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Abstract 15 

Variation of sulphur in annually laminated stalagmites can be used to infer the impact of past volcanic 16 

activities, anthropogenic pollution, and climate change due to increased bushfire activity. The 17 

synchrotron radiation micro-X-Ray fluorescence (SR-XRF) microprobe is a powerful tool to analyse 18 

and image sulphur recorded in stalagmites with micrometre resolution. However, access to SR-XRF 19 

beamlines can be limited, so researchers must select the most promising stalagmites for imaging. 20 

Benchtop micro-XRF is an effective tool for trace elemental analysis of speleothem samples and is a 21 

candidate for routine laboratory measurement of sulphur along stalagmite laminae and screening for 22 

SR-XRF. This study describes a protocol using matrix-matched standards to measure annual 23 

variations of sulphur at trace to percent level along the laminae of two Western Australian 24 

stalagmites, one of which already having been analysed using SR-XRF. Parameters that affected 25 

quantitation include X-ray tube voltage and current, spot size of the X-ray beam and stalagmite 26 

surface roughness and porosity. The use of a 20 μm X-ray spot size provides sub-annual spatial 27 

resolution that can be completed in an overnight scan. The features in a 1000 point micro-XRF 28 

analysis of sulphur along a 20 mm transect show good consistency with SR-XRF microprobe data. 29 

Micro-XRF mapping was also performed to produce chemical images on the stalagmite and compared 30 

with Raman and X-ray diffraction (XRD) to confirm that the stalagmite is exclusively calcite, with no 31 

aragonite, and that the source of sulphur in the samples was gypsum and anhydrite. Regions of very 32 

high sulphur in the micro-XRF maps were found to be artefacts due to diffraction of the incident beam 33 

but these could be efficiently removed by using a multiple point statistics approach to produce a clean 34 

image suitable for analysis of the laminae. This work shows the potential of micro-XRF for routine 35 

analysis of sulphur in stalagmites, and to streamline sample characterisation before SR-XRF imaging. 36 
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 39 

Introduction 40 

Stalagmites are a type of speleothem, a calcium carbonate deposit formed in limestone caves. These 41 

deposits form from drip water that is supersaturated with respect to calcite or aragonite due to the 42 

dissolution of carbonate bedrock between the surface and the cave. Stalagmites grow vertically 43 

upwards from the cave floor, and most are formed from calcite. This calcite contains trace amounts of 44 

elements that reflect the drip water chemistry of the site. Typically, the highest concentration elements 45 

after Ca are those most abundant in limestone, namely Mg, Sr, Ba and U. Trace amounts of soil-46 

derived elements (for example, P, S and soil minerals Ba, Fe, Zn) may also be present, depending on 47 

the hydrological connectivity of the drip water to the soil. It is well known that this suite of trace 48 

elements (e.g., Mg, S, P, Sr, Ba, Fe, Zn) incorporated into the calcareous stalagmite provides 49 

information on past environmental change [1][2]. 50 

 51 

Variations of sulphur in speleothems is closely linked to volcanic events, bushfire and industrial 52 

activities [3][4][5]. Sulphur concentrations in stalagmite samples have significant advantages as 53 

records of these events: stalagmites are widely found in continental areas and they grow in relatively 54 

protected environments that are free from re-deposition and alteration. The concentration of sulphur in 55 

stalagmite samples can be used to reflect the atmospheric sulphur loading [3]. The chronologies of 56 

stalagmite can be obtained by absolute radiometric methods [5], however, the transmission of sulphur 57 

from atmosphere to soil, and eventually to stalagmite in the drip sites, can be significantly lagged by 58 

up to a few decades and attenuated due to secondary processes, such as uptake by vegetation [6][7], 59 

biogenic activity  and  soil storage [8][9].  60 

 61 

The amount of sulphur incorporated into stalagmite samples is commonly at ppm levels requiring 62 

techniques with high sensitivity capable of detecting a wide range of elements. Techniques, such as 63 

secondary ion mass spectrometry (SIMS) [10], laser ablation inductively coupled plasma mass 64 

spectrometry (LA-ICP-MS) [11][12][13], and optical emission using laser induced breakdown 65 

spectroscopy (LIBS) [14][15][16] are used on stalagmites that ablate material directly from the 66 

stalagmite surface. For SIMS, spot sizes well below 10 μm offer sub-annual spatial resolution to allow 67 

the study of seasonal variations of trace elements within a single lamina. However, ablation 68 

techniques are mildly destructive, leaving a narrow track along the sample, which may not meet some 69 

research needs. Also, the ablation or ionisation is very sensitive to a rough or porous surface, or the 70 

variation in mineral matrix requiring careful selection of matrix matched standards for calibration 71 

