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Lӧhr, S.; Wilmsen, M.; Farkaš, J.;

Gallhofer, D.; Bäckström, A.M.;

Zack, T.; Baldermann, A. Revisiting

Glauconite Geochronology: Lessons

Learned from In Situ Radiometric

Dating of a Glauconite-Rich

Cretaceous Shelfal Sequence.

Minerals 2022, 12, 818. https://

doi.org/10.3390/min12070818

Academic Editor: Pierre Giresse

Received: 25 May 2022

Accepted: 23 June 2022

Published: 27 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

minerals

Article

Revisiting Glauconite Geochronology: Lessons Learned from
In Situ Radiometric Dating of a Glauconite-Rich Cretaceous
Shelfal Sequence
Esther Scheiblhofer 1,† , Ulrike Moser 1,*,†, Stefan Löhr 2,3, Markus Wilmsen 4, Juraj Farkaš 3, Daniela Gallhofer 5,
Alice Matsdotter Bäckström 6, Thomas Zack 3,6 and Andre Baldermann 1

1 Institute of Applied Geosciences, NAWI Graz Geocenter, Graz University of Technology, Rechbauerstraße 12,
8010 Graz, Austria; esther.scheiblhofer@student.tugraz.at (E.S.); baldermann@tugraz.at (A.B.)

2 Department of Earth Sciences, Macquarie University, North Ryde, Sydney, NSW 2109, Australia;
stefan.loehr@mq.edu.au

3 Metal Isotope Group (MIG), Department of Earth Sciences, University of Adelaide, North Terrace,
Adelaide, SA 5005, Australia; juraj.farkas@adelaide.edu.au (J.F.); thomas.zack@gu.se (T.Z.)

4 Senckenberg Naturhistorische Sammlungen Dresden, Museum für Mineralogie und Geologie, Königsbrücker
Landstr. 159, 01109 Dresden, Germany; markus.wilmsen@senckenberg.de

5 Institute of Geosciences, NAWI Graz Geocenter, University of Graz, Universitätsplatz 3, 8010 Graz, Austria;
daniela.gallhofer@uni-graz.at

6 Department of Earth Sciences, University of Gothenburg, Guldhedsgatan 5a, 41320 Gothenburg, Sweden;
gusalicba@student.gu.se

* Correspondence: ulrike.moser@unileoben.ac.at; Tel.: +43-3842-402-1206
† These authors contributed equally to this work.

Abstract: The scarcity of well-preserved and directly dateable sedimentary sequences is a major im-
pediment to inferring the Earth’s paleo-environmental evolution. The authigenic mineral glauconite
can potentially provide absolute stratigraphic ages for sedimentary sequences and constraints on
paleo-depositional conditions. This requires improved approaches for measuring and interpreting
glauconite formation ages. Here, glauconite from a Cretaceous shelfal sequence (Langenstein, north-
ern Germany) was characterized using petrographical, geochemical (EMP), andmineralogical (XRD)
screening methods before in situ Rb-Sr dating via LA-ICP-MS/MS. The obtained glauconite ages
(~101 to 97 Ma) partly overlap with the depositional age of the Langenstein sequence (±3 Ma), but
without the expected stratigraphic age progression, which we attribute to detrital and diagenetic
illitic phase impurities inside the glauconites. Using a novel age deconvolution approach, which
combines the new Rb-Sr dataset with published K-Ar ages, we recalculate the glauconite bulk ages to
obtain stratigraphically significant ‘pure’ glauconite ages (~100 to 96 Ma). Thus, our results show
that pristine ages can be preserved in mineralogically complex glauconite grains even under burial
diagenetic conditions (T < 65 ◦C; <1500 m depth), confirming that glauconite could be a suitable
archive for paleo-environmental reconstructions and direct sediment dating.

Keywords: glauconite; radiometric dating; in situ Rb-Sr geochronology; diagenesis; illitization;
LA-ICP-MS/MS

1. Introduction

The physical, mineralogical, and chemical/isotopic characteristics of sedimentary
sequences document the co-evolution of life and the earth system through time and space,
but the precise dating and correlation of geographically distant localities are often challeng-
ing, which limits the applicability of most sedimentary archives for paleo-environmental
reconstructions [1,2]. Indeed, the scarcity of precisely datable volcanic ash deposits [3]
and organic-rich black shales [4] in the geological record as well as their close association
with specific tectonic and environmental settings, such as active continental margins or
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anoxic deep-marine basins [5,6], currently limit the accurate dating of marine sediments
and the establishment of high-resolution element/isotope records [7,8]. A directly dateable,
widespread, and robust mineral archive, which forms at or immediately after the time of
sediment deposition, is needed to resolve details on proxy signal evolution (e.g., magne-
sium, calcium, silicon, sulfur, or oxygen isotopes) in marine sediments throughout the rock
record. However, most authigenic minerals (e.g., carbonates and phosphates, both biotic
and inorganic), which grow at the water–sediment interface or during early diagenesis
are relatively soluble and highly reactive and thus prone to post-depositional alteration
via, e.g., erosion and mechanical reworking, microbiological activity, chemical dissolu-
tion, re-crystallization, and/or formation of mineral (over)growths [9,10]. These processes
often lead to the resetting of the primary or pristine marine signatures linked to sedi-
ment/mineral formation, thus limiting their value in paleo-environmental reconstructions,
even if these materials are sufficiently well-preserved to be accurately dated [11,12].

The authigenic clay mineral glauconite, in contrast, potentially represents a more robust
and directly dateable archive of seawater composition, provided that glauconite formation
ages can be accurately measured and interpreted. Glauconite is a dioctahedral 2:1 ferruginous
green clay mineral, which is thought to form through the Fe3+-smectite to glauconite reaction
(henceforth called glauconitization) during early marine diagenesis [13–18]. Its genesis near
the water–sediment interface is controlled mainly by the composition of the sediment substrate,
such as fecal pellets, foraminifera chambers, and biogenic/detrital debris, which provide
semi-confined micro-environments suitable for glauconitization in calcareous and siliciclastic
sequences [19,20]. Moreover, if the rate-limiting chemical elements for glauconite formation,
such as Fe2+/3+ and K+ ions, are readily supplied from seawater or porewater, glauconite
minerals mature from the nascent (<4 wt.% K2O), through slightly evolved (4–6 wt.% K2O),
and evolved (6–8 wt.% K2O) to the highly evolved (>8 wt.% K2O) stage [13,21].

