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Evaporite deposits are of increasing societal importance as potential
repositories for high-level radioactive waste and host lithologies for
the subsurface storage of natural gas and hydrogen. To conduct
robust long-term risk assessments (particularly with respect to the
timing of deposition and deformation), the geological history of such
deposits must be reconstructed accurately. However, direct geo-
chronometric methods applicable to evaporites remain very limited
and ages may be obtained only indirectly via dating of detrital minerals.
We report the first application of reaction-cell laser ablation-induc-
tively coupled plasma-tandem mass spectrometry (LA-ICP-MS/MS),
using a recently developed dual-wavelength laser system (193 nm and
157 nm), to potassium salt minerals (sylvite and carnallite) from the
Morsleben site (NE Germany), which is hosted within a salt structure of
Permian age. Compared with 193 nm, ablation at 157 nm is more
controlled and shows less Rb—Sr elemental fractionation. Despite low
(6—-40 ng g~} strontium concentrations, the salt minerals contain
almost exclusively radiogenic ’Sr (~99%), which enables the deter-
mination of precise (~3%) single-spot Rb—Sr ages that are indepen-
dent of the initial 87Sr/26Sr. Kernel density estimates of these single-
spot ages reveal four dominant age modes at ~4 Ma, ~14 Ma, ~33 Ma
and ~91 Ma. These ages are consistent with the few previously pub-
lished data from Morsleben and nearby salt mines, and could be linked
to regional tectonic events. We demonstrate, for the first time, the
potential of in situ LA-ICP-MS/MS as a direct (and rapid) geochrono-
logical tool for evaporite deposits at a spatial resolution of <100 um.

1. Introduction

Evaporite deposits are of considerable societal and economic
importance. Besides mineral resources as such, thick salt
sequences are widely regarded as suitable host rocks for high-
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level radioactive waste disposal* and for underground storage
of natural gas and hydrogen®® due to their low permeability,
high thermal conductivity and self-healing behavior.*® In
addition, potassium-bearing evaporites constitute a critical raw
material for fertilizer production.® These applications require
a detailed understanding of the depositional, diagenetic and
deformation history of salt deposits, including robust
constraints on the timing of salt deposition and subsequent
deformation or fluid-rock interaction.

Radiogenic isotope systems provide powerful tools to
constrain the timing of geological processes.' They allow the
determination of crystallization ages of mineral phases, which
can also be reset or partially re-equilibrated during recrystalli-
Such
processes commonly accompany major tectonic events or
(hydro)thermal fluid circulation and, therefore, provide a record
of deformation, sealing and fluid-flow histories that may over-
print evaporite deposits. Isotopic ages, thus, complement
geological and regional geological
reconstructions.

Apart from pioneering studies, relatively few attempts have
been made to directly date salt minerals using isotopic
methods. These include K-Ar and “°Ar/*°Ar dating of potas-
sium- and magnesium-bearing sulfates such as polyhalite,
leonite, langbeinite, kieserite, and kainite."*** K-Ca dating has
been applied to sylvite and carnallite,*** while Sm-Nd dating
has been used for intrasalinary magnesite.>®* Rb-Sr dating has
also been applied to sylvite, carnallite, and langbeinite.'**>?7-31

Importantly, all these examples were limited in spatial
resolution. Applications of Sm-Nd, K-Ca, and Rb-Sr geo-
chronometers to salts have required dissolution of substantial
amounts of sample material (e.g., gram-kilogram-scale samples
for the ID-TIMS of carnallite).?®* However, K-Ar and *°Ar/*°Ar
case studies have involved laser heating of comparatively large

zation and dissolution-reprecipitation processes.

structural analyses

quantities of material. For example, aliquots of ~50 mg were
used for the K-Ar analyses done by Wojtowicz et al. in 2003, and
several grains of 200-250 um size were required for the *°Ar/*°Ar
analyses undertaken by Leitner et al. in 2022.'*** Such bulk or
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semi-bulk approaches risk co-analyzing fluid inclusions or
mineral impurities, potentially biasing age results. Moreover,
small-scale domains affected by recrystallization or dissolution—
reprecipitation during fluid interaction are likely to remain
undetected.

Laser-based in situ dating methods offer substantially higher
spatial resolution, typically consuming only a few hundred
nanograms of sample material and, hence, offering direct tar-
geting of specific microstructural domains. However, despite
their widespread application to silicates (mica, feldspar,
amphiboles, zircon), oxides (rutile, magnetite), and phosphates
(apatite, monazite), such methods have not been applied to salt
minerals. The only notable exception is in situ U-Pb dating of
sulfates such as gypsum and anhydrite,**** which are common
constituents of evaporite sequences. Other in situ geochrono-
logical applications in salt-bearing successions have focused on
accessory minerals embedded within the salt formation, such
as volcanic apatite or detrital zircon and rutile, to indirectly
constrain depositional ages.>**

