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Records of volcanic activity are a key resource in volcano monitoring and hazard mitigation. The time period for which such records are available and the level of detail vary widely among volcanic centers and there is, therefore, a need for supplementary sources of this information. Here, we use growth-zoned gypsum as a mineral archive of the activity of Kawah Ijen volcano in East-Java, Indonesia. Gypsum precipitates where water seeps from the crater lake and hydrothermal system, and it has formed a 100 m long cascading plateau. A 19 cm plateau cross-section was analysed for minor and trace elements using laser-ablation ICP-MS. Absolute ages were assigned to this transect based on 210Pb dating. This 210Pb age model was corrected for variations in the 210Pb0 resulting from fluctuations in the volcanic radon flux by using 84Kr/36Ar and 132Xe/36Ar. The age model indicates that the transect covers a period from 1919 ± 12 to 2008 ± 0.2. Gypsum-fluid partition coefficients (D) permit the gypsum compositions to be converted to the concentrations in the fluid from which each growth zone grew. The D-values also show the compatibility of the elements in the gypsum structure, and identify the LREE, Sr, Pb, Tl, Ni, Co, Cu, Zn, Cd, Sb, Th, and Mo as least susceptible to contamination from rock fragment and mineral inclusions, and therefore as most reliable elements of the gypsum record. Compositional variability in the timeseries correlates with known element behavior in the Kawah Ijen system and shows three element groups: the LREE, Sr, and Pb that represent rock-leaching; Cu, Zn, and Cd, which have previously been linked to immiscible sulfide destabilization in a deep-seated basalt; and Sb, Tl, and As which point to a contribution from the shallow system and evolved magma. Moreover, the gypsum record shows that episodes of unrest and quiescence have a distinct compositional signature in Kawah Ijen seepage fluids, and can be distinguished. Thus, we show that gypsum is a sensitive recorder of volcanic activity and can provide detailed information on the state of the magmatic-hydrothermal system in the past.
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INTRODUCTION
Growth-zoned mineral precipitates are powerful archives of the conditions and compositions of their growth environment, and the changes therein over time. Stalactites and stalagmites of carbonates and sulfates provide information on past climate (e.g., Goede and Vogel 1991; Gazquez et al., 2020). Similarly, precipitates formed in volcanic settings can provide information on element fluxes and their variability, e.g., travertine as a recorder of volcanic CO2 emissions (Capezzuoli et al., 2014), and gypsum stalactites have been shown to preserve an archive of physical disturbances in a volcanic setting, i.e., volcanic seismicity (Utami et al., 2019). The main benefit of these mineral archives is their ability to provide information on time periods well before historical records are available.
Minerals precipitating under equilibrium conditions incorporate minor and trace elements following their equilibrium mineral-fluid element partition coefficients, which in turn are controlled by the mineral crystal structure (cf. (Blundy and Wood, 2003; van Hinsberg et al., 2010a). This mineral-lattice control is diminished for disequilibrium growth, but as long as precipitation takes place under constant conditions, the element distribution between mineral and fluid can remain constant as well. A constant element distribution between mineral and fluid permits for the composition of the fluid to be recorded by the mineral in a predictable fashion. Where the process or parameter of interest has a characteristic compositional signature, the variability in this variable can be reconstructed by later interrogation of the mineral record (assuming compositional preservation of the precipitate). Moreover, multiple variables can be investigated at the same time when each has its own isotopic or elemental fingerprint.
Here, we investigate the use of growth-zoned gypsum, precipitated from fluids seeping from the Kawah Ijen volcano in Indonesia, as an archive of the volcanic activity of this system. In this approach, we build upon our earlier work for a Kawah Ijen gypsum stalactite reported in Utami et al. (2019), in which it was shown that gypsum composition is sensitive to fluctuations in its formation fluid. These compositional variations could in turn be linked to changes in the activity of the Kawah Ijen system, in particular an input of rock-derived elements linked to increased rockfalls and landslides as a result of physical disturbances in the system (e.g., seismicity). Utami et al. (2019) also showed that gypsum linked to the 1817 phreatomagmatic eruption of Kawah Ijen has a markedly different composition, with a strong magmatic signature. In this contribution, we aim to extend the timeseries further back in time and bridge the gap between the stalactite record (1970–2009) and the 1817 gypsum, and to improve our understanding of element partitioning between gypsum and fluid to ground-truth its use as a compositional monitor of volcanic activity.
This approach is particularly pertinent for Kawah Ijen because the historical record of its activity is incomplete and consists of only punctuated reports with variable levels of detail. Mineral archives can provide the ability to verify the available historical record, permit comparing the reports of unrest to establish a consistent and leveled record of activity, and extend the record to beyond the time period for which historical accounts are available.
GEOLOGICAL SETTING
Kawah Ijen Volcano
Kawah Ijen volcano is a passively degassing stratovolcano located within the Ijen caldera complex of East Java (Figure 1). It is positioned on the inner flank of the Merapi caldera rim volcano and it is the only currently active center in the caldera complex (Kemmerling, 1921; Caudron et al., 2015b). Kawah Ijen has erupted magmatic products of basaltic to dacitic bulk compositions (Handley et al., 2007; Kemmerling, 1921; Lowenstern et al., 2018; Sitorus, 1990; van Hinsberg et al., 2010b; 2017), including lavaflows, scoria and ash fall deposits, and pyroclastic flow deposits that extend in age to >21 kyr BP (Sitorus, 1990). The most recent magmatic eruption of Kawah Ijen volcano took place in 1817 (Oudgast, 1820; Bosch, 1858), but phreatic eruptions and steam explosions are common (Caudron et al., 2015a; 2015b), and fumaroles on the western lake shore emit ∼200 ton/day of SO2 in passive degassing (Vigouroux, 2011; Gunawan et al., 2016; van Hinsberg et al., 2017).
[image: Figure 1]FIGURE 1 | (A). Topographic map showing the crater lake and upper Banyu Pait river valley of Kawah Ijen volcano, and its location in East Java. (B). Aerial photograph showing the upper Banyu Pait river valley and the position of the gypsum plateau within it. The two main water channels on the plateau are also visible and are still present today as shown in the inset satellite image from March 2014 (C). Photograph showing the upper Banyu Pait valley up to the dam during an episode of spilling around 1920. No gypsum is evident in this photograph, suggesting the plateau formed post-1920. The photographs shown in b and c are from the KITLV image library hosted by Leiden University.
The summit crater of the volcano is occupied by a large lake (27 million m3—Caudron et al., 2015b). The lake waters are warm hyperacidic SO4-Cl brines with a pH ∼ 0, T = 40 ± 10°C and TDS = 100 g/kg (Delmelle and Bernard, 1994; Takano et al., 2000; Caudron et al., 2015b; van Hinsberg et al., 2017). A lake has occupied the crater since at least 1796 (de la Tour, 1805; Oudgast, 1820), although it was expelled in the 1817 eruption (Bosch, 1858). The lake water composition reflects inputs from the magmatic-hydrothermal system, rainwater, and rock alteration, with mineral precipitation, evaporation and seepage as the main output fluxes (van Hinsberg et al., 2017).
In the late 19th century, a dam was built to control lake outflow (Hengeveld, 1920), with the most recent iteration of this dam still in place today. Up to the 1980s, water was periodically released from the lake to lower its level and avoid detrimental effects where the lake effluent reached irrigation systems in the Asambagus plain (see Hengeveld, 1920; van Rotterdam-Los et al., 2008; Yudiantoro et al., 2020). Since then, the level of the lake has dropped significantly, and now stands well below the level of the dam (Caudron et al., 2015b).
The compositions of melt inclusions and gas and fluid emissions from Kawah Ijen indicates the presence of two magma bodies: A deep-seated mafic magma that contributes CO2 and a metal signature related to sulfide-liquid breakdown, and; A shallow, evolved magma characterized by elevated concentrations of semi-metals (Berlo et al., 2014). These magmatic sources are modified by interaction with the hydrothermal system and resultant element scrubbing (cf. Symonds et al., 2001), and transient mineral precipitation (van Hinsberg et al., 2017; Berlo et al., 2020).
Gypsum Deposits at Kawah Ijen
Acidic waters emerge on the western flanks of the volcano in a series of springs along the Banyu Pait river valley (Figure 1). The uppermost springs are dominantly lake seepage, with an increasing contribution of effluent from the hydrothermal system in springs further downstream (Palmer, 2009). The lower seepage springs are the main source of the Banyu Pait River, and river flow is continuous from this seepage area. Gypsum precipitates are found at all springs, and along the riverbed of the Banyu Pait River up to the 3rd set of springs. Gypsum precipitation is most extensive at the uppermost springs with a 100 m long cascading plateau ending in a gypsum-covered lake (Figure 2).
[image: Figure 2]FIGURE 2 | Overview photographs of the gypsum plateau. (A,B). View of the plateau looking approximately north-east and east, respectively, showing its stepped cascade shape. Gypsum stalactites grow from the overhangs of the steps. The main flow over the plateau is on the left, along the exposed lavaflow, the right center, over the sample site, and from a spring on the right that has produced the gypsum starting about two-thirds down the face on the right. (C). View of the uppermost section of the plateau (not visible in a,b). The main seepage spring is on the right in this image and forms a channel with subsequent spreading out of water over the flat section of gypsum in the foreground. The white, fractured crusts of gypsum on the left represent an inactive section of the plateau. (D). View towards the west from the main seepage spring above the plateau. Only small amounts of gypsum precipitate at the seepage outlets and the water flows on sediment instead. (E). View of the top, flat part of the gypsum plateau looking west showing the thin film of water that covers the gypsum. (F). Channel of seepage water with yellow (Na,K)-alum precipitates on either side, resulting from evaporation of spray.
