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Abstract: The K/Ar chronology of glauconite pellets is a long-used method for directly dating
marine sedimentary deposits. Many papers have explored the processes that form glauconite and the
factors that lead to greater reliability in the ages. Although K/Ar ages of glauconite are generally in
agreement with other measures of stratigraphic age, there are examples of occurrences with ages too
old and examples with ages too young. This paper seeks to build on the accumulated knowledge
of glauconite, using synchrotron radiation to non-destructively characterize individual pellets and
then consecutively measure the argon and potassium to obtain a K/Ar age. This strategy provides
the advantage of measurements on a single aliquot while avoiding recoil loss of 40Ar in the nuclear
reactor during irradiation for 40Ar/39Ar dating. We have used the glauconite reference material
GL-O-1 to showcase several non-destructive methods for evaluating the maturity of individual pellets.
In our argon measurements, we have found that the radiogenic argon concentration of large bulk
samples underestimates the values for individual visually mature pellets, and we determined a K/Ar
age of 101.0 ± 0.3 Ma (1σ SEM), M.S.W.D. 0.54 from 15 of 16 visually mature individual pellets. This
age is 6% older than the reference value of 95.03 ± 1.11 Ma (1σ), and it is in good agreement with
constraints from the U-Pb dating of volcanic minerals near the Albian–Cenomanian boundary.

Keywords: X-ray diffraction; XANES (X-ray absorption near-edge structure); glauconite maturity;
geochronology; Albian–Cenomanian

1. Introduction

Harnessing the sedimentary record of Earth’s history requires the development of
robust chronology. Volcanic layers intercalated in sedimentary sequences provide minerals
that can be used to precisely and accurately date the successions, but volcanic layers are
not found in all sedimentary deposits. The K/Ar dating of glauconite has a long history in
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the development of the Geologic Time Scale (e.g., [1–3]), with some contention (e.g., [4,5]).
Glauconite is widely found in shallow marine sedimentary deposits, and it has a high
K content.

To develop methods to be routinely used for measuring the K/Ar ages of individual
glauconite pellets, we started with GL-O-1 as a glauconite reference material [6,7] and
conducted a series of synchrotron, Ar, and K measurements. We compare our synchrotron
measurements on individual pellets with previously published mineralogic and geochem-
ical data on GL-O-1. Seminal work by Odin (e.g., [6]) has demonstrated that the best
material for K/Ar dating purposes is mature glauconite, and their paper provided diag-
nostic strategies for identifying the degree of maturity including X-ray diffraction (XRD)
as well as K concentration. The crystallinity and stoichiometry are tightly coupled, and
Odin and Morton [8] documented the highly correlated trend of XRD and K concentration,
especially for samples with K above 4% (Figure 1). These observations have inspired the
study presented here.
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Figure 1. (left) XRD patterns for glaucony with various degrees of K enrichment. Note the increasing
sharpness and decreasing distance of the 001 peak from the 020 peak, which was interpreted by
Odin and Morten [8] as a measure of glauconite maturity. These data were presented by Odin and
Morten [6] without numerical values on the X-axis, and the 2-theta values were estimated by correlat-
ing the trace with 6.59% K with published GL-O-1 XRD data [7]. The data from Boulesteix et al. [7]
are shown in the top profile, with CoKa radiation produced at an accelerating voltage of 45 kV and a
filament current of 40 mA. (right) Plot of D-spacing of 001 (calculated from the estimated 2-theta) and
K concentration of glaucony using the values shown in the left graph for open symbols and GL-O-1
data from Boulesteix et al. [7] for the solid symbol.
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GL-O-1 glauconite is a robust reference material for both K and Ar abundances mea-
sured in large aliquots (6.56 ± 0.06% K and 1.109 ± 0.011 nmol/g Ar) [2], but questions
have been raised about its applicability at the single pellet level [5,7], and further questions
have been raised about the accuracy of its estimated age of 95.03 ± 1.11 Ma (1σ) [4,8]. We
have been using small, one to ten pellet (30 to 500 µg), samples of GL-O-1 to create Ar
concentration calibrations for sediment K/Ar studies over more than 20 years [9–14], and
we have been very impressed with the reliable reproducibility at the 2% level. Based on
this positive assessment, we have been seeking to refine and improve our screening and
methodology to be able to extend the application of GL-O-1 as a standard for the dating
of individual unknown glauconite pellets. The recent paper by Boulesteix et al. [7] has
made important advances in the evaluation of GL-O-1 at the single pellet scale, suggesting
that >90% of the GL-O-1 pellets are reliable. However, they also reported the presence of
older detritus in some pellets as well as lower radiogenic 40Ar (40Ar*) yield in some of the
lighter colored pellets, and they further noted some instances of carbonate in cracks as
well as a significant occurrence of apatite or francolite inclusions. They concluded that it is
necessary to use sample weights of 5 to 10 mg to mitigate against the demonstrated hetero-
geneity (hundreds of pellets). However, their reported single pellet results were mostly
within a small range of 40Ar* concentrations, and we hypothesized that with scrutiny of the
chemistry and mineralogy of pellets with non-destructive methods prior to K/Ar dating, it
still might be possible to obtain robust K/Ar results on individual pellets. In this paper,
we explore the potential for improved sample selection with microscale examination of
individual pellets using the National Synchrotron Light Source II (NSLS-II)) at Brookhaven
National Laboratory, which is ideally followed by Ar and then K measurements on the
same pellets.