Potassium-bearing salt minerals, particularly sylvite (KCI)
and carnallite (KMgCl;-6H,0), represent promising targets for
in situ Rb-Sr geochronology using laser ablation-inductively
coupled plasma-tandem mass spectrometry (LA-ICP-MS/MS).
These minerals are widespread primary (for sylvite under the
condition of MgSO,-depleted seawater) and secondary constit-
uents of evaporite deposits. Also, due to the similar ionic radii
of Rb" and K'* they are expected to contain increased Rb
concentrations, yet little common-Sr, resulting in increased Rb/
Sr-ratios and, thus, sufficient ingrowth of radiogenic ®’Sr.
Furthermore, compared with the K-Ar system, the Rb-Sr system
is expected to be more retentive during secondary (hydro)
thermal events.’”*® This hypothesis is supported by the lower
closure temperatures reported for K-Ar in muscovite (approxi-
mately 350-450 °C) relative to Rb-Sr in muscovite (approxi-
mately 500-650 °C).>*** No systematic study has examined the
relative closure temperatures of the K-Ar and Rb-Sr systems in
K-salt minerals. Nevertheless, early investigations into the
retentivity of Ar in sylvite indicated that Ar diffusion increases
drastically at temperatures exceeding 40 °C.**'® Moreover
“Ar/*°Ar geochronology requires neutron irradiation, which
involves access to nuclear facilities, handling of activated
materials and, hence, imposes significant logistical constraints.
As a result, the time from sample preparation to analyses can
extend over several months. Even after irradiation, individual
analyses typically require approximately 1-2 h, which is
considerably longer than in situ Rb-Sr measurements by LA-
ICP-MS/MS. Solution-based ID-TIMS Rb-Sr dating has been
applied to salt minerals and there have been successful
attempts to overcome limitations in spatial resolution through
microdrilling and laser-cutting sampling techniques, which
have reduced ID-TIMS sample sizes to a few tens of micro-
grams.*”*®* However, these p-ID-TIMS studies targeted Sr-rich
minerals such as mica, which contain several tens of ug g~ * Sr
and exhibit comparatively moderate ®’Rb/*°Sr ratios (often
<100). This is contrasted by K-salt minerals, which are typically
characterized by extreme *’Rb/*°Sr ratios (up to several million)
and low Sr concentrations (down to <10 ng g~ ').>* This poses
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two analytical challenges. First, the extremely high Rb/Sr ratios
complicate the separation of Rb and Sr in conventional wet-
chemical approaches and residual ®’Rb may cause isobaric
interference on #7Sr.*>* In contrast, the separation of Rb and Sr
using a collision reaction cell (CRC) in LA-ICP-MS/MS is
considered quantitative. Within the CRC, reactive gases (O,,
SFe, N,O, CH;F) form Sr-molecule ions such as SrF* or SrO" that
can be measured free of *’Rb-interference.”* The efficiency of
the CRC-based purification process has been demonstrated by
Zack & Hogmalm.”* When using O, as a reactive gas, they
observed no detectable signal at mass 101 (**Rb'®0) during
ablation of pure RbCl, despite a signal of 10° cps on mass 85
(®*Rb). Second, the very low Sr concentrations in K salts neces-
sitate stringent blank control and, ultimately, increase the
minimum amount of sample required for a single analysis. In
previous studies, the total mass of Sr analyzed was typically <10
ng, while blank levels were maintained at <10 pg, corresponding
to ~19, blank contributions.*”*® Given that Sr concentrations in
K salts are roughly three-orders of magnitude lower than in
mica (ng g " vs. pg g '), achieving 1%, blank levels would
require a proportional increase in sample size on the order of
tens of milligrams. Consequently, the spatial resolution offered
by LA-ICP-MS/MS is effectively unattainable using ID-TIMS.
Third, ID-TIMS typically requires several days per sample,
including dissolution, spike equilibration, and chromato-
graphic purification, with measurement times lasting several
hours. Consequently, analytical throughput is limited to only
a few samples per month per instrument. In contrast, LA-ICP-
MS/MS enables in situ measurements within minutes, repre-
senting an improvement in throughput of several orders of
magnitude.

In this study, we present the first successful laser-based in
situ Rb-Sr dating of the K-salt minerals sylvite and carnallite.
And thus demonstrate the feasibility of high-spatial-resolution
geochronology directly applied to evaporite minerals. This
advance was enabled by exploiting the superior ablation
behavior of K salts at 157 nm compared with 193 nm, at which
these matrices ablate poorly, similar to other challenging
materials such as gypsum and barite. In these materials, 193
nm laser radiation penetrates substantially deeper than 157 nm
radiation,*® which can lead to uncontrolled ablation. Moreover,
studies have indicated that 157 nm ablation produces reduced
elemental and isotopic fractionation relative to longer wave-
lengths.*”*® This is advantageous for Rb-Sr geochronology given
the strong matrix-dependent fractionation of Rb and Sr
combined with the lack of suitable matrix-matched secondary
reference materials.

2. Materials and methods
2.1 Materials

All samples originated from the Morsleben site (NE, Germany),
located within the Allertal zone, a NW-SE trending fault system.
Upper Permian (Zechstein) salt migrated into these faults in
several phases from the Mesozoic to the Cenozoic and subse-
quently experienced intense deformation.**-** The site was used
for the disposal of low-to-intermediate-level radioactive waste

This journal is © The Royal Society of Chemistry 2026
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between 1971 and 1998. Preparations for the closure of this
repository are underway.

