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ABSTRACT

Variations of trace element (e.g. Mg, Sr, Ba, Fe, Zn etc.) concentrations along a speleothem’s growth
axis constitute important paleoclimate proxies. The use of laboratory micro X-ray fluorescence
spectrometry as a fast and cheap alternative for conventional mass spectrometry techniques for
trace element analysis on speleothems has been explored in the past and yielded satisfactory results.
However, within the speleothem community there is need for an in-depth investigation of the full
potential of this analytical technique. Compared to other types of paleoclimate archives, benchtop
(WXRF analysis on speleothems is analytically more challenging because of the high-crystalline
speleothem matrix and the low abundance of the elements of interest. In this study, several
speleothem samples with differences in mineralogy (calcite versus aragonite) and composition are
investigated. Various instrumental parameters are tested and recommendations are made for future
studies applying (W)XRF analysis to speleothems. Quantification based on a multiple standard
calibration and an assessment of the error is carried out. Through validation with mass spectrometry
techniques, it is confirmed that benchtop uXRF devises are able to generate speleothem trace
element records. Successful results were obtained for Sr, Mg and Fe, while Zn and Ba were
quantified in samples characterized by high concentrations. Nevertheless, caution has to be taken
when interpreting the results, due to the presence of diffraction caused by the crystallinity of the
samples. The elements which provide reliable results are sample specific and depend on the type of
matrix and elemental abundance. These findings are applied on an Eemian to early Weichselian
stalagmite from the Han-sur-Lesse Cave, Belgium. Time series were constructed for Mg and Sr,

creating a multiproxy dataset together with previously obtained stable isotope (6"*C and 6'%0) ratios,



growth-rate and stalagmite morphology. It appears that Mg and Sr are not primarily controlled by

prior calcite precipitation, but rather by changes in vegetation activity above the cave.
INTRODUCTION

Speleothems constitute one of the most important continental paleoclimate archives and their use
has been proven successful in numerous paleoclimate reconstructions (e.g. Bar-Matthews et al.,
1999; Wang et al., 2001; Genty et al., 2003; Verheyden et al., 2008a; Boch et al.,, 2011, Van
Rampelbergh et al., 2015; Vansteenberge et al., 2019). Besides the well-established §*C and 60
stable isotope ratio proxies (McDermott, 2004; Lachniet 2009; Wong and Breeker, 2015), variations
in trace element concentrations along the speleothem growth axis also yield crucial information
about diverse climate-controlled processes (Fairchild et al., 2000; Verheyden et al., 2000; Fairchild et
al., 2006; Fairchild and Treble, 2009; Wynn et al., 2014). For instance, variations in bedrock-derived
(alkaline earth) elements such as magnesium (Mg), strontium (Sr) and barium (Ba) have been
attributed to changes in prior calcite precipitation (PCP). PCP is defined as the precipitation of calcite
upstream of the site of speleothem deposition. These changes are directed by drip water availability
and therefore primarily reflect changes in the amount of local meteoric precipitation (Fairchild et al.,
2000). This effect is even observed on a seasonal scale (Johnson et al., 2006; Jamieson et al., 2016;
Vansteenberge et al., 2019). Concentrations of other trace elements, for instance phosphorous (P),
zinc (Zn), yttrium (Y) and lead (Pb), are mainly soil—derived (Borsato et al., 2007), and are therefore
indicators of environmental changes (Fairchild and Treble, 2009; Frisia et al., 2012, Jamieson et al.,
2016, Vansteenberge et al., 2019). These soil-derived elements bind to natural organic matter in the
soil and serve as a proxy for vegetation activity above the cave and the amount of seasonal soil-
flushing (Hartland et al., 2012; Wynn et al., 2014). Combined stable isotope and trace element
records have gained more attention in speleothem studies that aim to reconstruct past hydroclimate.
In order to satisfy this new demand for high resolution chemical analyses, novel techniques, such as
micro X-ray fluorescence (UXRF) analysis, are employed to acquire the large amount of trace element

data needed to produce robust time series.

Over the last decades, XRF analysis has been shown to be an excellent technique for fast and non-
destructive analysis of elemental abundance in various types of geological materials, including
sediment cores (Richter et al., 2006; Weltje and Tjallingii, 2008) and bivalve shells (Kurunczi et al.,
2001; de Winter and Claeys, 2016; de Winter et al., 2017a). The pioneering work of Frisia et al.
(2005), Borsato et al. (2007), Wynn et al. (2014) and Vanghi et al. (2019) illustrates the major
potential of synchrotron radiation uXRF (SR-uXRF) for trace element analysis on speleothems, even

down to the micrometer-resolution. In comparison, although SR-uXRF enables higher resolution (sub-



micrometer scale) measurements, the available number of synchrotron radiation facilities is limited
and therefore not always accessible within the time frame of a research project. Laboratory pXRF
devices therefore provide a valuable, accessible alternative for the study of trace element
compositions of speleothems at the micron to millimeter scale and may help to prepare for further

SR measurements.

A wide range of XRF instruments exists, ranging from XRF core scanners, benchtop models and
portable XRF scanners that can even be used in the field. The advantages of uXRF analysis are that it
requires little to no sample preparation and is non-destructive, fast and relatively inexpensive. For
example, a single, quantitative data point used in this study takes about 90 s to collect, with sample
preparation limited to the polishing of the flat sample profile. Semi-quantitative compositional
information can be gathered even more rapidly by employing fast 2D XRF mapping. Despite these
advantages, it has to be pointed out that the geochemical purity of speleothem CaCO; and the highly
crystalline matrix makes the application of laboratory uXRF challenging and may induce analytical

biases.

Several types of crystal fabrics (e.g. columnal, fibrous and microcrystalline) have been identified in
speleothem samples (Frisia et al., 2000 and references therein). The presence of these fabrics has
been shown to depend on drip rate, carbonate saturation state and drip water chemistry and may
contain information about past climate variability (Frisia et al., 2000; 2002; Mattey et al., 2010; Frisia,
2015). Even different minerals (e.g. calcite and aragonite) may be present in a single speleothem,
sometimes related to replacement of aragonite by calcite after deposition (Frisia et al., 2002). Since
direct (i.e. without destructive sampling) spectroscopic methods such as XRF produce spectra that
contain information related to both chemical composition and matrix crystallinity, samples with the
same chemical composition but different crystal fabrics will yield different results, unless this
interference of crystallinity can be resolved (e.g. Sutton et al., 1986). In addition, the effects of
processes such as adsorption, inclusion and incorporation of trace elements in the speleothem may
vary due to different degrees of porosity due to changes in crystal fabrics, causing the chemical

composition to vary as a function of the crystal fabric.

One of the earliest tests of laboratory uXRF analysis on speleothems is provided by Dandurand et al.
(2011), in which various types of cave deposits were measured. Work by Finné et al. (2015) also
showed the ability of uXRF to identify flood layers in speleothems based on the detection of Iron (Fe)
and Silicon (Si). Both these studies used an XRF core scanner. The study from Buckles and Rowe
(2016) was the first to actually determine optimal measurement conditions for speleothems in terms

of instrumental parameters with a semi-portable XRF scanner. They also created calibration curves to



transform the semi-quantitative XRF data into quantitative results. Furthermore, a detailed
discussion of the effect of measurement conditions on lab-based uXRF results on carbonates was
provided by de Winter et al. (2017b), paving the way for quantitative analysis. The possibility of
obtaining quantitative results encourages the use of uXRF as an inexpensive, fast and non-destructive
alternative for analytical techniques such as digestion inductively coupled plasma mass spectrometry
(ICP-MS), laser ablation ICP-MS (LA-ICP-MS) and ICP optical emission spectrometry (ICP-OES). Recent
studies, however, still lack a thorough methodological validation or specific guidelines, especially for

elements other than Sr (e.g. Cui et al., 2012; Wu et al., 2012; Buckles and Rowe, 2016) .

