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a b s t r a c t

While seasonality in speleothem trace element signatures is well-documented, the parameters that con-
trol the emergence of laminations vary between elements and tend to be multi-factorial. Here, we exam-
ine a series of active and fossil stalagmites from Asturias, Spain, with a particular focus on strontium and
yttrium co-variations and �uorescent laminations. Coupled confocal �uorescence scanning light micro-
scopy (layer counting) and time scales derived from accelerated mass spectrometry (F 14C) in active sta-
lagmites con�rm that �uorescent banding is annual. This banding is coincident with Y peaks and Sr
troughs, which are among the most robust trace element markers of seasonality. Strontium concentra-
tions (in particular, the strontium partition coef�cient, D Sr) are positively correlated with stalagmite
growth rate and are likely controlled by solution supersaturation, which is in turn controlled by seasonal
variations in cave ventilation. D Sr can be estimated after correcting for prior calcite precipitation using
coeval Mg/Ca ratios, and is consistent with both empirical and experimental values. Meanwhile, yttrium
is a proxy for colloidal organic input, and its concentration in stalagmites is likely controlled by a com-
bination of Y drip water �ux, surface retention time (i.e., how long a drip and its associated organic mat-
ter are in contact with the stalagmite surface), and dilation within the matrix (hereafter referred to as
‘‘dilation”). Persistent Sr-Y anti-correlation can be explained as an interplay between the individual con-
trols on each element, and a breakdown in this relationship may be indicative of past changes in cave
ventilation and/or drip hydrology.
� 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://

creativecommons.org/licenses/by/4.0/ ).
1. Introduction

Speleothems constitute a terrestrial paleoclimate archive with a
wealth of chemical and isotopic information that is often ‘‘en-
crypted” by a multitude of complicating factors, the understanding
of which is essential for robust interpretations. Trace element
incorporation into stalagmites is accomplished in one of three gen-
eral ways, as outlined by Fairchild and Treble (2009) : (1) soluble
trace elements are partitioned into the calcite lattice in the classi-
cal sense, wherein compatible and incompatible elements can be
de�ned based on their ionic radii and their similarity to the preva-
lent cation (e.g., Mg 2+ and Sr2+ substitute for Ca 2+); (2) poorly-
soluble trace elements can be transported through the karst with
the aid of various ligating/chelating agents, where colloidal organic
matter (hereafter referred to as natural organic matter, or NOM) is
most often invoked ( Borsato et al., 2007; Hartland et al., 2012;
Pearson et al., 2020). This class includes elements such as Y, Zn,
Cu, Co, P and Pb, but it is unclear if the NOM is incorporated
directly into the lattice with its trace element load, or if trace ele-
ments are �rst disassociated from NOM prior to incorporation. The
elemental lability (i.e., its potential to dissociate from his host)
must be considered here ( Hartland et al., 2014 ), wherein moder-
ately labile elements bene�t both from enhanced transport and
are able to easily dissociate from NOM to incorporate into the cal-
cite lattice. Finally, (3) some trace element variations arise from
the wholesale incorporation of particulate matter such as clay,
sand and dust particles. The third incorporation mechanism is per-
haps more relevant to stalagmites that experience periodic �ood-
ing ( Gonzalez-Lemos et al., 2015 ) or receive input from aeolian
dust sources in more arid climates ( Frumkin and Stein, 2004 ;
e.g., Goede et al., 1998), as well as pollen and other particulate
matter from the local environment. Because the stalagmites in this
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study are located in the upper galleries of a cave system that is
topographically shielded from dust sources, neither �ooding nor
aeolian dust are likely to make a contribution to the trace element
budget. While dust and pollen input from the local environment
cannot be ruled out, we focus in this study on trace element incor-
poration via the mechanisms outlined in (1) and (2) above. It
should be noted that the term ‘‘partitioning” is intentionally
avoided here in favor of ‘‘incorporation” when dealing with
poorly-soluble elements. Similarly, given the potential of trace ele-
ments to incorporate via lattice defect sites or in conjunction with
other phases, the speleothem distribution coef�cient (SK x) termi-
nology was introduced by ( Frisia et al., 2012 ) to account for all
potential methods of incorporation, including the classical thermo-
dynamic partitioning.