[10][13]. Solution-based ICP-MS analysis of stalagmites is also possible, where drilled powders from 72 

each laminae are dissolved in dilute acid. This method can detect elements at the ppb-ppm level, 73 

however, the drilling and digestion process is time consuming and challenging for small lamina, 74 
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requiring much attention to achieve reliable results [2][17][18]. The experience of sulphur 75 

measurement by the authors using a standard, single quadrupole ICP-MS instrument, whether by 76 

solution nebulisation or laser ablation, is mass interference, for example, attempting to measure 32S is 77 

problematic due to the abundant 16O2 molecular ion. An alternate approach commonly used to avoid 78 

mass interference is measuring the oxide, 32S16O, but this has an interference from the 48Ca isotope, 79 

which has a natural abundance of only 0.187% but this becomes a significant problem for measuring 80 

trace sulphur in a calcium carbonate matrix.  81 

 82 

Recent years have seen synchrotron radiation micro-X-Ray fluorescence (SR-XRF) microprobe as a 83 

powerful, non-destructive technique to determine the variations of trace elements in speleothems to 84 

reconstruct past climate change [19][20][21]. This technique has also been applied for interpreting 85 

sulphur concentrations in stalagmites to study past volcanic eruptions following the pioneering work 86 

of Frisia and co-workers [21]. SR-XRF is of great advantage for sulphur analysis due to its extremely 87 

low background, high spatial resolution (~2 μm) and low detection limit to sub-ppm level [3][17]. In 88 

addition, by coupling SR-XRF with X-ray near absorption near-edge structure spectroscopy 89 

(XANES), not only concentration but also oxidation state information can be obtained 90 

simultaneously, thus the origin of sulphur can be traced [22]. However, SR-XRF beamlines tend to be 91 

heavily oversubscribed so researchers must select the most promising stalagmites for imaging. Other 92 

X-ray fluorescence techniques include geological core scanners, but these usually lack the spatial 93 

resolution requirements for analysis within a single growth layer. Techniques such as the nuclear 94 

microprobe or the scanning electron microscope with energy dispersive X-ray analysis (SEM-EDX) 95 

can be limited by the small size of the sample chamber, or the detection limits are inadequate for 96 

measuring variation in sulphur at ppm levels [23][24]. There remains a demand for additional cost-97 

effective, laboratory-based tools for elemental variation analysis of stalagmite samples.  98 

 99 

Laboratory benchtop micro-XRF has been introduced as a fast, non-destructive elemental analysis 100 

tool with spatial resolution of tens of micrometres, benefiting from recent developments in X-ray 101 

optics that make the best use of low power, sealed-tube X-ray sources [25]. Although the technique is 102 

yet to achieve the sensitivity and spatial resolution of SR-XRF, laboratory-based micro-XRF is 103 

relatively inexpensive and has major advantages such as rapid local access to elemental concentration 104 

and mapping analysis, minimal sample preparation, the capability to analyse a wide range of sample 105 

types and size. This technique has been applied for trace element analyses of speleothems and other 106 

calcium carbonate samples [26][27]. However, the potential of this technique in the application of 107 

sulphur variation analysis of speleothem samples has not been fully developed to date. Dandur and 108 

and co-workers collected the first sulphur mapping data of a stalagmite sample using micro-XRF and 109 

showed that sulphur distribution is consistent with laminae of the concretion [28]. Recently, 110 

Vansteenberge et al. systematically investigated the potential of benchtop micro-XRF for the analysis 111 
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of trace element in stalactites and stalagmites [29]. A range of measuring conditions were tested, and 112 

the results evaluated by comparison with ICP-MS data on the same sample. Reliable results were 113 

obtained for calibrations of Mg, Al, Si, P, Ca, Mn, Fe, Zn, Sr and Ba but correlation for sulphur was 114 

poor with a Pearson’s r value of 0.07. The quantification result obtained by micro-XRF was 115 

determined not only by chemical composition but also variation in matrix crystallinity along a 116 

stalagmite. Changes in crystal fabric, mineral polymorphs such as calcite and aragonite and varying 117 

degrees of porosity are commonly found in stalagmite samples [30] and this will be reflected in the 118 

XRF spectra and thus affect the quantification result.  119 

 120 

In this work, the variation of sulphur along annual laminae in two stalagmites was measured using a 121 

commercial rhodium-source benchtop micro-XRF. The measuring conditions assessed were X-ray 122 

tube voltage, current and sample surface smoothness. Seven matrix-matched pressed pellet standards, 123 

from 50-2000 ppm, were prepared for calibration and quantification analysis. A 1000 point micro-124 

XRF analysis of sulphur along a 20 mm transect of an annually layered stalagmite from Yonderup 125 

Cave in Western Australia was carried out to analyse the variations of sulphur over the period AD 126 