In this study, multiple tests of XRF measurements using a lab-based uXRF setup were conducted
under different measurement conditions and on a wide range of samples, including stalagtites and
stalagmites of different ages and with mixed mineralogy. The results of these tests are evaluated by
comparison with trace element data measured using ICP-MS techniques on the same samples. In this
way, recommendations are provided for future uXRF-based speleothem trace element analyses,
including suggestions and/or guidelines on how to 1) determine optimal measurement parameters,
2) identify which elements can be measured in a reliable way, 3) to recognize the effects of sample
conditions (e.g. porosity and crystallinity). Finally, guidelines are proposed for quantifying uXRF
results from speleothems and to assess the uncertainty of these results. These findings are then
applied to a case study carried out on a stalagmite of Eemian to early Weichselian age from Han-sur-
Lesse Cave, Belgium, of which stable isotope ratios were already reported in and discussed by

Vansteenberge et al. (2016).
ANALYTICAL BACKGROUND

The X-ray fluorescence analysis technique uses an X-ray source to excite the sample material and
measures the returning X-ray radiation spectrum to characterize the sample composition. Absorption
of X-ray radiation by atoms in the sample material causes their electrons to be excited. After
excitation, the electrons return to their lower energy state by emitting X-rays, a process known as
fluorescence. The energy of the fluorescent X-ray depends on the electron configuration of the atom
and therefore bears a signature characteristic for the element. In XRF analysis, fluorescent X-rays
emitted by an excited sample are used to determine the elemental composition of the sample, and
the amount of fluorescence photons counted in the peaks, i.e. the intensity, is proportional to the
concentration of the element in question. The relationship between intensity and elemental
concentration is described by the Sherman equation (Sherman, 1955), which was manipulated into
the Fundamental Algorithm for application on XRF analysis by Rousseau (Rousseau, 1984a; 1984b;

Rousseau and Bouchard, 1986; Rousseau and Boivin, 1998). For a more in-depth discussion of the



physical principles of XRF analysis, we refer to the work of Jenkins (1999), Beckhoff et al. (2006),
Shackley (2011) and Gauglitz and Moore (2014).

Theoretically, XRF analysis provides the user with quantitative results, because the intensity of the
fluorescent X-rays are proportional to the abundance of an element in the sample. After detection of
the XRF spectra, element peaks in the spectra are deconvoluted and absolute concentrations can be
calculated. By using the standard-less Fundamental Parameter (FP; based on the Fundamental
Algorithm) quantification method, based solely on the theoretical fluorescence behavior of selected
elements (Potts and Webb, 1992), one should be able to deduce sample concentrations directly from
the theoretical principles. This makes XRF analysis the only analytical technique that allows such
close integration of theoretical base into the experimental results (Rousseau and Boivin, 1998).
However, for composite samples, the complexity of considering material-specific matrix effects, X-ray
absorption and X-ray enhancement warrants the use of empirical approximations in order to simplify
the calculations used for quantification. It is recommended to apply matrix-specific calibrations with
well-known reference materials, especially when aiming towards accurate quantitative results. A
comprehensive study of the effect of measurement conditions and strategies on the results of uXRF
analysis on carbonates was carried out by de Winter et al. (2017b). The authors demonstrated that
an optimal compromise can be found between increasing measurement time of individual XRF
spectra (which increases signal-to-noise ratios) and increasing the number of measurements (which
improves the achievable spatial sampling density). This optimum is determined by trying various
measurement conditions such as different X-ray beam excitation energies and the integration times
on a matrix-matched standard with known chemical composition. This allows the user to find the
optimal measurement condition after which both the reproducibility and accuracy cannot be
improved significantly by changing the measurement parameters (Time of Stable Reproducibility, or
TSR, and Time of Stable Accuracy, or TSA). In the present study, we build further on these findings

and propose analytical guidelines to obtain reliable quantified micro-XRF results on speleothem:s.
METHODS
Speleothem samples

For this study, a wide range of different speleothems were selected from the archive of former
samples measured at the Vrije Universiteit Brussel (Belgium). Additional samples were provided by
Geotop, Québec (Canada) and Southwest University of Science and Technology, Mianyang (China).
The samples differ in trace element composition, mineralogy (calcite vs. aragonite), age (Holocene,
last glacial, last interglacial), location (Belgium, Mexico, China) and growth rate (up to 1 mm yr™). All

samples are presented in Fig. 1, with locations of the uXRF measurements presented in this paper



indicated in red. An overview of the specifics of each sample is provided in Table 1. Mex-1 is the
lower part of stalagmite retrieved from Cacahualmilpa Cave, Mexico. The speleothem is
approximately 50 ka in age. Han-8 is a 180 mm long stalagmite of last interglacial age retrieved from
Han-sur-Lesse Cave, Belgium. Trace element concentrations of Han-8 have already been determined
with LA-ICP-MS (S. Verheyden, unpublished data) and can therefore be used to validate the uXRF
method. CS-2 is a stalactite from Mao’er Cave, China. This sample is of particular interest because of
its mixed calcite-aragonite mineralogy. P16 is part of a core retrieved from the Proserpine stalagmite
(Han-sur-Lesse Cave, Belgium). The complete core has been studied in detail by Verheyden et al.
(2006) and Van Rampelbergh et al. (2015). P16 was included in this study to investigate the ability of
UXRF to study annually laminated speleothems at high resolution (25 pum). Han-9 is a 678 mm long,
candle-shaped stalagmite from Han-sur-Lesse cave, Belgium. A detailed description of the sample is
provided by Vansteenberge et al. (2016). In this work, Han-9 is used as subject of a case study to
demonstrate the ability of benchtop uXRF devices to create speleothem trace element time series.
All speleothem samples were polished manually using progressively fine silicon-carbide polishing
discs and finished with a fine (< 5 um) Al,0; powder polishing with deionized water (following Van

Rampelbergh et al., 2015). MicroXRF measurements were carried out directly on the polished slabs.

In addition, uncovered thin sections of samples Han-9, CS-2 and P16 were created for microscopic
analysis by TS Lab and Geoservices (Cascina, Italy) . Samples Han-9, CS-2 and P16 were chosen for
their variable mineral textures and the presence of both calcite and aragonite (in CS-2). Thin sections
were studied by plain polarized (PPL) and cross-polarized (XPL) transmitted light microscopy using a
Meiji MT9930L trinocular polarizing microscope equipped with a digital camera (Meiji Techno co.
Ltd., Saitama, Japan). The crystal fabrics in each thin section were fully mapped by capturing
overlapping microscope images under 25x magnification, and stitching these images together using
the Photomerge tool in Adobe Photoshop CC 2015 (Adobe Systems Inc., San Jose, CA, USA). In
addition, higher magnification (40x, 100x and 400x) micrographs were created to study crystal fabrics
in detail. Based on these micrographs, crystal fabrics in these samples were identified using coding in

the calcite fabric classification scheme proposed by Frisia (2015).

UXRF instrumental setup

All XRF analyses were carried out on a M4 Tornado (Bruker, Germany) benchtop uXRF device. A
scheme of the M4 set-up is shown in de Winter and Claeys (2017). The M4 Tornado is a uXRF
spectrometer with a motorized X-Y-Z sample stage which, in contrast to setups previously used on
speleothems (Dandurand et al., 2011; Cui et al., 2012; Wu et al., 2012; Finné et al., 2015; Buckles and