Here, we examine a collection of active and fossil stalagmites
from Asturias, northern Spain, which is bounded by the Cantabrian
mountains to the south and the Bay of Biscay to the north. We
observe persistent and strong anti-correlations between Sr and Y
in many stalagmites, which are coincident with �uorescence pat-
terns and tied to variations in organic matter incorporation. Among
colloidally transported elements, Y is exceptional in that it is extre-
mely insoluble and therefore entirely dependent on organic ligands
for transport (i.e., not labile; Hartland et al., 2014 ), unlike P, Zn and
Cu (Hartland and Zitoun, 2018; Stoll et al., 2012 ). Furthermore,
there are few if any isobaric interferences or polyatomic interfer-
ences on mass 89 when analyzing calcite by ICP-MS ( Jochum
et al., 2012), meaning that the signal to noise ratio is maximized
for Y. Meanwhile, the choice of Sr as a counterpart to Y is governed
by its relatively high concentration in the karst system, low poten-
tial for isobaric interferences by ICP-MS, and, relative to Mg, its low
response to sea spray input (i.e., Sr from bedrock dissolution � Sr
from sea water) and sectoral zoning ( Paquette and Reeder, 1995;
Sliwinski and Stoll, 2021; Tremaine and Froelich, 2013 ). We begin
by testing the classical notion that Sr incorporation is positively
driven by growth rate (e.g., Lorens, 1981), and use covariations of
this element with Y to build on a conceptual model proposed by
previous authors, wherein Sr and Y represent soluble elements
and colloidally transported elements (respectively). Finally, using
active cave monitoring data, we make assertions about the domi-
nant driving force of both on seasonal and inter-annual time scales.
2. Regional geological and climate setting

The Carboniferous limestones of northern Spain are host to
many cave systems, including Cueva La Vallina, from which this
study’s samples were collected ( Fig. 1; Stoll et al., 2015 ). These
comprise thick sequences of laminated grey-black bituminous
limestones, including micrites, microsparites and dolomicrites
(Gasparrinia et al., 2003; Menéndez et al., 2018 ). Where dolomi-
tized, associated stylolites can be found together with sul�des,
which may in�uence the trace element budget of percolating drip
waters. The cave is located within 5 km of the present-day coast,
with an entrance 70 m above sea level ( Stoll et al., 2013 ) located
within a mixed-use terrain comprising pasture, planted eucalyptus
(<60 years old based on trunk diameter) and native deciduous for-
ests. Karst thickness above La Vallina is typically <30 m ( Table 1),
and the cave is roughly divided into an upper and lower gallery,
with the upper gallery providing the majority of stalagmite sam-
ples and drip water monitoring sites ( Fig. S1). The lower gallery
hosts a stream that periodically aids in ventilating the cave air,
as well as a single sample in this study that is situated beneath a
grove of eucalyptus trees. Here, root in�ltration is visible on the
cave roof, while the remainder of the cave is largely unaffected.
Other sampling sites in this study are situated beneath pasture,
oak trees and mixed underbrush (fern).
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The regional climate in Asturias is temperate and wet, with
approximately 1,200 mm of annual precipitation. Average monthly
temperatures vary between 10 and 20 � C in winter/summer
months, and average monthly precipitation varies between 110
and 50 mm, respectively ( Fig. S2). Potential evapotranspiration
(PET) varies between 30 and 100 mm in winter/summer months
(Thornthwaite, 1948 ), but conditions are seldom dry enough in
summertime to inhibit soil microbial activity (i.e., drip water mon-
itoring sites remain active with slowed drip rates throughout the
summer). Drip water monitoring data indicate no appreciable drop
in [Ca2+] in winter months (along with no evidence from Mg/Ca for
enhanced PCP in these months), suggesting that soil pCO 2 does not
drop signi�cantly in the winter. However, cave air pCO 2 does
decrease signi�cantly in the wintertime when atmospheric tem-
peratures drop below a threshold and begin to ventilate the cave
system. This is particularly true in the lower gallery, where venti-
lation is aided by the ephemeral stream.
3. Methods

3.1. Sample collection and preparation

Samples were, for the most part, naturally broken and collected
from the cave �oor. A notable exception was made for active drip
sites with associated stalagmites, whereby the topmost centime-
ters of the stalagmites were sawn off. The uppermost micrometers
of these stalagmite fragments were scraped off and analyzed by
X-ray powder diffraction (XRD) in a previous study to con�rm
the presence of only calcite on the actively-growing surface
(Sliwinski and Stoll, 2021 ).