1725-2000 and compared favourably with SR-XRF data from the same sample. The potential of 127 

micro-XRF to capture the seasonality of sulphur to derive high-resolution chronologies was 128 

investigated using a second sample from Quininup Cave in Western Australia. Micro-XRF mapping 129 

analysis of this sample was supplemented with Raman mapping and XRD to show that the sulphur 130 

banding was due to a mixture of gypsum and anhydrite in the sample. Artefacts appearing as high 131 

sulphur regions were identified as diffraction of the incident X-ray beam. These artefacts could be 132 

successfully removed using multiple point statistics to reveal the laminae. 133 

 134 

Experimental/Methods and Materials 135 

Stalagmite samples 136 

An annually layered stalagmite, YD-S2, was harvested from Yonderup Cave (31°33′S, 115°41′E) 137 

located in Yanchep National Park, Western Australia, about 47 km north-northwest of Perth. 138 

Yonderup Cave is formed in Tamala Limestone, a Late Quaternary age aeolianite that is widely found 139 

along the coast of south-west Western Australia. The aeolianite comprises mostly carbonate and 140 

quartz, with < 3% microcline and orthoclase feldspar [31]. The trace element record of YD-S2 was 141 

derived from previously published LA-ICP-MS line profiles that demonstrate annual variations in a 142 

suite of bedrock-derived (Sr, Ba, U) trace elements [32]. Drip water geochemistry at this site has also 143 

been investigated, specifically to investigate the possible impact of wildfire [33]. The stalagmite was 144 

deposited over the last 250 years and an existing chronology was available from variation in the LA-145 

ICP-MS Sr concentrations that was optimised using visible laminae counting and SR-XRF of Sr [34].  146 

 147 
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A second stalagmite, QU_test1, from Quininup Lake Cave is located on the Leeuwin-Naturaliste 148 

Ridge near the town of Wilyabrup (33°47′S 115°2′E) and is also developed in the Late Quaternary 149 

aeolianite that skirts the southwest coastline of Western Australia. The cave is approximately 300 m 150 

from the current coastline with a doline entrance that faces the ocean. The climate is Mediterranean-151 

type with wet winters and dry summers. The nearest climatological station is Cowaramup (station ID 152 

9636) with annual rainfall of 1134 mm. Dry aerosol deposition at the cave site is likely to be 153 

significant given the proximity to the coast and prevailing westerly winds. Mean annual temperature 154 

along this coastal region is approximately 20 deg C. The local vegetation is low lying coastal scrub 155 

dominated by Acacia. An archaeologically significant site is to the north of the cave at Quininup 156 

Brook [35]. QU_test1 was measured as an unpolished and polished sample, with polishing achieved 157 

using successively finer grades of corundum-based sandpapers followed by successive polishes with 9, 158 

3, and 1 µm diamond paste on a mechanical polisher. The polishing residue was removed with AR 159 

grade methanol and samples ultrasonicated in MilliQ water prior to measurement. 160 

 161 

Benchtop Micro-XRF 162 

All micro-XRF experiments were carried out on a benchtop M4 Tornado micro-XRF (Bruker, 163 

Germany) under vacuum condition (20 mbar). The instrument consists of a Rh anode metal-ceramic 164 

X-ray tube with maximum power, voltage and current of 30 W, 50 kV and 600 μA, respectively. 165 

There are two silicon drift detectors on this system, referred to as “detector one” and “detector two”. 166 

Detection limit and precision for the sulphur K line were optimised at 10 kV and 400 μA (Supporting 167 

data, Table S1). X-ray spot calibration was carried out by digital tuning of the X-ray position 168 

indicated on the screen to align with the physical position on the sample. In this study, the voltage and 169 

current were optimised to achieve the best spectral resolution for trace quantities of sulphur. The 170 

instrument has set spot sizes of 20 μm and 160 μm. To achieve the best spatial resolution, a 20 μm 171 

spot size was used throughout. The actual lateral spatial resolution depends on the energy of the 172 

fluorescing X-rays with spatial resolution improving at higher X-ray energies. For the Bruker M4 173 

Tornado, the manufacturer provides a spatial resolution of 15.2 µm for the Mo K line (17.4-19.6 keV) 174 

and 33.4 µm for the Mo L line (2.3-2.5 keV). The S Kα line (2.31 keV) is close to that of the Mo Lα 175 

line (2.29 keV) so the spatial resolution for S Kα in these experiments is estimated to be 33.4 µm. 176 

Unless stated otherwise, a single silicon drift detector was used to count the fluorescing X-rays with 177 

an energy resolution ≤145 eV full width at half maximum, for Mn Kα. Linescans were conducted in 178 

the “auto-point analysis” workspace where each point on YD-S2 (Figure 1A) was measured for 60 179 

seconds with the autofocus function activated to ensure a constant distance between each measured 180 

point and the detector. The autofocus function calculates a contrast value at the measured point and 181 

assumes that the focal plane has the highest contrast value. Compared to the linescans, micro-XRF 182 

mapping of QU_test1 required a shorter measurement time of 300 ms per point with a step size of 40 183 