Rowe, 2016), is able to operate under moderate vacuum conditions (20 mbar). The main advantage



of measuring under vacuum conditions is that fluorescence X-rays, especially low-energy X-rays, will
be less severely attenuated by air between the X-ray source and the detectors and the sample on
their way to and from the sample (Shackley, 2011). This is important for the detection of elements of
which the main fluorescence peak is situated in the lower energy range of the spectrum. This is
generally the case for elements with atomic numbers below 16, such as Mg, Al, Si, S and P, which are
often of interest in speleothem studies (Fairchild and Treble, 2009). The source of the M4 Tornado
consists of a 30 W Rh anode metal-ceramic X-ray tube with maximum voltage of 50 kV. Unless stated
otherwise, all measurements in this study are carried out with a source voltage of 50 kV and source
current of 600 pA. Focusing of X-rays is done by a poly-capillary lens resulting in a final spot size of 25
um (calibrated for molybdenum-Ka radiation). Since the M4 Tornado is an energy dispersive, single-
focus setup, the actual dimensions of the X-ray spot parallel to the sample surface as well as the
depth of material contributing to each spectrum (related to the attenuation length) varies with
varying X-Ray photon energy (see Beckhoff, 2006). Two silicon drift detectors with an energy
resolution <145 eV (FWHM, Full Width at Half Maximum, for manganese-Ka) are used to count the
returning X-rays. These detectors are placed such that the angle between the incident X-Ray beam
hitting the sample from the X-Ray source and the outgoing X-Ray beam hitting the detector is 90°.
This alignment allows for optimal capture of fluorescent X-ray photons and limits background
radiation (see de Winter and Claeys, 2016). The M4 set-up is equipped with three different aluminum
(Al) source filters: 12, 100 and 630 um thick, one aluminum-titanium filter of 100 and 25 um thick
and one aluminum-titanium-cupper filter with thicknesses of 100, 50 and 25 pum. The Bruker M4
Tornado operates with the Bruker Esprit XRF software package, which allows quantification of XRF
spectra. Little preparation is needed for the speleothem samples, as uXRF only requires polished
sample surfaces of samples with a large enough thickness to assume infinite sample thickness. This
assumption holds if the thickness of the sample equals or exceeds three times the attenuation length
of the element fluorescing at the highest energy (in this study Sr, with an attenuation length of ~250
um), in which case only 5% of the X-ray radiation penetrates the full thickness of the sample, 5% of
which (0.25% of the initial intensity) subsequently makes it back to the detector (Rousseau et al.,
1984b; 1998). Even so, caution has to be taken to obtain a smooth and level speleothem surface for
the XRF measurement, as irregularities on the sample surface (e.g. high-porosity speleothems) cause
uncontrolled scattering of X-rays away from the detector, resulting in random changes in count rates
and increases in the amount of background counts (Buckles and Rowe, 2016). The M4 Tornado setup
allows for different types of measurements, such as single point measurements, line scans and area

maps (e.g. de Winter and Claeys, 2017; de Winter et al., 2017b).

Quantification of uXRF spectra



The areas described by peaks in the XRF energy spectrum (which plots X-ray counts per second
against the energy of the X-rays; see Figure 4) are proportional to the abundance of elements in the
sample. To estimate the concentration of each element from the measured spectrum, the Esprit
software makes use of a peak deconvolution algorithm to integrate the net intensity of the peak and
the Fundamental Parameter (FP) algorithm to determine absolute elemental concentrations based
on the Fundamental Algorithm (Sherman, 1955; Rousseau, 1984a; 2013). In this study, a matrix-
matched calibration is carried out using a set of 7 carbonate reference materials spanning a wide
range of trace element concentrations: CCH-1 (Université de Liége, Belgium), COQ-1 (US Geological
Survey, Denver, CO, USA), CRM393 (Bureau of Analyzed Samples Ltd, Middlesbrough, UK; BAS),
CRM512 (BAS), CRM513 (BAS), ECRM782 (BAS) and SRM-1d (National Institute of Standards and
Technology, Gaithersburg, MD, USA). Calibration curves are constructed based on averages and
standard deviations of 20 uXRF point measurements of 90 s integration time, which is sufficient for
the Time of Stable Reproducibility (TSR) to be reached (de Winter et al. 2017b; see also Background
chapter above). An overview of all measured and certified values of the standards is provided as
supplementary data. To incorporate both measurement errors and errors on the certified values into
the calibration curves, a linear Deming regression is applied (Adcock, 1878; Kummell, 1879; Deming,
1943). Regression curves are calculated using the “deming” package in the open-source
computational software package R (R Core Team, 2013). Statistics and results of the regressions are
summarized in Fig. 2, Table 2 and the R-script used to create the regressions is provided as
supplementary data. Pearson’s r values of calibration curves of Mg, Sr, Ba, Mn and Fe used for data

analysis in this study always exceeded 0.98.
Validation of quantified uXRF results

To test the performance of the uXRF method presented in this study, i.e. to check accuracy of the
quantified uXRF results, two trace elements transects on the same speleothem were measured using
both uXRF and LA-ICP-MS:

A first comparison is carried out for sample Han-8 (Fig. 1, Table 1), on which a 25 mm long transect is
measured with both methods. The LA-ICP-MS measurements were previously carried out at the
Royal Africa Museum (Tervuren, Belgium). Measurements were done on a Fisons-VG frequency
quadrupled Nd-213 YAG laser (A = 266 nm) coupled to a Fisons-VG 214 PlasmaQuad ll+ mass
spectrometer. Data were calibrated using both the NIST 610 (Pearce et al., 1997) and the USGS
MACS1. Calibration (including blank subtraction and drift correction) was performed offline by using
Ca as internal reference. Laser ablation was carried out by using a spot size of 50 um. Details of LA-
ICP-MS operating conditions can be found in Lazareth et al. (2003). A total of 599 data points were

collected on this Han-8 speleothem, yielding a spatial resolution of ~0.04 mm. Uncertainties were



calculated using the relative standard deviation of NIST 610. Afterwards, a similar transect was
analyzed with the M4 Tornado pXRF set-up at the Vrije Universiteit Brussel (Belgium). The uXRF
transect comprises a total of 258 single point analysis (0.1 mm resolution), measured for 90 s each.

A second comparison was carried out on sample P16. The ~14 mm long LA-ICP-MS profile, collected
at Ghent University (Belgium), and consists out of 287 data points (0.05 mm resolution). This data
was already available from an earlier study (Vansteenberge et al., 2019) and a full description of the
LA-ICP-MS analytical procedure can be found herein. The same transect was measured with uXRF at

the maximum spatial resolution of 25 um, resulting in 587 data points.

RESULTS AND DISCUSSION

Crystal fabrics

Detailed microscopic observation of samples Han-8, CS-2 and P16 (Fig. 3) shows that there is
significant heterogeneity in crystal fabric both within and between samples. The CS-2 sample
contains aragonite (Fig. 3E-F), which is present as a needle-like acicular texture, and is found only in
the basal part of the speleothem. In some places, the aragonite texture is replaced by calcite,
resulting in lenses of mosaic calcite fabric (Fig. 3D-F). The remainder of CS-2 and the major part of
Han-8 consist of columnar calcite with an open structure (characterized by a higher degree of
porosity and inclusions; see Frisia, 2015; Fig. 3A-F). The edges of both CS-2 and Han-8 are marked by
a layer of micritic or microsparititic calcite fabric. Sample Han-8 also consists primarily of open
structure columnar calcite with an outer edge of mosaic calcite. A layer of compact columnar calcite
separates these two structures (Fig 3A-B). Finally, P16 consists fully out of compact columnar calcite
with large crystals with welded crystal boundaries without observable porosity. Interestingly, several
marked shifts in crystal orientation occur within this texture, which can be freely observed under

cross polarized light (Fig. 3G-I).
Speleothem puXRF spectrum characteristics
Background signal and elemental peaks

The uXRF energy spectra of 2 point measurements (90 s) conducted on speleothem sample MEX-1
(Table 1, Fig. 1) are displayed in Fig. 4. The general shape of the XRF spectra is determined by the X-
ray source and sample characteristics (i.e. elemental abundance and the sample matrix). The broad
plateau, occurring between 5 and 30 keV is known as Bremstrahlung, which is caused by the
occurrence of backscatter without exciting the sample, and is a major feature in the background
spectrum (Shackley, 2011). Additionally, Rayleigh peaks are generated through the elastic scattering

of X-rays coming directly from the X-ray tube source and radiated from the sample without any



change in energy (Potts and Webb, 1992). The energy of these peaks depends on the X-ray source. In
the case of a Rh tube, the Rayleigh peaks are always located at 20.216 (K,) and 22.724 keV (Kg) (Fig.
4). Compton peaks are caused by the inelastic scattering of X-rays from the source. The inelastic
scattering results in some energy loss compared to elastic scattering, causing these peaks to be
located at slightly lower energies compared to the Rayleigh peaks (to the left if the Rayleigh peaks,
Fig. 4). Also, the width of the Compton peaks is slightly higher compared to Rayleigh peaks as a result
of this energy loss which causes more variation in energy (Potts and Webb, 1992). Fluorescence
peaks of elements always occur at their characteristic energy levels. For example, the main
fluorescence peak of Sr (K,) is located at 14.165 keV and a smaller, secondary peak (Kg) has an energy