Fragments sawn perpendicular to the growth axis and mounted
in epoxy (Araldite DY 026 + Laromin C260) and cured overnight at
50 � C, after which they were ground and polished with SiC abrasive
paper and diamond suspension (respectively) to a 1 l m �nish. This
preparation enabled imaging by confocal microscopy (see below)
as well as trace element determinations by LA-ICP-MS. A combina-
tion of these two methods allowed for a �rst-order approximation
of the growth rate by �uorescent layer counting and/or Sr-Y peak
counting, which then guided the sampling resolution of drilled
14C sample powders. These powders were analyzed for by AMS
(see below) in order to locate the ‘‘bomb spike” and con�rm the
active nature of the stalagmites ( Genty and De�andre, 1998 ). The
bomb spike base determination method of Markowska et al.
(2019) was used, wherein the in�ection point of the 14C record
(the �rst point above baseline) was assigned an age corresponding
to a delay of up to 4 years after 1955 ( Hua et al., 2017 ), or the year
1959. Non-active stalagmites collected in earlier years followed a
similar sample preparation procedure, including mounting in
epoxy and polishing prior to imaging/analysis. These were not,
however, analyzed by AMS ( Table 1).
3.2. Accelerated Mass Spectrometry (AMS)

Samples were drilled at variable resolution (0.5–2 mm) using a
0.9 mm drill bit to obtain 2 mg powder, which was transferred into
LabCo 4.5 mL vials. These vials were then purged with He for
10 min and calcite powders were converted to CO 2 through the
addition of 85% H 3PO4. The resulting CO2 was analyzed using a
gas-accepting ion source installed on a Mini Carbon Dating System
(MICADAS) at the Laboratory of Ion Beam Physics, ETH Zurich
(Synal et al., 2007). The result was normalized against standard
Oxalic Acid II (NIST SRM 4990C) and corrected with radiocarbon-
blank CO2 (IAEA C-1). Two additional standards (IAEA C2 and coral
CSTD) were measured in each sequence run to test the accuracy of



Fig. 1. Simpli�ed geological map of the studied area in Asturias. Inset: Iberian peninsula, showing areal extent of the geological map in red square. Cave ent rance denoted by
starred location. Adapted after Martinez Garcia (1976), Instituto Geológico y Minero de España. O = Ordovician; D = Devonian; C = Carboniferous; K = Cr etaceous;
Q = Quaternary.

Table 1
Samples overview.

Sample Gallery a Monitor
pts yr � 1

Min/Max
pCO2 [ppm]

Bedrock
thickness

Drip rate range
[mL min � 1] (avg)

Age span (ka) Avg. growth
rate ( l m yr � 1)y

Med.
Sr/
Ca�

Med.
Y/Ca�

Active stalagmites
MUS (‘‘Mushroom”) L 4 500/3400 23 2.6–3.4 (3.0) decades 148 0.036 0.000037
SKY (‘‘Skyscraper”) U 12 510/4120 28 25 – 110 (92) decades 131 0.034 0.037
PLA (‘‘Playground”) U 4 550/4200 30 0.32–0.41 (0.37) decades 66 0.077 0.0038
SNO (‘‘Snowball”) U 4 660/1500 14 0.22–0.71 (0.47) decades 320 0.055 0.00021
GUI (‘‘Guillermina”) U/L 1 518/3180 8 0.04–0.03 (0.034) decades 176 0.071 0.0027

Fossil stalagmites
GAE (‘‘Gael”) U 70–74* 55 0.12 0.00098
GAR (‘‘Garth”) U 136–124 ** 25 0.063 0.00053
GEL (‘‘Gelito”) U � 220–250 40 0.083 0.00090
GAL (‘‘Galia”) U/L 5–8** 35 0.037 0.0012
GUL (‘‘Gulda”) U � 8–13 18 0.034 0.00027

y Age span of intervals analyzed in this study in ka (fossil stalagmites) and decades for active stalagmites; does not include hiatuses.
� mmol TE/mol Ca.

* Stoll et al., 2015; Stoll et al., 2022a,b .
** Stoll et al., 2013 .
a U = upper; L = lower.
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the measurements. Radiocarbon data were expressed as F 14C (frac-
tion of modern carbon) according to Reimer et al. (2004) .

3.3. Confocal Laser Scanning Microscopy (CLSM)

Samples were imaged by CLSM (Olympus Fluoview 3000) at the
Scienti�c Center for Optical and Electron Micrsocopy (ScopeM) at
ETH Zurich using a wavelength of 488 nm (blue) and an emission
detection window of 490–590 nm. A series of images taken at
100� magni�cation ( � 1.3 � 1.3 mm) were obtained with a � 10%
overlap and automatically stitched to produce a �uorescence
map of each region of interest. These images were imported into
ImageJ/Fiji (Rasband, 2012) using the bioformats plugin to recog-
nize the proprietary.oir �le format. From here, point counting of
individual layers and the distances between them was conducted
using standard ImageJ tools and the length scale metadata stored
in the individual �les.
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3.4. Laser ablation inductively-coupled plasma mass spectrometry
(LA-ICP-MS)