While the physical and chemical controls linked to the formation of glauconite minerals
in marine sediments have been resolved in sufficient detail, the specific timing of glauconiti-
zation remains currently disputed. To illustrate, according to Odin and Matter [13], evolved
glauconite requires ~105 to 106 years to form in permeable shelfal sediments, whereas
Meunier and El Albani [22] argue that glauconite formation proceeds more slowly in less
permeable or deep-marine lithologies, requiring a maturation lasting a few million years
(~5 Ma). Recent work on glauconite authigenesis in shallow-water [23] vs. deep-marine [17]
settings basically support both interpretations, with slower formation rates potentially
problematic for glauconite-based geochronology and a precise dating of marine sediments
or sedimentary rocks.

In this contribution, we consider the following two scenarios for the interpretation of
glauconite ages (Figure 1). Scenario 1 involves fast (<1 Ma) and complete glauconitization
taking place at the seawater–sediment interface, ref. [13] to produce glauconite grains
with a homogenous composition and a small age variation, thus fairly well recording the
time of sedimentation (Figure 1, left panel). Scenario 2 (Figure 1, right panel) considers
slow (>5 Ma) and incomplete glauconitization [22] to generate glauconite grains with
a heterogenous composition and a variable age distribution due to their discontinuous
growth and maturation at the sediment–seawater interface, leading to the presence of
residual substrate components and only partial equilibration with seawater [24]. The
presence of such inherited, detrital minerals (e.g., muscovite and K-feldspar) and/or the
post-depositional and burial diagenetic growth of illitic clay minerals (e.g., illite and illite-
smectite) inside the glauconite grains can potentially modify the bulk glauconite formation
ages, shifting them towards younger or older ages, respectively. For example, while some
glauconites may yield absolute formation ages close to the expected bio-stratigraphic age of
the host sediment (within assigned analytical uncertainties), many glauconite samples are
too young, which has resulted in a general withdrawal of glauconite geochronology [25–27].
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Figure 1. Schematic illustration of rapidly vs. slowly progressing glauconite (Glt) formation in
shallow-marine sediments with corresponding effects on glauconite formation ages: Scenario 1
(left panel) assumes that the glauconite formation age is coeval or about equal to the sediment deposi-
tional age due to fast glauconitization at the sediment–seawater interface [13]. Scenario 2 (right panel)
anticipates that the glauconite formation age is different compared to the sediment depositional age,
reflecting the complexity of seawater/porewater evolution and local glauconite/sediment substrate
interactions during slow glauconitization within the sedimentary column [22]. In both cases, the
diagenetic intergrowth of illitic phases and the presence of inherited detrital grains can further affect
the glauconite bulk ages.

However, depending on the specific conditions prevailing during glauconite forma-
tion and potential post-depositional alteration, it may be possible to correct these bulk
glauconite ages.

Specifically, if (i) burial diagenesis does not alter the pristine composition and isotopic
ratios of the glauconite grains, i.e., in a closed system where Rb and Sr are not mobilized or reset;
and (ii) the formation of the glauconite and diagenetic illite proceeds fast (i.e., scenario 1); and
(iii) both phases, as well as any other detrital components, can be physically separated, quantified,
and radiometrically dated (e.g., via Rb-Sr, K-Ca, K-Ar, or 40Ar-39Ar dating), one could obtain
meaningful ages for all mineral components, including authigenic as well as diagenetic and
detrital phases. In contrast, if one or more generations of the diagenetic minerals form slowly
over a long period of time (i.e., a few Ma) or progressively replace the detrital phases (scenario 2),
then the resultant ‘mixed’ ages cannot be easily deconvoluted and are barely meaningful for the
reconstruction of depositional ages and/or basin history and evolution.

Here, we use authigenic glauconite from the bio-stratigraphically well-constrained
Langenstein profile (Subhercynian Cretaceous Basin on the Northern German shelf) of early
Late Cretaceous (Cenomanian) age to test the above hypotheses by combining petrographic
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and mineralogical characterization of the glauconite-rich strata with novel in-situ Rb-
Sr dating and chemical analysis of glauconite separated by laser ablation collision cell
inductively coupled plasma mass spectrometry analyses (LA-ICP-MS/MS).

2. Materials and Methods
2.1. Material

Glauconite-rich marine sedimentary rocks from the Langenstein profile (Figure 2a),
located in the Subhercynian Cretaceous Basin north of the Harz Mountains in northern
Germany, were collected during two field campaigns in October 2020 and July 2021. The
samples were taken from the entire glauconite-bearing interval, which covers large parts of
the Mantelliceras dixoni Zone (Figure 2b), henceforth called M. dixoni Zone (M. dixoni is
the index ammonite for the late Early Cenomanian), and the lowermost part of the lower
Middle Cenomanian (A. rhotomagense Zone; see Wright and Kennedy [28] for Cenomanian
ammonite biozonation). Unconformably overlying lowermost Cretaceous sandstones, the
Langenstein section starts with a ferruginous basal transgression conglomerate free of
glauconite, which grades into an inner shelf sandstone rich in glauconite (up to 70 wt.%),
which is overlain by glauconite-bearing, marls, and marly limestones of the M. dixoni
Zone, which accumulated in a mid-shelf setting [29,30]. These so-called Glauconitic Pläner
Limestones contain ~25 to 30 wt.% glauconite in the bottom part and ~1 to 5 wt.% glauconite
up-section in the profile. The strongly glauconitic lower part of the section has been
previously assigned to the M. dixoni Zone by several authors [29,31], even if index fossils
are absent in this part. Facies change to scarcely glauconitic Pläner Limestones occurs ca.
3.5–4 m above the transgression conglomerate, accompanied by the occurrence of the lower
Middle Cenomanian index ammonite of the A. rhotomagense Zone shortly above [29,31].
Up-section, almost glauconite-free pelagic limestones of the late Middle Cenomanian
age occur, characterizing the Cenomanian outer shelf facies [30]. Interventionary studies
involving animals or humans, and other studies that require ethical approval, must list the
authority that provided approval and the corresponding ethical approval code.

