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Abstract

Cave carbonate mineral deposits (speleothems) contain trace elements that are intensively investigated for their significance as palacoclimate
and environmental proxies. However, chlorine, which is abundant in marine and meteoric waters, has been overlooked as a potential palaeo-
proxy, while cosmogenic *°Cl could, in principle, provide a solar irradiance proxy. Here, total Cl concentrations analysed from various spe-
leothems were low (3-14 mg/kg), with variations linked to crystal fabrics. High-resolution synchrotron radiation micro X-ray fluorescence
(u-XRF) trace element mapping showed Cl often associated with Na, Si, and Al. We propose that speleothems incorporate Cl in two fractions:
(1) water soluble (e.g., fluid inclusions) and (2) water insoluble and strongly bound (e.g., associated with detrital particulates). However, dis-
parities indicated that alternate unidentified mechanisms for Cl incorporation were present, raising important questions regarding incorpo-
ration of many trace elements into speleothems. Our first measurements of **Cl/Cl ratios in speleothems required large samples due to low Cl
concentrations, limiting the potential of *°Cl as a solar irradiance proxy. Critically, our findings highlight a knowledge gap into how Cl and
other trace elements are incorporated into speleothems, how the incorporation mechanisms and final elemental concentrations are related to
speleothem fabrics, and the significance this may have for how trace elements in speleothems are interpreted as palaeoclimate proxies.
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INTRODUCTION and surface erosional processes. Clastic sediments in caves have
been investigated for cosmogenic isotope dating (e.g., Stock
et al,, 2005); however, the ages differed by an order of magnitude
when compared with those of speleothems in the same layer.
Therefore, despite its potential to provide a geomorphic record
of cave river system evolution (White, 2007), dating of cave sed-
iments through cosmogenic isotopes is still rare in the literature.
On the other hand, speleothem dating by the U-series method
is robust and well established, making these cave mineral forma-
tions an excellent repository of palaeoclimate proxies, such as C
and O isotope ratios and trace elements (e.g., McDermott, 2004;
Fairchild and Treble, 2009). Robust chronologies of speleothems
have been already obtained by using radiocarbon (**C)—perhaps
the most well-known cosmogenic isotope (e.g., Lechleitner et al.,
2016). Given the relationship between '*C production and solar
activity, geological archives such as speleothems could allow the
assessment of the long-term effects of solar irradiance forcing
on climate (e.g., Scholz et al., 2012).
Radiocarbon has indeed already been recognised as a crucial
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Cosmogenic isotopes (e.g, "*C, '’Be, and **Cl) are important
proxies for solar (e.g., Bard et al., 1997) and geomagnetic activity
(e.g., Christl et al., 2004; Muscheler et al., 2005). The production
of cosmogenic isotopes depends on the flux of galactic cosmic
rays (GCR) into the Earth’s atmosphere, which varies as a func-
tion of the strength of the geomagnetic field (on multimillennial
timescales) and solar activity (on decadal to millennial timescales)
(Lal and Peters, 1967). A strong solar “wind,” associated with high
solar activity, deflects GCR away from the Earth, resulting in
lower production rates of cosmogenic isotopes. This inverse rela-
tionship between solar activity and the cosmogenic nuclide pro-
duction rate is the basis for their use as proxies for solar
irradiance reconstruction (Usoskin et al., 2009).

Caves offer archives in both sediment deposits and speleo-
thems that could potentially preserve records of cosmogenic iso-
tope ratios due to bedrock shielding from bombardment of GCR
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Cl and cosmogenic *°Cl incorporation into speleothems

complexities relating to uptake and recycling in the biosphere, as
well as its sensitivity to variable rock dissolution effects in lime-
stone karst settings. For these reasons, longer-lived cosmogenic
nuclides, such as '’Be and *°Cl, that are less affected by biological
processes, could offer the potential for reconstructing pre-'*C (ca.
pre-50,000 years BP), long and reliable, solar and geomagnetic
records (Plummer et al., 1997) from speleothems.

In this pilot study, we have chosen to focus on *°Cl due to the
existing research about *°Cl in cave waters, which has shown that
*°Cl/ClI ratios are faithfully transmitted from rainfall into cave
drip water (Johnston and McDermott, 2009; Miinsterer et al.,
2012; Turin et al., 2022). However, *°Cl has yet to be explored
in speleothems, in part because little is known about how Cl is
incorporated into speleothem carbonate. We aimed at under-
standing whether the **Cl/Cl ratio could be measured in speleo-
thems to subsequently assess the potential of speleothems to
provide well-dated, contemporaneous solar irradiance and palae-
oclimate proxy records. Because this was a pioneer study, we ana-
lysed the Cl concentration of a variety of available speleothem
samples to see how Cl concentrations may differ between different
speleothem fabrics and across a wide geographic area. In addition,
synchrotron radiation micro X-ray fluorescence (u-XRF) Cl distri-
bution maps that were obtained within a more general framework
of understanding how trace elements are incorporated into spe-
leothems were used here to provide insight on where Cl is prefer-
entially concentrated relative to fabrics. We discuss how Cl can be
extracted from speleothems for cosmogenic isotope ratio mea-
surements and, finally, we present the first measurements of
their *°Cl/Cl ratios. Our observations suggest that Cl is mostly
incorporated extra-lattice, and its concentration depends on fab-
rics. We also found that, with current methodologies, the use of
*°Cl in speleothems is hampered by the large amount of sample
required, which would result in an insufficient temporal resolu-
tion as a solar irradiance proxy.

MATERIALS AND METHODS

The samples used for this study were portions from various speci-
mens, some of which had been previously used in palacoenviron-
mental and petrographic/geochemical research (Fig. 1, Table 1).
The analytical techniques used in this study were: (1) optical
microscopy observations to determine speleothem fabrics; (2) wet
chemical leaching methods to extract and measure Cl concentra-
tions; (3) instrumental neutron activation analysis (INAA) to mea-
sure total Cl concentrations; (4) synchrotron radiation-based
high-resolution p-XRF trace element mapping to visualise the distri-
bution (but not concentration) of trace elements, including CI (e.g.,
Frisia et al., 2012); and (5) accelerator mass spectrometry (AMS) to
measure the *°Cl/Cl ratios in speleothems. Because this was a
proof-of-concept study, not all the analytical techniques could be
applied on every sample due to the limited amount of material,
the analytical costs, and the resources available. Namely, smaller
samples used for Cl concentration determination and Cl distribu-
tion were taken as off-cuts from some speleothems used in the
framework of other studies, while the **Cl/Cl ratios were measured
on large speleothems that were not being utilised in other studies
due to the destructive nature of the analytical methods (Table 1).

Optical microscopy observations

Speleothem fabrics were observed, when feasible, for 30-um-thick
thin sections, using a Zeiss Axioskop petrographic microscope at

https://doi.org/10.1017/qua.2023.64 Published online by Cambridge University Press

the Museo delle Scienze (MUSE, Italy), in both plane-polarized
and cross-polarized light modes. Fabrics were classified according
to conceptual criteria reported in Frisia (2015) and Frisia et al.
(2022). For samples for which not enough material was available
to obtain thin sections, fabrics were determined from high-
resolution scans of polished specimens (Table 2).

Cl concentrations by leaching

Small samples were broken into chips using a jaw crusher, and
approximately 10 g of this material was crushed by hand in a
mortar and pestle. A simple, yet effective method of leaching
the carbonate powder in deionised water, utilising the hydrophilic
behaviour of Cl, obtained the soluble fraction of Cl in the sample,
hereafter “water-soluble Cl™.” An aliquot of the supernatant was
removed for analysis of anions by ion chromatography at the
University College Dublin, Ireland (Dionex ICS-1000, with
AS9-HC column and IonPac AG9-HC guard column, standard-
ised with Sigma-Aldrich multi-element ion chromatography stan-
dard solution I) to gain the CI~ concentration in the water, which
was then used to calculate the amount of Cl extracted from the
sample. Of note, previous experiments to digest speleothem sam-
ples in both nitric and phosphoric acids in sealed containers did
not improve the Cl yield and introduced a potential source of
contamination. Additionally, the same ion chromatography sys-
tem (Dionex ICS-1000) was used to analyse a small selection of
drip waters from the studied caves.