Samples were analyzed inside of a Laurin Technic S155 2-vol
ablation cell using an Australian Scienti�c Instruments (ASI)
193 nm Resolution ArF excimer laser under an atmosphere of high
purity (5.0–6.0) He (370 mL/min) and N 2 (5.0 mL/min), which were
mixed with Ar ( � 1.0 L/min) downstream of the ablation cell.
Importantly, no signal smoothing device was used. Data were
obtained with a square laser spot (20 l m width) ablating at
20 Hz and scanning across the sample surface at 20 l m/s. Laser
scans were kept as parallel as possible to the growth axis, and as
straight as possible to not ablate a track longer than the length
of the sample. Data were collected on an Agilent 8800 Triple Quad-
rupole ICP-MS equipped with a collision/reaction cell (see Table S1
for more details), however, most analyses were performed without
the reaction cell in order to optimize signal intensities. Raw LA-
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ICP-MS data were reduced the TraceElements_IS.ipf data reduction
scheme in Iolitev2.5 ( Paton et al., 2010) on the IgorPro platform.
Data were normalized to 39.5 wt% Ca, after which trace element
concentrations were recalculated as ratios to Ca and reported in
mmol mol � 1. Based on long-term reproducibility of the NIST610
synthetic glass standard, the precision of trace element analyses
is better than 5% for elements well above the limit of detection,
while accuracy is typically with 10% of the reference material
concentration.

The spatial resolution of LA-ICP-MS transects is a complex func-
tion of laser spot size, scanning speed, laser ablation frequency,
ICP-MS sampling time and sample washout time. These �rst four
parameters varied in different samples between 20–30 l m, 20–3
0 l m s� 1, 20 Hz and 200–300 ms, respectively, while the washout
time is typically � 0.7 s. This results in one data sample every 4–
7 l m. The amplitude of trace element oscillations can be faithfully
captured if the spot size is less than � 50% of the oscillation period,
so a hypothetical 20 l m spot would capture a 40 l m oscillation
with 5–10 data points. Laser transects were obtained as straight
lines from well-polished surfaces, taking care to avoid voids and
damaged areas where possible. Additional parallel transects were
obtained to gain a qualitative assessment of the reproducibility
of the method.

3.5. Growth rate estimates and trace element referencing

Growth rates were estimated in one of four ways, including two
radiometric methods and two layer counting methods. Radiomet-
ric growth rate estimates were derived from published U-Th dates
(Stoll et al., 2015; Stoll et al., 2013 ) in fossil stalagmites (GAE, GAR,
GAL) or from F14C measurements in active stalagmites (GUI, MUS,
SKY, PLA, SNO). In the latter case, the in�ection point connecting
baseline F14C to the bomb spike was set to 1959 following
Markowska et al. (2019) , and an average growth rate was calcu-
lated based on the position of this point and the tip (set to the col-
lection date).

Annually-resolved growth rates were estimated in fossil and
active stalagmites using layer counting methods speci�cally to
derive relationships between growth rates and trace element vari-
ations. In the �rst method, �uorescent layers were marked on con-
focal images and referenced against an absolute length scale. These
confocal images were imported into the GeoStar (laser ablation)
software and georeferenced onto optical scans. Laser ablation data
were in turn georeferenced onto the optical and confocal scans,
allowing for comparison of growth rates (from confocal image)
with trace element variations. However, because of uncertainty
in the laser ablation stage reproducibility, and more importantly
in the georeferencing of optical and confocal images, it is more reli-
able to compare averagetrace element concentrations and average
growth rates (summing across several layers) than instantaneous
growth rates (single-year) and their corresponding trace element
concentrations. For two stalagmites (GAR and GEL), excellent �uo-
rescent banding allowed for manual counting of � 3,000 layers
(Stoll et al., 2022a ), which were divided into sub-segments of
100 layers. The average growth rate across these sub-segments
was correlated with average trace element ratios. Other stalag-
mites with shorter spans of countable �uorescent layers neverthe-
less showed excellent trace element cycles, and it was therefore
possible to estimate instantaneous growth rates from LA-ICP-MS
data.