Figure 2. The lithostratigraphic log (a) (modified after Baldermann et al. [16]) includes the glauconite-
bearing section marked in green color, which probably started in the M. mantelli Zone (S1), passing
into the well-defined M. dixoni Zone (S2–S4) and reaching the basal A. rhotomagense Zone, from
which theuppermost sample (S5) was collected. Geological overview (b) of the studied Langenstein
profile, located within the Subhercynian Cretaceous Basin north of the Harz Mountains in Germany
(map modified after Voigt et al. ([32,33]).

Two distinct procedures were used for the glauconite extraction and separation: (i) In
the case of the glauconite-bearing sandstone (S1 in Figure 2b), a hand-sized specimen was
disintegrated by pressing the weakly consolidated or even loose material against a glass



Minerals 2022, 12, 818 5 of 19

plate. (ii) In the case of the glauconite-bearing limestones (S2–S5 in Figure 2b), the carbonate
matrix was dissolved using 10% HCl, followed by washing of the acid-insoluble residue
with ultrapure water. The loose materials were wet-sieved using standard sieves with
different mesh sizes to collect the size fractions larger than 750 µm, 400 µm, 100 µm, and
63 µm and smaller than 63 µm, respectively. Based on an initial mineralogical analysis and
an optical microscopic inspection of the collected grain size sub-fractions, it turned out that
the glauconite grains from the fraction below 100 µm show evidence of oxidative alteration,
i.e., Fe-(hydr)oxides were identified on the exterior and inside cracks within the glauconite
grains. Thus, only glauconite grains larger than 100 µm in size without visible signs of
alteration were separated using a neodymium magnet and prepared on standard mounts
with a tweezer under an optical microscope. Subsequently, the mounts were embedded
in epoxy resin (EpoFix resin and EpoFix hardener) and polished using a Pelcon polishing
machine (Pelcon Materials & Testing Aps, Ballerup, Denmark) and Struers DP-suspension
(Struers GmbH, Willich, Germany) with varying particle size diameter down to 1 µm in
preparation for radiometric dating and chemical analysis via LA-ICP-MS/MS (Agilent,
Santa Clara, CA, United States).

2.2. Analytical Methods

X-ray diffraction (XRD) patterns were obtained on powdered bulk rock samples using
a PANalytical X’Pert PRO diffractometer outfitted with a high-speed Scientific X’Celerator
detector (40 kV, 40 mA; Co-Kα radiation source) (Malvern Panalytical Ltd., Malvern,
United Kingdom). The top-loading technique was used for sample preparation. The
samples were analyzed in the 4 to 85◦ 2θ range with a step size of 0.008◦ 2θ and a scan
speed of 40 s. Mineral identification was made by Rietveld analysis of the XRD patterns
using the PANalytical X’Pert HighScore Plus (version 3.0d (3.0.4)) Software and the ICSD
database [34]. For the further identification of mineral impurities present within the
glauconites, such as detrital muscovite and diagenetic illite-smectite, the glauconite grains
from samples S1–S4 (S5 barely contained glauconite and was therefore not analyzed) were
prepared as randomly oriented powder mounts and X-rayed at ambient temperature.
Afterward, the preparations were placed in a storage compartment within a desiccator that
contained ethylene glycol to induce swelling of the smectitic impurities and reanalyzed
followed by Rietveld refinement of the XRD patterns for mineral phase quantification.

The petrography of selected glauconite grains (samples S1–S4) was analyzed on
polished thick sections obtained from bulk rock samples by electron microprobe (EMP)
analyses using a JEOL JXA8530F Plus Hyper Probe (Jeol Ltd., Tokyo, Japan) at the University
of Graz. Mineral impurities present within the glauconite grains were screened and
visualized by means of backscatter electron (BSE) images obtained from polished mounts.
Chemical data were acquired from individual zones and areas within the impure glauconite
grains for mineral identification (see Supplementary Figure S1).

In situ Rb-Sr dating and chemical composition analysis of polished glauconite grain
mounts were realized by LA-ICP MS/MS at the Earth Science Center, University of Gothen-
burg. The isobaric overlap of 87Rb on 87Sr was resolved by applying a reaction cell tech-
nology (online separation of 87Sr from 87Rb using a gas) via the recommended reaction
gas N2O to produce SrO+ along with unreacted Rb+ ions in the LA system for subsequent
dating by ICP-MS/MS at masses 103 and 87 (monitored as 85), respectively [34–37]. To
ensure sufficient data reproducibility, only visually homogenous glauconite grains devoid
of obvious alteration minerals or mineral inclusions were considered and pre-selected for
Rb-Sr age dating, which was carried out on an Agilent 8800QQQ ICP-MS/MS connected to
a 213NWR LA system [38]. However, we note that the presence of sub-surface inclusions in
glauconite, as well as detrital and diagenetic mineral intergrowths at the sub-micron scale,
cannot be excluded, which could affect the bulk glauconite age. Instrumental configurations
are as follows: 50 µm laser spot size, 10 Hz pulse repetition rate, 5.7 J/cm2 fluence, and a
dwell time of 40 s total or 0.01 s for each mass. The flow rates of the reaction and carrier
gases were set to 4 mL N2/min (22% N2O), 0.06 mL H2/min, and 750 mL He/min. Further
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analytical conditions and instrumental parameters are provided by Hogmalm et al. [37].
For the calibration of the mass response and the calculation of the glauconite ages as well as
glauconite compositions the following primary reference materials and external standards
were analyzed after each ~10 LA spots on glauconite grains: NIST SRM 610, BCR-2G,
Mica-Mg, GA-1150, La Posta, Högsbo-ms, MDC, and Mica-Fe [36,38–46]. They were always
reproduced within the 2σ-uncertainty of the recommended values provided by Zack and
Hogmalm [39].

The sample and standard average count rates (CPS) of all elements and relevant
isotopes were processed with Iolite—Igor Pro© [47] to determine all important isotopic
and element ratios and to enhance the accuracy of the results by adjusting peaks for each
measured sample in terms of the program-calculated ratios. A data reduction scheme
(DRS) was applied to all ratios, such as Rb87/Sr86 and Sr87/Sr86 ratios, which considers
2 sigma errors as well as an 87Sr/86Sr initial of 0.7074 (i.e., Cenomanian seawater 87Sr/86Sr
composition [48]) and the primary reference material BCR-2G as well as the secondary
standard NIST SRM 610 [39,49]. The DRS and all calculations therein are reported in Rösel
and Zack [49]. Sample and standard ages, internal uncertainties (2 sigma errors) and
mean square of the weighted deviates (MSWD) were calculated from isochrons produced
via the online version of IsoplotR [50–52] and using the updated Rb decay constant of
1.3975 ± 0.0045 (10–11 y−1) reported by Villa et al. [53]. A compilation of relevant datasets
obtained from the above standards, reference materials, and glauconites is provided in
Supplementary Table S1.