Cl concentrations by INAA

Samples (ca. 1-6 g; Table 2) were crushed by hand in a mortar
and pestle. Total Cl concentrations were determined by INAA
on these powders at the Becquerel Laboratories Inc., Canada.
The results are accredited by ISO 17025 no. 422.

Synchrotron radiation y-XRF trace element mapping

Three speleothems retrieved from caves in the Nullarbor, South
Australia, and one from Moline Cave, NE Italy (Table 1), were
investigated by synchrotron radiation-based p-XRF. The
Nullarbor samples were previously studied to unravel the signifi-
cance of P and its incorporation in speleothem calcite (Frisia
et al., 2012). All also yielded Cl distribution data, which are pre-
sented here. Speleothem samples for u-XRF trace element map-
ping were prepared by double polishing 1-mm-thick wafers,
which were subsequently ultrasonically cleaned in deionised
water to remove any surface Cl contamination and then handled
with sterile gloves to prevent interaction with the skin.
Free-standing wafers were inserted in a sample chamber operating
at a pressure of 107> mbar at the ID21 beamline of the European
Synchrotron Radiation Facility (ESRF). The excitation energy of
the beam was set to 4.5 KeV for the measurement of elements
with atomic number lower than Ca, and the analytical spot size
was 1 um diameter. Details of the experimental method can be
found in Frisia et al. (2005, 2012).

38Cl/Cl ratios by AMS

*°Cl/Cl ratio measurements on carbonates are typically carried out
with the aim of determining exposure ages, utilising in situ—pro-
duced *°Cl (i.e., *°Cl produced within the carbonate rock itself via
GCR bombardment of “°Ca); hence, the *°Cl is held within the
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Figure 1. Map of sampling sites in Europe (a) and Australia (b). Labels refer to (a) the letters in the sample name and (b) the cave number. See Table 1.

carbonate structure. By contrast, in this study, the source of *°Cl of
interest is atmospherically produced (known as meteoric *°Cl) that
it is rapidly produced in the atmosphere by GCR bombardment of
*°Ar and is transported to Earth’s surface in precipitation (e.g, rain-
fall) and can reflect high-frequency solar irradiance fluctuations.
The meteoric component is often thought to be only loosely
bound to the rock, and in studies interested in the in situ-produced
component, the meteoric fraction is routinely removed by leaching
crushed samples in deionised water before the in situ-produced
*°Cl is extracted by complete dissolution of the carbonate
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(Phillips et al., 1986). For this reason, a water-leaching method
would preferentially extract the loosely bound meteoric *°Cl.

To measure *°Cl/Cl ratios, sufficient Cl (at least 2 mg at the time
of measurement) had to be extracted from the carbonate to form
AgCl targets for AMS analysis at the PRIME Laboratory, Purdue,
USA. Large speleothem samples (0.1-1.1 kg) were broken using a
jaw crusher and then pulverised in a clean agate ball mill and
leached in deionised water. The supernatant was spiked with a cal-
ibrated **Cl-enriched *>Cl/*’Cl spike (Oak Ridge Laboratories,
USA). Cl was concentrated onto preconditioned ion-exchange
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Table 1. Speleothem samples, cave locations, climate settings, and analyses carried out in this study.

sway309jads ol uoPIOdIOU] |D,, JIUSBOWSOd PUD |)

Distance Koppen-Geiger
Sample Lat. Long. Alt. (m from coast climate
name Cave, location °) () asl) (km) classification® Form Analyses® Reference
LC1 Lisodigue Cave, SW Ireland 52.3 -9.8 35 3 Cfb Stalagmite  Fabric, leach, INAA Coleman (1965)
LC5 Lisodigue Cave, SW Ireland 52.3 -9.8 35 3 Cfb Stalagmite  Fabric, leach, INAA Coleman (1965)
PN5 Pere Noél, SE Belgium 50.1 5.2 180 200 Cfb Stalagmite  Fabric, leach, INAA Verheyden et al. (2000); Fairchild
et al. (2001)
PN6 Pere Noél, SE Belgium 50.1 52 180 200 Cfb Stalagmite  Fabric, leach, INAA Verheyden et al. (2000); Fairchild
et al. (2001)
CB25 Cesare Battisti Cave, NE Italy 46.2 11 1880 130 Dfb Flowstone  Fabric, leach, INAA Johnston et al. (2018)
CB41 Cesare Battisti Cave, NE Italy 46.2 11 1880 130 Dfb Flowstone  Fabric, leach, INAA, Johnston et al. (2018)
*cl/cl
SM-REF-02 El Refugio Cave, S Spain 36.6 -4.7 620 10 Csa Stalagmite  Fabric, leach, INAA Baldini et al. (2019)
Val-01 Valporquero Cave, N Spain 42.9 -5.6 1334 70 Csb Stalagmite®  Fabric, leach, INAA Duran et al. (2000)
cca Crag Cave, SW Ireland 52.2 -9.5 60 25 Cfb Stalagmite  Leach, INAA McDermott et al. (1999); Fairchild
et al. (2001)
GAR-02 La Garma Cave, N Spain 434 -3.7 80 7 Cfb Stalagmite  Leach, INAA Jackson (2009)
CCSiteB Crag Cave, SW Ireland 52.2 -9.5 60 25 Cfb Bedrock Leach, INAA Tooth and Fairchild (2003)
MO7 Moline Cave, Trentino, NE Italy 46.1 10.9 680 140 Dfb Stalagmite  Fabric, pXRF Johnston et al. (2013)
FM13 Matilda Cave 6N-370, Nullarbor, S Australia -31.8 127.8 100 40 Bwk Stalagmite  Fabric, uXRF Woodhead et al. (2019)
FS04 Winbirra Cave 6N-45, Nullarbor, S Australia -31.8 128.4 92 15 Bwk Stalagmite  Fabric, pXRF Webb and James (2006)
MO1 Winbirra Cave 6N-45, Nullarbor, S Australia -31.8 128.4 92 15 Bwk Stalagmite  Fabric, uXRF Webb and James (2006)
TH1 Temple Hill/Beaumont Caves, Cork, S Ireland 51.9 -8.4 20 15 Cfb Flowstone  3¢cl/cl Oldham (1981)
BMB04 Bijambare Cave, Bosnia and Herzegovina 44.1 18.5 960 150 Dfb Stalactite 36cy/cl Milanolo and Gabrovsek (2009, 2015)
BMB06 Bijambare Cave, Bosnia and Herzegovina 441 18.5 960 150 Dfb Stalactite sécl/cl Milanolo and Gabrovsek (2009, 2015)

?K6ppen-Geiger climate classification based on data from Beck et al. (2018).
PUXRF = micro X-ray fluorescence; INAA = instrumental neutron activation analysis.
“Aragonite composition.


https://doi.org/10.1017/qua.2023.64

V.E. Johnston et al.

Table 2. Cl concentrations and fabrics of various speleothems analysed in this study.