Two sylvite samples (P3 and P10) and one carnallite sample
(CT3) were investigated. These had been sampled at and near
the “Bunte First”, an extensive vein mineralization (1 m-to-10 m
scale) hosted within fractured anhydrite rocks.®® This style of
mineralization indicates a secondary and, therefore, younger
origin of the minerals compared with the Zechstein deposi-
tional age. The assemblage comprises carnallite, sylvite, poly-
halite, and commonly purple-to-dark-blue halite. Samples were
transported in sealed plastic bags to the University of Frankfurt.
They were placed in a desiccator on the same day to minimize
alteration due to exposure to atmospheric humidity. A few
weeks later, all samples were cut to size using a rotating steel
saw without water cooling. The resulting pieces were then
embedded in a 1-inch epoxy resin block, impregnated several
times with epoxy and dry-polished using silicon carbide (SiC)
abrasive papers (400 up to 2000 grit). The final epoxy mounts
were sealed in plastic bags and placed in a desiccator. For

reflected light

u-XRF

Fig. 1 Reflected-light images and p-XRF element maps of investigated
K-salt samples. Sample CT3 consisted of pure carnallite (KMgCls-6H,0),
whereas sample P3 was composed of pure sylvite (KCl). Sample P10
represents an intergrowth of sylvite, halite (NaCl), and kieserite
(MgSQ4-H>0). Carnallite is depicted in cyan, reflecting its composition as
a mixed potassium-magnesium chloride; the color results from the
combination of yellow (K) and blue (Mg). White spots mark the locations
of LA-ICP-MS/MS. Selected spots are labelled with corresponding Rb—Sr
ages. The full set of analytical spots is shown in SI Fig. S1.
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transport from Goethe Universitdt Frankfurt to the BGR Hano-
ver, the bags were additionally filled with hygroscopic silica gel.
Reflected light images of the mounts are provided in Fig. 1.
Further description of the samples is given in the SI.

2.2 Reflected light and electron microscopy

We tested the ablation behavior of K-salt samples using laser
wavelengths of 193 nm and 157 nm. High-resolution secondary
electron (SE) images of the ablation pits (Fig. 2) were acquired
using a field emission scanning electron microscope (Quanta
650F; FEI) at the BGR Hanover (pressure = 0.6 mbar, acceler-
ating voltage = 15 kV, working distance = 13.6 mm). Addi-
tionally, the depth of the ablation pits was determined under
reflected light using an optical digital microscope (VHX; Key-
ence) at Goethe University Frankfurt.

2.3 Micro-energy-dispersive X-ray fluorescence microscopy
(1-XRF)

Mineralogy and homogeneity on a micro-scale were verified by
W-XRF using the M4 Tornado Plus (Bruker Nano) system at the
BGR Hanover. The device operates with a Rh tube at 50 kV and
600 pnA with a spot size of ~20 pm at 17.4 keV focused by a poly-
capillary lens.®* The sample chamber is evacuable to 2 mbar,
thereby enhancing the limit of detection (LOD) and permitting
measurement of elements as light as carbon. Mounts were
measured with a step size of 20 pm and a dwell time of 20 ms
per pixel. Measurement data were analyzed with M4 Tornado
software and the results are presented as element distribution
maps with element intensities in false colors. Element quanti-
fication was done using the standard-less fundamental
parameter method.

2.4 In situ Rb-Sr dating and trace element analyses by LA-
ICP-MS/MS

Single-spot in situ Rb-Sr dating and trace element analyses of
sylvite and carnallite were performed at the FIERCE Laboratory of
Goethe University Frankfurt using a reaction-cell LA-ICP-MS/MS
system and overall followed the method described by Kutzsch-
bach et al. in 2026.%* An 8900 spectrometer (Agilent Technologies)
was coupled to a custom-built dual-wavelength (157 and 193 nm)
LA system.*® Specifically, the analytical setup comprised a RESO-
lution-SE laser ablation system (Applied Spectra, USA) equipped
with an S-155 laser ablation cell (Laurin Technic, Australia) and
two excimer lasers that in part had separate beam-delivery
systems: ExciStar 500 (193 nm) and Coherent COMPex F2 (157
nm). Both lasers deliver beams with a higher-order super
gaussian intensity distribution but varying pulse length of 7 ns
(193 nm) and 20 ns (157 nm). The latter was used for all analytical
measurements. Spot sizes of 104 um, a fluence of 2.5 ] cm~2 and
a laser repetition rate of 10 Hz were applied. For LA-ICP-MS/MS
coupling, a “squid” signal-smoothing device (Laurin Technic)®
was employed to improve signal stability. Ablation took place in
He (0.3 1 min~") to which Ar (0.95 I min™") + N, (3.5 ml min")
was added from the top of the ablation funnel, whose stepwise
geometry prevents He-Ar-N, mixing directly at the ablation site.
Pure (99.999%) nitrous oxide (N,O) at a flow rate of 0.193 ml
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Fig. 2 Environmental secondary electron images of ablation pits
produced after 300 laser pulses at wavelengths of 157 nm (2.5 J cm™)
and 193 nm (1.5 J cm™). (a) and (b) show concentric backscattered
electron images of sylvite P3. At 193 nm, pronounced chipping was
observed at crater edges, whereas ablation at 157 nm produced pits
characterized by smooth crater walls and bottoms. (c) and (d) show
concentric backscattered electron images of carnallite CT3. For CT3,
ablation at 193 nm was characterized by markedly higher ablation rates
and crater bottoms exhibiting pronounced surface roughness and
strong tapering with depth, as further illustrated in the large-field
secondary electron image in (e). In contrast, ablation at 157 nm
resulted in smooth, well-defined ablation pits with an approximately
cylindrical geometry.

min " gas was used as a reactive cell gas to resolve the isobaric
interference of ’Rb and ®’Sr through measuring *°Sr, ®’Sr, and
855r as mass-shifted **/%35r'°0" (70 ms per sweep each). Rb was
acquired as *’Rb ‘on-mass’ (50 ms per sweep) to avoid interfer-
ence of residual on-mass ®’Sr with ®’Rb. The formation of RbO*
was negligible (zero counts per second (cps) was recorded at m/z
= 101). Moreover, the following nuclides were recorded (brackets
show dwell times in ms): "Li (5), "B (5), *>Na'°0 (5), >*Mg (2), >’Al
(2), si*20, (5), **s'°0 (2), **CI*®0 (10), *’K (2),**Ca (2), "°Br (10),
81Br (10), 71 (10), ***Cs (5), **"Ba (5), 2°°Pb (2), and ***U (2). The
sweep time was 382 ms. The following reference materials were
used: NIST610, NIST612, BHVO-2G, GSD-1F, GSE-1G, CGL026
halite (which was pressed into an ablatable pellet using
a hydraulic press), SagaB biotite, SagaB alkali feldspar, 98 973
muscovite and Phalaborwa biotite.®”* More detailed informa-
tion regarding the ICP-MS/MS and laser settings are compiled in
Table S1.