of 15.836 keV (Fig. 4).
Sum and Escape peaks

Given the high amount of calcium (Ca) in most speleothems (up to 40 wt%), the main peak (K, at
3.692 keV) and the secondary peak (Kg at 4.013 keV) of Ca always dominate the spectrum for CaCOs
speleothems. This will cause additional artificial peaks to occur: the sum peaks and the escape peaks
(Fig. 4). The escape peak is generated when Si atoms in the detector absorb energy coming from the
X-rays emitted by elements with a high abundance, in this case Ca. The escape peaks for Ca are
located at 1.952 keV and 2.273 keV, which can be calculated by subtracting the energy of K,(Si)
(=1.740keV) from that of Ky(Ca) and Kg(Ca) (see above). Theoretically, all elements have escape
peaks, especially those of lighter elements, but escape peaks tend to be more prominent for
elements with higher abundance in the spectrum, such as Ca in speleothem samples. The Ca escape
peak zone partly overlaps with the element peak (K,) of P, located 2.014 keV (Fig. 4). This overlap
results in problems during the deconvolution of P and causes concentrations of this element to be
more difficult to quantify in samples with high Ca and comparatively low P concentrations. The
second set of artificial peaks are sum peaks, caused by two photons arriving at the detector at the
exact same time. The energy at which the sum peaks are located can be calculated by adding up the
energies of the specific photons. For Ca, this means that sum peaks will be located at 7.384keV (K, +
K«) and 7.705keV (K, + Kg), which causes an overlap with Ni (K, = 7.480). The sum peak of Kg + Kg at
8.026 keV can often be neglected as Kz photons are much less common than K, photons. Sum peaks
can also occur if 2 photons of different elements hit the detector at the same time, but given the
dominant abundance of Ca compared to other elements these can be neglected in speleothem
samples. Some XRF software packages, such as the Esprit software of the M4 Tornado, automatically
correct for the presence of sum and escape peaks by subtracting them from the spectrum through an
estimation of their intensity based on the net amount of Ca counts (Fig. 4). However, in some cases

these artificial Ca peaks need to be processed manually (e.g. Finné et al., 2015).



Diffraction peaks

One issue of benchtop XRF analysis on speleothems that has not received much attention before is
the high amount of X-ray diffraction caused by the crystallinity of the calcite (or aragonite) matrix.
This diffraction of X-rays results in peaks in the XRF spectrum that do not correspond to elements,
known as diffraction or Bragg peaks. Diffraction peaks are characteristic for a given crystal
orientation, which means that they can be located at different energy levels in the spectrum,
depending on the orientation of the speleothem sample and the crystals within the sample.
Diffraction peaks can be problematic for the correct identification of certain elements, as they can
overlap with elemental peaks (Fig 3). The microscopy results shown in Fig. 3 show why the nature of
these Bragg peaks can cause problems, as crystal orientation (and therefore the location of
diffraction peaks on the spectrum) varies demonstrably within and between speleothem samples.
Two main characteristics of diffraction peaks can be used to identify them from element peaks. First
of all, diffraction peaks strongly depend on the analyzed medium, so their location within the energy
spectrum changes when different parts of the sample are measured. This is shown in Fig. 4, where
the diffraction peaks of Point 2 occur at a different energy compared to Point 1. Additionally,
diffraction peaks can be discriminated from element peaks because they tend to be broader than
element peaks (Fig. 4). The energy, and therefore the location on the spectrum, of diffraction peaks
is a function of crystal orientation relative to the X-Ray beam, meaning that rotation of the sample
should cause XRD peaks on the spectrum to change, while XRF peaks remain unchanged (Sutton et
al.,, 1986). The non-destructive character of XRF measurements allows this rotation of the sample

after which the same sample volume can be analyzed.

The problem with diffraction peaks is that they can overlap with and be mistaken for element peaks,
leading towards a failure of the peak deconvolution algorithm. Once a diffraction peak overlaps with
an element peak, it compromises the integration of that element peak and therefore affects the XRF
guantification. Diffraction peaks are very common between 6 and 13 keV (Fig. 4), where peaks of Ba,
titanium (Ti), manganese (Mn), Fe, copper (Cu), nickel (Ni) and Zn occur. Therefore, these elements
should always be treated carefully when analyzing speleothems. Dandurand et al. (2011) deduced
from pXRF maps that the distribution of elements like Cu and Zn followed the crystalline fabric.
However, this assumption is not supported by this study. Instead, it is suggested that an overlap of
diffraction and element peaks of Zn and Cu occurred. Diffraction is mostly determined by the fabric
and the crystallographic orientation of the calcite crystals within the speleothem, which would cause
the distribution of these elements to resemble the crystallographic orientation. Although the
spectrum was not provided by Dandurand et al. (2011), similar maps to those presented by

Dandurand et al. (2011) can easily be reproduced for Cu and Zn. Fig. 6 clearly shows the difference



between Sr, of which the distribution reflects the speleothem layering, and Cu and Zn, which
represent diffraction. This same pattern can be observed when integrating the Rayleigh peak over
the same map, whose intensity is affected by crystal orientation (Beckhoff, 2006; compare Fig. 6E
with 4F). This issue demonstrates that proper identification of the different peaks within a spectrum
is crucial for a correct interpretation of XRF results, especially when working with highly crystalline
materials such as speleothems. Fig. 6 also illustrates that elemental maps are a quick way to identify
the elements that are likely to be overlapped by diffraction peaks within the spectrum. Such
interpretation is simplified by combining XRF measurements with microscopic observations, such as

is shown in Fig. 3.

Thin section-based microscopy enables the identification of different mineral textures and associated
crystal orientations in the speleothem sample, which can be matched with patterns in XRF data (such
as the maps in Fig. 6). This approach can be used to demonstrate whether the observed variability in
XRF spectra is related to changes in the speleothem fabric or whether it reflects independent
changes in elemental concentrations. Comparison with microscopic observations shows that
limitations of the spot size of benchtop XRF used in this study (25 um) prevent this technique to
resolve the finest scale variability in mineral fabrics (e.g. individual crystals and inclusions on the
nano-scale). The sample volume analyzed during any XRF measurement made using this technique is
therefore likely to include a mix of multiple crystals. Furthermore, some crystal fabrics (e.g. dendritic
or microcrystalline fabrics) are known to contain high amounts of crystal defects and inclusions,
which cannot be resolved by benchtop XRF alone and may influence the XRF spectrum as well as the
actual chemical composition of the crystal (Frisia et al., 2000). Therefore, contrary to SR-XRF,
analyses carried out using current benchtop XRF systems on complex aggregate crystalline samples
such as speleothems should always be combined with microscopic observations and identifications

of crystal fabrics.

Calcite versus aragonite mineralogy

The eventual shape of an XRF spectrum largely depends on the matrix of the investigated material
and the elemental composition of the sample. Therefore, theoretically, a distinction between calcite
and aragonite should be possible based on the shape of the uXRF spectrum. To confirm the presence
of both calcite and aragonite in sample CS-2, X-ray diffraction analysis was carried out at the
Katholieke Universiteit Leuven (Belgium). The XRD spectra are shown in Supplementary Figure 1. The
whiter and more porous parts of the stalactite are made up of aragonite whereas the dense white
and brownish parts consist of calcite (Fig. 1). The distinction between acicular aragonite and mosaic-

textured calcite fabrics is also observed in Fig. 3. XRF analysis on CS-2 was carried out in two ways.