Water leaching INAA Fabric
Sample Cl™ conc.? Sample Cl™ conc’

Sample weight (g) (mg/kg) weight (g) (mg/kg) Group Description

LC1 10.35 3.2+0.2 3.70 47+13 1 Laminated micrite, microsparite, sparite (columnar
microcrystalline type, compact, translucent)

LC5 12.56 3.2+0.2 5.11 13.0+2.1 2 Laminated, micrite, microsparite sparite (columnar
microcrystalline type), porous

PN5 9.78 1.2+0.1 1.36 <8 1 Columnar, interlocking mosaic

PN6 10.84 1.5+0.1 6.22 3.0+1.2 1 Columnar, microcrystalline type (porous?), interlocking
mosaic

CB25 10.06 57+03 391 53+0.8 3 Dendritic, porous

CB41 10.49 6.2+0.3 2.52 140+1.7 2 Laminated micrite, sparite (columnar), microsparite;
detritus-rich porous; arranged in “botryoidal” morphologies

SM-REF-02 9.90 2.6+0.1 5.77 3.1+0.9 3 Dendritic/micrite

Val-01 10.25 23+0.1 2.10 7.1+0.9 4 Aragonite, acicular fans (porous)/rays

Ccc4 10.63 1.5+0.1 2.00 <3 1 Columnar (compact?)®

GAR-02 10.05 3.8+0.2 191 6.0+1.0 3 Laminated columnar/dendritic®

CCSiteB 10.66 13+0.7 1.20 23+5.8 Lower Carboniferous limestone

@Uncertainties are stated at 5%.
bInstrumental neutron activation analysis (INAA) uncertainties are quoted to lo.
“Fabric identified from hand-specimen only.

columns (AG 1-X8, 100-200 mesh resin). The column containing
the sample was rinsed with 0.1 M NH,OH, and then 0.05 M
HNO;. The Cl was eluted with 0.15 M HNOs, the solution was col-
lected, and 1 M AgNO; and concentrated HNO; were added to
form AgCl precipitate. This was centrifuged, and the supernatant
was removed. NH,OH was used to dissolve the AgCl, Ba(NO3),
solution was added to remove SO3~, and this was followed by rep-
recipitation of the purified AgCl by addition of HNOs; this purifi-
cation sequence was repeated several times. *°Cl/*’Cl ratios in
spiked samples were used to calculate leachable Cl concentrations
by isotope dilution (ID-) AMS (Table 3). 36Cl/Cl ratio measure-
ments of pure NaCl samples taken directly from the underground
mine face of the Irish Salt Mining and Exploration Company
(Northern Ireland) yielded an average value of 15.96 +4.55 x
107" (n=3), a value that intrinsically includes background inter-
ferences during target preparation and has been accounted for as
part of the spike correction.

RESULTS
Speleothem fabrics

The selected speleothems covered a wide range of fabrics (Figs. 2
and 3), with the laminated specimens being characterised by com-
plex fabric-type relationships. Consequently, in the descriptions
provided in Table 2, fabrics have been grouped according to the
most prominent type classified by Frisia (2015) and revised for
the columnar types by Frisia et al. (2022). The following groups
have been defined:

Fabric group 1—typical of LC1, PN5, PN6, CC4, FS04, FM13, and
MO1—consists of predominant columnar compact, elongated
columnar, and columnar open (FM13 and MO1; Fig. 3), asso-
ciated with micrite layers (in FS04; Fig. 3) and columnar
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microcrystalline type in the laminated LC1, PN5, PN6
(Fig. 2a, ¢, and d), and CC4 samples.

Fabric group 2—typical of LC5 and CB41 (Fig. 2b and f)—con-
sists of predominant columnar microcrystalline type associated
with columnar porous layers (cf. Frisia et al., 2022), micrite
laminae, and microsparite. The microsparite fabric is more
common in CB41 than in LC5 and appears to crosscut through
several columnar microcrystalline and micrite laminae
(Fig. 2f). In CB41, some micrite forms clots similar to the clot-
ted peloidal micrite microfabric observed in microbialites (cf.
Della Porta, 2015). CB41 also shows void-filling cements that
are commonly interpreted as the result of dissolution-repreci-
pitation. All speleothems in fabric group 2 are characterised by
pervasive intercrystalline (and some intracrystalline) porosity.

Fabric group 3—typical of CB25, SM-REF-02 (Fig. 2e and g), and
GAR-02 —is predominantly dendritic. In SM-REF-02, micrite
is associated with the dendritic fabric and seems to form clot-
ted microfabrics. Fabric group 3 is characterised by pervasive
intercrystalline porosity, with millimetre-scale pores showing
crosscutting relationships with the layers, rounded morpholo-
gies, and micrite coatings at the bottom that suggest their ori-
gin through postdepositional dissolution processes.

Fabric group 4—typical of stalagmite Val-01 (Fig. 2h)—consists of
very elongated, aragonite needles, with some evidence of
interneedle crystal cementation by mosaic calcite and, possibly,
micritisation of the outer needle surface (cf. Martin-Garcia
et al., 2009). Although there is no clear evidence for diagenesis,
micritisation may point to postdepositional transformation.

Cl concentrations

Figure 4 compares the Cl concentrations measured using the two
different techniques (water leaching and INAA) simultaneously,
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Table 3. Speleothem CI™ concentrations, 36¢|/Cl ratios, *Cl concentrations, and chemical processing parameters.

Spike-corrected initial Local
Measured Spike-corrected present day value® rainfall
Mass Cl™ from 36Cl conc. 36¢l Conc. 36¢| Conc.
Sample calcite sample Clconc. (mg/  3*Cl/Clratio  (atoms/kg) (x  *Cl/Clratio  (atoms/kg) (x  3Cl/Cl ratio (atoms/kg) 3écl/cCl ratio
name Cave, location Age (g) (%)? kg) ID-AMSP (x 107%) 10) (x 1071%) 10°) (x 107%) (x 10%) (x 10719)¢
Flowstones
CB41 Cesare Battisti, NE 124 + 4 ka® 102 33.9 9.24 +0.07 105+20 16.5+£3.2 74+25 11.6£4.0 98+34 154+0.5 202 +27
Italy
TH1 Temple Hill Cave, S Holocenef 271 32.7 2.39+0.03 69+8 2.8+0.3 36+11 14+04 36+11 14+0.4 60+4
Ireland
Stalactites
BMB04 Bijambare Cave, 3165+35 1071 51.6 1.20+0.01 53+10 1.1+0.2 39+14 0.8+0.3 40+ 15 0.8+0.3 128+ 19
Bosnia and 14C yr BPS
Herzegovina
BMBO06 Bijambare Cave, 3165+35 1139 51.8 1.27+0.01 90+8 1.9+0.2 T4 +£23 1.6+0.5 75+24 1.6+0.5 128 +19

Bosnia and ¢ yr BPE
Herzegovina

?Additional Cl was derived from the spike.

bID-AMS, isotope dilution accelerator mass spectrometry.

6Cl radioactive decay correction (A =2.303 x 10~°/yr).

9From Johnston and McDermott (2008).

