LREE (light rare earth elements
which include the REE from La to Gd) compared to HREE (heavy rare earth elements which include
the REE from Gd to Yb). The BA pattern displays a different shape from that of the YD and the HO,
with no Ce anomaly (Ce*=0.90) and a relatively flat pattern. The REE patterns corresponding to YD
and HO are similar to that of the bedrock, with a Ce negative anomaly (Ce*= 0.74 and 0.79

respectively) and a depletion in LREE.

S. DISCUSSION

5.1. Origin and incorporation of the trace elements

Different factors can affect the trace element concentration variations within speleothems such as
temperature, rainfall, trace element concentrations and speciation in the sources, water residence time,
growth rate and kinetic of incorporation. Variation in vegetation cover is also a major parameter, as

organic matter plays an important role in the transport of some trace elements due to carrier phases
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(e.g. Gascoyne 1983; Roberts et al., 1998; Fairchild et al., 2000; Zhou et al., 2008; Bourdin et al.,

2011; Hartland et al., 2012; Zhou et al., 2012).

The significance of these factors or processes affecting trace element contents in the cave dripwater
and trace element incorporation varies with the studied site (climate, geometry of the karst, thickness
and nature of soil, etc.). For example, the role of climate on trace element variation is very different
from one site to another, and can also vary for a single site with changing conditions over time

(Schimpf et al., 2011).

For Salamandre cave, the following sections discuss incorporation processes, source variation and

weathering intensity for alkalis, rare earth elements, thorium and manganese.

5.1.1. Sources of alkali metals

The strong correlation observed between Li, Rb and Cs (fig Al) suggests a common behavior and
mechanism of transport and/or incorporation affecting these three elements or common sources. The
mean content of Li, Rb and Cs in the bedrock is two to five times lower than in the stalagmite, and soil

concentrations are 500 to 1500 times higher than in the stalagmite (Table 3).

While the low alkali contents in the speleothem are close to the bedrock composition, the Cs vs Rb
diagram allows the identification of two potential sources of alkalis (Figure 5), the first one being the
bedrock. Cs is known to be found in soil and sediments and to have a great affinity with the clay
fraction (Kisakiirek, et al., 2004; Tanaka & Watanabe, 2015). This suggests that the second source is

linked to the weathering of silicate and/or an exogenous source (atmospheric flux for instance).

Alkalis are known to be very mobile during alteration and weathering processes (e.g. Palmer and
Edmond 1989; Kisakiirek et al., 2004; Millot et al., 2010), but the correlation (Rz = 0.7) and link
between alkalis and Th suggests that at least part of the alkalis are bound on particulate or colloidal
matter, as shown for other elements such as Al or Fe (Belli et al., 2017). The inputs of alkalis
congruently dissolved from the bedrock and the soil of the Salamandre site are represented as strait
mixing lines (Figure 5). The Cs-Rb trend is different between the BA period and the HO-YD periods

(different regression lines).
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In order to better constrain the alkali sources and transport mode, one of the alkalis (Cs) was
normalized to two different less mobile elements (Figure 6): Th that traces clay minerals and Mn that
is carried by organic matter and colloids (Zhou et al., 2008). During BA, the Cs/Mn ratio is highly
variable and the Cs/Th ratio is low, implying that Cs is better correlated to Th, and suggesting a Cs
association with clay/soil inputs (Th rich). During YD and HO, the Cs/Mn ratio is low and the Cs/Th
ratio is highly variable, implying that Cs is better correlated to Mn than to Th, suggesting a Cs

association with carrier phases of organic matter or colloids.

5.1.2. Sources and transportation of rare earth elements

In karst systems, the REE sources and their conditions of transport or incorporation into the calcite of
speleothems are still poorly documented. Their main sources are commonly assumed to be the bedrock
and the soil (e.g. Zhou et al., 2008; Fairchild & Treble, 2009) but the climatic significance of their

concentration change or trend is still not totally understood.