The gypsum plateau consists of a more or less flat area at the top with water flowing onto this from several small springs at the upper plateau edge (Figures 2C,F, 3A), and a spring with larger discharge that emerges upstream of the plateau (Figures 2C,D). Gypsum covered steps descend from this flat area with a thin film of water flowing over these. The main flow shifts from the center of the plateau to the left (north) on this steep section, with most of the discharged water descending a lavaflow at the edge of the plateau in a series of small ponds rimmed by gypsum (Figure 2B). This lavaflow appears to continue underneath the gypsum adjacent, and may be the cause for the steep valley topography. An additional seepage spring is present on the southern edge (Figure 2B) with water flow initially in a channel on scoria before creating the southern gypsum plateau extension and discharging onto the gypsum-covered lake at the foot of the plateau. This lake cover is a thick crust of gypsum, although the extent of this cover downstream varied between 2007 and 2015. Two small seepage springs are present upstream of the plateau, and have gypsum and (Na,K)-alum precipitates, but water flow does not continue to the main plateau. Water outflow from the various plateau seepage springs has a temperature of 30–37°C (measured August 5th, 2009 with an ambient air temperature of 17°C).
[image: Figure 3]FIGURE 3 | (A–C) Types of gypsum found in the uppermost part of the plateau. Initial water flow is channelized and flows on sediment, with gypsum precipitation limited to a “cauliflower” type that extends above the water. The seepage water subsequently spreads out into a film on a sheet of flat-lying gypsum with mm-sized gypsum laths protruding upward into the fluid. Locally, ponds are present, with gypsum laths growing inward. Precipitation of yellow (Na-K)-alum is limited to the margins of the flow, and areas above the water level. (D). View of the gypsum section (sample KV09-507L) before extraction, showing growth zoning outlined by dark debris horizons. The surface gypsum is covered with a film of water. (E). The gypsum section as sampled.
The seepage fluids are not saturated in gypsum where they emerge, but reach saturation by cooling and evaporative concentration (Delmelle and Bernard, 2000; Utami et al., 2019). This is evidenced in the field by gypsum-free channels at the seepage outlets and initial flow on a streambed of (altered) volcaniclastic material (Figure 2D). Flow is, moreover, channelized on the uppermost part of the plateau, with gypsum growing as “cauliflower” domes above the fluid level from spray (Figures 2F, 3A). Where gypsum saturation is reached, the fluid spreads out into a thin sheet that covers a flat, but rough surface of gypsum laths, both on the horizontal parts of the plateau and on the steps (Figures 2E,F, 3A,C,D). The laths mostly grow vertically and are dominantly 1 to 2 mm in diameter. Larger gypsum laths are found on the sides of channels and ponds growing inward (Figure 3B). Radial growth of gypsum is common on detritus including rock fragments and pieces of wood. Open caverns are present under a number of the steps. No water can be seen dripping from their gypsum roof, indicating that there is no permeability in the gypsum.
Cross-sections through the gypsum plateau show growth zoning (Figures 3D,E), outlined by both small color variations in the gypsum, and by horizons of detritus (mostly wood fragments, leaves, charcoal and variably altered rock fragments). These detritus horizons will reflect mud and debris flows onto the gypsum plateau. Growth zones are mostly horizontal and parallel to the upper gypsum surface, except where detritus is present and gypsum growth becomes radial (Figure 3E). Growth zones are remarkably regular, can be traced from one section to another, and are of near-constant thickness along a section. This suggests a spatially constant rate of growth.
Gypsum stalactites form on the overhangs of the steps (Figure 2B and Utami et al., 2019; Utami et al., 2020). These stalactites have a conical shape, and where actively growing, they terminate in a transparent, idiomorphic gypsum lath that can be up to several cm in length. These laths were removed on a number of actively growing stalactites in 2008, and had completely regrown in 2009, indicating that they form rapidly. In cross-section, the stalactites show growth zoning, similarly outlined by gypsum color variations and detritus horizons (Utami et al., 2019).
The streamlets that feed the plateau are not fixed in location, nor is the water flow over the plateau itself. As a result, water meanders over the plateau and the water feed to a section of the plateau can shift from one spring to another. There are also sections of the plateau that are inactive (Figure 2C). The gypsum in these inactive parts is brittle and milky white to grey in color.
Gypsum is also found as fragments and grains in phreatic and phreato-magmatic deposits in the Banyu Pait river valley and on the outer flanks of the volcano, as gypsum needles cementing the 1817 base fall deposit (Utami et al., 2019), and as a surface coating on phreatic deposits around the crater. The latter appear to form from remobilization of SO4 from the phreatic deposits, or from SO4 formed in the oxidation of native sulfur contained within these deposits.
Gypsum precipitates are a long-lived feature of the Kawah Ijen system as evidenced by the presence of gypsum fragments in phreatic and phreato-magmatic deposits. Gypsum stalactites are mentioned in a report of an expedition to the crater lake and Banyu Pait River that took place in 1789 (Oudgast, 1820). A layer of gypsum just above the level of the lake is reported by Kemmerling (1921). However, neither author mentions the gypsum plateau, despite the fact that “Oudgast” (i.e., old-timer) descended along the river. Other authors describing the Kawah Ijen—Banyu Pait system in the late 19th and early 20th centuries also make no mention of the plateau, including Hengeveld (1920) who surveyed the upper river valley for the construction of a new dam and did observe the seepage springs that currently feed the plateau. Moreover, a photograph taken of the upper Banyu Pait river valley that shows the dam down to the plateau location during a spilling event around 1920 does not appear to show the gypsum plateau, although it is partly covered by water (Figure 1C). Combined, this suggests that a gypsum plateau was not yet present in the early 1920s, or at least not as significant as it is now.
Other precipitate phases found associated with the spring and river water include (Na,K)-alum, barite, syngenite, amorphous silica, and jarosite (Delmelle and Bernard, 2000; van Hinsberg et al., 2017; Utami et al., 2019).
METHODS AND MATERIALS
Layered gypsum was investigated as a timeseries of changes in the composition of the crater lake and hydrothermal effluent from which it formed, and thereby a proxy record for changes in volcanic input and activity. Absolute time was assigned to this record using noble gas corrected 210Pb radionuclide dating. The gypsum record was converted to a fluid compositional record by use of partition coefficients.
Samples
Samples of the gypsum plateau were collected in 2009 from the central part of the plateau where active fluid flow occurs (Figure 2B). A 19 cm gypsum cross-section was cut that extends from the substrate to the actively growing surface (Sample KV09-507L). The surface of the gypsum consists of idiomorphic gypsum laths terminating on the fluid surface (Figure 3D). The gypsum cross-section consists of layered gypsum growing from a substrate of altered rock fragments (Figures 3D,E). Individual gypsum crystals can be recognized in the growth bands and consist of upward growing and broadening crystals that are transparent to milky white in color. Three distinct horizons of variably altered rock fragments are found in the cross-section, as well as isolated fragments of fresh and altered rocks, and organic material (twigs, leaves and charcoal). Radiating gypsum growth is present where these foreign objects occur. Most of the layers are dense, but the gypsum immediately below the rock fragment horizons has porosity and is similar in texture to that of the actively growing surface, suggesting that it represents an active growth surface rapidly buried by influx of rock fragments.
A more detailed inspection of polished gypsum sub-samples from the transect sample was conducted by back-scattered electron microscopy and EDS semi-quantitative analysis using a PhenomXL SEM with CeB6 electron source operating at 10 kV and Si-drift EDX detector. This imaging confirmed that the inclusions consist of variably altered magmatic rock fragments (containing glass, plagioclase, clino-pyroxene, Ti-magnetite and their altered equivalents—see Lowenstern et al., 2018; van Hinsberg et al., 2020) and organic debris, as well as euhedral to subhedral grains of barite, syngenite and (Na,K)-alum. The rock fragments and organic debris vary in size from ca. 100 µm to 3 cm, and are readily identifiable in the gypsum from their dark color. Barite, alum and syngenite range from submicron to minor larger grains of ∼200 µm, with most approximately 2–10 µm. Whereas barite and syngenite are homogenously distributed, alum is commonly concentrated in bands.
To convert the gypsum composition to that of the fluid from which it formed requires knowledge of the partitioning of the elements between gypsum and fluid. To determine this, gypsum laths actively growing on gypsum stalactites were collected, as was the fluid from which these laths were growing. These laths had been broken off the year before sampling, so the laths that were sampled represent 1 year of growth. Three pairs of gypsum (KV08-407, KV09-505, KV09-303) and fluid (SP2008-L, KV09-506, KV09-304) were collected.
Gypsum and Fluid Compositional Analyses
The composition of gypsum was determined in-situ along a point transect using laser-ablation ICP-MS, and in bulk samples by wet ashing followed by solution ICP-MS. Bulk analyses were conducted on select growth bands in the gypsum cross-section that were further analyzed for 210Pb and noble gases. Bulk analyses were also conducted on actively growing gypsum laths that were combined with fluid analyses to obtain partition coefficients. The growth bands represent clearly defined growth zones of sufficient width to yield the sample amounts needed for the combined analyses. The extracted gypsum growth zones were coarse crushed in an agate pestle and mortar, washed in ethanol to remove dust, and clear, inclusion-free crystals hand-picked with the help of a binocular microscope. An aliquot of ca. 250 mg was then finely ground in an agate mortar under ethanol and dissolved in 25 ml 10% trace element grade HNO3 solution at 40°C under constant stirring. The resulting solutions were clear and devoid of precipitate/residue. Solutions were analyzed by ICP-QMS at GeoLabs (Sudbury, Canada). A sample of the outermost growth surface of the gypsum transect, consisting of mm-sized laths of gypsum that protrude from the surface and were submerged in the acid water when the sample was taken, was similarly crushed, washed in distilled water and ethanol to remove soluble co-precipitates (e.g., alum and syngenite) and dust, and finely ground in an agate mortar. The resulting powder was pressed into a 13 mm diameter pellet without additives and analyzed by laser-ablation ICP-MS.