In the study presented here, we explore potential techniques for screening individual
single pellets, here applied to the GL-O-1 glauconite reference material, with the goal
of developing a diagnostic tool for selecting the best pellets for K/Ar dating and for
correlation to environmental variables. Because the synchrotron measurements are non-
destructive and can be applied on whole pellets, this approach provides the potential for
screening at a much-refined level and thus allows for selection of the most mature and thus
presumably the best pellets for further analysis. Initial characterization focused on micro-
XRD and micro-XRF (X-ray Fluorescence) to quantify the crystallinity and K concentration,
respectively. In order to establish and correlate these measurements, we performed a more
expansive study of GL-O-1 that included analysis by micro-X-ray absorption spectroscopy
(XAS) of K and Fe, X-ray fluorescence (XRF) mapping of elemental distributions and
associations, comparison of whole and sectioned pellets, and measured XRD by two
different instruments.

2. Methods
2.1. Synchrotron Measurements

XRF images of Mg, Al, Si, P, S, and K were collected at the Tender Energy X-ray
microspectroscopy (TES) beamline 8-BM at NSLS-II [15] and processed using IDL soft-
ware. Potassium 1-s X-ray absorption near-edge structure (XANES) measurements were
collected at TES and processed using Athena [16]. All measurements from TES were col-
lected using a Canberra Ge ultralow energy germanium detector and the Si 111 double
crystal monochromator.

XRF images of Fe, Ca, and K and Fe 1-s XAS XANES measurements were collected
at the X-ray Fluorescence Microprobe (XFM) beamline 4-BM at NSLS-II. Measurements at
XFM were collected using a 7-element silicon drift detector and the S111 double crystal
monochromator. The monochromator energy for the Fe K edge was calibrated to 7110.75 eV
using a metallic iron foil [17]. Images were processed using the Larch software package [18],
and XAS data were processed using Athena.

Diffraction data were collected at both the XFM beamline and the Complex Materials
Scattering (CMS) beamline 11-BM at NSLS-II. XRD measurements at XFM were collected
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using a Perkin Elmer 2-D area detector in transmission mode at 18 keV and converted to
2-theta using Dioptis [19]. XRD data at CMS were collected as wide angle X-ray scattering
(WAX) data at an incident energy of 13.5 keV using a Pilatus 800 k detector. The data
reduction into 1D plots was performed using SciAnalysis software [20] and converted from
q-spacing to 2-theta to compare with published data.