In most cases, when the REE are associated with manganese and increase during warm and wet
periods, this is related to enhanced weathering from soil or bedrock (e.g. Richter et al., 2004; Zhou et
al., 2008; Pazand & Javanshir, 2013). In other cases, it has been suggested that their incorporation rate
is controlled by a crystallographic process and growth rate kinetics which are driven by climate

(Bourdin et al., 2011).

In the Salamandre cave, the REE pattern of the soil displayed an enrichment in light rare earth
elements (LREE) and no Ce anomaly (Figure 4). The bedrock patterns show a weak Ce anomaly and a
LREE depletion. In first assumption, this difference between bedrock and soil can help to distinguish
the source signature in the salam3 stalagmite. In water-carbonate interaction, LREE and HREE have
not the same transport mechanism: HREE are known to be complexed by carbonate ions and

transported as soluble complexes bonded with fulvic acids and/or organic ligands, whereas LREE are
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more associated with and stabilized by particles such as metal-oxides and colloids (e.g. Elderfield et

al., 1990; Sholkovitz, 1992; Tanizaki et al., 1992; Zhou et al., 2008; Bourdin et al., 2011).

Consequently, the LREE/HREE (normalized to the NASC) ratio can help us to illustrate the
fractionation between these two groups. In the soil, the ratio is about 0.93 and in the bedrock 0.69. In
salam3, this ratio is higher during the BA (0.76) than during the YD and HO (respectively 0.56 and
0.55), confirming a higher contribution of the soil during BA as was observed with the alkali elements

(section 5.1.1).

A second assumption can be made concerning the different origin of REE for BA on one hand and YD
and HO in the other hand. As underlined in figure 4, the REE trend for the YD and HO periods is
similar to the bedrock REE pattern, and the REE trend for the BA period is not enriched in HREE and
could include a new source such as Saharan dust, a common component of terra rossa Mediterranean
soils (e.g. Merino & Banerjee, 2008; Erel & Torrent, 2010), with no HREE enrichment (e.g. Muhs et
al., 2007). The direct contribution of such aerosols inside the cave due to ventilation changes appears
to be excluded here due to the configuration of the cave and the speleothem location. African dust
deposited on soil above the cave could however impact stalagmite composition. A recent study on
Greenland dust detected a contribution of Saharan dust toward the northern direction at the BO-YD
transition but not before (Han et al., 2018). The Mediterranean marine record (Box et al., 2008)
suggests a significant dust input during the H1 event, but not during the following BA period. In the
Alborean sea, Rodrigo-Gamiz et al. (2011) suggested that the BA and YD periods display no
difference in dust input, while during the period between 11.65 to 10.00 kyr cal BP, the marine records
increase slightly in eolian input. Bout-Roumazeilles et al. (2013) also reported a high African eolian
input in the Mediterranean region during BA and YD. Thus, the hypothesis of a higher input of
Saharan aerosols during the BA has to be rejected, but the history of the soil above the cave can be
inherited from long term African dust/aerosol inputs. As, the BA is a wet climatic period, the
deposition of these aerosols in the soil was doubtless prior to the BA, during a period when conditions

were more arid, a mechanism suggested by Carolin et al., 2018.

5.1.3. Redox sensitive elements
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Mn, Ce and U are 3 redox sensitive elements. Combining these elements could give some insight into

2+
the redox conditions in the soil and during the transport of these elements. Mn exists as soluble Mn

4+

under reducing conditions and insoluble Mn that precipitates as MnO under oxidizing conditions.
2

3+ 4+
Similarly, Ce exists as soluble Ce under reducing conditions and insoluble Ce that precipitates as

CeO under oxidizing conditions. In addition to Mn, Ce oxidation can be traced by the Ce-anomaly
2

4+ 3+
that represents the deviation of Ce compared to the other REE (REE only). However, the

development of a Ce anomaly can be suppressed when organic ligands are present (Pourret et al.,

4+ 6+
2008). In contrast to Mn and Ce, U exists as insoluble U under reducing conditions and soluble U

2+
that is stabilized as UO in solution by carbonate complexes. This contrasting behavior between U
2

and Mn could appear at odds with the good correlation between these two elements (Figure 7).
However, it must be kept in mind that U (like other trace elements) has a great affinity for Mn oxides

that can serve as the carrying phase for U (Riedel & Kiibeck, 2018; Yang et al., 2018).