Laser-ablation ICP-MS analyses were conducted using a NewWave 213 nm Nd:YAG laser system coupled to a Thermo Finnigan iCAP Qc quadrupole ICP-MS in the trace-element laboratory of McGill University. The laser was operated at 10 Hz repetition rate, a 120 µm crater size and with a fluence of 5.5 J/cm2 for the in-situ transect analyses. The pellet was sampled in troughs of ∼10 mm length using a 20 Hz repetition rate, 80 µm crater diameter and fluence of 5 J/cm2. In both types of analyses, the surface was cleaned prior to the analyses using a 140 µm crater. The ablated material was transported to the ICP-MS in an 800 ml/min He flow that was mixed with 1 L/min of Ar prior to injection into the ICP-MS plasma. NIST SRM 610 was used as the primary standard to correct for drift, and bracketed the gypsum analyses. Reference glasses BCR-2G, BIR-1G, KL2, and T1 were used as secondary standards to determine accuracy. Certified values for all SRM were the preferred values taken from the GEOREM database (Jochum et al., 2005). Calcium was used as the internal reference element to correct for variations in ablation behavior between gypsum and glasses, assuming a stoichiometric content of Ca in the gypsum. Data were processed using the Iolite version 2.5 software package (Paton et al., 2011). Each analysis spot was integrated in full (the full dataset) and integrated while excluding any obvious inclusions (the inclusion-filtered dataset). Inclusions were identified by inspecting the Ca-divided element signals, in particular Ba/Ca (barite), Al/Ca (alum), Mg/Ca (syngenite), and Si/Ca (silicates). The in-situ transect samples consisted of 2 cm long, polished sub-samples cut from the gypsum transect, and cover the full transect from base to top, except for some of the detritus horizons (Supplementary Figure S1). The laser ablation transect followed upward growing crystals and targeted the densest parts of the samples, and the transect is therefore kinked and discontinuous in places. The spacing between craters was varied, with the highest density, and hence resolution, for the most recent part of the transect. Analysis craters were located afterwards in optical microscopy (Supplementary Figure S1) and their position relative to the surface determined by projecting these positions onto the vertical.
The samples of the water from which the stalactite tips were growing were analyzed by ICP-OES for major elements and ICP-QMS for trace elements at GeoLabs (Sudbury, Canada). The digested samples were diluted 8 times in a trace element grade nitric acid solution for ICP-OES and 145 times for ICP-MS. Detection limits and reproducibility of reference materials for these methods are given in Supplementary Table S1.
210Pb and Noble Gas Analyses
A ca. 1 g aliquot of the handpicked gypsum was ground under ethanol in an agate pestle and mortar and prepared for alpha spectrometry in the radionuclide laboratory at UQAM. The gypsum samples were dissolved in HCl spiked with a known mass of 209Po tracer, plated onto silver discs, and the discs counted for Po isotopes using an EG&G Ortec 576 alpha spectrometer. Analyses followed the protocol of Utami et al. (2019) and more details on the analytical method can be found there.
Noble gas He, Ne, Ar, Kr, and Xe concentrations and 40Ar/36Ar, 86Kr/84Kr, and 129Xe/132Xe ratios were determined at the Geotop GRAM laboratory at UQAM, by noble gas mass spectrometry (NGMS). Between 0.25 and 0.45 g of the material was hand-picked and placed in a stainless-steel vessel with a iron ball and pumped to vacuum overnight using a primary pump. Any washing, both in water and in ethanol/acetone was avoided, because previous essays showed that humidity is impossible to remove by pumping, likely because of the porosity and typology of the gypsum crystals. After a vacuum of less than 5 × 10–4 mbar was reached (measured on a Pirani gauge), the iron ball was agitated 200 times using an external magnet to crush the gypsum and release the noble gases for analysis. The reactive gases were removed using two Ti getters at 600°C for 15 min followed by 10 min at ambient temperature and one Zr-V-Fe SAES® ST-707 getter at 100°C for 15 min followed by 10 min at ambient temperature. Gases were then adsorbed onto an Advanced Research System® cryogenic trap containing activated charcoal at 11 K and released sequentially at 35 K (He), 110 K (Ne), 210 K (Ar), and 310 (Kr and Xe). Noble gas isotopes were measured using a Thermo® HELIX-MC using the axial Faraday detector in peak jumping mode. Signals were calibrated against a known aliquot of standard air. Typical air standard isotopic measurement reproducibility is 1.5–2%, while uncertainties on noble gas isotopic concentration analyses are between 0.1 and 0.01%.
The gypsum-fluid pair KV09-505 and KV09-506 was also analyzed for 210Pb. The gypsum sample was treated as the transect gypsum growth zone samples described above. Approximately 20 g of the brine was accurately weighed into a glass beaker that contained a known mass of 209Po yield tracer. The fluid was evaporated to dry and re-dissolved in 80 ml of 0.6 M HCl. Polonium isotopes were spontaneously deposited from this solution overnight onto silver disks and their activities counted in an EG&G Ortec 576 alpha spectrometer running the Maestro software. The gypsum and brine samples were measured 750 days after sampling to ensure equilibrium between 210Po and 210Pb.
RESULTS
Gypsum and Fluid Compositions
Table 1 presents the median and 1st and 3rd quartile gypsum compositions for the gypsum transect (full and inclusion-filtered integration windows for in-situ analyses and the GeoLabs bulk analyses) and the compositions of the gypsum-fluid pairs that were analyzed to obtain partition coefficients. The full datasets are given in Supplementary Table S1. Compared to the seepage waters, gypsum is particularly enriched in Sr, the LREE, Ni, Cu, Pb, and Mo, and depleted in the alkali elements, Be, Mg, Mn, Al, and the HFSE. The transect shows largest relative compositional variability in Zr, Ba, Tl, U, Sb, Ti, V, Mn, Nb, and Al.
TABLE 1 | Compositions of gypsum and fluid samples.
[image: Table 1]The compositions of bulk-digested gypsum are equivalent to those measured in-situ (Table 1). There is more variability for the in-situ analyses, which is to be expected as the bulk analyses represent a larger growth interval and will therefore average out the variability. The Cu, Co, and Zn contents of the bulk-digested samples are consistently higher. It is unclear what causes this as no inclusion phase with these specific elements was identified in electron imaging. The equivalence in composition between in-situ and bulk analyses indicates that the bulk analyses are representative of gypsum, as there is no evidence for a significant presence of inclusions in the bulk-digested samples. For example, the median Al content of the bulk-digested gypsum is [image: image] mg/kg and it is [image: image] mg/kg for the in-situ, inclusion-filtered analyses, which rules out a significant presence of alum. Similarly, Si contents are low at a median of only 8 ± 2 mg/kg. This means that the 210Pb activities and noble gas data determined from bulk samples are representative for gypsum.
Noble Gas and 210Pb Data
The noble gas data are given in Table 2, and the 210Pb activities for these same growth horizons in Table 3. The 210Pb data for the gypsum-fluid pairs are given in Table 4.
TABLE 2 | Noble gas data for growth horizons in the gypsum section (KV09-507) and the 1-year gypsum growth (KV09-503).
[image: Table 2]TABLE 3 | 210Pb data for growth horizons in the gypsum section (KV09-507) and the 1-year growth (KV09-503), and the noble gas corrected apparent ages for these samples. Not analysed—n.a.
[image: Table 3]TABLE 4 | 210Pb data for gypsum—fluid pairs and the tip laths of stalactites.
[image: Table 4]The gypsum samples contain minor amounts of 4He and 22Ne (a few fA signal on the Faradays axial cup of the HELIX-MC mass spectrometer), which precluded the precise measurement of their isotopic composition (i.e., 3He/4He, 20Ne/22Ne, and 21Ne/22Ne), whereas Ar, Kr, and Xe concentrations were high, which enabled us to obtain precise isotopic ratios (100–1,000 fA signal on axial Faraday’ cup). The abundance ratios 4He/36Ar, 20Ne/36Ar, 87Kr/36Ar, and 132Xe/36Ar, normalized to the same ratios in the atmosphere for simplicity (the so-called F-values: (iX/36Ar)sample/(iX/36Ar)air) show values from near atmospheric for Ne/Ar (0.97–4.79), to ratios of 90–2000 for Kr/Ar and Xe/Ar indicating a contemporary enrichment for the lighter and heavier noble gases compared to the atmosphere in the gypsum. A similar observation was reported for gypsum by Utami et al. (2019).
The observed enrichments are not unique in geological materials and have been observed in several environments, with F-Xe enrichments ranging from 10 to 10,000 (e.g., Torgersen et al., 2004). Enrichments are reported for sedimentary rocks (oceanic sediments—Matsuda and Nagao 1986; Pitre and Pinti 2010 and shales—Fanale and Cannon 1971; Bernatowicz et al., 1984); tephra (Pinti et al., 1999); and hydrothermal deposits (geothermal amorphous silica—Matsubara and Matsuda 1988 and hydrothermal quartz—Fairmaid et al., 2011). F-values measured in the Kawah Ijen gypsum overlap with shales and amorphous silica (Supplementary Figure S2) and there is a near perfect match for F-Kr and F-Xe with amorphous silica precipitated in geothermal areas, which represent the closest depositional environment to that where Kawah Ijen gypsum precipitated.