2.2. Argon Measurements

Details on the instrument and procedures for Ar measurements are provided in
the Supplementary Materials. The application of naked pellets of GL-O-1 as a monitor
standard to calibrate instrument sensitivity is reported in other papers (e.g., [10,11]) and
briefly reviewed here. For the application as a sensitivity standard, one to ten pellets are
generally weighed for each sample to produce a range of weights, and for each disk run,
three or more pits are loaded with GL-O-1. These GL-O-1 analyses are used as a check
on the instrument sensitivity. We calculate the 40Ar* abundance of each GL-O-1 based on
its weight and concentration information from Odin et al. [2] and use the resulting signal
intensity as a calibration of the abundance of Ar in the air pipette. We use the air pipettes
for both consistency of sensitivity and for correcting for drift and evaluating the quality of
the isotope ratios measured. To calculate the 40Ar*, we subtract 36Ar times the 40Ar/36Ar
measured on air pipettes from the total 40Ar. It is important to note that for 40Ar/39Ar dating
(the primary purpose of this instrument), the accuracy of the abundances is not as important
as the relative isotope abundances. Thus, our mass spectrometer sensitivity estimate has
relied on the measurements of GL-O and the assumption of 1.109 ± 0.011 nmol/g Ar [2].

Leading up to this study, our method is to weigh pellets of GL-O-1 or small sediment
samples with a microbalance and load them as naked pellets or clods (as in [9]). However,
because our goal for the study reported here is to measure K on the same aliquots as Ar in
order to mitigate against sample heterogeneity, we have explored other options that avoid
direct coupling between the laser and sample. These tests include applications of Ta foil
to wrap the pellets, Ta capacitor tubes, smaller Nb tubes, and a glass rod pouch. While
all these methods worked from the standpoint of degassing the pellets while retaining
their integrity, the approach that has the lowest Ar backgrounds and easiest manipulation
is small Nb tubes (technical details in the Supplementary Materials), so we follow that
procedure here.

Two disk runs were conducted for this study—one using the Nb microfurnaces and the
diode laser and the other with naked grains and the CO2 laser. Disk run 1428 was loaded
with sixteen empty Nb tubes interspaced with sixteen Nb-tubed, visually well-evolved
dark green GL-O-1 pellets. Each of the 32 tubes was heated to 750 ± 5 ◦C for 2 min with the
diode laser. All tubed GL-O-1 grains remained intact after degassing. In order to test the Ar
concentration of single pellets of visually mature dark green GL-O, another disk run, 1442,
included naked grains of GL-O-1 [2], GA-1550 [21,22], and MMhb [22,23] standards. These
mineral grains were fused at 7 watts for 3 min with the CO2 laser to insure a complete
degassing of Ar.

2.3. Potassium Measurements

Some samples of visually mature, dark green pellets were analyzed on a CAMECA
SX100 electron microprobe at the American Museum of Natural History in New York
City. The probe is equipped with a fully automated WD spectrometer, operated at 15 kV
accelerating voltage with a beam current of 20 nA, and calibrated against natural and
synthetic oxides (Wakefield diopside for Mg and Si; K-spar for Al, K; RKFAYb7 for Fe).
Each element was measured using a beam size of 20 µm with counting time of 20 s. Four
spot measurements on the K-spar standard yielded a mean value of 12.37 ± 0.09% for K
(recommended value is 12.39%), indicating accuracy better than 2% for the K measurements.