μm (Figure 1B) to complete the mapping within a reasonable timeframe (<24 hours). Data processing 184 
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was performed using M4 Tornado built-in software, FP MQuant (Bruker, Germany) for peak 185 

identification however, quantification of sulphur was performed independently using matrix matched 186 

standards.  187 

 188 

Preparation of matrix matched synthetic sulphur standards for method calibration 189 

Matrix matched, synthetic sulphur standards were prepared as pressed pellets for the following 190 

approximate concentration range: 0, 50, 100, 200, 500, 1000, and 2000 ppm (mg/kg). Each standard 191 

was produced by adding the required aliquot of an ICP reference solution (HPS, USA) containing 192 

sulphur (as sulphate) to 2g of powdered, ultrapure CaCO3 (Merck, Germany). MilliQ water was added 193 

to produce a slurry before drying at 50 °C overnight. The dried sample was transferred into a tungsten 194 

carbide grinder and crushed using an Essa ring mill (Model LM2, Australia) for 10 min to ensure 195 

complete homogenisation. Pellet preparation was performed using 50 mg of the powdered CaCO3 on 196 

a Mini-Pellet Press (Specac, UK) to produce a pellet 7 mm diameter and 1mm thick. Subsamples 197 

(200mg) were digested using 20% HNO3 in a hot water bath and analysed using inductively coupled 198 

plasma-optical emission spectrometer (ICP-OES, PerkinElmer, USA) to confirm the sulphur content 199 

in each standard as 0, 55, 71, 146, 624, 1134 and 2089 ppm (supporting data Table S2).  200 

 201 

Synchrotron micro-XRF Imaging 202 

Synchrotron XRF mapping of YD-S2 has been reported previously [34]. Briefly, relative sulphur 203 

concentrations were mapped on beamline 10.3.2 at the Advanced Light Source (ALS) synchrotron 204 

located at Lawrence Berkeley National Laboratory in California, USA. The incident energy was 3.988 205 

keV (50eV below the Ca K-edge), and the XRF map was produced using a 7x7 µm incident beam 206 

with 200 millisecond dwell time recorded with an Amptek FAST XR-100SDD single element 207 

detector. A line plot of the XRF map was extracted using ImageJ software to produce relative 208 

concentrations at 10 µm intervals. Absolute concentrations are not available, so the data is presented 209 

as relative sulphur concentration for comparison with the benchtop micro-XRF data. 210 

 211 

Raman Spectroscopy 212 

Raman spectroscopy and mapping were performed on an inVia Raman microscope (Renishaw, UK) 213 

using a long wavelength 830 nm diode laser selected to minimise fluorescence interference that was 214 

observed using the more common 532 nm excitation source. Fast mapping data was collected over 215 

23,000 × 1000  µm region using line focus optics in the instrument’s “Streamline” mode with a static 216 

scan centred at 680 cm-1 and acquired over a spectral range of 113-1187 cm-1, using a 10 s exposure, a 217 

20x objective and a 1200 l/mm grating. The estimated power at the sample under these conditions was 218 

165 mW. Data was processed using the WiRE software (Version 5.3, Renishaw, UK) to correct the 219 

baseline and remove cosmic rays, then generate an intensity map of the peak centred at 1018 cm-1 220 

corresponding to the sulphate stretching band for anhydrite (CaSO4) 221 
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 222 

X-Ray diffraction  223 

X-Ray diffraction data was collected on an Empyrean diffractometer (PANalytical, Netherlands) 224 

fitted with a Co tube. The polished stalagmite sample was mounted on a flat sample stage with careful 225 

height adjustment and BBHD optics fitted to the incident beam and a PIXCel detector in the diffracted 226 

beam. Data collection was performed over the angular range 5° to 120° with a step size of 0.013°. The 227 

raw data was processed using HighScore Plus software (PANalytical, Netherlands) and a set of 228 

candidate crystalline phases identified using the ICDD powder diffraction database (International 229 

Centre for Diffraction Data, USA).  230 

 231 

Multiple point statistics micro-XRF image 232 

Elemental mapping of speleothems can be compromised by irregularities in the calcite surface caused 233 

by fabric porosity and damage to the surface during cutting and polishing, effectively producing data 234 

gaps or artefacts in the resulting image. These features are readily visible in the calcium maps denoted 235 

by Ca concentrations that are lower than 40.04%.  Image analysis was performed using a custom filter 236 

to detect data gaps using the calcium maps and then the MPS distribution Quick Sampling [36] was 237 

used to fill in missing data in the elemental maps with stochastically generated values. The MPS 238 

technique mimics data patterns present in the rest of the image with the goal to preserve continuous 239 

laminae features. A cross-validation was performed using fake gaps to assure all relevant statistical 240 

properties were preserved in the simulated heterogeneity of the image. The aim of this supervised 241 

analysis was to find a balance among geometrical properties and statistical properties to achieve an 242 

acceptable image. 243 

 244 

Results and Discussion 245 

White light images of stalagmites YD-S2 and QU_test1 are shown in Figure 1. There is clear contrast 246 

in laminations along the growth axis of these samples, which decreases in age from left to right. 247 