Major element abundances (wt.%) were calculated via an in-house spreadsheet, based
on Excel©, using the standardized Longerich equation [54], where the measured Si content
was used for normalization. These chemical data were compared with published glauconite
compositions based on EMP measurements [55]. However, we note that a direct comparison
between the two datasets is challenging, because (i) the chemical data were obtained
from different areas within the glauconite grains (thin section vs. glauconite separates),
(ii) spot diameters are different (~1.5 vs. 50 µm), and (iii) data processing algorithms and
standardization differ among the two methods.

3. Results and Discussion
3.1. Petrography and Geochemistry of Glauconites from Langenstein

Glauconite grains occur in two distinct lithologies at Langenstein, including (i) a ~40 cm
thin glauconitic sandstone bed at the base and (ii) glauconite-bearing marly limestones of
~2.5 m vertical thickness in the middle part of the profile (see Figure 2), which document
the onset and the progression of the Cenomanian transgression in the Northern German
Basin [29]. The glauconite content decreases from ~70 wt.% at the base and ~25 to 10 wt.% in
the middle part to <5 wt.% at the top of the profile.

The vast majority of the glauconites appear as dark to medium green-colored, rounded
to oval-shaped, and partially cracked grains (~85 wt.% of the total glauconite fraction),
~63 to 500 µm in size (average size: ~200 µm), which are interpreted as glauconitized fecal
pellets. Light green-colored fecal pellets (~10 wt.%) as well as greenish foraminifera infills
(~5 wt.%) occur in minor proportions. The majority of the green grains are well-sorted and
show expansion cracks at the exterior of the glauconites, which is typical for authigenic,
highly evolved glauconite [13,15,18,56–58]. Most of the glauconite grains contain detrital
quartz, K-feldspar, and illite/muscovite particles as well as hydroxyl-apatite and calcite
inclusions; some are filled with secondary minerals, such as Fe-(hydr)oxides, and plenty of
grains are intergrown with fine illite-smectite, especially along the surface (micro) cracks
(Figure 3a,b). The latter phases likely formed syn- or post-depositional and during burial
diagenesis, respectively [16,18,59–61].
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Figure 3. (a,b) BSE image showing a glauconitized (highly evolved) fecal pellet with abundant apatite
(Ap), quartz (Qz), and sub-surface mineral inclusions as well as diagenetic illite-smectite (Ilt-Sme)
growing in cracked and fractured areas at the glauconite exterior (rimmed corrosion layer). (c–f) Cross-
plots of major elements in glauconite measured by EMP (blue field/ellipse) and LA-ICP-MS/MS
(red field/ellipse). Note that the Langenstein glauconites are evolved to be highly evolved, Fe-rich,
and plot well in the range of documented glauconite compositions of the Mesozoic age [13,15]. A
strong co-variation in the chemical data is seen, as indicated by an 80% data overlap (2 SD). However,
some of the LA-ICP-MS/MS data show evidence of the presence of mineral impurities (see distinct
chemical trends highlighted in (d)).

Chemically, glauconitization is often described as a transformation reaction of K-poor,
Fe(III)-smectite precursors to K- and Fe(III)-rich glauconite via the formation of glauconite-
smectite intermediates [19]. Accordingly, published EMP results obtained from the Langenstein
glauconites (samples S1–S4) reveal that these can be characterized as evolved to highly evolved
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and Fe-rich, judging from the range of measured K2O and total Fe (TFe: Fe2O3 + FeO) contents,
with the averages often exceeding approximately 8–9 wt.% and 20–25 wt.%, respectively
(Figure 3c,e; [55]. The SiO2, Al2O3, MgO, Na2O, and CaO contents are inconspicuous and
generally plot well within the documented range of Mesozoic glauconites (Figure 3e,f; [15]), as
shown by a compositional variability from (K0.75–0.82Na0–0.01Ca0.01–0.04)(Fe3+

1.06–1.20Fe2+
0.11–0.12

Al0.29–0.42Mg0.40–0.46)[Al0.27–0.36Si3.65–3.73O10](OH)2 [55].
The chemical compositions of the glauconite grains (S1–S5) measured by LA-ICP-

MS/MS analysis (see Supplementary Table S2) range from 50.9 to 60.8 wt.% SiO2, 6.5 to
10.5 wt.% Al2O3, 15.3 to 24.0 wt.% TFe, 3.0 to 4.9 wt.% MgO, and 6.8 to 10.0 wt.% K2O
among all samples studied. Minor amounts belong to Na2O (0.02–0.05 wt.%) and CaO
(0.05–0.22 wt.%) as well as TiO2 (0.01–0.16 wt.%) and MnO (~≤0.01 wt.%), whereby the
latter relate to distinct mineral impurities rather than to the glauconite structure. The
cross-plot of the elemental (EMP and LA-ICP-MS/MS) data and glauconite compositions,
shown in Figure 3, reveals a significant overlap of the acquired chemical datasets, which
demonstrates the high accuracy and robustness of both methods and analytical approaches
(Figure 3c–f), confirmed by a ~80% data overlap within the 2 SD range. Accordingly, the
glauconites can be classified as evolved (6–8 wt.% K2O) to highly evolved (8–10 wt.% K2O)
and Fe-rich (≥19 wt.% TFe), with respect to the maturity definition of Odin and Matter [13].
However, small variations between the two datasets are observable, which we attribute
either to the presence of sub-micron scale (both detrital and diagenetic), mineral impurities,
or to sub-surface inclusions exposed and sampled during LA analysis, which are both
‘invisible’ to SEM and EMP techniques but can impact the LA analyses (see Figure 3a,b for
documented mineral impurities and corresponding distinctive chemical trends in 3d).