In order to have K on the same aliquot as Ar, our preferred strategy for measuring K
is to dissolve the degassed pellet with an enriched 41K spike for isotope dilution analysis.
For measurement of the K concentrations, the degassed pellets are transferred into Teflon
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vials. Based on an estimate of the K abundance from the weight of the pellet, the optimum
amount of 41K-spike is pipetted into each sample vial and weighed. The sample-spike mix is
slowly dried down on a hotplate (100 ◦C), and then, a 0.3 to 0.6 mL concentrated HF-HNO3
(3:1 ratio) acid mix is added to each vial for digestion. The vials are closed and placed on
the hotplate set at 165 ◦C for over 48 h. After opening, the samples are dried, redigested
and dried, and then dissolved in 0.4 mL of 0.5 M HNO3 for chromatographic separation
of K from the matrix, which is followed by measurement on a Nu Instruments Sapphire
MC-ICPMS (SP005), using cold plasma mode (RF power = 900 W) (details provided in the
Supplementary Materials).

3. Results
3.1. Synchrotron Results

XRF maps of K, P, S, Si and Al on polished cross-sections of three GL-O-1 pellets
were made on the TES beamline. As shown in Figure 2, the K concentration is quite
homogeneous across an individual grain and between GL-0-1 grains, but as also noted
by Boulesteix et al. [7], there are a few patches showing P content that are likely apatite
inclusions. It also appears that there are some fine-scale inclusions of S; sulfur K-edge
XANES identified these as organic matter.
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As in the polished pellets, there are patches of high P interpreted to be apatite inclusions 

Figure 2. Elemental mapping of 3 polished pellets of GL-O-1. Pixel size 2.4 µm, incident energy
3850 eV, focused beam size 2 × 3 µm. (A–C) Maps of K. Red lines indicate the transects shown in
(D–F). (D–F) K scans across the lines shown in (A–C). (G–I) Maps of P (red), S (green) and Si (blue)
from the same pellets as in (A–C). Red bar is 0.1 mm.

The same mapping approach was also applied to whole pellets (Figure 3). Here,
more variation in the K intensity can be seen, although most if not all of this variation is
due to the geometric effects of measuring a rounded pellet. This is analogous to viewing
the Moon at 90 degrees to the Sun’s illumination; the spherical Moon appears as a half-
circle. As in the polished pellets, there are patches of high P interpreted to be apatite
inclusions (Figure 3C). Since our goal is to use non-destructive approaches to evaluate
the quality of glauconite pellets for K/Ar dating, we compare the averages of K intensity
over regions of interest (ROI) for polished (Figure 4A) with those on the surfaces of whole
pellets (Figure 4B,C). Based on models of a spherical object in this measurement geometry,
selecting a ROI to capture the area with K intensity between 50 and 85% of the maximum
intensity will approximate that of a flat area having the same concentration. As can be
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seen from the statistics, if the ROI is selected on a relatively smooth surface with minimum
topographic relief and avoiding cracks or inclusions, the intensity of K on the whole pellets
is well matched to that on the polished flat surface. Figure 4D shows a line profile of the
K signal across the curved surface of the pellet. Tested on multiple grains of GL-O-1, this
demonstrates the efficacy of mapping K on single grains to quantify K concentration relative
to a known standard, and we intend to use GL-O-1 as that standard in future studies.
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Figure 3. Elemental mapping of 2 whole pellets of GL-O-1. Pixel size 2.4 µm, incident energy 3850 eV,
focused beam size 2 × 3 µm. (A,B) Maps of K. (C,D) Maps of P (red), S (green) and Si (blue) on the
same pellets as in (A,B). Red bar is 0.1 mm.
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Figure 4. To estimate the homogeneity of the K, regions of interest (ROI) are drawn to include the
smooth portions of the pellets. (A) Map of K on the polished pellet surface. The ROI was defined to
avoid cracks and pits, and it yielded the following statistics: area 0.0495 µm2, 8762 pixels, mean signal
0.01422 ± 0.00063 (1σ). (B) Map of K on whole grain sample. Two ROIs picked to avoid pits and
cracks yielded average intensities of 0.0140 ± 0.0030 and 0.0137 ± 0.0029. (C) Map of a second whole
pellet. ROI avoiding pits and cracks yielded area 0.432 µm2, 2893 pixels, mean 0.01414 ± 0.00304.
Transect for (D) is shown as the diagonal red line. (D) Transect of K signal across the pellet in (C).
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In addition to the elemental mapping at TES, we also obtained X-ray absorption near-
edge structure (XANES) spectra of K in GL-O-1. XANES provides information about a
specific element’s chemical speciation and local structure, which is most often used as a
fingerprinting technique. K-XANES analysis from a polished surface of GL-O-1 and several
from the surfaces of whole pellets are shown in Figure 5. The highly structured spectra
reflect a crystalline environment for K as opposed to a disordered, adsorbed or interstitial
environment. These patterns are therefore consistent with the known high maturity of
GL-O-1. With further work to build a database of patterns that can be calibrated with
measures of maturity such as K content and XRD pattern, K-XANES could be an alternative
screening tool in addition to providing a K concentration estimate.
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Figure 5. K XANES from a polished grain of GL-O-1 (top curve, same pellet as in Figure 2C), focused
beam size 2 × 3 µm. Bottom three curves are K XANES from the surfaces of whole GL-O-1 pellets
(including the pellet in Figure 4C). Full data provided in Table S1.