The 40Ar/36Ar ratios range from a likely atmospheric but mass-fractionated value of 290.0 ± 0.9 (air = 295.5; Ozima and Podosek, 1983) up to a value of 316.1 ± 1.1 (Table 2). The 86Kr/84Kr ratios range from 0.2974 ± 0.0022 to 0.31255 ± 0.00042, close to the atmospheric value of 0.30524 (Ozima and Podosek, 1983) with some mass-fractionation. The 129Xe/132Xe ratios vary between 0.9193 ± 0.0029 and 1.0245 ± 0.0054, with the atmospheric value being 0.9832 (Ozima and Podosek, 1983). Interestingly there is no relationship between 86Kr/84Kr and 40Ar/36Ar ratios, indicating that high 40Ar/36Ar values are not caused by mass-fractionated atmospheric Ar diffusing from the sample, as observed in some tephra (Pinti et al., 1999), but rather reflects addition of terrigenic (crustal and/or mantle) 40Ar*. Given the very young age of the samples, their low K content (a few tens of ppm; Table 1) and the absence of detrital components in the crushed crystals, 40Ar/36Ar ratios higher than the atmosphere cannot be related to in situ production of radiogenic 40Ar*, but only associated with the addition of mantle Ar. Interestingly, there is a positive trend between 40Ar/36Ar and 129Xe/132Xe (not shown here), possibly suggesting a small anomaly in mantle 129Xe (Staudacher and Allègre, 1982), to be confirmed by further analyses.
Gypsum-Fluid Element Partition Coefficients
Partition coefficients for the natural gypsum-fluid pairs are shown in Figure 4A where [image: image], and i is the element of interest and C is its concentration in mg/kg. Results for the different pairs are consistent in inter-element trends, but do show a spread in absolute values of, commonly, up to 1 log unit. In part, this spread results from analytical uncertainty, in particular where the element is close to the detection limit in one of the sample materials (e.g., Rb in gypsum), but for others, it may reflect the presence of micro-inclusions in the gypsum (e.g., Ba, Hf, and Al). The median value for each element was chosen as the representative partition coefficient, and is shown with an emphasized symbol in Figure 4A.
[image: Figure 4]FIGURE 4 | (A). Gypsum-fluid element partition coefficients as determined from co-sampled pairs of actively growing gypsum and the fluid from which it was growing. Element are ordered by charge and then increasing radius. The apparent fluid partition coefficients for Kawah Ijen magmatic deposits, their altered equivalent (Na,K)-alum and barite are shown for comparison. The LREE and Sr are strongly compatible in gypsum, whereas the alkalis and HFSE are incompatible. (B). Onuma diagram for the 3 + elements and Lattice-Strain Theory (LST) fits through these data for gypsum (solid lines). Adherence to LST indicates that element incorporation is controlled by the crystallography of the gypsum mineral structure. The ideal radius derived from the LST fit (1.118 Å) corresponds to that of Ca2+ in cubic coordination (1.12 Å), showing that the REE reside in the Ca site. The gypsum D-values presented here are higher than those of Inguaggiato et al. (2020), likely because of dilution of the gypsum REE content by the presence of other phases in the bulk-digested precipitate.
Strontium, Ni, Cu, Ba, Pb, Mo, and the REE are compatible in gypsum, whereas the alkalis, Tl, Mg, Zn, Mn, Cd, B, Al, and the HFSE are incompatible. This element association agrees with that which would be expected from the charge and size of the cation site in the gypsum structure. The REE + Sc + Y illustrate this particularly well when their D values are plotted against their ionic radii (Shannon, 1976) in an Onuma diagram (Onuma et al., 1968). A Lattice-Strain Theory fit (Blundy and Wood, 1994) through these data (Figure 4B) provides an estimate of 1.118 Å (111.8 pm) for the ideal radius, which is equivalent to that of Ca2+ in cubic coordination (1.12 Å, 112 pm).
The partition coefficients reported here are apparent partition coefficients, because it is not known whether gypsum grew in full equilibrium with the fluid. Gypsum precipitates because the fluid reaches gypsum supersaturation by evaporation and cooling (Delmelle and Bernard, 2000; Utami et al., 2019) and non-equilibrium element partitioning can develop under such conditions. In general, elements do not reach the equilibrium and maximum fractionation between mineral and fluid under non-equilibrium conditions, resulting in D-values that are closer to unity than at equilibrium. There are no experimentally-determined D-values for gypsum, as far as we are aware, and the gypsum-fluid D-values reported by Inguaggiato et al. (2020) for gypsum precipitated from vials containing Kawah Ijen lake waters represent bulk solids that include co-precipitated barite, Al-sulfates as well as a silicate (likely amorphous silica). The major element composition of these bulk solids, in particular their high Na and K contents (Table 3 of Inguaggiato et al., 2020), suggests that these co-precipitated phases contribute significantly to the bulk composition. The REE are not expected to be compatible in these co-precipitated phases (cf. the DREE for alum in Figure 4B), and the bulk digestion method would thus dilute the overall REE content, leading to lower apparent gypsum DREE. The trend in the DREE is, however, consistent with what we observe.
Assuming that the present-day formation conditions for gypsum are equivalent to those in the recent past, the apparent partition coefficients determined here can be applied to reconstruct fluid concentrations along the plateau transect. It can, nonetheless, not be excluded that some of the variability observed results from changes in D-values.
The partition coefficient for 210Pb is the same as that of Pb within their respective 1s uncertainties (5.88 ± 0.24 for Pb and 6.07 ± 0.22 for 210Pb). This indicates that 210Pb is incorporated into gypsum as Pb, and is not the ingrowth product from incorporation of parent isotope Rn. Lead is also compatible in (Na,K)-alum and, especially in barite (Figure 4A). Assuming that 210Pb is similarly incorporated as Pb in these phases, a significant fraction of the 210Pb could potentially be hosted by these inclusion phases. However, the low Al content of the bulk-digested samples shows that alum can only be a minor component in the bulk digestion solution that was analyzed for 210Pb, and the use of a 40°C HCl digestion solution in preparing the samples for 210Pb analysis should have prevented barite from dissolving. There is therefore no evidence that the 210Pb contents are affected by barite, alum or other possible inclusion phases.
210Pb Timeseries and Mass Balance
The 210Pb activity timeseries does not show a progressive decrease in 210Pb with stratigraphic position (i.e., time), which would be expected if decay were the only variable controlling the 210Pb activity (Figure 5; cf. Ali et al., 2008). This behavior can reflect diffusional mobility of Pb in gypsum, a non-constant initial 210Pb activity, or variable ingrowth because of differences in the parent-isotope concentrations. The latter can be discounted, because the activity of 226Ra, the main parent isotope of sufficient longevity, is negligible (ca. 0.003 dpm/g as determined from preliminary γ-counting on Kawah Ijen gypsum samples). There appear to be no data on volume diffusion of elements in gypsum, but rapid variations in Li content along the transect (Supplementary Figure S4) suggest diffusion to be slow, given that Li is one of the fastest diffusing elements in minerals owing to its small ionic radius and 1 + charge (cf. Brady and Cherniak 2010). Variations among the growth zones in the starting 210Pb content at time of formation is therefore the likely cause for the irregular 210Pb vs. time. This cause was also argued by Utami et al. (2019) for gypsum stalactites at Kawah Ijen, and tied to variations in the volcanic flux of parent isotope 222Rn.
[image: Figure 5]FIGURE 5 | Activity of 210Pb for the growth zones versus their stratigraphic position in the transect. A simple unsupported 210Pb decay curve cannot explain the observed trend as 210Pb activity does not consistently decrease with distance. The uncertainty shown is 1 standard deviation.
Seepage water 210Pb has two main sources: 1. Rock leaching, which is the principal source of cations to the lake; and 2. Volcanic gas, which predominantly contributes anions and volatile (semi-)metals (van Hinsberg et al., 2017). Rock leaching is thought to involve mostly material falling into the lake in rock falls and slides, which are common, and therefore primarily includes magmatic deposits exposed in the crater walls (van Hinsberg et al., 2010b, 2017). These are predominantly basalts and basaltic-andesites, with lesser andesite and dacite. The 210Pb in these magmatic deposits ultimately derives from the decay of 238U, along a series of intermediate isotopes with variable half-lifes. In a first approximation, we assume the U decay series to be in secular equilibrium, in which case the activities of all isotopes of the decay series are equal. This permits calculating the 210Pb content from the U concentration of the bulk rocks. Using the mean U contents of Kawah Ijen basalt, andesite and dacite (0.67, 2.3, and 3.5 mg/kg, respectively–van Hinsberg et al., 2010b), the 210Pb activity of these rocks is 0.5, 1.7, and 2.6 dpm/g of rock. Kawah Ijen lake water reflects 42 ± 2 g of rock leaching per kg of water (van Hinsberg et al., 2010b), meaning that leaching would contribute between 0.02 (basalt) and 0.11 (dacite) dpm of 210Pb per g of lake water. This is significantly lower than the measured 210Pb activity in seepage waters of 0.25 dpm/g water (Table 4). Moreover, common Pb is retained during leaching by incorporation into the secondary phase barite, with a 10-fold reduction in the Pb leaching flux (van Hinsberg et al., 2010b). All isotopes of Pb should show equivalent behavior, and the total 210Pb contribution from leaching can thus be expected to be only 0.002 to 0.011 dpm/g fluid. This dissolved element load of the lake has built up progressively, and concurrent 210Pb decay must therefore be taken into account. Using the lake water total dissolved solids timeseries (Figure 5 in van Hinsberg et al., 2017) as the leaching flux, we calculate a maximum rock contribution of 0.002 dpm/g at ∼1900, with decay exceeding input of 210Pb thereafter. This indicates that rock leaching can only be a minor contributor to the 210Pb activity of the seepage waters and volcanic gas must be the main source.
Volcanic gas is an important source for “excess” 210Pb in volcanic systems, because parent isotope 222Rn is a gas, and is mobilized in volcanic degassing (see Berlo and Turner 2010 for a review). Vigorous gas injection into the lake was observed by Takano et al. (2004) in echo-soundings of the lake, and is further evident from bubbling of lake waters at the dam and fumaroles. Measurements of volcanic gas Rn activity show it to be high; 1.2—2.3 • 105 dpm/m3 for Etna fumaroles (Giammanco et al., 2007) and 2.4—9.0 • 105 dpm/m3 for 500°C Merapi fumaroles (Zimmer and Erzinger 2003). Volcanic gas is thus a viable source for the 210Pb in the lake waters, and fluctuations in this volcanic flux (Merapi fumaroles varied from 2.4 to 8.4 • 105 dpm/m3 within a single day—Zimmer and Erzinger 2003) will lead to variations in the 210Pb0 in the seepage waters from which the gypsum grew.