Rb-Sr isotopic and chemical data were reduced using LADR
software.”” Isotope ratios were calculated as inverse ratios
(®’Rb/¥’Sr and ®°Sr/*’sr) based on a ratio-of-means approach
and discarding the first 3 s of the signal (rise time and surface
contamination). Whenever conventional isotope ratios are re-
ported, they are derived from the processed inverse ratios rather
than being calculated independently from raw data.
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Gas-blank and drift-corrected ®’Rb/*’Sr were corrected for
mass bias using NIST610 (*’Rb/*’Sr = 3.3638 + 0.0071; %°S1/*’Sr
= 1.409048 + 0.000036) and ®°Sr/*’Sr ratios using NIST612
(*Rb/*’Sr = 1.633 + 0.021; *°Sr/*’Sr = 1.410312 + 0.000040);
86Sr/%’sr from the work of Woodhead and Hergt in 2001;%
8Rb/*’Sr from certified Rb/Sr concentrations.®”**® The pulse/
analog (P/A) factor was tuned once at the beginning of the
session in MS/MS mode® and the P/A crossover was set to 107
cps multiplied by the P/A factor, with the latter being ~0.183 for
86+16gr  ~0.177 for 87*1°sr, ~0.185 for ®*¥"'°sr and ~0.188 for
85Rb. However, we observed significant drift of the P/A factor
(up to 0.4%/h but varying from session to session), so we
applied P/A-matched calibration of *°Sr/*’sr and ®Rb/*’Sr
ratios. NIST SRM612 was used as the primary reference material
for the calibration of ®°Sr/*’Sr ratios using *¢*'°Sr and **'°sr,
which were both recorded in pulse mode similar to all samples
and secondary reference materials except for CGL analysis #001
(here both **'°sr and **'°Sr in analog mode) and BHVO-2G
analysis #001-003 (here ***'°Sr in analog). NIST SRM610 had
both %*Sr and ***'°Sr in analog mode and ®**°Sr in pulse
mode and, hence, was not an alternative for calibration. Due to
the P/A bias, these analyses were not considered further. In
contrast, the ®Rb/*’Sr ratios were calibrated using NIST
SRM610, because *’Rb was consistently measured in analog
mode, whereas ®"'°Sr was measured in pulse mode. An
exception was applied to SagaB alkali feldspar analyses #012
and #019-021, in which ®Rb was measured in pulse mode; for
these analyses, ®’Rb/*’Sr ratios were calibrated using NIST
SRM612. This approach ensured appropriate P/A matching
between samples and reference materials in all cases. Downhole
fractionation (DHF) of *’Rb/*’Sr ratios over the ablation interval
was modelled with a cubic polynomial.

Matrix-corrected ®’Rb/*’Sr ratios were obtained using the
expected age (2058.2 £ 7 Ma)”* and measured isochron age of
the Phalaborwa RM (1966.4 + 9.1 Ma) and the following
equation:

[(RMugemessurea2) 1]

(Rb/*sr) — (Rb/¥sr) - £

matrix corrected e[(RMage_expwed *A) _ 1]

(1)

With A being the ®’Rb decay constant.” External uncer-
tainties (i.e., the uncertainty of A, NIST isotope ratios and the
Phalaborwa expected age and its reproducibility) were added to
the internal uncertainty in quadrature to obtain the fully
propagated uncertainty. No statistically significant excess
scatter neither within-run nor long-term was detected for
NIST610 isotope ratios. For the isochron ages of reference
materials, the internal uncertainty was constrained by the
uncertainty resulting from the isochron fit. Model single-spot
ages were calculated for K-salts by applying an initial ®’Sr/*°sr
isotope ratio of 0.75 + 0.05. Here, the uncertainty introduced by
the uncertainty of the initial ¥’Sr/**Sr isotope ratio was included
in the fully propagated uncertainty of single spot ages. Isochron
ages and single-spot ages were calculated using IsoplotR.”

The chemical composition was determined through cali-
bration with NIST610 for Li, B, Na, Mg, Al, Si, S, K, Ca, Cs, Ba, Pb

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ja00085a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 24 April 2026. Downloaded on 5/15/2026 9:06:24 AM.