“Based on the ages of coeval speleothems in the same cave (Johnston et al., 2018)

fPreliminary U-series analyses suffered from high 2*°Th backgrounds, but the results indicated a Holocene age.
&Preliminary raw **C date of nearby stalagmite.
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Figure 2. Optical microscopy images to show fabrics of
selected speleothems analysed for chlorine concentra-
tion. (a) LC1 from Lisodigue Cave, SW Ireland; (b) LC5
from Lisodigue Cave, SW Ireland; (c) PN5 from Pere
Noél, SE Belgium; (d) PN6 from Pere Noél, SE Belgium;
(e) CB25 from Cesare Battisti Cave, NE lItaly; (f) CB41
from Cesare Battisti Cave, NE Italy; (g) SM-REF-02 from
El Refugio Cave, S Spain; (h) Val-01 from Valporquero
Cave, N Spain. Cpm, clotted peloidal micrite; D, den-
dritic fabric; m, micrite; Ms, microsparite; S, sparite.
Scale bars: 1 mm. All images are in parallel polars.

colour/symbol coded based on the fabric groups of the analysed
speleothems. The water-soluble Cl™ concentrations in the selected
speleothems ranged from 1.2 to 6.2 mg/kg (mg Cl/kg carbonate),
while total Cl concentrations were between 3 and 14 mg/kg
(Fig. 4a, Table 2). Of note, pairs of speleothem samples from
the same cave measured in this study (LC1 and LC5; PN5 and
PN6; CB25 and CB41) exhibit similar water-soluble Cl~ concen-
trations, although their total Cl concentrations vary (Table 2).
The proportion of water-soluble Cl™ as a percent of the total Cl
(Fig. 4b) shows that the water-leaching method typically yields
around half of the total Cl in these speleothem samples (average
yield was 53%, ranging from 25% to essentially all the CI).
These results are consistent with our idea that the two different
measurement techniques target different components of the total
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Cl contained within the speleothems (i.e., the water-soluble CI™
comprises only a fraction of the total Cl). Importantly, Figure 4b
shows that the proportion of water-soluble Cl™ is greater (>50%)
in samples from fabric groups 1 and 3 than that from fabric groups
2 and 4 (<50%). Following the premise that the water-soluble CI™
fraction is made up solely of fluid inclusions, Figure 5 shows the
theoretical percentage of fluid inclusions that a calcite speleothem
would require, at various ClI” concentrations, to gain the water-
soluble CI™ fraction extracted from the samples analysed here.
Taking fluid inclusion water—equivalent to that of the drip
water—with a CI™ concentration of, for example, 40 mg/L, to
gain speleothem water-soluble CI™ concentrations within the
range measured here, the weight percent of the speleothem that
would need to be composed of fluid inclusions should be between
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Figure 3. Optical microscope images to show fabrics of selected speleothems analysed also by synchrotron radiation micro X-ray fluorescence (u-XRF). (a) MO7
from Moline Cave, Trentino, NE Italy; (b) FM13 from Matilda Cave 6N-370, Nullarbor, S Australia; (c) FS04 from Winbirra Cave 6N-45, Nullarbor, S Australia; (d)

MO1 from Winbirra Cave 6N-45, Nullarbor, S Australia. Scale bars: 1 mm.

3% and 15% (Fig. 5a). However, to express this in a way that can be
visually imagined, a calculation of the percentage of fluid inclu-
sions required to gain the measured water-soluble CI™~ concentra-
tions is plotted in terms of volume of the speleothem, taking into
account the specific gravities of water and calcite (Fig. 5b). Again,
taking, for example, a fluid inclusion water CI™ concentration of
40 mg/L, the volume of a speleothem sample that would need to
be composed of fluid inclusions to gain the values measured in
our samples should be between 6% and 30% (Fig. 5b).

The Mississippian limestone bedrock from Crag Cave, SW
Ireland, (CC SiteB; Table 2) yielded a total Cl concentration of
23 +5.8 mg/kg. This is a carbonate formation that likely consisted
of biominerals or bio-induced minerals (mud mounds) (cf.
Gallagher and Somerville, 1997) and thus represents high CI
and high Na (marine) parent waters and biomediated end-
members. The Cl concentration of CC SiteB is in agreement
with other carbonate rocks; for example, from Tioga Pass (6.2—
38.7 mg/kg) and Gull Lake (23.5-30.5 mg/kg), both in Sierra
Nevada (Stone et al, 1996), from an unweathered cave ceiling
of Golgotha Cave, SW Australia (24 mg/kg) (Campbell et al,
2023), and in the Lower Jurassic Calcari Grigi limestone that
forms the host rock of Cesare Battisti Cave (13.9 +2.9 mg/kg)
(Ivy-Ochs et al., 2017) that contains our samples CB25 and CB41.

U-XRF trace element maps

Synchrotron p-XRF offers one of the few means of high-
resolution mapping of elements lighter than Ca. High-resolution
trace element maps are shown from four speleothems; sample
MO?7 from Moline Cave in Trentino, NE Italy, permits a detailed
look at a the Cl distribution in a relatively typical subalpine stalag-
mite (Fig. 6), while three samples from caves in the Nullarbor,
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Australia (FM13, FS04, and MOI1), allow the analyses of more
unusual speleothems, with presumably high-Cl concentrations,
to investigate, specifically, the incorporation of Cl related to detri-
tal/biogenic impurities (Figs. 7-9). The Australian Nullarbor spe-
leothems have been studied extensively, as they represent
important archives of Pliocene climate, having a median age of
4.2 Ma (Sniderman et al, 2016; Woodhead et al.,, 2019). They
are commonly characterised by layers of elongated, translucent
columnar calcite that may be interrupted by P-rich micrite,
which was interpreted as indicative of periodic colonisation of
the speleothem surface by microbes (Frisia et al., 2012). In all
u-XRF trace element maps shown here (Figs. 6-9), Mg and
often S show the outlines of crystals and the morphologies of crys-
tal terminations. As for Si, its presence may be associated with
microbial activity (Polyak and Giiven, 2004; Johnston et al.,
2021), but when Si is associated with Al, such association suggests
both authigenic clay formation and presence of detrital silicate
particulate (Frisia et al., 2012). The distribution of Cl, compared
with the other elements, varies substantially. In MO7, Cl is dis-
tributed in discrete spots, similar to those of Na and S, while it
is mostly not related with Al and Si (Fig. 6). FM13 shows colum-
nar crystal tips that seem to be “corroded” between deposition of
successive open columnar layers (Figs. 3b and 7) and may mark a
change in the environment of deposition. Here, Cl is anti-
correlated with Na, Mg, S, and Sr, and only slightly seen in
some grains containing Al, Si, and P (Fig. 7). In FS04, Cl concen-
tration distribution follows crystal tips and is associated with Si,
but again an anti-correlation with Na is apparent (Fig. 8).
Critically, in MO1 (Fig. 9), Cl is distributed over the entire
mapped area as discrete spots correlating with Na, but it has a sec-
ondary relationship with Si, Al, and micritisation (cf. Frisia et al.,
2012).
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Figure 4. Comparison of water-soluble and total Cl concentrations derived using two
different analytical techniques, coded by fabric. (a) Total Cl concentrations measured
by instrumental neutron activation analysis (INAA) plotted against water-soluble CI™
concentrations obtained by the water-leaching method. (b) Total Cl concentrations
measured by INAA against the percentage of water-soluble Cl™ of the total Cl concen-
tration. Fabric codes can be highly summarised as (see Table 2 and “Results” for full
details): (1) compact columnar (blue circles), (2) microsparite with intercrystalline
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crystalline porosity (green diamonds), (4) aragonite needles (yellow triangle).

38¢l/cl ratios in speleothems

Table 3 shows the results of the first measurements of the *°Cl/Cl
ratio on speleothem samples; including two flowstone samples
and two stalactites. The measured **Cl/Cl ratios and **Cl concen-
trations have been corrected for the addition of an enriched spike
to give the spike corrected value at the time of measurement (pre-
sent day). Because *°Cl is radioactive, the values needed to
undergo a correction for the radioactive decay that has occurred
since deposition, based on the *°Cl decay rate (A =2.303 x 10~%/
yr) and the age of the sample, to give an “initial” value. Given
the long half-life of *°Cl (301,300 + 1,500 yr), for younger

https://doi.org/10.1017/qua.2023.64 Published online by Cambridge University Press

V.E. Johnston et al.

b
[=]

[
w

Fluid inclusions (weight %)
]

(%]

0 i 2 3 4 5 6
Water-soluble Cl concentration (mg kg™)

___20 1

X

Q

E

2

© 15 -

e

w

-] /

(=] |

- |

=210 1 |

E I: -5mg/L

T ——10 mg/L

i —— 20 mg/L

[T

5 ——40 mg/L
——60 mg/L
—— 80 mg/L
~ 100 mg/L
0 T T - ; ;
0 1 2 3 4 s 6

Water-soluble Cl concentration (mg kg™?)