A MATLAB script was written to allow for semi-automated esti-
mation of growth rate and associated trace element concentra-
tions, most notably the Sr partition coef�cient (D Sr). First, we
assumed a classical model for Sr partitioning behavior, and because
Sr/Ca is affected by PCP, we modulated this value by Mg/Ca assum-
ing congruent dissolution of bedrock (assuming negligible soil-
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derived components), and therefore equivalent bedrock and drip
water chemistry ( Stoll et al., 2022b ; see supplemental methods).
The resulting estimate for D Sr can be directly correlated with
growth rate, or background-subtracted (de-trended) to account
for changes in baseline Mg ( Fig. S3) and to record changes in ampli-
tude (i.e. seasonal variation). An easier method of estimating this
value is to calculate the ratio of Sr/Mg, which is directly propor-
tional to D Sr, assuming direct lattice partitioning of the divalent
cations (i.e. no defect-driven particle incorporation). Importantly,
annual layers with a thickness less than � 3 times the laser spot
diameter are removed from this correlation, as integration of thin-
ner layers by the laser leads to signal smoothing which necessarily
leads to lower amplitudes correlating with slow growth. Also,
given the potential for large variations in Mg/Ca due to crystallo-
graphic effects ( Sliwinski and Stoll, 2021 ), areas of analyses were
selected from stalagmites that demonstrated no anomalous �uo-
rescent fabrics.

Wavelet analysis, in particular cross wavelet coherence analy-
sis, was performed using the MATLAB-based algorithm developed
by Grinsted et al. (2004) on Sr and Y waves (using MATLAB release
2020b) after removing spikes (i.e. values above the 99th per-
centile). To supplement this, a moving Pearson correlation coef�-
cient was calculated in MATLAB between Sr/Ca and Y/Ca using a
window of � 400 l m.
3.6. d13C andd18O analysis by isotope ratio mass spectrometry (IRMS)

Carbon and oxygen isotope samples were prepared by drilling
powders from the mounted stalagmites at 0.2–1.0 mm resolution
with a microdrill apparatus at ETH Zürich. A subsample of 90–
140 l g was measured on a Thermo-Finnegan Delta V Plus mass
spectrometer coupled to a Gas Bench II following the methodology
of Breitenbach and Bernasconi (2011) . Samples were bracketed by
the in-house MS-2 (Carrara Marble) and Isolab B (ETH-2;
Bernasconi et al., 2018 ) standards, which are regularly calibrated
against NBS-18 and NBS-19 IAEA standards. Results are reported
in permil relative to the Vienna Pee Dee Belemnite standard
(VPDB), with typical analytical uncertainties (1 SD) of ±0.09 ‰ for
d13C and ±0.10‰ for d13C based on the reproducibility of the cali-
bration of the NBS standards.
4. Results

4.1. Drip water trace element data

Drip water data from La Vallina demonstrate two key points.
First, with average stalagmite Sr/Ca values between 0.03 and
0.08 mmol mol � 1 in monitored stalagmites ( Table 1), and corre-
sponding drip water ratios between 0.4 and 0.9, estimates for D Sr

can be obtained which range between 0.07 and 0.09 ( Table 2). This
is of the same magnitude as values derived by correcting Sr/Ca for
PCP (Fig. 5), which typically range between 0.06 and 0.15 in fossil
stalagmites. GUI is again an exception, with a drip water-derived
DSr (0.19; Fig. 5; Table 2) about twice as large as the LA-ICP-MS-
derived D Sr (� 0.1). This sample, however, also shows exceptionally
high Ca concentration at the time of monitoring ( � 100 l g g� 1 vs
� 40 l g g� 1 in other monitoring sites), suggesting higher solution
saturation.

Second, drip water Y concentrations paired with drip rate esti-
mates constrain the yearly Y delivery ( l g yr � 1), and the relation-
ship between this delivery and the total Y incorporation
(deposition) into the stalagmites demonstrates a negative correla-
tion with drip rate ( Fig. 11; Table 2). An Y delivery is estimated for
each drip site, amounting to � 0.7–5700 l g yr � 1 using average drip
rates and drip water Y concentrations from January and February
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2021 (Table 2, Fig. S4; see Kost et al., 2022 ). Yttrium deposition in
the stalagmites is calculated from growth rate ( l m yr � 1), Y concen-
tration ( l g g� 1) and calcite density (g l m� 3), and amounts to 10 � 8

to 10 � 11 l g l m� 2 yr � 1. The ratio of each of these quantities (depo-
sition/delivery) yields an estimate for trapping ef�ciency, which is
negatively correlated with drip rate. For example, while SKY con-
tains 10–100 times more Y than other active stalagmites, the esti-
mated Y delivery is over 1000 times greater and the deposition/
delivery ratio is correspondingly lower.