(cc)

Communication

a sylvite (P3)

Lk | #0071
10°4 E :
1074 i E
2 10°; 185Rb 5
S 1051 135+16C[ ”“",‘”‘
£ 10] ol -
8 10°] : :
= 102_, Vi 874165y :
101 1 '88+1GSr !
100 : '

0 20 40 60 80 100

time (s)
b carnalite (CT3)

#Mg | #011
10°3 K :
108 i®Rb i
8 107 ! !
= 10°] uel !
2 10°1 . Br :
£ 10° |
1001 |

1021
10"

1.05 RO
"Rb/f’S
DHF factor = e

mean ¥Rb/’Sr _ -
S
&
3 S
|_I|_ 1.00 —
Q —— Camaliite (CT3)

—— Sylvite (P3)

—— NIST610

—— 98973 muscovite (L c)

—— 98973 mucovite (// c)
Phalaborwa biotite

0.95

10 20 30 40 50
time (s)

Fig. 3 LA-ICP-MS/MS signals acquired during static spot ablation of
(a) sylvite P3 (spot #001) and (b) carnallite CT3 (spot #011) using the
157 nm laser (2.5 J cm™2, 10 Hz, 60 s). The interval selected for
quantification (dotted vertical lines) excluded the first 3 s to avoid
contributions from surface contamination, which is indicated by
increased 88Sr concentrations at the beginning of the signal. After the
first few laser pulses, the 88Sr signal intensity remained close to that of
the gas blank, whereas &’Sr consistently was significantly above blank
levels, suggesting that nearly all Sr present was derived from radio-
genic ingrowth. Moreover, the smoothly declining Sr signal argued
against Sr being hosted in (fluid) inclusions. Note the progressive
accumulation of Br during the ablation of carnallite. (c) Downhole
fractionation patterns for sylvite and carnallite compared with those of
analyzed reference materials.
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and U as the primary reference material. The halogens Cl, Br,
and I were calibrated based on GSE-1G applying the values
determined by the noble gas method published by Marks et al.
in 2017.”% All mica RM, SagaB alkalifeldspar, BHVO, GSD-1G
and NIST612 were normalized using Si as an internal stan-
dard.**”* CGL026 was normalized using Na as an internal
standard. All sylvite and carnallite analyses were normalized to
K assuming stoichiometric K concentrations. CGL026 was
normalized using Na as an internal standard. All sylvite and
carnallite analyses were normalized to K assuming stoichio-
metric K concentrations of 52.45 wt% and 14.07 wt%,
respectively.

3. Results and discussion
3.1 Ablation behavior at 157 nm

We evaluated the ablation characteristics of carnallite and
sylvite by imaging the resulting crater pits at 193 nm (spot
diameter of 80 um and 1.5 ] cm~>) and 157 nm (spot diameter of
104 pum and 2.5 J cm™ %) wavelengths using secondary electron
microscopy (Fig. 2). Craters generated at 157 nm displayed
smooth and well-defined edges, whereas ablation at 193 nm
resulted in pronounced chipping and irregular crater margins,
indicating less controlled ablation behavior. Owing to the more
stable ablation and significantly lower ablation rates, all
subsequent analyses were, therefore, performed using the 157
nm wavelength. The resulting signals were smooth (Fig. 3) with
low RSD% values (e.g., ~1% for **Mg/*'K and *Rb/*'K and
~3.5% for ¥Sr/*'K in carnallite). Normalization to the internal
standard (*'K) was applied to account for the overall downhole
decrease in sensitivity, which is commonly observed during
static spot ablation.

In addition to SEM, the crater depth and associated average
per pulse ablation rate of carnallite, sylvite, NIST610 and the
mica RM were determined using an optical digital microscope
(VHX; Keyence). For sylvite even at relatively low fluences of 1.5 ]
cm 2, the average ablation rate at 193 nm was ~700 nm per
pulse, whereas at 157 nm a ~30% lower ablation rate of ~500
nm per pulse was obtained, despite the higher fluence at 157
nm of 2.5 J em™2. For carnallite, the difference in ablation rate
between the two wavelengths was even more pronounced. At
157 nm and a fluence of 2.5 ] cm ™2, an ablation rate of ~400 nm
per pulse was obtained. In contrast, at 193 nm and a fluence of
1.5 J em ™2, the resulting craters were too deep to bring their
bottom into focus. Based on our experience, this indicated
crater depths exceeding ~300 um, corresponding to ablation
rates of =1 pm per pulse. The large depth of CT3 craters is also
illustrated in Fig. 2e. The high ablation rates at 193 nm were
attributed to the lower threshold fluence and greater absorption
depth for K-salts at 193 nm,*® and would lead to rapidly
increasing ablation depth during analyses, in turn leading to
undesirably high DHF and overall reduction of aerosol trans-
port. For NIST610 and the mica RM, average ablation rates of
~100 and ~80 nm were determined at 157 nm (2.5 J cm™~>) and
193 nm (1.5 J em ™ ?), respectively. At a given wavelength, the
difference in ablation rates between these matrices was not
significant within the measurement uncertainty (~10%, 2SD).
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3.2 Rb-Sr downhole fractionation

In contrast to the downhole fractionation (DHF) behavior of the
mica reference material (RM), which closely followed that of
NIST 610 and was characterized by a monotonically increasing
87Rb/%’sr ratio over the ablation interval, the wavy DHF patterns
observed in carnallite and sylvite differed markedly. These K-
bearing salts exhibited a 1-3% increase in ®*’Rb/*’Sr during the
first third of the ablation, followed by a 1-2% decrease in the
second third, and a renewed increase of ~1% in the final third.
Importantly, the overall magnitude of DHF in carnallite and
sylvite was lower than that observed for NIST 610 and the mica
RM, with maximum fractionation of ~1% for carnallite and
~3% for sylvite, compared with values of up to ~5% for the
reference materials. This was remarkable considering the ~5-
times higher ablation rates obtained for the K-salts compared
with, for example, the mica RM (see Section 3.1) because higher
aspect ratios (depth/width) generally promote stronger DHF.
Consequently, no DHF correction was applied to K-salt analyses
because application of a NIST 610-based DHF correction would
result in overcorrection of the measured *Rb/*’Sr ratios. In
contrast, NIST 610 was used for downhole correction of all
reference materials, resulting in improved precision of the
87Rb/*’Sr ratios (e.g., the mean precision of the 98 973 musco-
vite RM improved from 0.72% to 0.62%). A constant ablation
interval was maintained for all reference materials and for the
vast majority of K-salt analyses. Ablation intervals were sub-
divided only if compositional variations within a single interval
significantly exceeded analytical uncertainty and residual
downbhole bias, indicating multiple age domains (e.g., carnallite
analysis #005: 14.6 + 0.41 Ma and 5.8 £ 0.22 Ma) (Table S1). In
other instances, ablation intervals had to be shortened to avoid
mixed analyses, such as the complex sylvite-halite-kieserite
mixtures in sample P10.