Figure 5. Theoretical calculations of the percentage of a speleothem sample that
would be required to be composed of fluid inclusions to gain water-soluble CI™ at
concentrations typical of the speleothems analysed in this study, for different fluid
inclusion water Cl™ concentrations, reported as weight % (a) and volume % (b).

(Holocene) samples, this correction to gain the initial value is
minor (Table 3) and well within the uncertainties of the
age-uncorrected value. For older samples, however, this correction
becomes significant, as shown in the example of CB41 (Table 3),
where the age-uncorrected (i.e., at the time of measurement) **Cl/
Cl ratio of 74 x 107'° is corrected to an initial value (i.e., at the
time of deposition) of 98 x 10™'°> based on an age of 124 ka.
Unfortunately, our attempts at dating CB41 were hampered by
a very low *°Th/>**Th activity ratio; hence, a large detrital correc-
tion would be needed, giving unacceptable uncertainties.
Therefore, here, the age had to be estimated based on the
U-series ages of three coeval speleothems deposited in the same
cave that have been shown to form only during interglacial con-
ditions, so we can be relatively confident that CB41 also formed
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Figure 6. Synchrotron radiation micro X-ray fluorescence (u-XRF) maps of sample MO7 from Moline Cave, Trentino, NE Italy. The maps show the distribution of

concentrations of Na, Mg, Al, Si, P, S, Cl, and Sr.

in the same time window around 124 +4 ka (Johnston et al,
2018). Because this is a pilot study, and due to the large sample
sizes required, our *°Cl/Cl ratio measurements were carried out
on the material available to us at the time; future attempts at
these measurements should select speleothems that have already
been accurately dated.

DISCUSSION

Here, we test the hypothesis that Cl concentrations in speleothems
are directly correlated with the CI” content of the feeding drip
waters; a situation that would permit speleothem Cl to be used
as a proxy for palaeo-precipitation or evapotranspiration, and
thus to be used to infer the climate setting. Theoretically, due
to its strongly hydrophilic nature, CI” could be considered to
travel quickly and conservatively though the vadose zone, albeit
in the absence of anthropogenic sources, such as road salt (e.g.,
Miinsterer et al., 2012), highly-soluble Cl-rich minerals in the
catchment area, or interactions with soil and vegetation (e.g.,
Cornett et al.,, 1997; Milton et al., 2003; Bastviken et al., 2007;
Treble et al., 2016). Because rainwater Cl~ concentrations depend
strongly on the distance from the coast, one could expect cave
drip-water Cl~ concentrations, and thus speleothem CI concen-
trations, to correlate with the distance from the coast. Our limited
data from cave sites studied here show that Cl™ concentrations in
drip waters are indeed higher in the coastal sites (Crag Cave and
La Garma Cave, 12-43 mg/L and 14-137 mg/L, respectively) than
inland (Cesare Battisti Cave, ca. 0.5 mg/L; Borsato et al., 2016).
However, our speleothem data do not reflect this trend. For exam-
ple, speleothem LC1 from a coastal site had a low total Cl
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concentration of 5 mg/kg, while inland CB41 had a higher Cl con-
centration of 14 mg/kg (Tables 1 and 2). Alternatively, evapo-
transpiration could elevate Cl~ concentrations in drip waters
from more arid regions, and consequently in the speleothems as
well. However, our results show the opposite. For example, low
Cl  concentrations (3.1 mg/kg) characterise  speleothem
SM-REF-02 from southern Spain, which endures a strong sum-
mer water deficit (Koppen-Geiger climate classification: Csa;
Beck et al,, 2018), whilst high Cl concentrations were detected
in the subalpine CB41 flowstone (Dfb). Overall, our data indicate
that speleothem Cl concentrations do not correspond with drip-
water CI™ concentrations (i.e., the Cl™ signal in the drip water
is not transferred to the speleothem). This implies that Cl in spe-
leothems is not a straightforward proxy of climate. Accordingly,
the transfer of Cl™ from the drip water into the speleothem car-
bonate requires investigation.

Fabrics and Cl incorporation

In an attempt to understand how Cl is incorporated into our stud-
ied speleothems, we compared their Cl concentrations, measured
with the different methods, with their fabrics. Considering the
results of the water-leaching method (Fig. 4a, Table 2), it is
clear that pairs of samples from the same caves have similar
Cl™ concentrations. This is in contrast to the results of total Cl
(measured by INAA), in which pairs of samples from the same
caves show large differences in their Cl concentrations. For exam-
ple, LCI and LC5 have identical water-soluble CI™ concentrations
of 3.2+0.2 mg/kg but significantly different total Cl concentra-
tions of 5mg/kg and 13 mg/kg, respectively. Accordingly, we
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Figure 7. Synchrotron radiation micro X-ray fluorescence (u-XRF) maps of sample FM13 from Matilda Cave 6N-370, Nullarbor, S Australia. The maps show the dis-

tribution of concentrations of Na, Mg, Al, Si, P, S, Cl, and Sr.

propose the concept of two fractions of Cl within speleothems: (1)
loosely bound and water soluble and (2) strongly bound and
scarcely soluble to insoluble in water. The water-leaching method
extracts only the water-soluble fraction, while INAA measures
both fractions, as total Cl, where the strongly bound, insoluble
fraction is the difference between the two measurement methods
(i.e., the excess Cl in the INAA method). Every speleothem likely
contains Cl derived from both fractions, but the proportions of
these will vary (Fig. 4b). Given the similarity in water-leached
CI™ concentrations between pairs of speleothem samples from
the same caves, the water-soluble, loosely bound CI™ could possi-
bly reflect environmental conditions, such as Cl~ concentration of
drip waters, while the excess, strongly bound Cl may depend on
individual speleothem properties, such as fabric and contents of
inorganic and organic compounds.

The stalagmites from Lisodigue Cave are good candidates to
interrogate how Cl may be incorporated in speleothems, as they
are from the same cave and have similar ages, but some differ-
ences in fabrics (fabric group: LC1=1, LC5=2). In stalagmite
LC1, the total Cl concentration is 4.7 mg/kg, whilst LC5 has a
high Cl concentration of 13 mg/kg. LC1 preserves delicate pri-
mary features, such as clotted peloids consisting of micrite, and
the fabric is overall more compact in LC1 (Fig. 2a) than in LC5
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(Fig. 2b). The micrite defines very dark laminae, where it is likely
that organic particulates were entrapped between crystals and
where organic compounds may have influenced the formation
of clotted peloids. LC5 has similar lamination, but it is more
porous, with evidence of rounded micromorphologies and sur-
faces that crosscut several laminae, which are here interpreted
as due to dissolution possibly associated with oxidation of organic
compounds (Fig. 2b). Petrographic observations did not reveal the
presence of clotted peloidal micrite, although this might be a
localised difference due to where the thin section was obtained.
Lamination is present in both LC1 and LC5 and is likely the result
of annual flushing of the same organic and particulate matter into
the cave system (cf. Borsato et al, 2007), where differences
between the two samples are potentially caused by different drip-
water pathways through the soil and bedrock. Thus, in addition to
a contribution from fluid inclusions, incorporation of Cl into LC1
and LC5 might be a result of Cl association with organic com-
pounds in the clotted peloidal micrite portion of the layers.