Absolute Age Assignment
The half-life of Rn is only 3.8 days and variations in the Rn-flux are only preserved in Rn activity for a few weeks. A different recorder of variations in Rn-flux is thus required to correct for the resulting changes in 210Pb0. Concentrations of Rn are insufficient for it to form its own gas phase. Rather, it partition into any gas phase formed by the major volatiles CO2 and H2O, as do other minor volatile components including the other noble gases. We previously proposed a correction method based on the content of the stable isotopes of the noble gases Kr and Xe in gypsum as a proxy for the volcanic gas flux (Utami et al., 2019). We chose Kr and Xe, because, as noble gases, their elemental behavior will be similar to Rn, and their isotopic composition allows for source identification. The noble gases are assumed to be dominantly present in fluid inclusions in the gypsum, trapped at time of growth, and therefore to reflect the noble gas composition of the formation fluid.
Noble gases in the gypsum formation waters are dominantly sourced from atmosphere, either directly or via an air-saturated groundwater intermediary, and from the magmatic-hydrothermal system. The noble gas contribution from rock leaching can be expected to be negligible. The elemental ratios of the noble gases measured in the gypsum samples are elevated compared to the atmosphere, with large anomalies in the F-values of Kr and Xe (Supplementary Figure S2). The mass dependence in the F-values for gypsum is common and has also been reported for sedimentary, volcanic, and hydrothermal deposits (e.g., Fanale and Cannon 1971; Bernatowicz et al., 1984; Matsuda and Nagao 1986; Matsubara and Matsuda 1988; Pinti et al., 1999; Pitre and Pinti 2010; Fairmaid et al., 2011). The current consensus hypothesis (Torgersen et al., 2004) is that this predominantly reflects diffusion-control, with retention of the heavier, larger-size Kr and Xe compared to Ar, Ne, and He. The gypsum noble gas composition could thus result from atmospheric noble gases diffusing in and out of the sample at different rates. However, when this process is modeled in F(84Kr) vs the 40Ar/36Ar space for single step mass-dependent fractionation in a closed system (see e.g. Kaneoka 1994), or for an open-system diffusion-controlled Rayleigh distillation, the gypsum data do not follow the resulting trends (Figure 6). Rather, the gypsum samples define a trend from the atmospheric reservoir (Air Saturated Water) to a component with magmatic 40Ar* excesses and high Kr/Ar and Xe/Ar ratios, which we interpret to be the magmatic-hydrothermal system. The preservation of magmatic Ar in a volcano-sedimentary deposit such as gypsum could appear odd, but Cogliati et al. (2021) have recently shown mantle 40Ar* excess preserved in even more fragile volcanic eruptive products such as Pele’s hairs and tears, indicating that magmatic Ar can be retained in a variety of volcanic products that were previously not considered as a reliable magmatic record, due to their propensity for being contaminated by air.
[image: Figure 6]FIGURE 6 | The F(84Kr) versus 40Ar/36Ar ratio measured in the different gypsum layers. The blue star indicates the composition of Air Saturated Water (40Ar/36Ar = 295.5 and F(84Kr) ranging between 1.835 at 20°C and 1.47 at 100°C—Smith and Kennedy 1983). The straight line labeled “MDF” represents the closed-system isotopic and elemental fractionation of Kr and Ar for a single step mass-dependent fractionation by diffusion. The dashed curve represents a diffusion-controlled Rayleigh distillation.
Having established that the noble gas signature of gypsum reflects binary mixing of atmosphere and a volcanic component, we can quantify the variations in the relative volcanic contribution, which we equate to variations in the volcanic Rn-flux. We use 84Kr and 132Xe as two independent measures of the volcanic contribution, normalized to 36Ar to correct for differences in the absolute amount of noble gas recovered from each sample. The weighted mean of 84Kr/36Ar and 132Xe/36Ar is then normalized to these same ratios for a gypsum sample of known age as the time anchor point. For 84Kr/36Ar, following Utami et al. (2019):
[image: image]
A higher mass fraction of volcanic gas would reflect a higher 222Rn flux, and hence a higher 210Pb0, and we assume that this relationship is linear in a first approximation. This allows us to calculate the 210Pb0 for the various growth zones relative to the 210Pb0 for the sample of known age (where the 210Pb initial for the known-age sample can be calculated from the measured 210Pb and its age at time of measurement): [image: image], where k is the uncertainty-weighted mean of kKr and kXe and
[image: image]
The sample of known age in these calculations is sample KV09-503 (this is a different sample than that used by Utami et al., 2019, and was a tip growing on a stalactite in close proximity to the gypsum plateau sample site from the same water flow).
Variations in the volcanic gas flux are potentially also recorded by other elements, in particular the volatile metals, which are enriched in the gas emissions at Kawah Ijen (van Hinsberg et al., 2017). This would permit a higher resolution age determination, as less sample material is required for elemental than noble gas analyses. We therefore compared the noble gas compositions for the investigated samples to the concentrations of all elements determined for these same samples by bulk-digested ICP-OES and ICP-MS, but found no statistically significant correlations with any of the elements. Similarly, dividing the 210Pb activities by the volatile (semi-)metals does not produce a stratigraphy-consistent 210Pb decay pattern. This indicates that the elemental compositions can, unfortunately, not be used to correct for variations in volcanic gas flux, not even those elements that are enriched in the fumarole emissions. This is probably because these elements are still derived from multiple sources, and although they are enriched in the gaseous emissions, they are not sufficiently exclusive to the gas to be used as a monitor of volcanic gas flux. The measurements of 40Ar/36Ar higher than the atmospheric value (Table 2), a first in hydrothermal gypsum, corroborate that noble gases are recording the active volcanic flux through the Kawah Ijen system.
The noble gas corrected 210Pb data define two parallel, age-consistent trends in a plot versus stratigraphic distance (Figure 7), both trends defining a growth rate of 2 mm/year. The offset between these two linear trends is best explained by the sample of known age not reflecting the source fluid for the full duration of growth of the plateau. The gypsum plateau is fed by a number of seepage springs, some of which coalesce, whereas others feed only a restricted part of the plateau (Figures 2, 3), and flow patterns have likely changed over time. The various springs differ in their composition, although elemental ratios are similar, suggesting that the variations are mainly the result of different degrees of dilution by circumneutral groundwater. The 210Pb activity of gypsum needles grown from various streamlets also varies (Tables 3, 4), confirming that the fluid 210Pb0 activity is variable. The two trends are thus interpreted to reflect growth from two distinct fluid sources with variable 210Pb0 and/or noble gas contents, but both define a common, and constant upwards gypsum growth rate of 2 mm/year. This constant growth rate suggests that a dynamic equilibrium has established itself between the residence time of seepage fluids on the plateau surfaces and saturation of these fluids in gypsum by cooling and evaporation. This is supported by the apparent spatially constant growth rate as evidenced by growth layers of constant thickness along plateau cross-sections (see also 2.2). The 2 mm/year rate has been used to assign absolute ages to the growth zones in the plateau transect.
[image: Figure 7]FIGURE 7 | Apparent ages for the gypsum growth zones based on 210Pb activities corrected for variations in volcanic Rn-flux with noble gases. The ages define two parallel trends with equivalent slopes of 2 mm of gypsum growth per year. The two trends are interpreted to represent growth from two seepage flows. Uncertainties are 1 standard deviation.
DISCUSSION
The integrity of the gypsum record depends on gypsum capturing a characteristic and reproducible fingerprint of the fluid composition, and for this fingerprint to be preserved. This requires constant partition coefficients for elements between gypsum and fluid, continuity in growth, and a lack of post-formation element mobility. Given that the seepage fluids are not saturated in gypsum where they emerge, and reach saturation only by cooling and evaporative concentration, gypsum formation is likely affected by weather conditions, with most precipitation expected when evaporation is most pronounced. As a result, growth is unlikely to be continuous throughout the year, and biased towards the dry season. Moreover, fluid dilution by rainfall would lead to undersaturation, and potential dissolution of gypsum. Indeed, a full day of undersaturation would be predicted to dissolve 0.2 mm of gypsum as calculated from the experimentally-determined dissolution rate data of Zaier et al. (2020) for low-porosity, crystalline gypsum. With 176 rainy days per year and a total precipitation of 2,416 mm/year at the nearby city of Banyuwangi (data from www.climate-data.org), dissolution should be an important process. Indeed, the surface layer of the crater lake is strongly diluted during the rainy season (Sumarti, 1998). Nonetheless, the very presence of the plateau, and its persistent growth as identified from visible growth zoning and quantified in the age model, indicate that growth exceeds dissolution, or that dissolution is kinetically limited.
Repeated mineral precipitation and dissolution can lead to a progressive increase in compatible elements, and removal of incompatible elements (cf. zone refining (Pfann, 1962). A negative correlation between compatible and incompatible elements would in this case develop, assuming variable precipitation-dissolution throughout the gypsum transect. Plotting Ce/Sr versus Ti/Sr or Sc/Sr, where Ce is compatible and Ti and Sc are incompatible, does not show the expected negative correlation (Supplementary Figure S3), indicating that zone refining is unlikely to significantly contribute to the gypsum composition, which in turn suggests limited precipitation-dissolution cycling. This is also in agreement with optical and electron microscopy, which does not show dissolution surfaces, but rather continuous growth of gypsum laths with idiomorphic growth surfaces preserved within individual gypsum crystals. There is, therefore, no evidence for gypsum dissolution, which is surprising given the abundance of rain and the resulting effect of dilution on the saturation state of the seepage fluids, and the gypsum dissolution rates determined by Zaier et al. (2020). This strongly suggests that dissolution is hindered. Still, even if pre-existing gypsum does not dissolve, no gypsum will precipitate when the fluids are undersaturated, and the gypsum record will therefore reflect only part of the year. The continuous growth model applied to the transect to obtain absolute ages can therefore only be interpreted up to a yearly resolution.