It is important to note that omitting DHF corrections does
not affect accuracy if the same ablation interval is used for both
samples and RM, but it does lead to reduced precision. If,
however, the ablation interval differs from that of the primary
RM, a systematic bias is introduced; based on the DHF curves
(Fig. 3), this bias was not expected to exceed 3% in case of K-
salts.

3.3 Rb/Sr isotope ratios, ages and elemental chemistry of K-
salt minerals

The sample-specific LOD was calculated following the approach
of Longerich et al. in 1996.7° The mean LOD was <0.5 ng g~ * for
Sr and <0.7 ng g~ for Rb. In sylvite and carnallite, non-radio-
genic *°Sr and **Sr were frequently below the (nominal) LOD. In
these cases, the corresponding values were replaced by LOD/+/2
following the approach of Frenzel detailed in 2023.”7 In
contrast, 3’Sr was much more abundant and reached a mean
concentration of 5-6 ng g ' in CT3 and 17-39 ng g~ in sylvites
P3 and P10, respectively. Given the high Rb concentrations of
330-340 pug g ' in CT3 carnallite and 46-110 pug g " in P3 and
P10 sylvites, virtually all the measured ®’Sr (98.5-99.6%) was
attributable to radiogenic ingrowth. Single-spot Rb-Sr analyses
of carnallite CT3 yielded extremely high 3 Rb/*°Sr ratios of the
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order ~4 x 10° to ~1.2 x 107, reflecting the strongly Rb-
enriched and common Sr-poor carnallite chemistry. Corre-
sponding, ®’Sr/*°Sr ratios were highly radiogenic, ranging from
~5 to 2260. Sylvite samples P3 and P10 displayed increased but
slightly less extreme *’Rb/*°Sr ratios compared with carnallite.
In sylvite P3, ¥’ Rb/®°Sr ratios ranged from ~1.2 x 10° to ~2.3 x
10°, whereas sylvite P10 exhibited lower and more restricted
ratios between ~3 x 10* and ~1.5 x 10°. Corresponding
87Sr/%68r ratios in P3 ranged from ~50 to ~800 and from ~40-
160 in P10.

Individual ®’Sr/%®Sr analyses were characterized by relatively
poor precision, with 2¢ uncertainties ranging from ~6 to
~250%, which was attributed to the extremely low abundance of
non-radiogenic Sr, commonly close to or below the LOD.

Model single-spot ages were calculated applying an initial
878r/%°Sr ratio of 0.75 with a conservatively enlarged uncertainty
of £0.5. This range was selected to encompass the ®”Sr/*°Sr ratio
of 0.70676-0.70776 reported for Permian seawater,” reflecting
Sr incorporation during primary sedimentation, while also
allowing for the introduction of additional radiogenic ®’Sr
during diagenesis, fluid interaction and metamorphic over-
print. However, given the radiogenic nature of the investigated
K salts, the influence of the assumed initial Sr isotopic
composition on the resulting Rb-Sr ages was negligible.” To
illustrate this insensitivity, an intentionally extreme (and
entirely implausible) initial ®’Sr/*®Sr ratio of 2.7 + 2.0 was
tested. Even under this extreme assumption, the single-spot age
uncertainty increased by only ~0.13%, and the mean age shif-
ted by ~1.1% towards younger values relative to the chosen
ratio of 0.75 + 0.5. The uncertainty of the latter ratio contrib-
uted only an additional ~1.2 x 107°% to the total single-spot
age uncertainty budget, which amounted to a mean relative 2o
uncertainty of ~3% (Fig. 4 and Table S1). Previous analyses of
Rb-Sr ID-TIMS performed on carnallite have yielded an age
precision of 1-2% (2 RSD; see SI Table S2) per analysis. This
difference in precision is modest, despite the substantially
higher precision of Sr isotope ratio measurements obtained by
ID-TIMS (tens of parts per million) (SI Table S2) compared with
LA-ICP-MS/MS (tens of percent) (SI Table S1). The reason is that,
at such extreme Rb/Sr ratios, age precision is dominated by the
uncertainty in the Rb/Sr ratio. This uncertainty is of similar
magnitude for LA-ICP-MS/MS (~3%) and ID-TIMS (1-2%).