The lowest Cl concentrations, both water soluble and total,
found in this study were in PN5 (water soluble = 1.2 mg/kg;
total below detection limits) and PN6 (water soluble = 1.5 mg/
kg; total =3 mg/kg) (Table 2), which are also the speleothems
with the most uniform fabric (fabric group 1) consisting of an
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interlocking mosaic of calcite crystals (Fig. 2c and d). This fabric
was most commonly observed in speleothems in which some
degree of diagenetic (here intended as an early, postdepositional
process) modifications occurred (Frisia, 2015; Frisia et al.,
2018). The PN speleothems contain a low proportion of particu-
late matter (Fig. 2c and d). Their compact fabrics leave little space
for fluid inclusions, but they are characterised by intercrystalline
porosity that could host water-soluble CI™.

Flowstone CB25 exhibits relatively high and comparable water-
soluble and total Cl concentrations; 5.7 mg/kg and 5.3 mg/kg,
respectively. CB25 predominantly displays an open dendritic
(skeletal) fabric (fabric group 3) and high meso- to macroporosity
(Fig. 2e). The branching framework and stepped crystal faces of
this fabric result in pervasive microporosity, which would allow
ClI™ to be hosted in fluid inclusions between pores or as relatively
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soluble particulates at crystal steps/kinks. Furthermore, the den-
dritic fabric was shown to be characterised by crystal defects,
such as lamellae and dislocations, which could perhaps incorpo-
rate Cl™, possibly compensating for charge imbalances. The place-
ment of CB25 on the 1:1 line between water-soluble and total Cl
(Fig. 4a) indicates that practically all the Cl within this sample is
loosely bound to the carbonate.

Flowstone CB41, from the same cave as CB25, has the highest
Cl concentrations, both water soluble and total, of all the analysed
suite of samples (Table 2). In the hand specimen, CB41 is charac-
terised by high porosity, where pores are lined by isopachous
cement or are completely filled by calcite. The sample also
shows a high number of small fluid inclusions, in addition to
macropores up to 3 mm in length, which likely host water-soluble
Cl™. However, given the low Cl™ concentrations of drip waters at
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this inland cave site, a second source of loosely bound Cl must be
present. CB41 has a distinctive fabric (fabric group 2), consisting
of laminae formed by micrite, which laterally pass into microspar-
ite (Ms in Fig. 2f) and sparite arranged in botryoidal shapes
(Fig. 2f). Some clotted peloidal micrite can be still observed, sug-
gesting that the formation of micrite may have been bio-
influenced. The fabrics have a distinctive peach colour—with
the exception of white pore-lining and filling cements—that
may be attributable to a high bulk sample Mn concentration
(ca. 50—100 mg/kg). The presence of microsparite (Fig. 2f) indi-
cates that CB41 may have undergone some early diagenesis. It
then becomes plausible that its high water-soluble CI™
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concentration is the result of an input from Cl-bearing, diagenetic
fluids, while the organic-rich micrite provides the strongly bound
Cl component; these sources together then result in the high total
Cl concentration observed.

Relative to the other speleothems, stalagmite SM-REF-02
(Fig. 2g) has a medium Cl concentration but, importantly, falls
close to the 1:1 line between the Cl concentrations measured by
leaching and by INAA (2.6 mg/kg and 3.1 mg/kg, respectively;
Fig. 4a). This indicates that most of the Cl was loosely bound
to the speleothem. The fabric is roughly laminated, composed
of alternating dendritic and micritic fabrics, with some macro-
porosity (fabric group 3). This could be interpreted as indicating


https://doi.org/10.1017/qua.2023.64

Cl and cosmogenic *°Cl incorporation into speleothems

that a significant contribution of the Cl is hosted in fluid inclu-
sions. Moreover, Cl is either particularly incompatible with the
dendritic fabric or any Cl associated with dendritic crystals, per-
haps, for example, nested in defect sites, is only loosely bound to
the calcite and readily water soluble. Here, the micrite does not
appear to contribute much to the total Cl composition. This dis-
parity in Cl concentrations between speleothems that have similar
fabric features (e.g., micrite content) suggests that the incorpora-
tion of other elements or organics not analysed in this study may
affect Cl incorporation. Importantly, this highlights the complex
processes that govern Cl concentrations in speleothems.
Stalagmite Val-01 is the only one entirely composed of arago-
nite and consists of an alternating fabric of rays and acicular
fans, which leads to the appearance of compact and porous layers
(Fig. 2h; fabric group 4). Val-01 has a low water-soluble Cl™ con-
centration of 2.3 mg/kg but, relative to this, a total Cl concentration
of 7.1 mg/kg. The alignment of the acicular crystals allows pores to
develop at crystal terminations, trapping fluids that could contain
CI', accounting for some of the water-soluble Cl~ fraction.
However, the large nonsoluble component indicates that Cl could
be incorporated bound to cations, such as Na* or K*, or to organic
compounds, in a mode that is unique to this aragonite fabric.
The differentiation between fabric groups and Cl concentra-
tions in speleothems is clearly apparent in Figure 4. Fabric groups
1 and 3 fall close to the 1:1 line between total and water-soluble CI
concentrations (Fig. 4a), indicating that most of the Cl is held
within the water-soluble and loosely bound fraction, supported
in Figure 4b, which shows more than 50% of the Cl is from the
water-soluble fraction. This is in contrast to fabric groups 2 and
4, which are farther from the 1:1 line between total Cl and water-
soluble CI™ concentrations (Fig. 4a) and contain less than 50% of
Cl derived from the water-soluble fraction (Fig. 4b), therefore
indicating that fabric groups 2 and 4 have a mix of Cl sources,
with a large proportion derived from the insoluble fraction. The
most obvious source of water-soluble CI™ in speleothems is
from fluid inclusions. Based on Figure 5, we theorise that to
gain the concentrations of water-soluble CI~ found here, a large
amount of fluid must be hosted within the speleothems (presum-
ing the fluid inclusion solution retains the same Cl~ concentra-
tions as the feeding drip water). Speleothems are typically
thought to contain about 0.1% (weight) of fluid inclusion water,
ranging from approximately 0.05% to 0.5% (McDermott et al.,
2005), corroborated by further estimates based on fluid inclusion
isotope measurements on Hungarian speleothems that were
found to contain about 0.1-0.2% (weight) fluid, with exceptional
values up to ca. 0.6% (Demény et al., 2021). Consequently, using
these estimates, the amount of fluid inclusion water required to
provide the measured speleothem water-soluble Cl™ fraction
becomes implausible (Fig. 5a), implying either the solution
trapped as fluid inclusions has a higher Cl™ concentration than
the drip water or there is another source(s) of water-soluble Cl™
within speleothems. However, it has become apparent that the
volume of water extracted from speleothems during fluid inclu-
sion isotope analyses may be lower than that of the original spe-
leothem, because water can escape through microfractures or
evaporate during the analyses at a stage before the water is
extracted (Fernandez et al., 2023), consequently, indicating that
the calculated fluid inclusion content values (shown above) are
underestimated. If fluid inclusion water is lost though evapora-
tion, the Cl contained in the fluid inclusion water would be
deposited as Cl salts within the porosity and thus would still con-
tribute to the water-soluble Cl™ fraction measured here. Indeed,
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using internal 3D imaging, Shtober-Zisu et al. (2012) found the
total porosity of certain speleothems to be <18% (volume),
while the porosity varied between speleothems and also within
the speleothems themselves due to differences in speleothem fab-
rics. Therefore, if this porosity still contains fluid inclusion water
or was originally water filled and the fluid subsequently evapo-
rated depositing water-soluble Cl salts, it could provide a large
proportion of the water-soluble Cl™ fraction at typical cave drip-
water concentrations (Fig. 5b). Importantly, porosity was found to
vary widely depending on the speleothem fabric (Shtober-Zisu
et al,, 2012), implying that speleothem fabric strongly influences
the water-soluble CI™ concentrations.