With the XFM beamline, we conducted an elemental mapping of two of the same
GL-O-1 pellets as measured at TES. Combined maps of Fe, Ca and K are shown in Figure 6
along with Fe-XANES data. The Fe distribution is quite uniform, as its intensity shows
only the geometric effects of the round pellet; the K map is not optimal at the high energy
of XFM. Fe-XANES data can be very important in the study of glauconite maturity because
the valence of Fe is a significant factor in the maturation process (e.g., [24]). Figure 6 shows
that the Fe in these two pellets is uniform in its speciation and, with reference to the Fe
foil for calibration, is all in the Fe3+ oxidation state. Calcium indicates the presence of
apatite. Figure 6A is the same pellet as Figure 4C, although in a different orientation, and
the patches of high Ca are the same areas as the high P in Figure 3C.
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data provided in Table S2.
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Figure 7. XRD scans of GL-O-1. Y-axes omitted for clarity. Data provided in Tables S3 and S4. The
black curve in the middle is the powdered sample from Boulesteix et al. [7]. (Top curves) are 9 traces
measured at the CMS beamline from individual GL-O-1 pellets. D-spacing values were multiplied
by 10/10.2 to make the peaks from CMS line up with the other scans. (Bottom curves) are 11 traces
measured at the XFM beamline from the same two individual whole pellets as shown in Figures 3–6.
Traces have been flattened based on measurements of the holder.
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A really exciting capability at the NSLS 2 at both XFM and 11-BM (CMS) is the ability
to make micro-XRD measurements of the single pellets. In Figure 7, we compare the XRD
measurements from Boulesteix et al. [7] and from XFM and CMS. Although the position
and sharpness of other peaks may also be significant in the interpretation of the maturity,
the position of the 001 peak between 10 and 14 angstroms is known to be an important
measure of maturity [6,26].

3.2. Argon Measurement Results/Nb Tubes

Data for the measurements in Nb tubes are presented in Table S5. Sixteen pre-degassed
empty Nb tubes (#1, 3, 5, . . . , 31) were measured for 40Ar and 36Ar during the disk run
1428. 40Ar signals from those tubes are within the range of 0.003 to 0.051 nA with a mean
value of 0.021 ± 0.015 nA that is comparable to the cold procedural blank 40Ar level of
0.03 ± 0.013 nA during this interval. The associated 36Ar signals are around the level
of 0.0005–0.0006 nA. In two exceptions, high 40Ar signals of 0.1532 and 0.1745 nA were
observed on two empty Nb tubes (#17 and #27).