We also observed that during the BA, when REE appear to come preferentially from the soil, there is
no Ce anomaly in the speleothem (as in the soil) and during YD and HO, when REE come
preferentially from the bedrock, there is a slight negative Ce anomaly in the speleothem (as in the
bedrock). These similarities suggest a lack of additional Ce fractionation compared to the other REE

and are consistent with the sources already defined based on alkalis and LREE/HREE.

The comparison between the U isotope data measured for age determination and for trace element

characterization is not straightforward due to the different time resolution and sample size.

234
Nevertheless, it can be noted that the systematic decrease in & U between BA and HO (Figure 7) is

also consistent with U coming from 2 sources:

234
- a source with a high & U during BA obtained by leaching of insoluble minerals from the soil (and

234
U enrichment due to alpha recoil);
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- a source with a lower & U during HO obtained by a more congruent dissolution (leading to less

234
preferential leaching of  U) as expected if a large fraction of the U comes from dissolution of the

carbonate from the bedrock.

In summary, REE and alkalis in the salam3 speleothem of Salamandre cave seem to have 2 major

sources:

- the soil, characterized by high Cs/Rb and LREE/HREE ratios and no Ce anomaly

- the bedrock characterized by low Cs/Rb and LREE/HREE ratios and a slight negative Ce anomaly

5.2. REE and alkalis and climate contexts

We analyzed how these different phases of high trace element concentration periods occurred

in different climatic contexts and we placed this record in a regional context.

The growth rate of stalagmites is known to be linked to temperature and humidity variations. We
compared our results with both marine and terrestrial records (Figure 8). The Bolling-Allerdd is a
warm and wet period in southern Europe, especially for the Mediterranean area. This is well illustrated

by the high percentage of Mediterranean forest pollens in ODP976 (Chabaud et al., 2014), the low

13

0 C at the Chauvet cave (Genty et al., 2006) and in our study by the high growth rate of salam3

stalagmite.

The Younger Dryas is a cold period from the last glacial maximum (LGM). It is described in
many areas around the world in the northern and southern hemispheres and identified in different
records: ice cores in Greenland (Severinghaus et al., 1998), chiromid assemblages and sedimentation
rates in European lake sediments (Heiri & Millet, 2005; Neugebauer et al., 2012), palynological

studies (Allen & Huntley, 2000) or from the evolution of glaciers (Garcia Ruiz et al., 2016).

The Younger Dryas in Europe is assumed to have been a mainly cold and dry period, but some studies

have described regional variabilities. For example, two phases occur in the Rehwiese lake in Germany,
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one from 12.67 to 12.27 kyr BP and a cooler one from 12.27 to 11.69 kyr BP (Neugebauer et al.,
2012), in the Lautrey lake in Switzerland (Vanniere et al., 2004) or at the La Garma cave in Spain
(Baldini et al., 2015). A tripartition of the Younger Dryas is recognized in European lakes, with
alternations of drier and wetter periods identified with lake level changes (Lotter, 1992; Magny, 2001;

Guiter et al., 2005; Magny et al., 20006).

In the salam3 record, the first part of the Younger Dryas (from ca 12.70 to 12.30 kyr BP) is still wet
judging from the high growth rate but the second part (from 12.30 to 11.70 kyr BP) is very different
with a drastic decrease in the growth rate down to 0.02 mm/yr (Figure 8). The second period of high
alkalis that we considered occurred in this first part of the YD, i.e. a still relatively wet but colder

period.