4.2. 14C measurements and growth rates

All stalagmites collected under active drip sites (GUI, SKY,
MUS, PLA and SNO) analyzed by AMS showed ‘‘modern” carbon
(where F 14Cstal > 1), and a distinct peak corresponding to the
acceleration and subsequent cessation of atmospheric nuclear
arms testing in the 1950s ( Genty and Massault, 1999 )
(Table S2). The location of the base of this peak (1959 CE) allows
for growth rate estimates: All active stalagmites are growing rel-
Table 2
Estimation of Yttrium �ux and deposition rate (see Fig. 11) in comparison to Sr and D Sr.

Sample Drip rate [ml
min � 1]*

Drip water Y
[l g g� 1]

Stalagmite avg. Y/Ca
[mmol mol � 1]

Y delivery
[l g yr � 1]

G
[

MUS 3.0E+00 6.1E-06 7.3E� 02 9.7E+00 1
SKY 1.1E+02 1.0E� 04 3.4E+01 5.7E+03 1
PLA 3.7E� 01 2.5E� 04 3.9E+00 4.9E+01 6
SNO 4.7E� 01 3.5E� 06 7.9E� 01 8.5E� 01 3
GUI 3.4E� 02 4.0E� 05 2.4E+00 7.1E� 01 1

* Average of two points in Jan-Feb 2021; GUI estimated from 2009.

Fig. 2. Comparison of �uorescent features in active stalagmites: (a) SNO (‘‘Snowball”), (b
�uorescence quality and is not shown here (see Fig. S5). White bars denote 500 l m, orang
many visible sub-annual features. (top) inset in re�ected light scans shows area of confocal
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atively fast for this particular cave system, averaging between
70 l m yr � 1 (PLA) and 320 l m/yr (SNO; Fig. S9). By comparison,
fossil stalagmites record lower growth rates based on published
U-Th dates, averaging � 20–60 l m yr � 1 when hiatuses are
excluded ( Stoll et al., 2015; Stoll et al., 2013 ). Confocal �uores-
cence imaging reveals stretches of faster growth, though this is
seldom faster than � 100 l m yr � 1 (Fig. 2).

4.3. Fluorescence patterns

Distinct �uorescent layering is most prominent in fossil stalag-
mites (GUL, GAE, GAR, GEL;Figs. 3, S5), where typical growth layer
widths are roughly consistent with U-Th-derived growth rates
(Table 1). Active stalagmites demonstrate more ambiguous pat-
terns ( Fig. 2a–c, S5), and GUI alone displays robust and regular lay-
ering ( Fig. 4). Here, comparison with the location of the 14C bomb
spike base (1959) con�rms that these layers are, for the most part,
seasonal. Among active stalagmites, SKY, MUS and SNO demon-
strate complex �uorescence behavior, with ample evidence for
rowth rate
l m yr � 1]

Y deposition [ l g
l m� 2 yr � 1]

Deposition/
delivery

Drip water Sr/Ca
[mmol mol � 1]

DSr

.5E+02 2.9E� 11 3.0E� 12 0.49 0.073

.3E+02 1.2E� 08 2.1E� 12 0.46 0.074

.6E+01 6.9E� 10 1.4E� 11 0.84 0.077
.2E+02 6.8E� 10 8.1E� 10 0.61 0.090
.8E+02 1.1E� 09 1.6E� 09 0.48 0.193

) MUS (‘‘Mushroom”) and (c) SKY (‘‘Skyscraper”). PLA (‘‘Playgro und”) has poor
e bars show the average growth rate of each stalagmite. White arrows show some of
imaging.
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sub-annual banding ( Figs. 2, S5). ‘‘PLA” displays very poor �uores-
cence with ambiguous evidence for seasonal banding ( Fig. S5c).

The combined application of �uorescence imaging and trace
element analysis shows, in nearly all cases, a close correspondence
between bright �uorescent peaks and Y ( Fig. 3). There are rare
exceptions, with bright �uorescent areas lacking strong Y enrich-
ment, as well as some mildly-�uorescent areas with pronounced
enrichments.
4.4. DSr and Y/Ca vs growth rate

A relationship between D Sr and growth rate can be evaluated in
two ways, with growth rate estimated either by �uorescence band-
ing or by trace element variations. Regarding the �rst, both GEL
and GAR have long records of uninterrupted and distinct �uores-
cent banding, and the average growth rates in 100-year sub-
segments correlate with either average Sr/Ca, Sr/Mg or D Sr