Sixteen Nb-tubed GL-O-1 grains (#2, 4, 6, . . . , 32) weighing from 0.082 to 0.219 mg were
measured for Ar in the disk run 1428, and the data are presented in Table S5. The radiogenic
Ar (40Ar*) of those Nb-tubed single GL-O grains ranges from 93.7 to 97.8%, which is similar
to the 86.9–97.1% measured on 14 (out of 15) single mature GL-O pellets by Smith et al. [5]
and to the 72.8–98.8% measured on 20 single GL-O grains by Boulesteix et al. [7]. Using
these tubed GL-O grains for sensitivity calibration of our mass spectrometer, we obtain
a mean sensitivity of 4.0088 ± 0.0222 × 10−14 mol/nA (1σ SE). These results demon-
strate the potential applicability of our proposed protocol for Nb-tubed single GL-O or
other glauconites, but we note that the concentrations are set by our standardization with
GL-O [9], and thus, this approach does not test the Ar concentration but instead it only
tests the reproducibility of these individual pellets.

3.3. Argon Measurement Results/Compared with Other Ar Standards

Similar to how we have been using GL-O-1 for sediment measurements over the years,
Wang et al. [27] used GA-1550 biotite as a reference material to calibrate their instrument
sensitivity and analyzed three other standards (FC sanidine, MMhb hornblende, and B4M
biotite) as “unknowns”. Their data demonstrate that it is possible to obtain a reliable
cross-calibration between small aliquots of those standards, and the implied instrument
sensitivity using each of these is statistically indistinguishable at the 2σ level. Following
their approach, for our study, we measured GL-O-1 against two other primary standards
(MMhb, and GA-1550). These standards are well calibrated and have been used as K-Ar
dating standards for decades [22,28–30]. For the purpose of this test, we loaded 8 aliquots
of naked grains for each of the standards with 1 grain per aliquot for GA-1550 and GL-O-1
and 1–5 grains per aliquot for MMhb (due to small weights of single hornblende crystal
around 0.01–0.045 mg). The single-step fusions of these naked grains were carried out
using the CO2 laser heated at 7 W for 3 min, which yielded a melted ball for each of these
samples. The measurement results for the cross-calibration experiment in disk run 1444 are
presented in Table S6 and Figure 8.

When MMhb and GA-1550 are each treated as reference material using the recom-
mended values for 40Ar* contents of 1.626 ± 0.005 nmol/g for MMHb [23] and
1.342 ± 0.07 n mol/g [31] for GA-1550, we obtain 1.167 ± 0.036 nmol/g (relative to GA-
1550) and 1.171 ± 0.037 nmol/g (relative to MMhb) for GL-O-1, and the corresponding
K/Ar ages are 99.2 ± 0.8 and 100.0 ± 0.8 Ma, respectively (both 1σ SE). These apparent
K/Ar ages are older than the recommended value of 95.0 ± 1.1 Ma for bulk GL-O-1 [2]. Im-
portantly, these data suggest that the recommended 40Ar* content of 1.109 ± 0.011 nmol/g
for bulk GL-O-1 grains of ~100 mg quantities may be an underestimate when it is applied
to single GL-O-1 grains carefully selected for the most mature appearance.
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Figure 8. Apparent sensitivity of the mass spectrometer based on recommended values of GA-1550,
MMhb, and GL-O-1. Note the ~10% higher apparent sensitivity of GL-O-1 compared to the other
two. Data are reported in Table S6.

3.4. Results from K Measurements by Electron Microprobe

Microprobe chemical analysis on three natural, non-degassed dark green GL-O-1
pellets (6 spots of 20 µm beam size on grain-1 and grain-2 and 17 on grain-3) yields K
contents of 6.48 ± 0.31, 6.72 ± 0.13, and 6.52 ± 0.20% on the micrometer scale, with an
error-weighted mean of 6.59 ± 0.07% (Table S7). These mean values are overlapping with
the previously reported K contents of 6.56 ± 0.11% for GL-O-1 grains of 20 mg quantities
measured by ICP-OES and 6.56 ± 0.07% for GL-O-1 grains of 100 mg quantities measured
by XRF [7]. They are also concordant with the recommended K value of 6.56 ± 0.06% for
bulk GL-O-1 grains of ~100 mg quantities [2].