Finally, the third period with high alkalis occurred during the Holocene which has recently been
shown to be a rather unstable period, with various short time variations. Around 11.20 kyr BP, the Pre-
boreal oscillation is one of these variations observed in different archives but not homogeneous in
terms of climate response (Magny et al., 2007). In salam3, it can be identified by a decrease in the
growth rate after a slight increase but due to the low temporal resolution, any conclusions about the
growth rates during this period can only be tentative. Thus, the different climatic phases are well
recorded in salam3 and show that the three periods with high alkali content discussed above occurred

in different climatic conditions.

5.2.1. Effect of climate on alkalis

From the Cs/Mn vs Cs/Th diagram (Figure 6), two different sources were identified, one during the

BA and the other during HO and YD.

Soil as the main source for the first period with high alkali content, during the warm BA (high

13
stalagmite growth rate, high pollen % in ODP976, low & C in Chauvet cave, see figure 8), consistent

with soil leaching during humid periods.
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Transport with organic matter during the second and third periods of high alkali content. The
mechanism involved could be the same as the one that causes organic matter enrichment and
associated bounded-elements (e.g. alkalis elements) in stalagmite laminae during flushing

events during fall season (see for instance Baldini et al., 2012). This is consistent with climate

13
and vegetation degradation as recorded for instance by: i) the & C of Chauvet cave which displays an

abrupt increase at the beginning of the YD, interpreted as a rapid vegetation degradation due to colder
conditions (Genty et al., 2006); ii) the increase in the varve thickness (enhanced detrital and
siliciclastic input) at Meerfelder lake (Brauer et al., 2008); iii) a decrease in the percentage of
Mediterranean pollens in the ODP976 record due to drier and colder conditions (Chabaud et al., 2014).
The increase in Mn, contemporaneous of the second period of high alkalis (beginning of the YD) in
salam3 reflects this vegetation change that enhanced organic matter and colloid mobilization. For the
third peak, the preboreal oscillation displays the same tendency in regional climate records, associated

with a vegetation degradation.

6. CONCLUSION

Among the trace elements, rare earth elements and alkalis have seldom been studied as environmental
tracers. In this study, salam3, a stalagmite from SE France, has been dated from 13.43 + 0.25 to 10.91
+ 1.00 kyr, a period that covers the transition between the glacial period and the Holocene. The goal of
this study was to determine the sources of these trace elements, describe their behaviour and
understand their usefulness for reconstructing past climate. We showed that alkalis were associated
with Mn or Th depending on the period considered, and enabled the different sources of these
elements to be distinguished. The association of alkalis with Th during warm and wet periods (during
the BA) is characteristic of a detrital input through particles and clays from the weathering of soil
covering the cave. The association of alkalis with Mn reflects an input of organic matter and colloids
after a vegetation degradation during cold and/or dry periods (YD and beginning of the HO) which

result in soil deterioration. This is confirmed by the increase in elements characteristic of redox
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changes (Mn, U and Ce anomaly) at the transition between BA and YD and indicates vegetation

degradation.

The REE patterns within salam3 are different for the 3 climatic periods: for the BA, the pattern (when
normalized to NASC) is flat, similarly to soil composition and there is no Ce anomaly. For the YD and
HO the REE pattern of salam3 is similar to that of the bedrock, with a LREE depletion. The low REE
content during the BA, when the main REE source is soil, suggests that contrary to alkali metals, they
are poorly present within the detrital fraction, whereas their high content during YD, similarly to Mn

and alkali metals, suggests that they are transported with organic matter and colloids.