Equilibrium partition coefficients depend on physical conditions (e.g., P and T) and the major element compositions of the mineral and fluid (see van Hinsberg et al., 2010a and references therein). Under disequilibrium conditions, element partitioning will moreover depend on kinetic factors, including growth rate. There is no evidence to assume that seepage outflow temperatures changed significantly, with 1993–1996 temperatures reported by Delmelle and Bernard (2000) the same as our 1999 and 2007–2009 measurements. The major element composition of gypsum does not change along the transect, and the noble-gas corrected 210Pb ages suggest a steady growth rate throughout. Measured variability in major element composition of the fluid results from variable dilution with only minor variability superimposed on top of this. Given that gypsum only precipitates once evaporation concentrates the fluid to gypsum saturation, variable dilution is likely inherently cancelled out. In conclusion, constant D-values can be assumed, and, hence, a constant and predictable incorporation of the fluid compositional fingerprint by gypsum. Together with the apparent lack of reworking, this makes gypsum a reliable archive of the seepage water composition.
Gypsum Transect Time Period
The oldest growth zone for the gypsum transect formed in 1919 ± 12 years as estimated from the 2 mm/yr growth rate determined from the noble gas corrected 210Pb age model. This age is similar to the maximum age determined from visit reports and photographs from the 1920s, and would suggest the sampled section represents the full history of the plateau. It is unclear what changed in the 1920s to lead to formation of the plateau. Gypsum precipitates have been reported from the lake and Banyu Pait river valley as early as 1789 (Oudgast, 1820), and are mentioned by Stöhr in 1858 (Stohr, 1862), but the plateau appears to be more recent. Construction of a dam in the 1920s involved significant movement of material in the uppermost section of the Banyu Pait valley, just below the dam, and it is conceivable that this changed the seepage patterns. Whereas seepage was reported just below the dam for the earliest dam iterations leading to undercutting (see Hengeveld, 1920), this appears not to have been the case for later dams, where seepage moved further downstream.
Compositional History
The fluid compositional record can be reconstructed from approximately 1920–2008 by combining the element partition coefficients with the gypsum transect analyses. This record reflects two fluid sources as identified from the parallel trends in noble gas corrected 210Pb (Figure 7). Moreover, absolute concentrations in the fluid will have varied with the degree of evaporative concentration of the fluid, or their dilution by ground and rainwater. The latter effect can be removed by dividing by a conservative element, and Sr has been chosen here for this purpose. Comparing the Sr-normalized compositions for the intervals representing the two fluid sources as identified by 210Pb shows that there is no statistically significant difference between these fluids at the 5% confidence level (Mann-Whitney test of equality of medians), indicating that the two fluid sources dominantly differed in their absolute concentrations and that this difference is removed by dividing by Sr. This allows for the Sr-divided transect data to be interpreted as a single record.
Figure 8 shows the timeseries for a range of elements next to photographs of the gypsum transect. The most prominent features are the higher values for most elements around 1950, 1997, 2003, and 2006. The excursion around 1997 is particularly pronounced, for example in Cu/Sr. The 1997 and 2003 excursions are of similar magnitude in Rb and Mg, whereas the 1997 excursion is larger for Cu and the 2003 one for Sb and As. This suggests that different processes controlled these excursions. Not all elements show these excursions; Pb and the LREE do not and form a separate compositional group. The overall trend among the LREE and Pb is similar, although the trough in Pb/Sr around 2003 is not observed for the LREE. Sr-normalized LREE and Pb are, in general, higher where visible inclusion bands are present in the gypsum (e.g., in 1959, 1982, 1993, 2007; Figure 8), but this is not a perfect correlation (e.g., in 1940). The other elements do not show a correlation with inclusion bands for these inclusions-filtered gypsum analyses, but a correlation is present for the data derived from the full integration windows.
[image: Figure 8]FIGURE 8 | Compositional timeseries for selected elements along the gypsum section shown on the left.
The gypsum-fluid partition coefficients can be used to determine the susceptibility of the elements to compositional overprinting by inclusions. Inclusions are predominantly variably-altered rock fragments, plant debris and minerals including syngenite, barite and (Na,K)-alum. Solid/fluid D-values for Kawah Ijen basalt, andesite, dacite, strongly altered dacite, and (Na,K)-alum are shown in Figure 4A, as well as D-values for Ba, Sr and Pb for barite (data for solid and fluid phases from van Hinsberg et al. (2010b); van Hinsberg et al. (2010c); van Hinsberg et al. (2017), no trace element data are available for syngenite or plant debris). Rock fragments in the gypsum are mostly variably altered dacite, with subordinate basalt and andesite. Analyses for elements that are incompatible in gypsum, and that have a high concentration in the inclusion phases (represented by a D-value significantly higher than the D-value of gypsum) are most susceptible to modification. These elements therefore need to be interpreted with caution, and include the alkalis, Mg, Mn, and Ba. The HREE are more susceptible than the LREE, and co-variation of Ba, Sr and Pb would be indicative of barite contamination. Overall, the LREE, Sr, Pb, Tl, Ni, Co, Cu, Zn, Cd, Sb, Th, and Mo are least susceptible to inclusions, and therefore provide the best record of the fluid compositions from which the gypsum grew. We will restrict our interpretation to these elements in the following.
Controls on Seepage Water Compositions
The seepage spring waters are predominantly derived from the crater lake as evidenced by their near-identical conservative element ratios (Palmer, 2009). However, Utami et al. (2019) show that the rapid variability observed in the gypsum record can only be explained if an additional source of fluid is present locally, because the long residence time of elements in this large volume of brine means that it takes considerable time for compositional disturbances to be visible in the overall lake water composition (cf. Rouwet and Tassi, 2011). Gas bubbling is observed in the lake just in front of the dam, and the conservative element ratios in the various seepage springs suggest a 5% contribution from a different source than the lake (Palmer, 2009). Local groundwater is unable to change elemental ratios as it is too dilute, which suggests that this contribution is derived from the magmatic-hydrothermal system.
Of the most robust elements, LREE, Sr, and Pb are predominantly present in the Kawah Ijen acidic fluids as a result of rock leaching, whereas Sb, Tl, and Cu are relatively enriched in its gaseous emissions (van Hinsberg et al., 2010b; van Hinsberg et al., 2017). Within the gaseous emissions themselves, Cu has been linked to destabilization of immiscible sulfide liquid in a deep-seated basaltic magma (together with Cd and Zn), whereas Sb and Tl, as well as, are associated with a shallower dacitic magma (Berlo et al., 2014). The behavior of Cu in the Kawah Ijen hydrothermal system is also affected by intermittent stability of a Cu-sulfide, as seen in monitoring of the Banyu Pait river water (Berlo et al., 2020). The behavior of the other (base) metals is not significantly impacted by this sulfide phase.
The gypsum timeseries shows covariation of the LREE and Pb, defining one compositional group, and covariation of Cu, Sb, Tl, As, Cd, and Zn in a second group (Figure 8 and Supplementary Figure S4). This suggests a first-order signature in the timeseries that is related to rock-leaching and volcanic emissions, with little temporal overlap between these two processes. Within the metal group, Cu, Zn, and Cd show a more pronounced excursion in 1997 than in 2003, whereas Sb, Tl, and As show the reverse. This elemental grouping corresponds to that observed in melt inclusions and gas emissions by Berlo et al. (2014), which would indicate that the gypsum is recording varying contributions from the basaltic and dacitic magma bodies. It also matches the main difference in metal signature between modern and 1817 gypsum (Utami et al., 2019). Although the magnitude of Cu variation exceeds that of Zn and Cd, there is strong co-variation among these elements, which suggests that intermittent Cu-sulfide stability does not contribute to the behavior of Cu at these uppermost seepage springs, possibly related to the absence of H2S (see Berlo et al., 2014).
Utami et al. (2019) observed a similar grouping of the LREE + Pb, and the metals for their timeseries reconstructed from a Kawah Ijen gypsum stalactite. Separation within the metals is less clear in this timeseries. However, the foremost compositional signature in this stalactite is a bimodality in element variability, with low variance up to 1980, and high variance thereafter. Utami et al. (2019) interpreted this to represent an increase in particulates in the seepage fluids, and hence inclusions in the gypsum, as a result of the physical disturbances to the system as activity increased post-1980 (e.g., rock falls and lake sediment re-suspension). We do not observe the same bimodality in the plateau transect, although the most variability in composition is observed for the post-1990 period (Figure 8). This difference could reflect the different formation setting and conditions for the stalactites compared to the plateau. Whereas the plateau gypsum grows upward in pools, the stalactites form from water that flows over them and cools and evaporates as it does so.
Correlations With Volcanic Activity
Comprehensive monitoring of Kawah Ijen volcano has only commenced following unrest in 2010. The historical record of volcanic activity up to this point is incomplete and varies significantly in the level of detail of reporting (Caudron et al., 2015b). This complicates developing an accurate record of volcanic activity at Kawah Ijen, and hinders comparing reported activity and establishing the significance of events. Small phreatic events appear to take place every year, and are reported as early as the 1900s (Kemmerling, 1921). They may result from lake overturn following development of stratification during the rainy season (Caudron et al., 2017). These smaller events include steam explosions, bubbling, rapid temperature and lake level variations and small phreatic plumes (see the overview in Caudron et al. (2015b). In part, lowering of the lake level during dam spilling periods triggered these events. Tourism and sulfur mining in the crater ensure that these events are witnessed at present, but given that these events are generally restricted to the lake and crater, could have easily gone unreported in the past. Overall, the most significant events since the start of the 20th century appear to have been phreatic unrest in 1952 in which a plume rose to 1 km height, phreatic steam explosions and a 500 m plume in 1993, unrest in 2004 with gas upwelling and increased seismicity and the seismicity crisis of 2011–2012 (Table 5, Caudron et al., 2015b). No reports are available for the 1970s and 1980s and this time period is therefore commonly regarded as a period of relative quiescence, but it is unclear to what extent this rather owes to a lack of available reports. The Ijen volcano observer, who has worked at the Ijen observatory since the 1980s regards the unrest of 1993 and 2004 as the most significant (Caudron et al., 2015b).