3.5. Results from K Measurements by Isotope Dilution

The K contents of sixteen degassed, dark green GL-O-1 grains in disk run 1428 mea-
sured by isotope dilution range from 6.178 to 6.674% with a weighted mean value of
6.490 ± 0.029% (Table S8). These data indicate that the K concentrations of those well-
evolved, dark green GL-O-1 grains analyzed in this study are statistically indistinguishable
at the 2σ level from the published bulk K value of 6.56 ± 0.06%.

4. Discussion

Traditional K/Ar dating involves analyses of Ar and K in separate aliquots and by
separate methods. The 40Ar/39Ar method uses 39Ar produced in a nuclear reactor from
reactions on 39K to yield a proxy for the 40K parent, which is measured in the same mass
spectrometer run as the natural Ar isotopes. Obtaining results for Ar and K simultaneously
is an obvious advantage, but glauconite pellets are formed of crystallites that are clay size
particles, and thus, recoil loss during the irradiation process is a significant factor. For exam-
ple, Smith et al. [5] encapsulated their individual pellets prior to irradiation and measured
the 39Ar lost to recoil. They found 13.6% to 29.7% recoil loss on the GL-O-1 pellets measured
and a range of age estimates from 88.3 to 99.2 Ma. Pellets that were dark green (this is the
type we have selected) gave a smaller range of ages from 92.6 to 95.6 Ma (93.2–96.3 Ma
using the decay constants of Min et al. [32] and the Fish Canyon sanidine age of 28.201 Ma
from Kuiper et al. [32]; using ArAR recalculator—http://group18software.asu.edu/, URL
accessed on 1 April, 2023) except for one grain with a rough surface that yielded 99.2 Ma
and was interpreted as a relict. The four pellets with <15% recoil loss ranged from 92.4
to 94.7 Ma (93.0–95.3 Ma with decay constants from Min et al. [33] and Fish Canyon sani-

http://group18software.asu.edu/
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dine age of 28.201 from Kuiper et al. [34]). Two of those grains were black and two were
dark green.

Boulesteix et al. [7] made visual observations and found that green to dark green pellets
represent the greatest portion, with light green grains making up <10% and black grains
making up 10%–15%. They found that black grains are coarser and mostly have a perfectly
smooth outer surface. Their XRD measurements of powdered samples demonstrated a
high degree of maturity, but they also found the presence of a less evolved component
that constitutes ~6% by weight of the powder, which is consistent with the evaluation of
mature Antarctic glauconites by Lopez-Quiros et al. [24]. Additionally, Boulesteix et al. [7]
documented a peak at the most intense reflection for apatite, estimated to be about 1.5%
by weight, and they further confirmed with microprobe analyses that hydroxyapatite is
present. Of greatest relevance to the current study, Boulesteix et al. [7] measured Ar from
20 individual pellets that ranged from 21 to 222 µg and found an average concentration
of 1.15 ± 0.093 nmol/g (7.8%). This result is in good agreement with our error-weighted
mean of 1.169 ± 0.026 nmol/g.

4.1. Caveats and Potential for Future Improvements

This study was a learning process, and within the study timeframe, we were not
able to achieve the ultimate goal of first picking the visually most mature samples, then
characterizing them with non-destructive methods at the synchrotron, and then making the
Ar and K measurements. The data reported here for the K/Ar are different samples than
those measured at the synchrotron. The puck containing pellets that have been measured
on TES and XFM has been misplaced (now found but not analyzed for Ar and K), and thus,
the pellets were not available for K/Ar. The Ar measurements were made on GL-O pellets
that were carefully selected under a microscope as visually mature pellets. Additionally,
as pointed out by a reviewer, a complete survey would include both visually mature and
less mature pellets in order to probe the full spectrum of results that could be found at the
single pellet scale. This ideal workflow will have to be completed in a future study.