First, an area measurement was undertaken. This results in a map with each pixel representing a
single XRF measurement. The disadvantage of such area maps is that each point is only measured for
a restricted amount of time (in this case 50 ms), which, especially in the case of speleothems, is
insufficient to obtain quantitative data for certain elements. Therefore, a second analysis consisting
of a transect of single point measurements was carried out. The results are shown in Figure 5. A first
observation is that the spectrum of an aragonite measurement (Fig. 7) clearly shows less diffraction
peaks compared to regular calcite spectra (Fig. 4 and Fig. 5). From the transects measured on the
polished surface of CS-2 it is evident that the aragonite mineralogy in the speleothem has higher
concentrations of Sr and Ba. Fe is concentrated within the fine brownish layers, which represent
more porous microcrystalline mosaic calcite laminae within the stalactite containing higher amounts
of detrital material in their porosity (e.g. in the form of colloidal particles). The same qualitative
observation can be made by comparing the XRF map of Sr with the color scan of the speleothem,
which shows that the areas where aragonite is the predominant phase (light color) concide with
higher Sr concentrations (orange/red in the map). However, care must be taken during such
interpretations, as nano-scale inclusions, including nano-aragonite, can be present within other
carbonates (Wenk et al., 1983; Frisia, 1994; Frisia et al., 2002). While SR-XRF theoretically allows the
combination of X-Ray Diffraction and XRF analyses to be carried out on the same sample volume
(Frisia et al., 2012), potentially solving this issue, this is not possible using benchtop XRF or ICP-MS
techniques. This demonstrates that, unless the measurement technique enables this type of sub-
micron scale control on both chemical and mineralogical variability in the samples, a detailed
assessment of the mineralogy of the sample, e.g. through thin section investigations and/or XRD

analysis, is required to enable careful interpretation of the chemical results.
Measurement time

It has been previously shown that measurement time is an important parameter affecting the XRF
spectra (Buckles and Rowe, 2016; de Winter et al., 2017b). Increasing measurement time generally
increases the signal-to-noise ratio. However, at a certain point, there will be no significant
improvement, as recognized by de Winter et al. (2017b). To illustrate this for speleothems, a point on
sample Han-9 was consecutively analyzed for 0.3, 0.5, 1, 2, 5, 10, 20, 30, 60, 90, 120, 240 and 600 s.
Fig. 8 shows the evolution of the net counts for each element of the speleothem spectrum with time,
plotted as a percentage of the total counts. The ideal measurement time should be long enough for
the asymptotic value to be reached while being kept as low as possible for practical considerations.
For Al, Si, P, Sulphur (S), Zn and Sr, the percentage does not change significantly after 60 s. However,
Mg and Fe still increase, even up to 600 s. To account for this, and to increase the sensitivity for Mg

in particular, a minimum measurement time of 90 s is deemed sufficient for the purpose of this



paper. This minimum measurement time also influences the measurement strategy. As mentioned
before, the M4 Tornado setup can perform point analysis, continuous line scanning and area maps.
When measuring line scans and area maps, the XYZ stage is continuously moving, which limits the
measurement time at any one location to maximum ~1 s (movement speed > 0.025 mm/s). As shown
in Fig. 8, this is insufficient for most elements of interest. Therefore, in this study, the measurement

strategy consists of single point analysis for a dwelling time of at least90 s per point.

Filters

In XRF analysis, source filters are often used to reduce the background signal, eliminate diffractive
artifacts and remove tube characteristic lines (Elam et al., 2010). Source filters are commonly made
up of metals such as Al, Cu and Ti and vary in thickness. To investigate the impact of different filters
on speleothem samples, one single spot on sample Han-9 is measured consecutively with each
available filter for 90 s. Fig. S3 shows that Al filters with progressively increasing thicknesses tend to
decrease the count rate of the reflected X-rays in the middle-energy range, and thus also decrease
the influence of diffraction on the spectrum. The use of Al filters with thicknesses > 100 um results in
a reduction of count rates for elements in the low-energy spectrum, i.e. < K,(Ca) for example Mg, to a
level that prevents successful peak deconvolution. Buckles and Rowe (2016) stated that speleothem
carbonate samples require the use of Al-Ti-Cu, which serves to block a large proportion of the Ca
emissions. Indeed, the count rate of Ca is significantly decreased by using an Al-Ti-Cu 100-50-25 filter
but this filter also prevents the detection of any other trace element with peak energies below 10
keV (e.g. Mg, Al, S, Fe, Zn; Fig. S3), which is a significant drawback. An experimental uXRF study on
bivalve calcite carried out by de Winter and Claeys (2017) has shown that the use of Al-Ti-Cu filters
increases the signal-to-noise-ratio in the 5 to 15 keV region, but significantly decreases the count

rate. Therefore, we chose not to use filters in the present study.

Quantification and calibration

A schematic overview of the quantification and calibration process presented in this paragraph is
provided in Figure 10. All measurements on the M4 Tornado pXRF are initially quantified by the
Bruker Esprit software package. Within this software quantification process, a single-standard
calibration of initial concentration values that are obtained from applying the FP equation on the
intensities of the deconvoluted XRF peaks is added. This single-standard calibration is applied to
correct for matrix effects that cause the initial FP quantification to be offset from actual sample
concentrations. The calibration is made by repeatedly measuring a matrix-matched reference
material. In the case of calcium carbonate measurements, the CRM393 limestone certified reference

material is used. These measurements are then quantified using the FP quantification and the result



is compared to the known concentrations of the reference material. Wherever quantified values are
offset from the reference values, correction factors are applied to correct the result. This is done
iteratively for all elements of interest until the result of the corrected quantification method matches
the reference concentrations. The correction factors determined for each element are applied on all
measurements of the same matrix. Results of previous methodology tests indicate that a single-
standard calibration is not always sufficient to correct for the matrix effect of uXRF analysis (de
Winter et al., 2017b). This is especially true for elements whose peaks interfere with other element
peaks. Therefore, a multi-standard calibration needs to be carried out after the initial quantification

with the XRF software.

The results of Deming regression for the construction of calibration lines for a range of trace
elements measured using uXRF using carbonate reference materials are provided in Table 2. These
calibration curves, determined on multiple standards, are used to calibrate the data after the
software quantification (Fig. 10). Calibration curves for a selection of elements are given in the
supplementary material (Fig. S2). High Pearson’s r (r) values for all but a few elements (Al, Si, S, K and
Cr) shows that linear calibration lines fit the data very well. This indicates that the offset of
uncalibrated results, caused by matrix effects in carbonates, can be approximated by a linear
correction. Furthermore, slope constants in Table 2 show that the size of the correction needed is
different between elements, with some elements (e.g. Mg, Fe and Sr) having slopes close to 1, while
other elements (e.g. P and Ba) have slopes deviating more from the 1:1 line. In the case of P, this can
be explained by the overlap of the Ka peak of P with the escape peak of Ca (Fig. 4), causing parts of
the peak of P to be interpreted as escape peak and the P peak to be underestimated by the peak
deconvolution algorithm. Similar problems might force the slope of the Ba calibration line, as several
XRF peaks of Ba overlap with other elements such as Ti and Vanadium (V). These complications occur
in all XRF measurements on carbonates and have been incorporated into the calibration. This,
together with the fact that XRF measurements on reference materials are carried out by multiple
point measurements on a homogeneous sample surface should render the calibration curves

presented in this paper applicable on a wide range of carbonate samples.

Assessment of the uncertainty

As demonstrated above, results of XRF analysis are inherently prone to over-interpretation if not
treated with care. It is therefore of utmost importance to define the uncertainty of the method.
Some steps have been taken towards a universal definition of uncertainty in XRF analyses, and new
criteria for determining the conditions of reliable measurement have been proposed such as time of

stable reproducibility (TSR) and time of stable accuracy (TSA; de Winter et al., 2017b). Because of the