TABLE 5 | Summary of volcanic unrest reported for Kawah Ijen volcano, dominated by phreatic explosions and gas upwelling.
[image: Table 5]Figure 9 shows the episodes of volcanic unrest overlain on the compositional transect. The period of unrest in the late 1930s appears to correlate with a layer of debris in the gypsum, and this is also the case for the 1952 activity and that in the 2000s when some leeway in positioning is taken into account owing to the uncertainty in the absolute age assignment. The debris horizons around 1970 and 1985 do not correspond to known activity. The debris consists of variably altered rock fragments and organic material and is the same as material that is locally present on the slopes of the Banyu Pait valley. We therefore interpret it to represent local mobilization of material that is deposited onto the gypsum plateau. Volcanic activity resulted in material transfer over the dam in the past, although there is no mention of this after 1917. More likely, correlations with unrest result from rock falls and slides that accompanied the volcanic seismicity. Major rainstorms could have achieved the same, which can explain the presence of debris horizons where no activity was recorded. Indeed, it is known that severe rainstorms are common, and if anything, it is surprising that there are not more such horizons. The present-day plateau surface is mostly free of rock-fragments (Figures 2, 3), despite the presence of loose material right next to the gypsum (e.g., Figure 2C). Perhaps, rainstorms, and dam spilling flush the plateau clean of debris, and it is only when rapid growth consolidates this debris that it is preserved. This could be verified in a visit during the rainy season. Such a visit would also be highly desirably to understand the apparent lack of gypsum dissolution during times of rain-diluted undersaturation of the seepage fluids.
[image: Figure 9]FIGURE 9 | Timeseries for selected elements along the gypsum transect with known periods of unrest overlain. The main volcanic unrest within this time period took place in 1952, 1993 and 2004 (marked with a triangle). Events that involved explosions or columns of water are shaded a darker hue that those that only involved gas upwelling and/or temperature fluctuations. Precipitation and the sum of seismic events from Caudron et al. (2015b) are shown for comparison.
Comparing the activity record to the timeseries for the elements that are least susceptible to overprinting shows correlations between the records (Figure 9). The large 1952 event corresponds to a peak in Sr-normalized Cu, Co, Sb, and As, and these same elements are high for the activity in the 1990s and 2000s. However, the large 1993 event does not appear to be present in the record and the largest excursion in Cu matches with what is only regarded as a minor event. This mismatch could be the result of the uncertainty in the absolute age assignment, and the 1993 event matches the Cu excursion within age uncertainty.
To determine whether there is a statistically significant signature of volcanic activity in the gypsum record, we conducted a PLS-DA analysis on the timeseries. Given the uncertainty in the absolute ages, the timeseries was smoothed with a 5-years moving average and each period of volcanic activity compared at intervals of 5 years (e.g. 1945 ± 2.5 years as a quiet period and 1950 ± 2.5 years as a period of unrest). The period from 1970 to 1980 was not included as it is unclear if no activity took place, or it was not reported. The PLS-DA analysis indicates that periods of activity can be separated from those of quiescence, with the LREE and then Zn the most important variables in this separation. The LREE are lower for periods of activity, whereas Zn is higher (Figure 10). Only one time period is assigned wrongly, 1960. We classified this as a period of activity given the gas slug explosions reported for April 1962, but the PLS-DA groups it with the quiescent time periods. Given that the smoothing and binning removes most of the detail in the timeseries, this is a surprisingly clear result, and a strong indicator that active periods do have a distinct compositional signature that is recorded, and identifiable in the gypsum. When the resulting model is applied to the 1970s and 1980s, unrest is strongly predicted for the 1975 bin (the assignment has a score of 1.9 ± 1.1 with the cutoff between unrest and quiescence at 0). This suggests that there may have been an episode of unreported unrest in this time period.
[image: Figure 10]FIGURE 10 | Boxplots showing a characteristic and statistically significant (at α = 5%) difference in Nd/Sr and Zn/Sr between active and quiet periods. The data were smoothed and binned in 5-years intervals to account for the uncertainty in absolute age assignment.
A record of seismicity, lake temperature and precipitation is available from 1991 onward (Caudron et al., 2015b). To compare this dataset to the timeseries, we converted both to common time interval using linear interpolation, and the timeseries data were smoothed with a 5-years moving average window to account for the uncertainty in the absolute ages. No statistically significant correlations were found, and a visible inspection of the data confirms this (Figure 9). Rather than a lack of correlation, this may result from the uncertainty in the absolute age assignment.
Gypsum as a Recorder of Volcanic Activity at Kawah Ijen
The plateau gypsum timeseries provides a high-resolution record of volcanic activity at Kawah Ijen volcano. The element grouping observed corresponds to known element behavior at Kawah Ijen, and links to both rock leaching and volcanic contributions (cf. Berlo et al., 2014; Delmelle and Bernard, 1994; Takano et al., 2004; van Hinsberg et al., 2010b; van Hinsberg et al., 2017). Episodes of activity display a higher metal content in the gypsum, and, therefore, a higher content in the seepage waters (assuming constant partition coefficients). This metal enrichment is either dominated by Cu, Zn, and Cd, or by Sb, As, and Tl, suggesting two sources, whose contribution varies among events. The Cu, Zn, and Cd suite of elements has previously been linked to the deep-seated mafic magma at Kawah Ijen, whereas Sb, As, and Tl are characteristic of a shallower dacitic magma (Berlo et al., 2014). We therefore tentatively assign the Sb-As-Tl characterized events to the shallow magmatic-hydrothermal system, whereas Cu-Zn-Cd excursions would indicate involvement of a deeper source. Unfortunately, the uncertainty in absolute age assignment does not permit determining whether the larger events have a distinct signature, and a stronger contribution from either source. However, Utami et al. (2019) show that gypsum from the 1817 phreato-magmatic eruption of Kawah Ijen has a metal signature that fits the Cu-Zn-Cd suite, and for this eruption, involvement of the deeper reservoir is therefore likely. The cause for the strong negative correlation between activity and the LREE is unclear at present. The LREE derive predominantly from rock leaching, and Utami et al. (2019) show a positive correlation between activity and rock derived material, linked to increased rock falls and re-suspension of lake sediments as a result of physical disturbances of the system (i.e., seismicity). Takano et al. (2004) similarly suggest a positive correlation between REE contents and activity. Partition coefficients are particularly high for the LREE between gypsum and fluid. Possibly, the decrease in LREE content results from faster gypsum growth or higher water temperatures, both of which would lower partition coefficients.
CONCLUSION

• Gypsum provides a record of Kawah Ijen volcanic effluent from 1919 to 2008.
• Gypsum-fluid element partitioning indicates that the LREE, Sr, Pb, Ni, Co, Cu, Sb, Mo, and Th are least susceptible to overprinting by mineral and rock fragment inclusions, and are therefore the most robust indicators of changes in seepage fluid composition.
• Compositional variability correlates with known elemental sources and can be grouped in three elemental sets: LREE + Sr + Pb which represents a rock-leaching signature; Cu, Zn, Cd which suggests a source linked to deep-seated immiscible sulfide destabilization; and Sb, Tl, and As which point to a contribution from shallow evolved rocks.
• A distinct signature of volcanic unrest can be recognized in the gypsum composition, allowing for episodes of unrest and quiescence to be identified.
• Unambiguous linking of the compositional timeseries with existing records of volcanic unrest and seismicity are unfortunately hindered by uncertainty in the absolute age assignment, and a higher resolution age model is desired.
• Growth zoned gypsum is a reliable and robust recorder of fluid composition, and has the potential to provide a high-resolution record of volcanic activity. The Kawah Ijen compositional variability that it records also informs what elements are best suited to monitoring efforts.
• Gypsum is a common precipitate phase from volcanic brines (e.g., Poás volcano—Rodriguez and van Bergen 2017; Copahue Volcano—RodriguezVarekamp et al., 2016; Popocatépetl—Armienta et al., 2000; and Mount Ruapehu—Kilgour et al., 2010), and thus holds great promise as an archive of past volcanic activity where compositional preservation can be shown.
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Uncertainties are reported as 1 standard deviation and 2'°Pb values are given in decays per minute per Gram of gypsum (dpm/g).
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Sample no. “He 1s “Ne 1s *Ar 1s Ky 1s 2xe

°10°® . 10° . 10° . 10° ® 107
KV09-507L-C 1.578 0.001 227 0.02 2.89 0.01 134 0.03 5.1
KV09-507L-D 0570 0001 1.54 001 1817 0.008 50 02 52
KV09-507L-E1 0.321 0.005 0.63 0.02 0.354 0.001 0.339 0.002 0.80
KV09-607L-E2 05303 0.0005 14 02 243 0.02 27 0.1 59
KV09-507L-F 1.157 0,002 1.87 002 0.730 0.004 137 02 39.1
KV09-607L-Gi 0.307 0.001 0.70 002 0329 0.003 4.80 0.09 200
KV09-507L-G2 0.4888 0.0004 059 001 0.290 0.001 08 01 84
KV09-507L-H1 0.2450 0.0004 051 001 0884 0.008 370 0.07 56
KV09-507L-H2 0413 0.008 0.42 002 0316 0.001 1.93 0.05 482
KV09-503 6.963 0.004 0.36 001 0685 0.007 32 01 10.70
Sample no. “Opc/OAr 1s OKe/HKr 1s 12Xe/19%Xe 1s
KV09-507L-C 290.0 09 03096 0.0006 0928 0.017
KV09-507L-D 3049 09 03111 0.0003 0919 0.003
KV09-507L-E1 295.1 o7 0.207 0.002 099 004
KV09-607L-E2 297.1 08 03131 0.0004 0974 0.008
KV09-507L-F 304 1 02998 0.0007 0983 0.006
KV09-607L-G1 315 1 0.3083 0.0004 1017 0.007
KV09-607L-G2 308 1 03150 0.0005 0.960 0.004
KV09-607L-H1 315 1 0.3049 0.0007 098 002
KV09-507L-H2 304.7 08 03117 0.0007 0981 0.005
KV09-503 316 1 03126 0.0004 1,025 0.005

Growth zone C i stratioraphically the youngest. and H2 ihe oldest. Concentrations ane reporiad as ccSTP/g and their 1 siandard deviation uncertainty.