The relations of the TFe, K2O, SiO2, and Al2O3 contents (Figure 3c–f) provide further
insights into the glauconitization process at Langenstein. Briefly, (i) the comparatively
higher Al2O3 and lower K2O contents observed in sample S1 are attributable to its proximity
to the transgression horizon, i.e., documenting a high detrital aluminosilicate content in
the host sediment, which was subjected to glauconitization with Al being incorporated
during glauconite formation and growth [62]. (ii) Progressively higher K2O and TFe
(samples S2–S5) over Al2O3 contents (sample S1) suggest a continuous facies shift, from
continental siliciclastic (inner-shelf) to marine calcareous (mid-shelf) sedimentation, with
increasing stratigraphic distance from the transgression base [29]. Finally, (iii) the linear
anti-correlation between the Al2O3 and TFe contents in glauconite (Figure 3f) indicates that
glauconite maturation proceeded through the substitution of Fe3+, Fe2+, and Mg2+ ions for
Al3+ ions in the octahedral sites and of Al3+ ions for Si4+ ions in the tetrahedral sites, so
that the resultant negative layer charge had to be balanced by the incorporation of K+ ions
and minor Na+ and Ca2+ ions in the interlayer sites of glauconite [19,21,63,64].

In essence, the overall high K2O contents in glauconite, the large overlap (i.e., homogene-
ity) of the glauconite compositions, and the low abundance of immature (or poorly evolved)
light green grains suggest that the rate-limiting elements for glauconitization (e.g., K, Mg, Si,
and Fe) were readily available at Langenstein within the specific semi-confined local micro-
environments, such as fecal pellets and foraminifera chambers, and that glauconite maturation
went almost to completion [13,15,21,62,65]. This mode of glauconitization is representative of
modern and ancient shallow marine settings with low sedimentation rates that promote and
facilitate the formation of glauconite minerals.

3.2. Mineralogical Composition and Impurities in Langenstein Glauconites

The XRD patterns obtained from the separated glauconite grains (S1–S4; note again
that the green clay content in sample S5 was too small for the acquisition of the XRD
pattern) reveal ordered reflections at 10 Å, 5.0 Å, 4.5 Å, 3.3 Å, 2.6 Å, and 1.51 Å (see
Figure 2 in Baldermann et al. [54]), both for the glauconites from the sandstone and
limestone lithologies, which correspond to d(001), d(002), d(020), d(003), d(102,131), and d(060,331),
respectively [13]. Additional peaks at 3.6 Å and 3.1 Å relate to d(112) and d(112) reflections
and are characteristic for the 1M polytype of glauconite, whereas the weak ‘XRD bulge’
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between 25 and 40◦ 2T belongs to minor amounts of glauconite-smectite with a 1Md
polytype structure [16,66]. The glauconite separates occasionally contain quartz, hydroxyl-
apatite, Fe-(hydr)oxides (mainly goethite), calcite, K-feldspar, kaolinite, illite/muscovite,
and illite-smectite in varying (but generally minor) amounts, which are present mainly as
mineral impurities, according to BSE image data (see Figure 3a,b).

Specifically, the XRD patterns obtained from ethylene glycol-solvated, randomly
oriented glauconite separates display all the glauconite reflections mentioned before as
well as a weak and broad d(001)-reflection at ~16.4 Å, which is typical for mixed-layered
illite-smectite having ~60% Ilt layers and ~40% Sme layers (R1-ordered), consistent with
results previously reported by Baldermann et al. [16]. Illite-smectite contributes 3 wt.% to
the S1 glauconite separate, 11 wt.% in S2, and 5 wt.% in each S3 and S4, as obtained from
Rietveld-based analysis of the XRD patterns (Figure 4). Minor amounts of illite/muscovite
with ~95% Ilt layers and ~5% Sme layers (R3-ordered) were also identified in all glauconite
separates (~2 wt.% in S1, ~1.5 wt.% in S2 and ~1 wt.% in S3–S4) based on distinct d(001) and
d(002) reflections at ~9.95 Å and 4.99 Å, respectively [66].

Figure 4. XRD patterns of separated glauconite powders (S1–S4) upon ethylene glycol solvation
displaying characteristic peaks for glauconite (Glt-Sme), quartz (Qz), illite-smectite (Ilt-Sme), and
illite/muscovite (Ilt), respectively. Red data points refer to measured diffracted intensities and blue
curves mark Rietveld-based best-fitting lines.

The decreasing illite/muscovite content up-section in the profile may indicate a progres-
sive displacement of the depositional environment, from proximal (S1) to more distal (S5)
settings. Sporadically, quartz was found in sample S4, accounting for ~2 wt.% (Figure 4). All
glauconites are R3-ordered, have a Glt content exceeding 95% and sum up to 87.5 to 95 wt.%
of the total grain fraction. The assemblage of detrital illite/muscovite, early diagenetic glau-
conite, and late diagenetic illite-smectite within single glauconite grains (Figure 3a,b) impacts
the obtained Rb-Sr ages as discussed below.

3.3. Determination of Glauconite Ages via In Situ Rb-Sr Geochronology

In situ Rb-Sr dating via LA-ICP-MS/MS was carried out on glauconite separates of
samples S1–S5. Approximately ~30 to 40 LA spots per sample (167 LA spots in total)
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were analyzed and the results are presented in Figure 5. To constrain meaningful glau-
conite bulk ages from the measured 87Rb/86Sr and 87Sr/86 Sr ratios, an initial seawater
87Sr/86Sr value of 0.7074 for the Late Cretaceous was applied (e.g., [48]). We note here
that the glauconite bulk ages most likely represent mixed ages, as inferred from XRD,
EMP, and LA data showing detrital and diagenetic mineral impurities in glauconite grains
(see Figures 3 and 4). Time-resolved LA measurements show overall low average Sr con-
tents, ranging from 4.1 ppm in sample S1 to 6.5 ppm in sample S5, which along with
higher Rb contents (ranging from 263.2 to 3264.8 ppm) demonstrate the applicability of the
traditional Rb-Sr isochron age determination [39]. Detailed LA-ICP-MS/MS results, such as
87Rb/86Sr and 87Sr/86Sr ratios, Rb and Sr contents, and standard materials used from the
GeoReM database [43], are provided in Supplementary Table S1. The isochron plots reveal
glauconite bulk ages (with 1σ uncertainties shown as ellipses) of 97.34 ± 0.74 Ma for S1,
101.32 ± 0.65 Ma for S2, 97.69 ± 0.73 Ma for S3, 97.69 ± 0.78 Ma for S4, and 97.06 ± 0.88 Ma
for S5, respectively (Figure 5). The MSWDs range from 0.5 to 0.9 for all samples, which
indicates that the glauconite bulk ages are not overdispersed with respect to the stated
analytical uncertainties [51,52].