(R2 = 0.1–0.3; Fig. 5). In detail, GEL shows a signi�cant correlation
between growth rate and Sr/Mg and D Sr (P < 0.001) and no signif-
icant correlation with Sr/Ca (p = 0.55). By contrast, GAR shows the
reverse behavior with signi�cant correlation between growth rate
and Sr/Ca (p < 0.001) but only marginally signi�cant correlation
with the other two parameters (p = 0.02–0.06).
Fig. 3. Sr/Ca and Y/Ca covariation in GEL (‘‘Gelito”), demonstrating consistent, long-term a
�uorescence image in backdrop). Horizontal axis demonstrates distance in l m, with the
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A similar effect can be demonstrated on a seasonal scale using
trace element variations in stalagmites growing fast enough to
properly resolve amplitude variations by LA-ICP-MS (i.e., GAL,
GAE and GUI). Here, DSr correlates more signi�cantly with growth
rate (R2 = 0.3, 0.3 and 0.1, respectively; p < 0.0001). The exact nat-
ure of this relationship differs between samples, and its linearity is
only assumed. Regarding Y/Ca, a weak negative relationship with
growth rate is observed in GEL and GAR (estimated by �uorescent
banding; Fig. 6), and also in GAE and GUI (counted by trace ele-
ment concentrations; GAL has a slight positive correlation).
4.5. Strontium and Yttrium correlation on multi-annual timescales

Fossil stalagmites and GUI (see Table 1) typically have Sr/Ca and
Y/Ca ratios of 0.03–0.12 and 0.001 mmol mol � 1, respectively,
which oscillate on both seasonal and inter-seasonal time scales.
Seasonal oscillations and inter-seasonal oscillations are evident
in wavelet coherence analysis (e.g. Figs. 7, S6). Two main features
appear in these plots, both of which are marked by strong anti-
phase between Sr and Y. First, there is typically a band of high
coherence centered on the growth rate (20–100 l m yr � 1), which
agrees with manually-counted growth rates ( Fig. 5) and growth
rates from radiometric methods ( Table 1). Second, multiple spo-
radic cross-correlations appear at lower frequencies in fossil sta-
nti-correlation with Y peaks coinciding with bright �uoresce nt bands (confocal
stalagmite growing to the left.



Fig. 4. Confocal and trace element concentrations from the tip of stalagmite GUI (‘‘Guillermina”). (a) Overview confocal images (scale bar = 2.5 mm in both) w ith red and blue
insets representing boxes (b) and (c) below. Note the loss of �uorescence banding near the tip (b), as well as regular seasonal banding throughout the r est of the stalagmite (c).
(bottom): Sr/Ca increases, coincident with a loss of clear Y seasonality (grey box) in the region of �uorescence loss (b). Yearly cycles can be seen in S r and Y concentrations,
totaling 55 peaks between collection date (2009 CE) and the base of the bomb spike (1959) determined by F 14C (bottom, inset).
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lagmites, typically at 1,000–10,000 l m and corresponding to dec-
adal to centennial time scales (note that the active stalagmites in
this study are not old enough to resolve these time scales). Coher-
ence between many low-frequency oscillations is less predictable
than high-frequency oscillations and may demonstrate variation
on multi-year timescales. They are, however, persistently anti-
correlated.

These strong Sr-Y anti-correlations can be clearly seen in time-
resolved records, wherein large negative Sr excursions are most
often associated with simultaneous positive Y excursions ( Fig. 8,
top). This relationship can also be represented quantitatively in
the form of a moving Pearson correlation coef�cient, which
demonstrates a largely negative relationship ( Fig. 8, bottom). This
marker tracks negative correlations not only in large-scale varia-
tions (e.g. GUL, GAE), but also in yearly covariations, where both
Sr and Y concentrations anti-correlate but are relatively stable in
the long term.
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4.6. Active stalagmites

Active stalagmites generally show more complex �uorescence
patterns and Sr-Y relationships than fossil stalagmites with less
consistent R values than fossil stalagmites. However, growth rates
can be estimated from bomb spike data, and trace elements can be
compared with monitoring data and geographic/geological
contexts.

Strontium-yttrium co-variation is typically complex but stable
and largely consistent with fossil stalagmites, with Sr/Ca ratios
averaging � 0.05–0.10 mmol mol � 1 and Y/Ca varying more widely
between 10 � 6 and 10� 3 mmol mol � 1 (up to 10 � 1 for SKY). Within
a single stalagmite, Sr/Ca varies by as much as a factor of two,
while Y/Ca may vary by orders of magnitude ( Fig. 9, top). While
waveforms are sporadically evident in one or both elements, wave-
let coherence analysis reveals that the two elements are seldom
oscillating at the same frequency, and if they are, they typically