1s
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Year Month Main observations Spilling Event severity

1917 Feb-Mar Temperature fluctuations; water thrown over dam yes medium
1921 Feb Gas upweling + “boling’; Temperature rise yes low
1923 Mar Temperature rise ? low
1933 Apr Temperature rise; gas upweling ? low
1934 Gas upweling; Temperature rise yes low
1935 Temperature rise ? low
1936 May Temperature rise, gas upweling ? low
1936 Nov Gas upweling; Water fountains; Lake level fluctuations ? medium
1938 Jan-Mar Lake level fluctuations, Gas upwelingg, Temperature rise, Lake color white ? medium
1939 Feb-Apr Temperature rise; gas upweling ? low
1939 Apr Temperature rise; gas upweling yes low
1940 Feb-Mar Temperature rise; gas upweling 2 low
1941 Apr Temperature rise; gas upweling yes low
1952 Apr Explosion and a 1 km tall plume ? high
1957 Aug Temperature rise; gas upweling ? low
1962 Apr Gas slug explosions; Gas upweling 2 medium
Lack of reports for the 1970s and 1980s
1991 Mar-Apr Gas explosions no medium
1993 Ju-Nov Gas explosions and plume to 500 m no high
1994 Feb Gas explosion no medium
1997 Jun-Dec Seismicity no low
1999 Apr-Jun Seismicity; Gas explosions no medium
2000 Jun-Sep Plume to 25 m no medium
2001 Feb-Sep Seismicity no low
2002 May-Aug Seismicity; Small plumes no medium
2003 oct Seismicity no low
2004 May-Dec Seismicity; Gas upweling no high
Lullin activity from 2004 to 2010

2011-2012 Seismicity, Temperature fluctuations, Gas upweling no high

Inanumber of cases, the activity accompanied lowering of the lake level during intentional dam spilling, and was likely triggered by this. A spillng trigger was no longer present n the 1990
and 2000s because the water level was below that of the dam and no spilling took place. The assigned severity of unrest is relative, and no major events took place within the time period
covered by the gypsum transect. Data from Caudron et al. (2015b) and references thersin. Activity records for Kawah ljien are incomplete and reporting strongly varies in detai.
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Sample no. Type
KV09-505 Stalactite tip
KV09-506 Fluid
KV09-501 Stalactite tip
KV09-503new Stalactite tip
KV08-407 Stalactite tip

210pp,

1.50
0.247
1.33
1.28
1.16

1s

0.05
0.009
0.06
0.06
0.09

Values are given in dpm/g with their 1 s uncertainty and have been recalculated for their

210pp activity at the time of sampling.
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Sample KV09-507L. KV09-507L. KV09-507L. KV09-303  KV09-  KV09-505 KV09-506 KV08-407 ~ SPOB-L  KVO09-507L  KV09-507L
304
Material Gypsum Gypsum Gypsum Gypsum  Fluid  Gypsum  Fluid  Gypsum  Flid  Gypsum  Gypsum
Comment Transect-full Transect-inclusion Bulk digested samples  Stalactite  New  Stalactite  Main  Stalactite  Main  Top-pellet  Top-in-
fitered tp  sping  tip spring tip spring situ
median P25 P75 median P25 P75 medan P25 P75
Ui 003 002 005 002 001 004 007 006 009 007 099 005 120 nd. 059 025 007
Be na na na  na na na  na na. na nd. 008 nd. 009 nd. 006 0008 0005
8 1 06 18 08 05 13 37 28 46 44 340 33 340 na. nd na. na
Na 62 31 104 40 20 76 E3 84 112 79 1025 123 1,130 na 916 3% 79
Mg 18 2 13 9 2 19 15 22 20 709 23 756 na. 567 a3 19
A 66 27 18 38 5% 50 38 & 62 5624 % 6,283 na. 4172 329 1572
s 4428 2186 787 nd  nd  nd 8 6 10 na. na na na na. na. na na
< 27 13 54 18 7 35 55 a4 50 52 1,206 56 1354 na. 1,027 201 23
Ca fred  fxed  fed  fed  fed fxed 200076 222355 233914 220245 828 225505 1051 225000 697 232834 232834
sc 03 02 05 02 02 04 04 04 05 06 13 12 14 nd. 11 10 04
U 15 06 41 08 04 21 09 08 10 10 65 10 259 129 208 310 a6
v 015 007 035 008 004 021 009 007  OM1 o1 1232 018 1338 018 1078 236 084
o na  na  na  na na na 011 009 042 013 082 008 044 oot 028 034 035
M 07 03 16 04 02 09 04 03 04 05 8.1 06 511 06 422 72 10
Fe na  na  na  na  na  na 18 15 2 E3 2,667 a7 2617 na. 2432 na. na
Co 011 009 012 010 009 012 08 076 085 081 059 09t 061 034 061 027 019
NG 14 13 14 13 13 14 07 06 11 08 02 10 02 na 03 09 10
Cu 011 008 017 000 007 013 20 18 27 22 04 16 02 na. 01 15 02
zn 038 02 05 02 01 04 14 4 & 28 61 269 62 60 nd. 09 06
Ga 002 001 005 001 001 003 03 030 033 038 111 055 122 oot 114 030 038
A 08 02 04 02 01 02 02 02 02 03 nd. 03 nd. nd. nd. 18 03
Ro 014 005 026 008 003 018 017 014 018 013 342 016 421 010 325 093 010
st 785 708 849 775 697 852 803 759 833 821 15 1058 18 na. 14 888 852
v 22 18 29 20 16 27 25 24 27 32 08 42 10 28 09 40 33
7 008 008 027 004 002 014 019 016 03t 015 191 012 219 005 1.82 187 009
No 00012 00004 00038 00014 00007 00087 00016 00014 00019 00019 00019  nd, nd. nd. 00008 008 00010
Mo 0005 0003 0010 0005 0003 0010 0035 0029 0043 0035 0008 0021 0007 nd. nd. 0042 0029
Cd 0002 0001 0004 0002 0001 0004 0015 0018 0017 nd. 008  nd 0056 0004 0.044 0015 0006
sn na na na na na na 008 002 004 003 037 002 038 001 021 1059 2141
Sb. 0018 0008 0045 0010 0003 0028 0024 0016 0036 0021 0035 0019 0070 0001 0083 0467 0014
Cs 0005 0003 0008 0003 0001 0005 0019 0011 0042 0047 003 0012 0112 0007 0.105 0044 0005
Ba 009 004 042 006 002 021 046 039 074 016 005 013 006 007 004 541 013
La 12 9 16 11 7 16 11 11 12 14 056 2 067 19 060 16 16
Ce a2 0 s 39 25 5 5 a a7 50 131 7 152 53 133 59 s7
Pr na  na  na  na na  na 68 62 7.1 7 018 10 020 7 na. 8 8
Nd 28 193 2 183 29 27 0 32 076 40 087 3 073 % 38
sm 46 34 57 a4 80 56 49 46 51 55 018 68 020 a9 016 64 66
Eu 10 08 12 09 07 12 10 09 10 12 005 14 006 10 005 15 13
Gd 20 16 24 19 15 24 22 21 23 27 017 34 019 39 017 30 28
T na  na  na  na na na 02 02 028 03 003 04 003 03 003 04 03
Dy na  na na  na na na 0% 0% 102 13 016 16 018 10 015 15 13
Ho na  na na  na na na 018 013 014 02 003 02 004 o1 003 02 02
Er 028 022 03 026 021 033 028 027 030 035 010 047 011 048 009 048 038
Tm na  na na na na na 008 003 003 003 001 004 002 na. nd. 006 008
Yo 013 01 016 012 009 015 012 012 013 015 009 020 010 019 009 027 017
Lu na  na na na na na 001 001 001 002 001 002 002 002 001 005 002
i na na na na na na 001 001 001 0011 0037 0015 0043 0010 0.036 0059 0001
Ta 00002 00001 00004 00003 00001 00005 00008 00006 00010 00004  nd. 00005 nd. na. 00001 00051 00001
W 0004 0002 0008 0003 0001 0006 006 0012 000 0020  nd 0014 0002 0009 na. 0249 0128
m 0054 0038 0077 0015 0006 0042 0042 0035 0045 0031 0635 0043 0721 0058 o702 0186 0053
Po 172 142 193 158 122 185 163 153 175 164 34 240 a1 242 39 190 159
8i 019 011 027 018 008 025 019 016 021 031 062 020 066 na. o7t 043 013
Th 025 016 036 022 014 032 028 027 030 039 025 o7t 028 045 025 088 050
u 00017 00007 00044 00010 00004 00028 00014 00010 00022 0002 0055 0002 0.061 0004 0051 0091 0022

Concenirations for the gypsu transect (both the fuf and inctusion-fitered integration windows), and bulk digested gypsum are gven as the median and 1° and 3 quartle. The ful dataset of in-sits gypsum analyses is given in
Seiontasatsry Tidde BT Al vakis oo ahen b o
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