Single-spot Rb-Sr ages of carnallite CT3 and sylvite samples
P3 and P10 define distinct age distributions. Carnallite CT3
comprises two spatially and geochemically distinct regions of
interest (ROI1: analyses #001 to #038; ROI2: analyses #039 to
#050), represented by spot clusters sampled ~1 cm apart
(Fig. 1). ROI1 yielded older single-spot ages ranging from ~5.8
to ~21.6 Ma, whereas ROI2 defined a younger population
between ~0.7 and ~8.8 Ma. Adaptive kernel density estimates
(KDE) of CT3 single-spot ages reveal a clear bimodal distribu-
tion with modes at ~4 Ma and ~14 Ma (Fig. 4), consistent with
the presence of two age populations. This subdivision into ROIs
was supported by distinct trace-element compositions, partic-
ularly regarding B and Cs concentrations. ROI1 was character-
ized by a mean B concentration of 0.29 + 0.03 ppm (2SE) and
mean Cs concentration of 12.09 £+ 0.13 ppm (2SE), whereas

This journal is © The Royal Society of Chemistry 2026
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Rb/Sr ID-TIMS Carnallite Gorleben (Stassfurt bed; n=5); Phillipe & Haack (1997)

Rb/Sr ID-TIMS Carnallitic rocks Péthen mine (Stassfurt bed; n=5);Philipe & Haack (1997)
“OAr/f°Ar Polyhalit Morsleben; Neubauer et al. (2011, 2014)

K-Ar Polyhalit Morsleben (n=3); Mertineit et al. (2015)

Rb/Sr ID-TIMS Carnallite Salzdetfurth mine (Stassfurt bed; n=2); Lippolt & Racek (1979)
U-Pb magnesite in stylolite Gorleben; Zulauf et al. (2025)

Fig. 4 Compilation of single-spot Rb—Sr ages obtained for the three investigated potassium salts together with the resulting adaptive kernel
density estimate (KDE). The width of the bars denotes the 2 s uncertainty. All single-spot ages are also compiled in Table S1. The top part of the
figure shows available literature data for salt minerals of Morsleben and other German salt mines located in the proximity. The latter have been
recalculated using the 8’Rb decay constant of Villa et al.”* (2015); see Table S2.

ROI2 exhibited an approximately twofold higher mean B
concentration of 0.64 + 0.03 ppm (2SE) and slightly lower mean
Cs concentration of 11.57 + 0.18 ppm (2SE) (Table 1). Sylvite P10
displayed a unimodal age distribution with a KDE mode
centered at ~91 Ma. In contrast, sylvite P3 exhibited more
complex age systematics, characterized by a dominant KDE
mode at ~33 Ma, subordinate modes at ~26 Ma and ~39 Ma,
two analyses yielded ages around ~13 Ma, and one analysis
recorded an older age of ~47 Ma. No correlation was detected
between trace-element chemistry and Rb-Sr single-spot ages for
sylvite P10 or P3.

3.4 Accuracy of the single-spot ages of sylvite and carnallite

No matrix-matched secondary reference material was available
to directly assess the accuracy of the Rb-Sr ages obtained for K-
salt minerals. Nevertheless, the ages obtained for the mica
reference materials muscovite 98 973 (265.5 & 2.3 Ma with c-axis
oriented perpendicular to the incident laser beam, and 268.9 +
2.1 Ma with c-axis parallel to the incident laser beam), as well as
for the SagaB alkali feldspar (295.5 + 6.7 Ma), agreed well with
their expected ages (98 973: 266.8 £+ 1.6 Ma; SagaB alkali feld-
spar: 295.4 £+ 1.4 Ma; ID-TIMS by Kutzschbach and Glodny in
2024).”* The SagaB biotite yielded a slightly older age than ex-
pected (300.2 + 2.6 Ma vs. 295.4 + 1.4 Ma)™ although the
resulting bias was limited to ~1%.

This journal is © The Royal Society of Chemistry 2026

It is noteworthy that the Rb-Sr elemental fractionation at 157
nm was substantially smaller than that typically observed at 193
nm. For example, the uncorrected age obtained for the matrix
reference material Phalaborwa biotite at 157 nm was 1966.4 +
9.1 Ma, compared with its expected age of 2058.2 £ 7 Ma,”
corresponding to a matrix-bias of only ~5%. In contrast, matrix
biases at 193 nm were commonly significantly larger, typically
on the order of ~10%.°+7%-% Consequently, although a matrix-
matched reference material for K salts is lacking, any systematic
age offset associated with Rb/Sr elemental fractionation at 157
nm is expected to be much smaller than at 193 nm.

Further support of the obtained K-salt ages comes from the
available, albeit limited, literature data. Age distributions
compatible with the bimodal Rb-Sr age distribution observed
for CT3 carnallite (KDE modes at ~14 Ma and ~4 Ma) have been
reported from the nearby Gorleben salt dome, which shares
a similar genetic and tectonic evolution with the one in Mor-
sleben. There, Rb-Sr ID-TIMS of carnallite from the Permian
Straf3furth bed yielded model ages between 6 and 14 Ma
(assuming an initial *’Sr/®*°Sr of 0.707, typical of Permian
seawater), interpreted as partial isotopic resetting due to *’Sr
loss induced by recrystallization associated with diapiric
movement.*” Notably, undeformed primary carnallite from the
Pothen mine (Thuringia, Germany) had a comparable reset age
of 14.6 + 11.1 Ma (isochron age recalculated using the *Rb
decay constant of Villa et al. in 2015),” indicating that isotopic
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Table1 Mean trace element concentration and percentage of radiogenic 8Sr of investigated K-salts, obtained using LA-ICP-MS/MS and u-XRF