Previous measurements have confirmed that the variation in Sr concentrations in YD-S2 can be 248 

correlated to annual growth [32,34], which is important for our interpretation of sulphur variations in 249 

the XRF measurements. The micro-XRF linescan on YD-S2 and the mapped region on QU_test1 are 250 

highlighted in red in the figure. Prior to micro-XRF mapping, single-point analysis was performed on 251 

YD-S2 to evaluate the effect of the X-ray tube parameters on the signal from sulphur in the sample. 252 

  253 

 254 

 255 

 256 

 257 

 258 
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 259 

 260 

 261 

Figure 1. White light images of stalagmites (A) YD-S2 with red line indicating the position of the 262 

micro-XRF linescan and (B) QU_test1 with the red box indicating the position of the micro-XRF 263 

map.  264 

 265 

Optimisation of X-ray tube voltage and current conditions 266 

A Micro-XRF spectrum from a single point analysis of stalagmite YD-S2 is shown in Figure 2 using 267 

a log scale for count rates to observe the trace element peaks. As expected, the K lines from Ca are the 268 

strongest peaks followed by K lines from Sr then K lines of trace elements including Mg, Al, and S. 269 

In addition to the fluorescence peaks of the major and trace elements in the stalagmite, X-ray tube 270 

peaks, including second order Rh K lines (Compton and Rayleigh peaks), are observed at their 271 

characteristic energies (18.9-22.7 keV). Certain peaks are observed that do not correspond to emission 272 

lines from any element, escape peak or detector sum peaks. These are likely to be diffraction peaks 273 

scattered from the crystalline calcite matrix [1].  274 

 275 
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Figure 2. (A) single point micro-XRF spectrum of YD-S2 from 0 to 25 keV, collected at 10 kV, 400 276 

μA for 60 s. The Compton and Raleigh scattering peaks are labelled, and peaks arising from 277 

diffraction by the calcite matrix are denoted by magenta diamonds.  278 

 279 

Compared to the major elements Ca and Sr, the peak intensity of sulphur is very low with a 280 

signal/noise ≤ 2.5, thus accurate quantification of these peaks requires optimisation of the tube voltage 281 

and current. This was achieved by measuring a single point of the blank and the 500 ppm sulphur 282 

standard and compare to the micro-XRF spectrum of sulphur as the voltage was tuned from 5 to 45 283 

kV and current tuned from 185 to 400 μA. The blank spectrum give a peak centred at 2.35 keV which 284 

doesn’t correspond to any element X-ray lines or escape peaks. It is likely a diffraction peak caused 285 

by crystallinity of the matrix (Figure 3A). This peak partially overlaps the sulphur Kα line (2.31 keV) 286 

thus can interfere sulphur detection. The intensity of the interference peak dropped significantly when 287 

the tube voltage is decreased to 10 keV. Similarly, micro-XRF spectra of the 500 ppm sulphur 288 

standard also shows a significant decrease in peak intensity at 2.3-2.35 keV when the tube voltage 289 

was decreased to 10 kV (Figure 3B). Several statistics, including Figure of Merit (FOM), lower limit 290 

of detection (LLD) and relative standard deviation (RSD), were calculated to determine the optimal 291 

combination of tube voltage and current using the 500 ppm standard. The optimum counting statistics, 292 

lowest detection limit and acceptable precision for the sulphur K line was reached at 10 kV and 400 293 

μA (Supporting data, Table S1) and used for the subsequent micro-XRF linescan measurements of 294 

sulphur. As the sulphur K line is excited by low energy tube lines (including Rh L lines and 295 

continuum X-rays), a decrease in tube voltage can reduce interferences such as diffraction and 296 

calcium escape peaks, while leaving sulphur response relatively unaffected, thus can improve the 297 

reliability of the method for sulphur quantification. 298 
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    299 

Figure 3. Micro-XRF sulphur spectra of (A) 0 ppm and (B) 624 ppm sulphur standard using tube 300 

voltage of 10, 15, 25, 35, 45 kV shown in black, red, blue, pink and green, respectively. A tube 301 

current of 400 μA was used. 302 

 303 

Calibration for sulphur quantification analysis 304 

To evaluate the feasibility of trace sulphur quantification, a 24-point analysis across 7 synthetic 305 

matrix-matched sulphur standards (0, 55, 71, 146, 624, 1134 and 2089 ppm) where the sulphur 306 

content was independently determined using ICP-OES (Supporting data, Table S2). The X-ray counts 307 

of the sulphur K line (after blank subtraction) correlated strongly with the sulphur concentrations from 308 