Hence, our limited data show that speleothem fabrics are a factor
in controlling the Cl concentrations of speleothem carbonate. The
control of the fabrics encompasses the carbonate crystal shapes,
the porosity, and the incorporation of particulate matter (including
how these influence one another). This raises the question of
whether fabrics and their associated micro and nano-scale growth
defects play a role in the incorporation of other trace elements of
palaeoclimatic  significance into speleothems, which has only
recently been given adequate consideration (Frisia et al., 2018, 2022).

Uu-XRF trace element maps

u-XRF mapping permits the visualisation of the distribution of
trace elements at very high resolutions. Different trace elements
can be associated with speleothem features, such as those ele-
ments that follow the crystal shapes and others that indicate inclu-
sion of particulates. We now use more recently acquired pu-XRF
maps of a suite of trace elements, including Cl, from a different
set of well-characterised speleothems to offer further insights
about Cl incorporation mechanisms in speleothems.

MO7 (Moline Cave, NE Italy)

In sample MO7 from Moline Cave, NE Italy, two different distri-
butions of trace elements are apparent; the right-hand sides of the
maps show well-defined crystal tips, notably on the Mg map, with
high concentrations of Si and Al, likely as fine detrital particulates,
following the crystal faces, while the left-hand sides show more
disrupted crystal forms and accumulations of Si and Al in depres-
sions (Fig. 6). The distribution of CI also shows differences on
either side of the map. On the right-hand side, Cl occurs as dis-
crete spots that are similar to what is seen in the Na map, and
thus, it is likely that the Cl is hosted in fluid inclusions (as
NaCl in solution). Whereas, on the left-hand side of the map
(Fig. 6), Cl is distributed along some sublinear features that can-
not be attributed to associations with detrital particulates (Si and
Al) or organic compounds (often associated with P; Frisia et al.,
2012). The CI has accumulated at nodes connecting these sublin-
ear features, and these accumulations are also apparent in the Na
and S maps, albeit not as visibly clear as in the Cl map. We there-
fore suggest that the CI could be hosted within fluid inclusions
that are distributed along microfractures or linear defects in the
crystals. We interpret this to mean that, at least in the studied
part of MO7, the majority of Cl is likely to be incorporated as
part of the water-soluble and loosely bound fraction.

FM13 (Nullarbor)

In Nullarbor speleothem sample FM13 (Fig. 7), Cl appears to be
concentrated in an area that has more disrupted crystals, as shown
in Mg, S, and Sr distributions. The CI distribution does not cor-
relate directly with detrital material (Si and Al); however, the


https://doi.org/10.1017/qua.2023.64

16

disrupted zone does appear to have slightly more occurrences of
Si and Al than other parts of the mapped area. The P distribution
shows some faint similarities to those of Si and Al, potentially
indicating that some of the particulates are related to organic
compounds (cf. Frisia et al., 2012). Interestingly, there is an anti-
correlation between Na and Cl, indicating that the Cl is unlikely to
be hosted in fluid inclusions in the common form of NaCl
Critically, the data do not elucidate by what mechanism CI was
incorporated into FM13, but by process of elimination, we can
suggest that Cl could be incorporated at crystal defect sites com-
pensating for charge imbalances (but these are not associated with
detrital material), as Cl containing minerals (combined with ele-
ments not analysed here), or as chlorinated organic compounds
(that do not contain high concentrations of P and S).

FS04 (Nullarbor)

In Nullarbor speleothem sample FS04 (Fig. 8), the lower part of
the synchrotron p-XRF maps, particularly those of Mg and S,
show morphologies of crystal terminations as rounded crystal
tips, which suggests that dissolution may have occurred when
crystals reached the surface of the water film. This phenomenon
could reflect sporadic changes in environmental conditions caus-
ing percolation waters that were undersaturated with respect to
calcite and low flow rates. The Cl is distributed along these layers,
outlining the crystal tips, but this distribution is only vaguely
reflected in the distribution of Si but not in Al, while Cl is anti-
correlated with S. As in FM13, although vague, there appears to
be some anticorrelation between Na and Cl, disputing the possi-
bility of NaCl solution in fluid inclusions. Therefore, we cannot
deduce the CI incorporation mechanism for FS04, but again, as
for FM13, we suggest the possibilities of crystal defect sites,
other Cl-bearing minerals, or chlorinated organic compounds
present in nano-scale inclusions.

MO1 (Nullarbor)

Nullarbor speleothem sample MO1, which mostly consists of
translucent, elongated columnar calcite (Fig. 3d), shows a strong
contrast between the upper and lower parts of the mapped area
(Fig. 9). The lower part, with high concentrations of Mg, Al, Si,
P, S, and Sr, has been previously interpreted as being associated
with micrite (Frisia et al., 2012), while the upper part is cleaner
calcite with low concentrations of those elements. The Cl map
has some distinct features. In the lower part, a large, presumably
detrital particle corresponding to high Al and Si concentrations,
dominates the Cl map. Cl continues to follow a distribution similar
to that of Al and Si in the lower part of the mapped area, pointing
to Cl incorporation associated with detrital or particulate material,
which may also have an organic component (associated with P). In
the upper part of the map, Cl is distributed as discrete spots that
correspond with similar spots of high Na concentrations. These
spots continue with a similar distribution on the lower part of
the mapped area. The most likely explanation for these spots is
NaCl solution within micro—fluid inclusions. This clearly shows
that in the cleaner speleothem calcite, Cl is incorporated solely
within fluid inclusions, while in micritic calcite, Cl can be incorpo-
rated in fluid inclusions and associated with detrital material.

Incorporation of Cl into speleothem carbonate

The mechanism by which Cl is incorporated into carbonate spe-
leothem fabrics seems to exert a major influence in determining
its concentration and distribution, and thus its potential utility
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as an archive of past Cl concentrations that could be used to
reconstruct palaeo-infiltration and palaeo-meteoric *°Cl/Cl ratios
as a proxy for solar activity. We discount that Cl incorporates into
the carbonate mineral lattice by substitution in the CO? sites due
to the difference in size and electron density, rendering CI™
incompatible in the calcite structure (Staudt et al, 1993;
Temmam et al,, 2000). Moreover, Figures 6-9 show ions that
incorporate into the carbonate structure via ion substitution,
such as Mg and S, tend to define the crystal faces, while Cl
does not. Importantly, Figures 6 and 9 show evidence that we
can interpret as Cl incorporation as fluid inclusions. This backs
up the findings from water-leaching experiments that showed a
water-soluble Cl component in all the samples (Fig. 4), at least
in part derived from fluid inclusions visible in their thin sections
(Figs. 2 and 3). However, the total Cl concentrations also contain
a scarcely soluble Cl component (Fig. 4). In Figures 7-9, it is clear
that Cl can be associated with particulate matter high in Al and Si,
which may account for enrichment of Cl through
detrital-associated Cl (i.e., the Cl is part of the composition of
the particulate matter or is adsorbed onto the particulates) or
authigenic clay-type mineral formation. This supports the finding
that samples LC5 and CB41, having both high porosity (hosting
Cl™ as fluid inclusions) and micrite laminae (incorporating Cl
associated with particulate matter) (Fig. 2b and f), had the highest
total Cl concentrations (Fig. 4). However, Figures 7 and 8 suggest
that there could be alternative Cl incorporation mechanisms—
other than fluid inclusions or particulate matter. Possible addi-
tional mechanisms of Cl incorporation include within defect
sites compensating for charge imbalances, as Cl-bearing minerals
involving elements not studied here, or associated with chlori-
nated organic compounds potentially including microbiological
processes. The possibility could also arise whereby Cl is incorpo-
rated at defect sites, but the defects themselves may be formed due
to the presence of particulates, organic compounds, or even bio-
influenced crystallisation. These concepts require further research,
for the case of Cl and additionally for other trace elements of
palaeoclimatic significance.