large influence of surface and matrix effects on the XRF spectrum, it is also essential that
reproducibility tests aiming to provide a realistic measure for measurement uncertainty should be
carried out on various different spots of a homogeneous, matrix-matched standard (i.e. in the same
way measurements on reference materials are carried out in this study). This is the only way to
incorporate differences in surface properties, machine performance and sample matrix as well as
uncertainties in the calculations of the software into the measurement error (Buckles and Rowe,
2016; de Winter and Claeys, 2016; de Winter et al., 2017b). The reproducibility standard deviation
calculated from the variation between these measurements reflects the total uncertainty of a spot
measurement on the sample. The obtained relative standard deviations (RSD) represent the error of
the measurement (Fig. 10). Care must be taken to ensure that all measurement conditions (e.g.
source energy, integration time and chamber vacuum) of these reproducibility measurements are
equal to the conditions used to measure the sample. Furthermore, since the concentration of
elements in the sample influences the reliability with which it can be measured using uXRF,
concentrations of the standard used for reproducibility testing should approach the concentrations
of the sample that is investigated (de Winter et al., 2017b). In the case of speleothem samples, the
BAS-CRM393 standard is used for this purpose. It is preferred over, for example, the COQ1 of USGS,
which has much higher Sr concentrations (12 000 ppm) than is naturally present in speleothems (10-
1000 ppm; see Table 1 for average values in samples in this study). The RSD’s of each element
measured with the uXRF setup, representing the error of the uXRF measurements, are provided in
the supplementary material (Table S2). The uncertainty of the speleothem uXRF analysis is
represented by an error bar in the concentration plots (e.g. Fig. 10-12). It is important to note that
reproducibility errors calculated this way are significantly higher than so-called machine errors
commonly provided by XRF software, which only take into account uncertainties associated with the
peak deconvolution and quantification steps (see de Winter and Claeys, 2017). In addition to errors
on individual XRF measurements, we also provide estimates of the Lower Limit of Detection (LLD)
based on the error on the calibration for each element and deconvolution errors on certified
carbonate reference materials in Table 2. These LLD’s show that the presented uXRF technique just
barely allows the measurement of Mg concentrations (under vacuum conditions, and if
concentrations are high enough to surpass the detection limit, compare Table 1 and 2), while other
elements of interest such as Mn, Fe, Zn and Sr have LLD’s well below typical concentrations found in

speleothems.
Validation

Figure 11 shows a comparison of a 25 mm transect on sample Han-8 that was measured with both

LA-ICP-MS and uXRF. The quantification and calibration of the uXRF data was done following the



procedure described above. LA-ICP-MS data was available for Mg, Al, P, Zn, Sr, Ba, Pb and U. uXRF
data are available for Mg, Al, Zn, Sr and Ba. Concentrations of Pb and U are too low to be detected by
this uXRF setup (average of 235 and 86 ppb, respectively) and overlap with the element peak of P
and the Ca escape peak. For Mg and Sr, the absolute concentrations obtained by LA-ICP-MS and uXRF
appear to be in good agreement. Sr concentrations have been measured before in a reproducible
way using a different uXRF setup (Buckles and Rowe, 2016). Sr yields good results because the Sr
concentration in speleothems tends to be rather high (50 — 1000 ppm) while the detection limit is
low (1-10 ppm). Also, the Sr peak is not overlapped by diffraction, at least not in the spectra used in
this study (Fig. 4). Mg, on the other hand, has proven to be a lot more difficult because the main Mg
peak (K, = 1.254 keV) is located in the lower energy range of the spectrum. Lighter energy X-rays are
more easily scattered and more rarely reach the sample and the detector. Furthermore, the Rh
source used by the M4 Tornado XRF setup produces lower quantities of X-rays with low (<3 keV,
“soft” X-rays) and high (>20 keV) energies, causing elements that fluoresce outside the 3 - 20 keV
range to be more difficult to detect and quantify (see Fig. S3). This means that there is less radiation
to excite Mg in the sample and that less fluorescent X-rays of Mg reach the detector. However, the
ability to operate under vacuum conditions (20 mbar), sufficiently long measurement time and
relatively high Mg concentrations in the sample significantly increases the potential of detecting and
measuring Mg and other light elements, which require the detection of these “soft” X-rays (low-
energy radiation). This is evidenced by the comparison between uXRF and LA-ICP-MS data shown in
Fig. 11, which are in good agreement for most of the record although uXRF analysis seems to
overestimate Mg concentrations in some part of the record (e.g. 0 — 5 mm). From Fig. 10, it can be
deduced that uXRF does not perform equally well for Ba, Zn and Al. The concentrations of these
elements are consistently overestimated by the pXRF technique compared to the LA-ICP-MS
technique. In the case of Zn and Ba, this is due to an overlap of diffraction peaks with the element
peaks, as shown in the spectra (Fig. 10). These diffraction peaks are mistaken for element peaks
during peak deconvolution, reducing the accuracy of the measurement. However, good results for Ba
were obtained for the aragonite sample CS-2 (Fig. 7). The main reason is the higher concentration of
Ba in aragonite, which was already observed in other calcite-aragonite speleothems (Wassenburg et
al., 2012). Although the results of CS-2 were not validated with other analytical techniques, the
spectrum was checked manually and no overlap of the Ba element peak with diffraction peaks occur
(Fig. 7). The lack of correlation for Al likely result from the low energy of the main Al peak (K, = 1.487)
and the very low concentration of Al in the sample (average of ~11 ppm according to the LA-ICP-MS

data, which is below the LLD of the uXRF technique; see Table 2).



A second comparison was carried out on sample P16. This seasonally layered speleothem displays
seasonal variations in Mg, Sr, Ba, Zn, Y, Pb and U as shown in earlier LA-ICP-MS measurements
(Vansteenberge et al., 2019). uXRF analyses at maximum resolution of 25 pum showed that Y, Pb and
U concentrations were too low to be quantified with our uXRF setup, and that overlap with
diffraction peaks occurs for Ba. The Mg, Zn and Sr results show that the uXRF technique has the
potential to reproduce the results obtained by LA-ICP-MS (Fig. 11). Especially the performance of
UXRF for Zn is remarkable in this sample. Although absolute concentrations determined with uXRF
are slightly higher, the method tracks the seasonal variations very well. The high amount of Zn in this
speleothem sample compared to most speleothems (see Regattieri et al., 2016; Vansteenberge et al.,
2019) and the absence of overlap with diffraction peaks enable a reliable measurement of Zn. As
mentioned above, Zn is generally hard to measure because the element peak is located in a part of
the energy peak where diffraction peaks are very common (Fig. 4; Fig. 6). Quantitative Zn profiles
measured using benchtop uXRF have, to the extent of our knowledge, not been reported so far in
speleothems, in contrast to profiles in bivalve shells with a similar micro XRF setup (de Winter et al.,

2017a).

For Mg, the scatter of the uXRF data is larger compared to the LA-ICP-MS data but running averages
appear to be in good agreement (r = 0.71; p-value <10%%), especially for the parts before between 0
and 8 mm (Fig. 11). After 8 mm, the correlation slightly deteriorates. A similar observation is made
for Sr. An explanation for this may be that small surface imperfections such as porosity, common in
speleothems, influences the quality of the data because they result in additional scattering of the X-
rays (Beckhoff, 2006; de Winter and Claeys, 2017, Buckles and Rowe, 2016), which tends to play a
larger role when working at higher resolutions. However, no noticeable change in crystal fabric or
porosity is observed during thin section analysis (Figure 3). The fair agreement with the results of the
more established LA-ICP-MS technique in this example as well as the reproduction of the seasonal
changes in the record, illustrate the potential of uXRF to produce high resolution (i.e. 25 um) trace
element records. It must be noted that this spatial resolution cannot be reached for all elements
measured using UXRF as smoothing of the records (by means of a moving average) to reduce the

scatter on some of these records (e.g. Mg) compromises the spatial resolution (see Fig 12).
Recommendations for future XRF measurements on speleothems

By testing the capabilities of a benchtop UXRF device on various types of speleothem samples under
different measurement conditions, as well as validating the acquired trace element data series, the

following recommendations can be made for future (L) XRF measurements on speleothems:



1) Combine uXRF measurements with microscopic observations to detect changes in crystallography
of the speleothem. This information helps to interpret the uXRF spectra and detect interference of
diffraction, especially when working with transient measurements (line scans or maps). Additional
higher-resolution techniques, such as SR-XRF, EBDS and TEM could be included in speleothem studies
to shed more light on the relationship between chemistry and microstructures in the samples, if

available.

2) A good measurement starts with a good sample. Sample surfaces should be polished as smooth as

possible, and the amount of irregularities (e.g. speleothem porosity) is preferentially low.

3) If possible, XRF analyses under vacuum conditions are preferred. This allows lighter elements such

as Mg to be measured reliably.