Thus, trace elements and rare earth elements could be an alternative way to determine wet/dry

conditions, erosion or weathering effects or could help to confirm the environmental interpretation of

13 18
more conventional proxies suchas ® Cand d O.
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FIGURE CAPTIONS

Figure 1 (Google Earth image): Yellow dots are the sites used for climate comparison. 1: Chauvet
cave, Genty et al., 2006; 2: Meerfelder Maar lake, Brauer et al., 2008; 3: ODP-976, Chabaud et al.,

2014. Red dot: Salamandre CAVE ..........ooovvviiiiiiiiiiiiieeeeeeeeee e 4

230 234
Figure 2: Chronological model of the salam3 speleothem (the squares are Th/ U corrected ages

with the stratigraphic constraints, see text for details). Uncertainties are given at 20. .......ccccceveeeveeenneene 8
Figure 3: Growth rate a) compared to trace element content of salam3: lithium b), rubidium c), cesium
d), manganese (the dotted line is the data points measured and the full line is the running average) e) ,
thorium f), sum of rare earth elements g). The three climatic periods are represented by the colored
areas (green for Bolling-Allerdd, red for the Younger Dryas and blue for the Holocene). The squares
highlight the three peaks of high alkali and Th content during their respective climatic period. ........... 8
Figure 4: REE patterns of bedrock, soil and stalagmite normalized to the NASC..........cccccevvieriinncnnn 11
Figure 5: Cs and Rb content in salam3 stalagmite. The soil and bedrock values are plotted in brown
and black lines respectively. Blue dots are data corresponding to the Holocene, red squares for the
Younger Dryas and green triangles for the BOlling-Allerod. ...........cccooeevieniiniiniiniiiniencenieneeeee 12
Figure 6: Different sources for the alkalis. Blue dots correspond to the Holocene, red squares are the
Younger Dryas and green triangles correspond to the Bolling-Allerod. The brownish square is the soil

and the black square is the bedrock values...........cocooiiiiiiiiiiiiiiiiieeee e 13

234
Figure 7: Manganese and Uranium concentrations, Ce anomaly and & U in salam3. The dashed lines

are the data, the full lines are the running average value ..........cc.ccocerviiriiiinienicniicnicnceecececeeen 15

Figure 8: Comparison of Cs/Mn ratio (a) with salam3 growth rate (b) and regional climatic studies:

13
d C in Chauvet cave from Genty et al., 2006 (c); varve thickness in Meerfelder maar, from Brauer et

al., 2008 (d); Mediterranean forest %, in ODP976, from Chabaud et al., 2014 (e). 1, 2 and 3
correspond to periods with high alkali content during the following climatic periods, green Bolling-

Allerdd, red Younger Dryas, blue HOlOCENE. .........cocviiiiiiiiiiiiiiiiiiiiiceceecccccece e 17
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Table 1: Uranium, Thorium concentrations and isotopic ratios. Uncertainties are given at 20. 0 Um =

234 238 234 238 234 238 -6
({ U/ U} /A U/ U} - 1) x 1000, with U/ U = 54.89x10 (molar ratio.
measured equilibrium equilibrium
Cheng €t al., 2013). .ottt ettt e b e s bt s h e sab e et e bt e bt e bt e s bt e e bt e et e et ebeenbeens 7
230 234

Table 22 Th/ U ages for salam3 stalagmite. Ages are expressed in kyr BP (before 1950).

230 232
Uncorrected ages (first column), corrected ages using ( Th/ Th) = 1.5 £ 50% (second column) and
0

234 234
corrected ages using stratigraphic constraints (third column, see text for detail s). 0 Ui is the 0 U at

230 234
initial time (using Th/ U ages).Uncertainties are given at 20 .........coeeerieriieeiieeneeneeneenieseeeeeenieens 7

Table 3: Mean concentrations (in ppm) in the stalagmite, the bedrock, and the soil for each element.
Here, REE are not normalized to the NASC values in order to compare REE data and illustrate the

strong REE enrichment in soils and the low contents in the stalagmite. NA: not analyzed.................. 11
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SUPPLEMENTARY MATERIAL

Appendix A.