ICP-OES with a Pearson’s r value of 0.999 (Figure 4A). The limit of detection (LOD) was calculated 309 

to be 80 ± 11 ppm (see Supporting data for the calculations). This relationship between the net sum of 310 

sulphur K line X-ray counts with concentration was used to calibrate the X-ray counts for sulphur in 311 

the stalagmite measurements.  312 

 313 

The particle size of the milled powder used to prepare the pressed pellet standards can significantly 314 

influence the precision of the data. When the standards were mixed manually, without mechanical 315 

grinding, the standard deviation of the net sum values of 624 ppm standard was 295%. When grinding 316 
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in a ring mill for 10 minutes, the standard deviation improved to 9% indicating a substantial increase 317 

in homogeneity (Figure 4B).  318 

 319 

 320 

Figure 4. A plot of sulphur net sum counts measured using micro-XRF vs sulphur concentration. 321 

Samples were measured (A) with grinding for 10 min and (B) without grinding.   322 

Sulphur quantification analysis of stalagmite samples  323 

Micro-XRF of geological samples ideally requires a polished surface as fluorescing X-rays will 324 

undergo different degrees of absorption as they are emitted from a crack on the surface. Also, 325 

uncontrolled scattering of the X-rays due to porosity of the sample can cause random changes in the 326 

count rates and a high background signal [28][29]. The importance of polishing was tested by 327 

comparing a 1000-point linescan of sulphur along a 29.0 mm long transect of QU_test1 before and 328 

after polishing. The position of the linescan was noted and estimated to be reproduced within 1-2 mm 329 

before and after polishing. The 75 points from the edge measurements at either end of the stalagmite 330 

were discarded to produce a dataset of 925 points for the unpolished and polished sample.  331 

 332 
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   333 

Figure 5. Sulphur micro-XRF linescan of QU_test1 before (left) and after polishing (right). Variation 334 

of calcium % (A) before and (B) after polishing. Sulphur % (C) before and (D) after polishing and 335 

S/Ca ratio (E) before and (F) after polishing. 336 

 337 

The calcium linescan of the unpolished QU_test1 stalagmite shows notably more variation compared 338 

to that of the polished one. Fluctuations are present in the unpolished sample that may indicate 339 

changes in the roughness that decrease the X-ray fluorescence due different degrees of absorption and 340 

scattering by the matrix. Measurements of the unpolished sample have an average calcium 341 

concentration of 39.66% ± 2.78% along the 925 points of the linescan (Figure 5A) versus 38.78% ± 342 

1.29% after polishing (Figure 5B). The concentration of calcium, as calcite, is present at several 343 

orders of magnitude higher than the trace elements, so the micro-XRF should show a constant 344 

concentration along the linescan and reducing surface features by polishing does improve the standard 345 

deviation of the calcium measurement, as observed.  346 

For sulphur, positive spikes up to 1.74% are observed in the linescan of the unpolished sample 347 

(Figure 5C) while polishing reduces the maximum spike to 0.20% (Figure 5D) and the same relative 348 

behaviour is shown in the normalised S/Ca ratio (Figure 5E-F). The negative spike in the calcium 349 

value at Point 239 (Figure 5A) corresponds to a high sulphur spike (Figure 5C, 5E) but this feature 350 

was removed after polishing. Reducing surface roughness through polishing is critical to remove 351 

artefacts that indicate unrealistic sulphur values along a stalagmite.  352 

 353 

Benchtop micro-XRF vs Synchrotron micro-XRF 354 
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To validate the quantification of sulphur on YD-S2, a linescan was measured for comparison with the 355 

same region measured by SR-XRF. The measurement comprised a 1000-point analysis along an 18.7 356 

mm transect resulting in an acceptable measurement time of 17 hours. The results show that, although 357 

the tube spot size and step size of micro-XRF is twice as large as that of SR-XRF, the major features 358 

of the SR-XRF scans can be captured by a benchtop system (Figure 6A and Figure 6B). A 359 

comparison of 25 diagnostic points (either peak or trough values) from the micro-XRF and SR-XRF 360 

data shows a strong positive correlation between the two techniques (r = 0.97, Figure 6C), which 361 

supports the feasibility of using micro-XRF to streamline sample characterisation for SR-XRF 362 

imaging. 363 

 364 

 365 

Figure 6. Single point analysis of sulphur on YD-S2 over year 1725-1956 obtained by (A) SR-XRF 366 

with a step size 10 μm; (B) M4 Tornado micro-XRF with tube spot size 20 μm, step size 19 μm. (C) 367 