Figure 5. Isochron plots displaying glauconite bulk ages and related uncertainties (1σ is shown as
ellipses and 2σ is indicated in the annotated boxes) as well as MSWD that is consistently < 1 for the
glauconite separates of samples S1–S5 (n = 167). Note that an initial seawater 87Sr/86Sr value of
0.7074 for the Cretaceous was used [48].
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The obtained glauconite bulk ages and their 2σ uncertainties are reasonable as (i) they
generally fit within the latest Early to early Late Cretaceous, from the latest Albian to the early
Middle Cenomanian (see GTS 2020), and (ii) partly overlap with published glauconite ages
of 95.0 ± 1.8 Ma (K-Ar-based) reported from Langenstein for the uppermost part of the M.
dixoni Zone [16]. However, a continuous geochronological progression from the transgression
horizon, which is represented by the basal conglomerate and the overlying glauconite-bearing
sandstone [30], toward more open marine carbonate sedimentation, represented by the
Glauconitic Pläner Limestones, is barely evident from collected in situ Rb-Sr data (Figure 6).
For instance, sample S1 is younger (~0.7 Ma) compared to its expected provenance from
the lower M. dixoni Zone and sample S2 is comparatively older (~3 to 4 Ma) than the
stratigraphic ages estimated for the Langenstein profile [29]. Samples S3–S5, which were
taken from the M. dixoni and lowermost A. rhotomagense zones, display a closer match to
the estimated stratigraphic ages, as all three samples overlap within analytical uncertainty of
LA-ICP-MS/MS-based dating and with expected stratigraphic ages.

From the obtained glauconite bulk ages it becomes clear that any potential post-
depositional modifications and/or significant resetting of the Rb-Sr systematics of the
studied glauconite are negligible. These include possible phenomena such as (i) decomposi-
tion or diagenetic dissolution of Rb- and K-rich detrital minerals (e.g., feldspar and mica) in
the sediment substrate and the subsequent (ii) uptake of inherited (non-marine) Rb, K, and
Sr isotope signals by authigenic or late diagenetic glauconite [67], and also (iii) a possible
loss or gain of Sr during diagenetic processes or (iv) isotopic exchange with non-marine
burial/diagenetic fluids [68,69]. Results also indicate that resetting of the isotopic signa-
tures of glauconite is insignificant during comparatively shallow burial diagenesis, as is the
case for the Langenstein profile (≤1500 m burial depth; ≤65 ◦C [16]). Overall, the presence
of detrital and diagenetic mineral impurities present in single glauconite grains can have
a strong impact on the measured bulk ages, which thus requires a careful petrographic
screening and mineralogical characterization of the glauconites (see Figures 3 and 4). In
the following section, we re-evaluate the Rb-Sr glauconite bulk ages by considering the
effects of detrital (illite/muscovite) vs. diagenetic (illite-smectite) mineral impurities and
contamination, which affect the age distributions measured in glauconite grains. Such
micron/sub-micron-size mineral impurities are commonly ‘invisible’ and hard to detect
visually during the LA-based Rb-Sr dating, but could be detected or quantified via XRD
analysis of powdered glauconite separates.

The detrital illite/muscovite and the diagenetic illite-smectite have been previously
dated to 247.2 ± 3.4 Ma (Olenekian, Early Triassic) and 68.0 ± 1.6 Ma (Maastrichtian, Late
Cretaceous), respectively, based on K-Ar dating of separated grain size fractions coupled
to illite polytype analysis [16]. With recognition of the distinct age distributions of the
illitic phases (i.e., glauconite, illite/muscovite, and illite-smectite), which contribute to the
measured Rb-Sr-based glauconite bulk ages, and their Rietveld-based mineral quantifica-
tions (Figure 3), we can deconvolve these mixed ages and calculate impurity-free, ‘true’
glauconite ages, according to the equation:

AgeGlt (Ma) = Bulk ageGlt (Ma) − %Ilt-Sme × AgeIlt-Sme (Ma) + %Ilt/Ms × AgeIlt/Ms (Ma)

where %Ilt-Sme and %Ilt/Ms are the fractions (in wt.%) of illite-smectite and illite/muscovite
phases in the bulk glauconite separates, bulk ageGlt is the Rb-Sr-based glauconite bulk age,
which includes the aforementioned mineral impurities; and ageIlt-Sme and ageIlt/Ms are the
depositional ages of illite-smectite and illite/muscovite determined by K-Ar dating [16].
Detailed information is available in Supplementary Table S3.

The calculations assume that the provenance and hence the age of the detrital illitic
phases did not change through the transgression. We further note that a classical error prop-
agation analysis is barely possible, given that the uncertainty of the XRD quantifications is
poorly constrained. However, if we apply the known uncertainties of the Rb-Sr and K-Ar
ages obtained for each illitic phase to the calculated illitic fractions present in each sample
S1–S5 (and taking these estimates as absolute), the uncertainty of the corrected glauconite
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ages is only ~0.1 to 0.2% relative to the glauconite bulk ages, because these mineral impu-
rities account for only a minor proportion of the total glauconite grains. If we, however,
consider a ± 3 wt.% uncertainty to the calculated illitic fractions [70], then the uncertainty
of the corrected glauconite ages increases to 0.4–11% relative to the glauconite bulk ages,
which is much larger than the estimated duration of the entire Langenstein section. In the
following, we thus present the corrected glauconite ages relative to the bio-stratigraphic
position in the Langenstein profile without providing explicit uncertainties to each sample.