4) Always check the XRF spectrum. This enables the identification of non-elemental peaks (e.g. sum
peaks, escape peaks and diffraction peaks) that could potentially overlap element peaks, which lead
to misinterpretation of the obtained data. It is advised in transient measurements to review each
individual spectrum because changes in crystal orientation lead to changes in the location of the
diffraction peaks in the spectrum. However, for large datasets (e.g. > 100 points) it becomes time
consuming to check each spectrum, so some spectra can be selected at random or at suspicious

points (e.g. suspiciously high counts of certain elements).
5) For reliable XRF measurements on speleothems, following instrumental conditions are proposed:

e Vacuum conditions

e Use maximum available source energy

e No source filters

e Multiple detectors (if available)

e Point-by-point analyses as opposed to transient line scans

e Minimum of 90 s measurement time (although more sophisticated setups may allow TSA

and TSR to be reached with lower integration times)

6) Apply a standard-based quantification and calibration with matrix-matched standards. The
multiple standard calibration presented in this study can also be used for calcium carbonate

materials other than speleothems.

Case study: Han-9 trace element record



We used the M4 Tornado uXRF to analyse the the Eemian-Weichselian Han-9 speleothem from the
Han-sur-Lesse cave in Belgium (Vansteenberge et al., 2016) for trace elements. Measurements are
done on the first (125-117ka) and second (113-107ka) growth phases, and consisted of individual
points along the 50 cm long central growth axis with a spatial resolution of 50 um. The last part of
growth phase 2 is measured at a higher resolution (25 um between consecutive spots) to account for
the diminished growth rate. Each point is analyzed for 90 s with a 50 kV 600 pA Rh source. No filters
are applied. Quantification of the individual point spectra is done using the aforementioned
guantification method and values are calibrated using the presented calibration curves (Table 2 and

supplementary material Fig. S2).
Spectrum

A spectrum acquired from Han-9 stalagmite is shown in Fig. S3. Clear element peaks are observed for
Sr and Mg. Other elements, such as Fe, Zn and Ba overlap with diffraction peaks. Therefore, the XRF
results of these elements are not reliable. Overlap of the Ca escape peak has affected the P peaks.
Peaks for Al and S could be identified as well. No validation of the obtained XRF data with other
analytical techniques was carried out for Han-9. Comparative XRF and LA-ICP-MS analyses on the
Han-8 speleothem, which grew in the same cave and is similar in mineralogy and morphology (Fig.
10), have shown that the XRF technique yields accurate data for Sr and Mg, while analyses of Al, Zn
and Ba are problematic (see Validation), and S data could not be confirmed. The uXRF dataset in this

case study is therefore limited to Mg and Sr.
Trace element time-series

The trace element time-series of Mg and Sr are shown in Fig. 12 together with 6°C and 80 time-
series as published in Vansteenberghe et al., (2016). In growth phase 1 (~126-121 ka), both Mg and
Sr records display significant variations. The records show different centennial to millennial trends
with very low correlations among the different proxy records. Comparison of the variations of the
different records was carried out by calculating Pearson’s correlation coefficients (r), for the entire
records and for the two growth phases separately (Table 3). Only significant (p<0.05) correlations are
discussed. The highest degree of correlation is observed between Mg and 6"C, yet the r is only -
0.19.In the second growth phase, Mg concentrations are lower and fairly constant, given that the
amplitude of variations is close to the uncertainty. In contrast, Sr displays an important decrease
towards ~110 ka followed by an increase between ~110 and ~107 ka. A clear negative correlation
between §C and Sr (r = -0.64) is observed, while both Mg and Sr show a weak positive correlation
with 6"0 (r = 0.32 and r = 0.40, respectively), no significant correlation is observed between Mg and

Sr trends.



Control on Sr and Mg variations

Variations in bedrock-derived trace elements such as Mg and Sr are often related to changes in
hydrology of the epikarstic system, inducing prior calcite precipitation (PCP) processes. Since the
partition coefficients of Mg and Sr in speleothem calcite are < 1 (Day and Henderson, 2013), these
elements are enriched in the remaining fluid when PCP occurs, causing a subsequent enrichment in
the speleothem. A higher degree of PCP is interpreted to reflect dryer periods (Fairchild et al. 2000;
Fairchild and Treble, 2009). Kinetic processes and PCP, related to water availability were
demonstrated as the main factor controlling Mg and Sr content of water and calcite in the Pére Noél
(PN) cave elsewhere in the Han-sur-Lesse karstic system (Verheyden et al., 2008b). The PN
speleothem displayed similar time-series for 6'°0, 6°C, Mg/Ca and Sr/Ca. However, in Han-9, a
negative correlation only prevails between Sr and §C in the second growth phase. Vegetation
activity is identified as the primary control on &2C variations in Han-9 (see discussion in
Vansteenberge et al., 2016; 2019), with more positive §'°C values during dryer and/or colder periods
when vegetation is less active. If PCP were to be the control on the Sr variations, a positive
correlation would be expected, which is not the case here. This means that either the §*C change is
related to a temperature decrease or PCP is not the primary controlling factor on the observed
variations in Sr concentrations. The latter is in agreement with the lack of correlation between Mg
and Sr. Obviously, both trace elements are controlled by different factors, demonstrating that PCP,

affecting both elements, is not the main factor.

Instead, changes in vegetation activity (and consequently soil CO, fluxes influencing limestone
dissolution), driven by changes in the precipitation regime above the cave, combined with processes
involving differential dissolution of calcite and dolomite (incongruent dissolution) may explain
variations in Sr and Mg. The absence of strong in-phase (e.g. because of PCP, Fairchild and Treble,
2003) or anti-phase (e.g. related to wet/dry conditions and incongruent dissolution; Huang et al.,
2001; Vansteenberge et al., 2019) correlations between Mg and Sr complicates the interpretation of
the Han-9 Mg record. However, the strong anticorrelation between Sr and §“C (Fig. 13), and the
synchronous variations in speleothem morphology parameters observed, for example, in coincidence
with the onset of the Late Eemian Aridity Pulse (LEAP) at the end of growth phases 1 strongly suggest
that Sr variability is controlled by climate-related processes. Additionally, changes in calcite
precipitation rate, infiltration rate of water through the epikarst and aerosol deposition have also

been shown to influence Sr and Mg concentrations in speleothems (Belli et al. 2017).

CONCLUSIONS



This study investigated and confirmed the potential of laboratory uXRF analysis for measuring trace
element concentrations in speleothems. Although the uXRF operational procedures are fast and
straightforward, the vast amount of data that can be obtained this way is prone to misinterpretation
if not combined with careful sample characterization. The main challenges of analyzing speleothems
with uXRF are the dominance of Ca compared to the trace elements and the occurrence of matrix
specific effects (such as diffraction) that alter the spectrum. We have found that which elements can
be measured in reliable way is very sample specific, warranting careful sample-by-sample assessment
of the results. This can easily be done by verifying the individual spectra and by validating with other
analytical techniques. In this study, different measurement conditions are tested and the most
reliable results are obtained with a Bruker M4 Tornado PXRF scanner by doing point-by-point
transects with a (Rh) source energy of 50 kV and 600 pA and a measurement time of 90 s for each
point. The use of filters is not advised because they lower the intensity of the XRF spectrum and
make it harder to detect key elements such as Ba, Fe and Zn. It is recommended to apply a matrix-
matched standard-based calibration even after a single-standard matrix-matched quantification. In
our sample set, reliable results are obtained (and validated with LA-ICP-MS) for Mg, Sr, Ba, Fe and Zn,
however, it is not unlikely that, in the near future and with better instruments, quantification other
elements (e.g. K, S, Cl, Mn) will become possible too. The presented case study has demonstrated the
ability of uXRF to rapidly construct high-resolution trace element profiles that can complement the
traditional §"°C and 60 stable isotope proxies. A multiproxy interpretation (stable isotopes, trace
elements and speleothem morphology) of stalagmite Han-9 has shown that prior calcite precipitation
is not responsible for the observed variations in Sr and Mg, since lower values occur during dryer
periods. Instead, because of the strong anti-correlation with §"3C, it is hypothesized that the primary
control on Sr and Mg in Han-9 is a decrease in soil efficiency. This leads to a decrease in CO, in the
infiltrating water, resulting in lower host rock dissolution rates and providing less Mg and Sr to the

drip water.
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Figure 1: Speleothem samples used in this study: (A) Han-9 stalagmite, (B) Mex-1 stalagmite, (C) Han-
8 stalagmite, (D) CS-2 stalactite and (E) P16, part of the Proserpine stalagmite. The scale varies for
each sample and is displayed in the figure. Locations of the XRF measurements are shown in red.
Additional information on each sample is provided in table 1.
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Figure 2: Overview of the results of measurements of matrix-matched certified reference materials
used to calibrate XRF data in this study. Note that some axes (most notably of calibration plots of



detrital elements such as Mn, Ti, Fe and Al) are in log-scale, causing the linear regression curves fitted

through these data to appear curved.
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Figure 3: Overview of the results of microscopic investigation of crystal fabrics of thin sections made
of samples Han-8, CS-2 and P16. (A) Composite of 25x magnification XPL images of the entire surface
of sample Han-8. The insert shows the location of the micrograph depicted in (C). (B) Classification of
crystal fabrics in the micrograph composite of sample Han-8. See legend at bottom right of the
figure. (C) Detail of the top edge of Han-8 showing the expression of the outer micritic layer (M),
mosaic calcite layer (Mc) and compact (C) and open (Co) columnar calcite interior. (D) Composite of
25x magpnification PPL microscopic images of sample CS-2. (E) Classification of mineral fabrics in CS-2.