Sulphur concentration of selected points obtained by micro-XRF vs sulphur count rates of the same 368 

positions measured using SR-XRF. Solid red circles denote the selected points used to plot the 369 

correlation between the sulphur values measured by micro-XRF vs SR-XRF.  370 

 371 

Variations in sulphur 372 

Trace elements in stalagmites can be used as annual chronological markers by providing clear annual 373 

cycles [38][39], which is helpful for deriving high-resolution chronologies [40] to complement 374 

traditional δ13C and δ18O stable isotope proxies [41]. To investigate whether variations in sulphur at 375 

sub-annual scales was practical for benchtop micro-XRF, sulphur concentrations were compared with 376 

those measured using SR-XRF in the period equivalent to 1800 to 1820. Annual patterns of sulphur 377 



 14

can be observed (Figure 7A) as the hydrology and ventilation regime have the same seasonality. An 378 

annual decrease of the sulphur concentration can be related to seasonal changes in drip water pH, or 379 

saturation state control on sulphur incorporation into calcite, due to an inferred competition between 380 

sulphate and bicarbonate at the calcite surface [42]. While the spatial resolution from the benchtop 381 

micro-XRF (Figure 7B) is inferior to that available from a synchrotron X-ray source (<5 microns), 382 

for speleothems with wide enough annual laminae, the features are generally consistent between both 383 

techniques, and correspond with the expected annual variation in the laminae.   384 

 385 

Figure 7. Sulphur variations of the reference stalagmite YD-S2 for the period 1800-1820 measured by 386 

(A) micro-XRF using 20 μm spot size, 10 μm step size; (B) SR-XRF with an estimated spot size of 7 387 

μm. The red dash lines denote the start of each year. 388 

 389 

XRF Mapping of Sulphur 390 

Compared to linescans, mapping the distribution of sulphur over an entire stalagmite section has the 391 

advantage of identifying artefacts that fail to correspond to the laminae. A 22.6 x 10.1 mm mapping 392 

analysis on sulphur was carried out on polished QU_test1 using benchtop micro-XRF in the region 393 

shown in Figure 1B. Despite compromises in the measurement time to enable mapping to be 394 

completed in less than 24 hours, clear sulphur bands can be observed in the map corresponding to the 395 

laminae in the white light image of QU_test1 (Figure 8A), and a slight depletion of calcium can be 396 

observed in regions with higher sulphur concentration (Figure 8B).  397 

 398 

In addition to the growth laminae, the map produced numerous random bright regions suggestive of 399 

high sulphur concentration. The intense sulphur spots in the micro-XRF map correspond to low 400 

calcium values suggesting that some variation in the calcite matrix may be a factor. Variations may 401 

include porosity, sample topography [44] and variation in crystallite orientation leading to diffraction 402 

artefacts [30][45]. When measuring stalagmites using benchtop micro-XRF, elemental composition, 403 
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matrix crystallinity and porosity can all have an impact on the X-ray fluorescence measured from the 404 

sample.  405 

To investigate whether the random bright spots reflect rich sulphur deposition, or are artifact signals, 406 

sulphur mapping analysis was repeated using the second detector on the instrument. Each of the two 407 

detectors are placed in a specific angle to ensure incident X-Ray angle and the fluorescent X-ray angle 408 

is 90° [46]. As a result, each detector collects the fluorescing X-rays at a different angle, relative to 409 

the sample. If the sample comprises highly-oriented calcite crystallites, these would diffract the 410 

incident X-ray in a specific direction producing diffraction peaks that overlap with the sulphur K line. 411 

This directionaility can be tested by changing the angle of detection, using detector two on the 412 

instrument. This is indeed the case, as shown by comparing the XRF map from detector two where 413 

most of the bright regions are removed (Figure 8C) compared to the previous map from detector one 414 

(Figure 8A). It clear that the angle of detection can have a significant impact on the quality of the 415 

maps if the purpose of a study is to identify the laminae on a stalagmite. The same test for diffraction 416 

could be readily accomplished on an instrument with a single detector by measuring the sample in two 417 

orientations on the stage. 418 

 419 

The mineral form of sulphur in the calcite matrix was investigated using XRD and Raman 420 

experiments. An XRD measurement of the polished sample surface of QU_test1 showed traces of 421 

magnetite in a calcite matrix with no aragonite. However, the sulphur minerals were below detection 422 

(Supporting Data, Figure S1A) as sensitivity of XRD is around 1 wt%. Compared to the bulk surface 423 

measurement provided by XRD, Raman mapping techniques can provide higher sensitivity if phases 424 

are concentrated at specific regions on the surface. As expected, the main peak in the average Raman 425 

spectrum of the sample was that of calcite at 1080 cm-1 (Supporting Data, Figure S2A-B). However, 426 

two weak, overlapped peaks were also observed at lower energy: a stronger peak at 1018 cm-1 427 

corresponding to anhydrite (CaSO4) and a shoulder at 1009 cm-1 diagnostic for gypsum (CaSO4.2H2O) 428 