Sample S1 contains 3 wt.% illite-smectite, 2 wt.% illite/muscovite, and 95 wt.% glau-
conite and has a mixed age of 97.34 ± 1.45 Ma, which gives a corrected glauconite age
of ~100.2 Ma, which corresponds to the lowermost M. mantelli Zone. This unexpected
finding might be an indication of a hitherto not identified first transgression event in the
earliest Cenomanian, corresponding to the ultimus/Aucellina Transgression in the regional
literature (e.g., [29,71]). This observation may corroborate the early records of Ammonites
mantelli from Langenstein [31,72]. By contrast, sample S2 is characterized by a higher
illite-smectite content (11 wt.%), a similar illite/muscovite content (1.5 wt.%), and a smaller
glauconite content (86.5 wt.%), and it has a mixed age of 101.32 ± 1.28 Ma, resulting in a
corrected glauconite age of ~97.5 Ma, thus transferring it into the expected position within
the M. dixoni Zone. Similar data processing yields corrected glauconite ages of ~96.8 Ma
for samples S3 and S4, corresponding to the upper part of the M. dixoni Zone from where
the two samples were obtained. Sample S5 is assumed to have a more equal clay mineral
assemblage than S3 and S4, based on an alike geochemical composition (Figure 3) and
identical facies association (Figure 2), resulting in a corrected glauconite age of ~96.1 Ma,
which fits well to the expected age within the lower A. rhotomagense Zone (Figure 6).
The deconvoluted glauconite ages and their close relation to the biostratigraphy of the
Langenstein profile (Figure 6) allow us to further draw conclusions about the rate of the
shallow-water glauconitization process at this paleo-site.

Figure 6. Bio-stratigraphic and geochronologic framework of the Langenstein section and absolute
ages of samples S1–S5. The bio-stratigraphic position of the Langenstein section is based on Horna [16]
and Wilmsen [29], starting in the late Early Cenomanian M. dixoni Zone (grey bar), with approximate
positions of samples used in this study (note the stratigraphic gap in the Early–Middle Cenomanian
boundary interval). The light-grey range bar with broken line indicates a potential downward
extension of the section into the earliest Cenomanian, corroborated by the corrected age of sample
S1. The measured Rb-Sr ages of samples S1–S5 generally overlap with the expected bio-stratigraphic
age within analytical uncertainty (except for sample S2) but show no consistent stratigraphic age
progression. The deconvoluted ages of samples S1–S5 are in stratigraphic order and fall within the
expected M. dixoni and A. rhotomagense zones (note the outlier of sample S1 that suggests the
presence of the lower M. mantelli Zone in the lowermost part of the Langenstein section, potentially
reflecting an earlier Cenomanian transgression event). Absolute ages are after GTS 2020 [73] and
cyclo-stratigraphic considerations; ammonite biostratigraphy is after Wright and Kennedy [28]).
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3.4. Timing of Glauconite Formation

It has been proposed that the characteristics of the host lithology (e.g., nature and resis-
tance to alteration of the sediment substrate and its porosity, permeability, tortuosity, and
organic matter content), as well as physicochemical and environmental controls (e.g., pH, T,
redox conditions, and fluid chemistry), affect the chemical and mineralogical composition
of glauconite minerals during their progressive evolution from Fe-smectite to glauconite
end-members at the seawater–sediment interface [14,15,17,65,74]. In recent years, the influ-
ences of chemical and isotopic (dis-)equilibrium between detrital siliciclastic vs. calcareous
substrates, seawater, and pore fluids on glauconitization pathways have been relatively
well-constrained, yet the rate of glauconite formation remains disputed.

In deep-water settings, glauconite formation is believed to be extremely slow, requir-
ing up to ~9 Ma to form >90%Glt layers in Glt-Smc [70], which is mainly due to the low
temperature (<5 ◦C) of the deep ocean waters and the limited or discontinuous supply of
the rate-limiting elements, such as Fe [22]. The glauconite grains forming in such cold en-
vironments are often characterized by a heterogenous composition [75] and may show a
large variability in formation ages, reflecting slower sedimentation rates and related de-
creased influx of reactive chemical components needed for glauconitization or interrupted
elemental diffusion paths within the micro-environment, thus leaving immature glauconite
or glauconite-smectite in the sedimentary rock record (scenario 2 in Figure 1). By contrast,
mature glauconite grains with a homogenous chemical composition and comparatively small
age variation may form in shallow-water settings of the present-day and ancient oceans,
which is due to an enhanced influx of more reactive terrigenous components [76,77], warmer
temperatures (~10 to 20 ◦C [78]) and increased primary production (organic carbon [79]),
promoting mineral dissolution and redox reactions [80] that continuously supply key elements
needed for glauconite formation and maturation. Under such conditions, glauconitization is
proposed to proceed faster, taking only ~1 Ma to complete at the sediment–seawater interface
during early diagenesis (scenario 1 in Figure 1 [65]).

However, analytical challenges of glauconite dating, such as the incorporation of in-
herited non-marine and typically more radiogenic Sr due to substrate interaction [81], pres-
ence of detrital Rb- and K-bearing feldspars and mica within glauconite grains [67], post-
depositional alteration into Fe-illite or nontronite [69], and subsequent post-depositional
resetting of the glauconite Rb-Sr isotope system [82,83], have until now prevented a good
assessment of glauconitization rates for deep-water and shallow-marine settings.

Meunier and El Albani [22] argue that the plot of glauconite compositions in the
M+/4Si vs. Fe/sum of octahedral cations diagram provides insights into the rate of chemical
diffusion in sediments, bulk sedimentation, rates, and corresponding glauconitization rates,
whereby higher M+ (i.e., K+, Na+, and Ca2+) and TFe contents indicate slow glauconite
formation associated with low sedimentation rates, while higher Al3+ and lower K+ contents
suggest fast glauconite precipitation at higher sedimentation rates (Figure 7). This plot
implies slowly progressing and diffusion-controlled glauconitization for the Langenstein
glauconites, (Figure 7), which is not consistent with our obtained glauconite ages (Figure 6)
and their high maturity (Figure 3). This may suggest that mechanisms and environmental
controls other than sedimentation rate must be considered to explain fast progressing
glauconitization in warm, shelfal sequences.

The Langenstein glauconites are highly evolved, well-preserved, and have been
formed soon after sediment deposition (i.e., ~0.1 to ~1 Ma; average: ~0.3 ± 0.5 Ma),
as determined by the difference in the bio-stratigraphic and corrected glauconite age (see
Figure 6), which calls for fast glauconitization immediately at the sediment–seawater inter-
face and continuous supply of key elements, such as K, Mg, Al, Si, and Fe [19]. Recently,
Wilmsen and Bansal [23] have basically drawn the same conclusion based on a study of
Cenomanian glauconites from the Elbtal Group (Saxony, eastern Germany), which formed
within ≤0.4 Ma in a nearshore siliciclastic depositional system. They argue that glauconite
formation occurred under warm conditions on rather short time scales and under, in part,
high accumulation rates and thus under environmental conditions fundamentally different
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from recent ones. From oxygen isotopic signatures of the calcareous substrate, a formation
temperature of 26 ± 2 ◦C has been reported for the Langenstein sequence [54], which is typi-
cal for warm shelfal settings of the Cretaceous. Such rapidly forming glauconites can indeed
represent a reliable and robust mineral archive, which is applicable for geochronological
age dating, paleo-reconstructions, and regional correlation of localities.