(F) Detail of the partly recrystallized inner aragonite on the basal part of CS-2 highlighting the
expression of acicular (radial needle-shaped) preserved aragonite textures (AA) and mosaic calcite
replacing the aragonite, either with (Mc(an)) or without (Mc) relict aragonite inclusions. (G)
Composite of 25x magnification XPL microscopic images of P16 with variations in color showing
various crystal orientations. Insert shows the location of (l). (H) Classification of crystal fabrics in P16,
showing that this sample consists fully out of compact columnar calcite with dominant shifts in
crystal orientations within the sample indicated by black lines. (I) Detailed XPL micrograph of the
compact columnar calcite in P16 showing clear transitions between zones of different crystal

orientations.
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Figure 4: Energy spectra of MEX-1 P1 (black) and P2 (red) (for location, see Fig. 1). Dashed lines mark
the background of the spectra. For explanation about Bremstrahlung, Compton peaks and Rayleigh
peaks, see text. The part of the energy spectrum where the Sum and Escape peaks of Ca occur are
shaded in grey. Stars indicate the diffraction peaks. Notice how the location of the diffraction peaks
shifts between P1 and P2. Measurement time: 90 s, energy: 50 keV, 600 pA.
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Figure 5: Deconvolution of the energy spectrum of a single-spot measurement on sample MEX-1
(P1). The colored area shows the part of the peaks used for the integration. Striped? Background is
indicated in light blue. Notice the occurrence of several large diffraction peaks between 7 and 14 keV
(see Fig. 4). Measurement time: 90 s, energy: 50 keV, 600 uA.
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Fig. 6: (A) Top part of Han-8 and corresponding uXRF maps showing (B) Sr, (C) Cu and Zn, (D) Area
under the Compton Peak (~19 keV) formed by inelastic scattering of X-rays, (E) Area under the
Rayleigh Peak (~20 keV) formed by elastic scattering of X-rays (see Fig. 4) and (F) A thin section
microscopy composite the sample (see Fig. 3). Distribution of Sr follows the speleothem layering. Zn
and Cu do not represent elemental distributions but rather diffraction, which follows the orientation
of the calcite crystals. This diffraction is also reflected in the map of the Rayleigh Peak (E), while the
Compton Peak (D) does not show this pattern.
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Figure 7: Area maps of sample CS-2 which is mixed calcite aragonite. The milky white parts represent
the aragonite. For the location of map on the sample, see red rectangle in Fig. 1. (A) The spectrum of
the aragonite part. Notice that nearly no diffraction peaks occur compared to calcite spectra (Fig. 4).
Below are the element distribution maps of (B) Sr, (C) Ba and (D) Fe. The line represents a transect of
single point measurements (90 s per point) to obtain quantitative data on the elements of interest.
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Figure 8: Plot showing the effect of measurement time. Analysis carried out on the sample Han-9
(see red dot in Fig. 1 for the location). Counts of each element are expressed as a percentage of the
total amount of counts.
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Figure 9: Workflow of the quantification-calibration process presented in this study.
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Figure 10: A) comparison of LA-ICP-MS (triangles) and uXRF (circles) measurements of Mg, Al, Zn, Sr
and Ba on sample Han-8. Calculated errors are displayed on the right side of the graph. A good
correlation for Mg and Sr can be observed, whereas the correlation of Al, Zn and Ba is very poor. B)
spectra of two points (P167 and P240) showing the overlap of diffraction peaks with the Zn and Ba
element peaks, resulting in a bad deconvolution and incorrectly quantified uXRF results.
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Figure 11: Results for Mg, Sr and Zn of a transect measured by both LA-ICP-MS (triangles) and uXRF
(circles) on the annually laminated speleothem sample P16 (Fig. 1). Errors are shown on the right side
of the graphs.
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Figure 12: Multiproxy study of Han-9 showing 6C, §'0, Sr and Mg. Errors of the pXRF data are
displayed on the left. This part of the stalagmite is characterized by two growth phases (1 & 2)
separated by a hiatus. The interpretation of paleoclimate is given in the figure. For more information
about the age-depth model, the stable isotope data or the paleoclimate interpretation, see
Vansteenberge et al. (2016).
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Figure 13: Han-9 (growth phase 2) Sr concentration and §"*C variations plotted against distance. §"*C
axis has a normal orientation. An image of growth phase 2 is displayed below, together with the
interpretation of the stalagmite morphology. White boxes represent the dense and darker
morphology and filled boxes indicate coarser and whiter morphologies. A clear link between Sr, §*C
and speleothem morphology can be observed.



Sample Cave & Location  Age Mineralogy [Mg] [Sr] [Ba] Reference(s)
Han-9 Han-sur-Lesse, 125.3-97 ka Calcite 3700 | 110 | 460 Vansteenberge et al. (2016)
Belgium stalagmite
Han-8 Han-sur-Lesse, 122-111 ka Calcite 4000 | 75 600 /
Belgium stalagmite
CS-2 China Unknown Calcite/aragonite | 6700 | 350 | 200 /
stalactite
Mex-1 Cacahualmilpa ~50 ka Calcite 1300 | 170 | <LLD |/
Cave, Mexico stalagmite
P16 Han-sur-Lesse Holocene, Calcite 600 | 44 160 Verheyden et al. (2006), Van Rampelbergh et
Cave, Belgium ~1600 CE stalagmite al. (2015), Vansteenberge et al. (in review)

Table 1: information of each sample used in this study. Images of the samples are provided in Fig. 1. Concentrations of Mg, Sr and Ba are rounded averages

through the sample and serve to illustrate variability between samples.

Mg Al Si P S Ca Mn Fe Zn Sr Ba
Slope 1.15 3.53 1.10 60.14 31.26 1.11 1.23 1.00 1.76 0.97 2.72
Error 0.05 0.83 0.28 86.16 44.18 0.04 0.15 0.52 81.90 0.11 4.51
Intercept 34293 | -969.40 | -605.05 | -2541.77 | -1228.26 | -43458.29 -12.75 -4.89 -22.49 13.02 2.06
Error 299.31 448.55 | 4123.77 | 3787.70 | 1870.67 | 15671.31 16.45 130.48 | 1947.93 23.19 71.39
Pearson's r 1.00 0.90 0.90 0.98 0.07 1.00 1.00 1.00 0.93 1.00 0.99
LLD (ug/g) 491 161 53 65 38 343 7.5 5.1 2.7 8.4 15

Table 2: The results of Deming regression for the construction of calibration lines for a range of trace elements measured with uXRF using carbonate

reference materials. The corresponding calibration curves are provided in the supplementary information.
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Table 3: Pearson’s coefficient of correlation (r) of the different proxies used in Han-9. r was
determined on the full record and on the two growth phases separately. Color intensity reflects the

degree of correlation with red for r <1 and blue forr > 1.
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HIGHLIGHTS

Exploring the use of benchtop uXRF for speleothem trace element analysis

Diffraction peaks in the pXRF spectrum should be treated with care

Quantification of uXRF spectra with a multiple-standard calibration is presented

Validation with LA-ICP-MS confirms the potential of pXRF in speleothem studies