Fig. 5. Relationship between Sr/Ca, Sr/Mg, DSr and growth rate. (top, middle): GEL (‘‘Gelito”) and GAR (‘‘Garth”), respectively. Stretches of � 3000 layers were counted to
determine the growth rate 100 layers at a time. Chemical trends were averaged in these intervals. Note the general agreement between Sr/Mg and DSr. Col oring of points
corresponds to distance along the stalagmite transect, with blue hues near the top and orange near the bottom. (g–i): Growth rate ( l m yr � 1) vs background-subtracted D Sr for
GAL (‘‘Galia”), GAE (‘‘Gael”) and GUI (‘‘Guillermina”), where growth rates exceed 60 l m yr � 1. Growth rates determined as the distance between peaks, and correlated against
the amplitude of D Sr change.
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have variable phase relationships ( Figs. 7, S6). Moving Pearson cor-
relation coef�cients demonstrates irregular Sr-Y behavior in these
four active stalagmites ( Fig. 9, bottom).

GUI is notable in that the previously strong Sr-Y anti-correlation
diminishes about 20 years before the collection date in the lower
gallery (2009). The ratio Y/Ca drops, Sr/Ca increases to
� 0.15 mmol mol � 1, and �uorescent banding disappears ( Fig. 4),
while d13C and d18O show distinct excursions: d13C decreases from
� 10 to � 14‰, and d18O increases from � 5.2 to � 4.4‰ (Fig. 10). No
comparable d13C and d18O records in this cave show similar excur-
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sions, including SNO (collected from near the mouth of the cave)
and a host of other active stalagmites from the upper gallery
(MUS, SKY, PLA).
5. Discussion

5.1. Prior assumptions

While a stalagmite’s trace element budget is controlled in the
latest stages by processes at the drip water-stalagmite interface,



Fig. 6. Relationship between Y/Ca, Y/Mg and growth rate. (top, middle): GEL and GAR, respectively. Stretches of � 3000 layers were counted to determine the growth rate 100
layers at a time. Chemical trends were averaged in these intervals. Note the poor correlation between Y/Ca, Y/Mg and growth rate. (bottom): Growth rat e [l m yr � 1] vs peak Y/
Ca for GAL, GAE and GUI, where growth rates exceed 60 l m yr � 1. Growth rates determined as the distance between peaks, and correlated against the maximum Y/Ca in that
interval.
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the �rst-order controls are dictated by the chemistry within and
around the karst system. The karst provides the background levels
of most trace elements in drip water through dissolution of the
bedrock, as well some of the organic matter (OM) that serves as
a chelating agent for trace elements ( Hartland et al., 2012 ). Exoge-
nous sources of trace elements, such as sea spray, wind-blown dust
and ash (both forest �re-derived and volcanic), percolate through
both the overlying soil and the heterogenous karst system charac-
terized by variations in porosity, fracture distribution, dolomitiza-
tion and organic content, combining with karst waters to form the
�nal drip water chemical and particulate/colloidal composition. As
an added complexity, such exogenous inputs may be emplaced
directly onto the stalagmite, forgoing dissolution into groundwater
if the cave is suf�ciently well-exposed. All of this complicates the
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interpretation of trace element signatures in stalagmites and
underlines the importance of undertaking simultaneous drip water
monitoring studies and making a few critical assumptions.

The �rst such assumption is that the modern drip water chem-
istry is representative of the entire history of the stalagmite. While
monitoring is key to linking modern drip waters to their stalagmite
equivalents, the process is laborious when undertaken at high res-
olution, and is typically not performed for more than a few years
(e.g., Treble et al., 2015; Tremaine et al., 2016 ), capturing the most
recent years of a stalagmite’s growth. Meanwhile, linking fossil sta-
lagmites to drip water data requires certain assumptions about
composition and stability if trace element interpretations are to
be made. The present study relies on drip water monitoring data
provided by Kost et al. (2022) from La Vallina cave. These data
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Fig. 7. Wavelet coherence analysis of MUS, GUI and GAE, demonstrating the strength of Sr-Y wavelet coherence on a length scale. The Y axis shows wavelet period , and
shading represents the strength of correlation with yellow denoting higher strength. Arrows indicate phase of relationship: left = anti-correlati on; right = in-phase
correlation; up = Sr leads; down = Y leads. Note the lack of strong coherence in MUS, strong coherence between 60 and 260 l m in GUI (growth rate), as well as strong
coherence in GAE at � 50 l m (growth rate) and strong anti-correlations at lower frequencies (inter-seasonal variations). Red boxes show typical growth rates ( l m yr � 1), while
dashed lines show typical annual, decadal and centennial cycle widths.
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