Figure 7. Plot of the average glauconite compositions obtained by LA-ICP-MS/MS analysis in the
M+/4Si vs. Fe/sum of octahedral cations diagram [22]. Slowly progressing glauconite formation
is indicated, which is inconsistent with our glauconite ages measured by in situ Rb-Sr dating of
glauconite grain separates.

It is generally accepted that a few thousands of years are needed to precipitate suffi-
cient amounts of Fe-smectite [84], which subsequently matures to glauconite on different
timescales, which may range from ~5 to > 10 Ma for cold, deep-water settings to <1 Ma
for warm, shallow-water areas (Figure 8). Our mineralogical and geochronological charac-
terization of the glauconites from Langenstein suggests that ~100% glauconitization (i.e.,
complete transformation of %Sme layers into %Glt layers in glauconite grains; expressed
as the degree of glauconitization in Figure 8) was reached within ~0.4 Ma, documenting
another example of fast glauconite formation and maturation, as described in scenario
1 (Figure 1). A comparison of the glauconite formation rate obtained in this study with
present-day rates in shallow- vs. deep-seas reveals that during the Late Cretaceous the
glauconitization process was much faster (Figure 8).

Figure 8. Comparison of glauconite formation rates for the Langenstein shelfal setting (early Late
Cretaceous) with present-day and Late Cretaceous shallow-water and deep-sea environments. The
proposed glauconitization rate for Langenstein generally follows the modern shallow-water glau-
conitization path, but is faster probably due to Cretaceous ‘greenhouse’ conditions, which could have
triggered continental-chemical weathering rates and thus increased inputs of key elements (K, Mg, Si,
Al, and Fe) into the oceans needed for rapid glauconite formation.
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We attribute the rapid glauconitization at Langenstein to warm ‘greenhouse’ con-
ditions with a general sea-level highstand in the Cretaceous [85] coupled with intense
continental weathering, which resulted in high inputs of solid and dissolved terrestrially
derived elements into the oceans [86]. By contrast, in modern settings, glauconite forma-
tion is slower due to a general sea-level lowstand and cooler ‘icehouse’ conditions. This
accelerated mode of glauconite formation may have occurred in shallow seas worldwide
over much of the Phanerozoic and especially during times of global ‘greenhouses’ coupled
with increased chemical weathering fluxes, which is also supported by recently described
and quantified elemental sequestration trends associated with green clay authigenesis in
marine sediments through time [55].

4. Conclusions

We have studied the timing and the formation conditions of authigenic glauconite
within the early Late Cretaceous shelfal sequence from Langenstein (northern Germany)
using combined petrographical-chemical (EMP) and mineralogical (XRD) screening meth-
ods and in situ Rb-Sr dating of glauconite grains via LA-ICP-MS/MS. We demonstrate that
suitable glauconite grains can provide a directly datable, widespread, and robust mineral
archive for paleo-environmental and geochronological studies if glauconite formation ages
affected by later diagenetic and/or detrital mineral impurities (illite, feldspar, etc.) can be
accounted for and deconvoluted. The following conclusions can be drawn:

(1) Almost pure (i.e., impurity-free) and highly evolved glauconites, which record mean-
ingful stratigraphic ages, can be identified, and precisely dated via a combination of K-Ar and
Rb-Sr dating and careful mineralogical and petrographic screening of glauconite grains.

(2) The herein corrected Rb-Sr ages at the equivalent stratigraphic position are consis-
tent with previously published K-Ar ages (95 ± 1.8 Ma [16]), arguing for low uncertainties
and thus provide confidence in the Rb-Sr results.

(3) Exposure of glauconite grains to shallow burial diagenesis (T ≤ 65 ◦C, 1500 m burial
depth) has no measurable effect on pristine Rb-Sr systematics of glauconite and thus its ages,
which calls for a reappraisal of glauconite geochronology applications in Earth sciences.

(4) Comparison of glauconite ages vs. sediment depositional ages for the Langenstein
profile suggests fast glauconitization within <1 Ma, which we relate to Cretaceous green-
house climate with high atmospheric CO2 levels and elevated chemical weathering fluxes
to the oceans.

(5) Shallow-water glauconitization in the Late Cretaceous was much faster compared
to modern rates of glauconite formation in shallow- vs. deep-sea environments, which we
relate to unique Cretaceous seawater chemistry.

(6) Future studies should (i) explore the robustness of the glauconite isotopic signatures
for paleo-seawater and environmental reconstructions, (ii) assess the degree of preserva-
tion of glauconite ages in other deposits (deep-sea), (iii) test if the herein presented age
deconvolution and mineral screening approaches are applicable to other glauconite-bearing
deposits, and (iii) study the impact of distinct diagenetic/burial (higher T) conditions on
glauconite ages.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min12070818/s1, Figure S1: Backscatter electron image showing
mineral inclusions within a glauconite grain determined by electron microprobe (EMP) analysis.
The chemical composition of the highlighted areas and points are given in the table below.; Table
S1: Compilation of 87Rb/86Sr and 87Sr/86Sr ratios with corresponding uncertainties (2σ) for both
reference materials and glauconites determined by LA-ICP-MS/MS. NIST610 was used as primary
reference material; BCR2G was used as secondary reference material. Rb and Sr concentrations
(ppm) are reported only for the Langenstein glauconites.; Table S2: Chemical composition (in wt.%)
of glauconite grains (S1–S5) sampled from the Langenstein profile obtained by LA-ICP-MS/MS
analyses.; Table S3: Comparison of stratigraphic ages, bulk glauconite depositional ages, and decon-
voluted glauconite depositional ages of samples taken from five glauconite-bearing intervals from
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the Langenstein profile. The mineralogical composition of the glauconite grains was determined by
X-ray diffraction analyses. Rb-Sr data were collected by LA-ICP-MS/MS.
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