Ala: Relation between Cs vs Li

Alb: Rbvs Li

Alc: Cs vs Th
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Table 1: Uranium, Thorium concentrations and isotopic ratios. Uncertainties are given at 20. &*Um =

({234U/ZSSU}Ineaxured/{zj“U/Z*;SU}equilibrium - ]) x 1000 , with 234U/238U('quilibrium = 54. 89)(]06 (molar ratio. Cheng et al., 2013).

Cm
fom | VU [ PP oy @) (@) @ | B0 @
top ppm ppb (%o)
0.5 0.167 0.0013| 17.09 0.140 0.152 5.96E-04 4.55 0.02| 64.65 0.89
15 0.152 0.0012| 16.08 0.140 0.152 1.48E-03 4.36 0.04 58.29 2.44
16.5 0.180 0.0014| 1.302 0.010 0.116 7.59E-04 48.9 0.32 58.17 1.40
24 0.136 0.0011| 7.584 0.011 0.140 1.30E-03 7.59 0.07 62.3 1.29
31.5 0.164 0.0013| 16.49 0.153 0.159 9.25E-04 5.01 0.03| 69.82 0.92
39.5 0.162 0.0013| 7.699 0.062 0.142 6.98E-04 9.13 0.04( 73.47 1.00
51 0.169 0.0014| 11.30 0.143 0.153 2.50E-03 6.94 0.03| 86.58 1.02
51 0.152 0.0012| 7.952 0.064 0.145 5.02E-04 8.47 0.03| 87.61 0.98
62 0.141 0.0011| 8.939 0.087 0.152 1.26E-03 7.66 0.06( 87.10 0.76
75 0.154 0.0012| 3.372 0.030 0.135 7.87E-04 19.6 0.11( 9091 1.37
Table 2: 2'Th/>*U ages for Salam3 stalagmite. Ages are expressed in kyr BP (before 1950). Uncorrected ages (first
column), corrected ages using (***Th/??Th)y = 1.5 + 50% (second column) and corrected ages using stratigraphic
constraints (third column, see text for detail s). O%*Ui is the F*U at initial time (using *°Th/”*U ages).Uncertainties
are given at 20
Cm from | Uncorrected ages (kyr BP) | Corrected ages 1 (kyr BP) | Corrected ages 2 (kyr BP) 0?34,
top age (*) age €3) age €3) (%) | )
0.5 16.70 0.09 11.73 2.52 11.25 0.72| 66.63| 0.92
15 16.87 0.22 11.65 2.77 11.60 0.65( 60.23| 2.52
16.5 12.65 0.11 12.29 0.29 12.33 0.09( 60.23| 1.45
24 15.34 0.17 12.55 1.55 12.52 0.26( 64.54| 1.33
31.5 17.42 0.13 12.72 2.43 12.71 0.33| 72.37| 0.96
39.5 15.46 0.10 13.12 1.26 12.95 0.29( 76.21| 1.04
51 16.45 0.31 13.21 1.90 13.11 0.30( 89.85| 1.07
51 15.62 0.07 12.96 1.32 13.06 0.28( 90.90| 0.98
62 16.40 0.16 13.47 1.61 13.28 0.23| 90.43| 0.79
75 14.31 0.11 13.42 0.62 13.38 0.17( 94.42| 1.42




Table 3: Mean concentrations (in ppm) in the stalagmite, the bedrock, and the soil for each element. Here, REE are
not normalized to the NASC values in order to compare REE data and illustrate the strong REE enrichment in soils
and the low contents in the stalagmite. NA: not analyzed.

ppm Li Mn Rb Sr Y Cs La Lu Th U

Stalagmite 0.091  0.54 0.14 1538 0.094 0.019 0.039 0.0010 0.0068 0.17

Bedrock
0.042 3190 0.055 92.59 0.87 0.0067 1.07 0.016 0.16 1.54

Soil NA 64928 146.73 91.27 36.89 1646 5448 0.54 1872  3.96