Cl and 3°Cl as proxy records in speleothems

By using a variety of speleothems, we have shown that the presence
of fluid inclusions and detrital particulates are important in con-
trolling the incorporation and final concentration of ClI in speleo-
thems. Hence, the Cl concentration stored within speleothems is
not necessarily a reflection of the parent drip-water Cl~ concentra-
tions. This means that any record of total Cl concentrations gained
from a speleothem would not be a direct and quantifiable proxy of
climatic or environmental variability, such as distance from the
coast or evapotranspiration. Nonetheless, Cl concentrations
could instead indicate changing fabrics, input of detritus and
organics, or hiatuses. Still, these parameters may themselves be
indicators of environmental conditions, for example, changes in
cave ventilation, drip rate, infiltration-water calcite saturation
state, surface vegetation changes, and runoff rate. Yet any links
between these conditions and Cl concentrations would be, at
this point, extremely tentative and warrant further investigation.
If the total Cl concentrations (by INAA) are considered, our
leaching extraction method sometimes obtained low Cl yields,
which is known to detrimentally affect isotope ratio measure-
ments. However, due to the relatively small mass difference
between the stable isotopes of Cl, the *’Cl/*°ClI ratio shows little
variability in the crustal environment; whereby the oceans are
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characterised by a constant §*/Cl ratio of 0%o, while evaporites are
usually within 0.5%o of the ocean values (Kaufmann et al., 1984;
Sharp et al,, 2007; Wang et al.,, 2019). The cosmogenic isotope
*°Cl lies between the masses of the two stable isotopes; therefore,
the mass difference between *°Cl and the stable isotopes is smaller
than the difference between the two stable isotopes. Hence, neg-
ligible isotopic fractionation of *°Cl/Cl is expected during incor-
poration into speleothems. Therefore, unlike total Cl
concentrations in speleothems that do not reflect drip-water CI
concentrations, the *°Cl/Cl ratio, because it is measured as a
ratio, potentially reflects drip-water values and could possibly
provide information regarding solar irradiance.

Moreover, for the analyses of *°Cl/Cl ratios, only the water-
soluble fraction is desired, because this reflects the meteoric signal
that forms the proxy for solar activity. By contrast, the insoluble
fraction comprises Cl that is strongly bound to detrital particu-
lates and organic compounds, in which the Cl is of unknown
age and may have been reworked and recycled and possibly trans-
ported long distances. Hence, this strongly bound Cl might not be
representative of the *°Cl/Cl ratio at the time of speleothem for-
mation, and thus would not provide a proxy of solar irradiance.
Paradoxically, the low-Cl speleothems in which a high fraction
of the total Cl is likely to be hosted by fluid inclusions may pro-
vide the most reliable contemporaneous meteoric *°Cl/Cl signals,
although this presents challenges in terms of recovering sufficient
Cl for AMS analysis.

The data presented in Table 3 have many possibilities for inac-
curacies due to the low concentrations of Cl in the samples, the
large amount of spike required, and the accuracy of dating. The
final column of Table 3 roughly estimates the present-day *°Cl/
Cl ratio in rainwater at each site based on interpolation between
a limited number of points across Europe at a single snapshot
in time (Johnston and McDermott, 2008). However, despite all
these uncertainties and the very limited data sets, in addition to
the speleothems being deposited in the past when environmental
conditions may have been different, the highest *°Cl/Cl ratio in
CB41 does mirror the high **Cl/Cl ratio in local rainfall in this
central continental area, while the lowest **Cl/Cl ratio in TH1 cor-
responds with a low rainwater value at this site close to the coast.
This provides a tentative proof of concept that the speleothem
*°Cl/Cl ratios reflect those of the meteoric water and can be mea-
sured successfully in speleothems.

A crucial issue is that, due to the unsystematic Cl incorpora-
tion, the total Cl concentration is not quantitatively linked to
the atmospheric/drip-water Cl~ concentrations. Hence, this
would negate the possibility of reconstructing quantitative *°Cl
fallout rates. Moreover, the fundamental problem is the low quan-
tities of Cl incorporated into the speleothems and the inference
above that the low-Cl samples may provide the most suitable
material in terms of potentially recovering a contemporaneous
meteoric water *°Cl/Cl signal. Consequently, albeit theoretically
feasible, the possibility of gaining a high-resolution time series
of *°Cl/Cl ratios from speleothems still requires advances in the
current instrumental sensitivity for measuring *°Cl/Cl ratios, sig-
nificant advances in our understanding of Cl hosts in speleo-
thems, and improvements in the techniques used for the
extraction of meteoric Cl from speleothems.

CONCLUSIONS

We measured total Cl and water-soluble CI~ concentrations and
mapped Cl distribution at high resolution in speleothems from
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coastal and inland settings and from Holocene to Pleistocene
age. In all samples, total Cl concentrations are relatively low,
between 3 and 14 mg/kg, notably lower than marine, organic-rich,
and fine-grained limestone. Our findings indicate that Cl incorpo-
ration into speleothem carbonates is very complex, and more than
one mode of incorporation is responsible for the total Cl concen-
tration within speleothems.

We propose that there are two different Cl fractions within
speleothems: a water-soluble, loosely bound component and a
water-insoluble, strongly bound constituent. The water-soluble
fraction is made up of fluid inclusions and, potentially, also CI
that is loosely bound to the crystal lattice, possibly compensating
for charge imbalances at defect sites. This fraction is extracted eas-
ily from speleothem carbonate by a simple water-leaching process.
By contrast, the water-insoluble fraction is strongly bound to or
within detrital particulates and water-insoluble organic com-
pounds and is not extracted by water-based leaching but is appar-
ent when measuring total Cl by INAA and visually obvious in
trace element maps. Several of our samples had broadly similar
concentrations of both water-soluble and total Cl, indicating
that, in these samples, the majority of the ClI was loosely bound
and water soluble. However, the speleothems with the highest
total Cl concentrations were those that were strongly laminated
and micritic, containing large amounts of detrital material, pre-
sumably including organic compounds.

Critically, the distribution of Cl at a micrometre-scale analysed
by using synchrotron p-XRF clearly showed the two different
modes of Cl incorporation: in water-soluble fluid inclusions and
bound to particulate matter. However, in some samples, the dis-
tribution of Cl could not be attributed to these incorporation
mechanisms, thus indicating that Cl incorporation into speleo-
thems is a complex system whereby other processes require con-
sideration; for example, Cl incorporation at crystal defect sites, as
noncarbonate Cl-bearing minerals, related to crystal growth
mechanics (e.g., amorphous calcium carbonate precursors), or
associated with chlorinated organic compounds potentially
including microbiological processes. The main outcome of this
study highlights a knowledge gap regarding the mechanisms by
which trace elements are incorporated into carbonates of palaeo-
climatic significance, requiring further research into the ways in
which speleothem fabrics encode palaeoenvironmental signals.

Our findings include the first measurements of *°Cl/Cl ratios
on speleothems. The low concentrations of meteoric Cl present
in our samples (which are likely representative of most speleo-
them samples) necessitated large sample sizes and a high propor-
tion of spike, leading to significant spike corrections, resulting in
large uncertainties. Our results are not encouraging for the aim of
attaining a record of *°Cl/Cl ratios to reconstruct past solar irra-
diance. Despite this, there is a rough connection between the
*Cl/Cl ratios measured in the speleothems and the present-day
*°Cl/Cl ratios in rainwater. Therefore, with technological and
methodological advances, along with good sample material,
there is future potential to gain a *°Cl/Cl ratio record from
speleothems.
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