[43]. Mapping the intensity of the anhydrite peak at 1018 cm-1 produces the same laminae structure to 429 

as that seen in the sulphur micro-XRF mapping (Figure 8D). This correlation between techniques 430 

supports the assignment of anhydrite , with a lesser quantity of gypsum, as the mineral source of 431 

sulphur in the laminae revealed by micro-XRF. The association with anhydrite also suggests that 432 

sulphur forms an alteration thin layer on the top of the stalagmite calcite matrix, which can explain the 433 

observed negative association of S and Ca (Figure 8B-C) as Ca is less abundant in anhydrite than 434 

calcite and Ca X-rays are more absorbed within anhydrite than the calcite matrix.[47]   435 

 436 
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  437 

Figure 8. Micro-XRF mapping of polished QU_test1. Micro-XRF mapping of sulphur (A) and 438 

calcium (B) using detector one; Micro-XRF mapping of sulphur using detector two (C); (E) Raman 439 

map of the 1018 cm-1 peak intensity. 440 

 441 

Two-dimensional mapping has clear advantages over a linescan when identifying features arising 442 

from cracks, pores or highly orientated crystallites that are unrelated to the laminae on the stalagmite 443 

surface. In order to improve the quality of the laminae features in these images, a multiple point 444 

statistics (MPS) approach [48] was used to gap-fill the scatter and produce a cleaner sulphur map. The 445 

unwanted artefacts (yellow zones in Figure 9A) were detected with a constant threshold filter and a 446 

morphological dilation operation, which grows the zones selected with the threshold by adding a 3-5 447 

pixel layer to their borders. Note that this filter combination needs to be manually set up and possibly 448 

modified to select efficiently the zones recognized as artifacts, which can vary from image to image 449 

and can be similar to naturally occurring high/low-concentration zones. Data in the detected zones are 450 

then removed and replaced by stochastically simulated values. This was achieved by randomly 451 

sampling data from the “clean” parts of the image showing similar spatial structures as those 452 

surrounding the missing data. The sampled data are then assigned to the gaps to recover the missing 453 

textures (Figure 9B).  454 

 455 

Although this was a supervised, rather than fully automated process, the MPS approach successfully 456 

removed the porosity artefacts to produce an acceptable image of sulphur distribution in laminae. This 457 

novel use of MPS may also prove useful in future for improving SR-XRF maps for laminae analysis. 458 

However, given the significant changes made to the image, and the somewhat subjective nature of the 459 

supervision, the authors would always recommend that the unmodified image be published alongside 460 

the MPS image as in Figure 9. 461 
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 462 

Figure 9. Sulphur mapping for stalagmite QU_test1 (A) before and (B) after MPS gap filling. 463 

 464 

Conclusion 465 

Benchtop micro-XRF was thoroughly investigated as a tool to examine variation of sulphur at trace 466 

levels along a stalagmite growth axis. Instrument parameters, including X-ray tube voltage and 467 

current  were optimised to solve the challenge of trace sulphur detection in a calcite-rich sample 468 

matrix. Calibration was carried out using synthetic matrix matched standards to improve the accuracy 469 

of trace sulphur quantification analysis with detection limit as low as 73 ppm. The effect of roughness 470 

on the sample surface produced sulphur concentration spikes that were largely removed after 471 

polishing. A point-by-point transect analysis by benchtop micro-XRF showed good correlation with 472 

an equivalent SR-XRF transect of the same sample. Capturing seasonal variations in sub-annual data 473 

suggests that sulphur analysis by micro-XRF might be an efficient tool to develop chronologies from 474 

suitable stalagmites, especially fast-growing stalagmites with narrow laminae likely to be found at 475 

low latitudes.  476 

 477 

A second stalagmite was used to investigate the use of micro-XRF mapping of sulphur. An XRD 478 

measurement was unable to confirm the mineral origin of the sulphur in this sample, however, Raman 479 

mapping of anhydrite and gysum correlated with the micro-XRF maps of sulphur. In addition to the 480 

sulphur laminae, micro-XRF mapping revealed regions of high sulphur concentration, even on a 481 

polished sample. Use of the second detector placed at a different angle relative to the sample 482 

demonstrated that the artefacts were mainly due to preferred orientation of crystallites diffracting the 483 

incident beam and interfering with the sulphur K line in the XRF spectrum. A multiple point statistics 484 

approach successfully filtered out artifacts unrelated to the laminae. This research demonstrates the 485 

potential of micro-XRF as an accessible option for analysis of sulphur in stalagmites for 486 

reconstruction of past climate and environmental changes, and an effective screening tool for SR-487 

XRF.  488 
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