CT3 P3 P10

ROI1 ROI2
Element Mean 2 SE (abs) Mean 2 SE (abs) Mean 2 SE (abs) Mean 2 SE (abs)
Li 0.012 0.0055 <DL 0.015 0.002 0.048 0.015
B 0.64 0.027 0.29 0.032 0.79 0.13 0.39 0.089
Na <DL <DL 8700 830 14 000 2500
Mg 92 000 350 91 000 1100 1.4 2 8.4 12
Al 0.19 0.32 0.041 0.0031 0.049 0.0036 0.06 0.023
Si 51 1.6 49 1.4 85 1.3 100 1.6
S 65 2.7 62 3.9 68 1.9 84 11
Ca <DL <DL <DL <DL
Rb 330 4.6 340 2.9 46 0.69 110 1.3
Rb (uXRF) 356 1.5 346 2 43 0.5 65 2.5
Br (uXRF) 2718 4 2629 5.4 1067 2.6 3074 17.1
86y 0.00011 0.00014 0.000051 0.000033 0.000034 0.0000079 0.00048 0.00013
87sr 0.017 0.0011 0.0054 0.0019 0.006 0.00045 0.039 0.00096
88gr 0.00075 0.0011 0.00019 0.000087 0.00011 0.000028 0.0036 0.00091
Cs 11.6 0.18 12.1 0.13 0.0079 0.0006 0.014 0.00089
Ba 0.31 0.16 0.13 0.076 0.27 0.033 0.35 0.1
Pb 0.0024 0.0025 0.0018 0.00063 1 0.37 0.013 0.018
U 0.12 0.00021 0.12 0.085 0.13 0.093 0.13 0.002
878r* (%)” 99.5 98.5 99.6 99.1

“ Data are in pg g, DL = detection limit calculated following the approach of Longerich et al. (1996),” For assighment of ROI1/ROI2, compare
Fig. 1, Complete table containing individual analyses is provided in Table S1. Amount of radiogenic ®’Sr calculated assuming an initial (non-

radiogenic) *’Sr/**Sr ratio of 0.72.

resetting was not exclusively controlled by deformation but
likely involved temperature- or fluid-assisted processes. Phil-
ippe and Haack (1997)*° also documented a younger generation
of carnallite occurring as fracture fillings within a 50-80 m thick
anhydrite unit that underwent brittle deformation during late
Gorleben diapirism, yielding significantly younger ages of 0.6-
6.9 Ma.

The distinct B and Cs concentrations associated with the two
different age modes of CT3 suggested that the younger age
population may have resulted from fluid-induced isotopic
resetting, given that B and Cs are fluid-mobile elements.
Accordingly, the observed geochemical differences between the
ROIs are consistent with dissolution-reprecipitation or fluid-
assisted recrystallization processes that could partially or fully
reset the Rb-Sr system. Episodic fluid flow in the upper Ceno-
zoic may have been associated with the Rhine rift system, which
remained active throughout the Cenozoic until the present.®*
Moreover, a piece of CT3 carnallite was previously analyzed by
ID-TIMS, yielding an age of 16.4 & 0.8 Ma,* which overlaps with
the range of single-spot ages obtained in the present study (0.7
21.6 Ma). However, considering the centimeter-scale age
heterogeneity of CT3 revealed in our study, comparisons with
age data derived from bulk samples are inherently limited.

The dominant age population of sylvite P3 at ~33 Ma was
close to the published *°Ar/*°Ar ages of polyhalite (~28 to 29
Ma)'2%3t It has been suggested that the formation or recrys-
tallization of the latter is linked to tectonic processes associated
with subsidence of the North German Basin.** Contempora-
neous fluid activity during this tectonic phase is documented by
U-Pb ages of stylolitic magnesite formed by incongruent

J. Anal. At. Spectrom.

dissolution-reprecipitation of anhydrite within the Gorleben
salt dome (25.5 + 7.4 Ma, 26.4 + 3.3 Ma, and 13.4 &+ 2.9 Ma).*®

The dominant age mode of P10 sylvite at ~91 Ma closely
coincided with the Rb-Sr ID TIMS ages of carnallite from the
Salzdetfurth mine located only ~100 km from Morsleben (86 +
1 and 100 £ 1 Ma).”® These ages may be linked to the onset of
late Cretaceous intraplate contraction in central Europe, which
is a result of a fundamental change in the relative plate motion
between Africa and Europe at ~90 Ma.** This tectonic reorga-
nization is characterized by widespread basement thrusting and
foreland deformation, and likely promoted enhanced fluid
circulation and mineral reactions within the salt system. These
phenomena provide favorable conditions for sylvite/carnallite
formation and/or isotopic resetting at that time.

4. Conclusions

We demonstrated that in situ Rb-Sr geochronology of potas-
sium-bearing evaporite minerals was feasible with sufficient
precision using 157 nm laser ablation coupled with ICP-MS/MS.
Compared with 193 nm radiation, the 157 nm wavelength
provided significantly more stable and controlled ablation of
sylvite and carnallite. The resulting single-spot ages revealed
spatially heterogeneous age populations that may record
multiple episodes of recrystallization and fluid-mediated
isotopic resetting within the Morsleben salt system during
Cretaceous and Cenozoic periods. These results highlight the
potential of high-spatial-resolution Rb-Sr dating of K-salt
minerals to directly constrain the tectonic and fluid-flow history
of evaporite deposits. By providing insights into the timing and

This journal is © The Royal Society of Chemistry 2026
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extent of past fluid migration and deformation, such evaporite
systems serve as natural experiments over geological timescales.
Consequently, they improve predictions of the long-term
geochemical stability of salt formations and provide valuable
constraints for geological site assessments, particularly in the
context of radioactive waste disposal, where safety must be
demonstrated over timescales of up to hundreds of thousands
of years. In Germany, for example, the considered assessment
period is 1 000 000 years for high-level, heat-generating waste.
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