4.2. The Age of GL-O-1 and the Albian-Cenomanian Boundary

The age of GL-O-1 is important as the deposit is located very close to the
Albian–Cenomanian boundary. The original 95.03 ± 1.11 Ma (1σ) from Odin et al. [2]
(corrects to 95.26 Ma with the Min et al. [4,33] determined an age of 100.8 ± 1.4 Ma for the
boundary age in Hokkaido, Japan, which is consistent with the GTS2012 boundary estimate
of 100.5 ± 0.4 Ma.

The GL-O-1 reference material was collected from a 2 m thick stratigraphic section
at the Albian–Cenomanian boundary in Normandy, France [2]. Glauconite from a 2.5 m
Cretaceous shelfal sequence from Langenstein, northern Germany, was characterized using
petrographical, geochemical (EMP), and mineralogical (XRD) screening methods and in
situ Rb-Sr dating via LA-ICP-MS/MS [35–37]. 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 the authors attributed to detrital and
diagenetic illitic phase impurities inside the glauconites.

Our error-weighted mean result of 101.0 ± 0.3 Ma (1σ SEM, M.S.W.D. 0.54, n = 15/16,
discarding one value that is 4σ SEM from mean; with all included, the value is 100.6 ± 0.3 Ma
(1σ SEM, M.S.W.D. 2.04)) is shown in Figure 9, and the result is consistent with the in-situ
Rb-Sr ages from Scheiblhofer et al. [37] and the U-Pb stratigraphic age control of 100.8 ± 1.4
or 99.6 ± 0.9 Ma for the Albian–Cenomanian boundary [4,8].

For the 16 visually mature pellets, all but one yielded a consistent age, but we did
not see anything about the sample that would allow us to interpret this outlying result. If
we had been able to make synchrotron measurements on these grains prior to the mea-
surements, they might have revealed the reason for the one outlier. It is also puzzling that
our K/Ar age estimates are not overlapping with the 40Ar/39Ar results of Smith et al. [5].
Future work is needed to resolve this apparent discrepancy. We suggest that it could be



Minerals 2023, 13, 773 12 of 14

related to uncertainties in their monitor standard Hb3-gr, although they did tie it to a Fish
Canyon sanidine age of 28.02 Ma, and we have taken this into account in the recalculations.
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Figure 9. K/Ar ages of 16 individual pellets analyses for this study (run disk 1428). Error bars are
shown at 1σ. The average of all 16 values is 100.6 ± 0.3 Ma (1σ SEM), M.S.W.D. 2.04, and leaving out
the outlier, the average is 101.0 ± 0.3 Ma (1σ SEM), M.S.W.D. 0.54. The blue-shaded box marks the 2σ
SEM for the 15 accepted samples. Data are reported in Table S5.

5. Conclusions

GL-O-1 has been used as a primary standard in K/Ar dating for some 30+ years,
using the recommended 50–100 mg of GL-O-1 pellets [2]. However, the recommended
40Ar* and K contents by Odin et al. [2] may not be valid when single pellets are used. At
the single pellet scale, the ages of GL-O-1 grains (including light green, green, dark green
and black pellets) vary in the range of 109.1 to 80.8 Ma, as demonstrated by our recalcu-
lated K-Ar ages of these grains from the data of Boulesteix et al. [7] (Table S9), assuming
K = 6.56% for each GL-O-1 grain and omitting the oldest age of 230.7 Ma. By carefully
selecting those visually mature waxy, dark green pellets that contain no visible microscale
veins or fractures on grain surfaces, we are able to significantly narrow this age distribution.
We are optimistic that with additional initial screening using the synchrotron methods
described here, as well as using newer noble gas instrumentation to improve the Ar preci-
sion, that we may be able to further reduce the scatter. Because our age estimate is nearly
identical to the Albian–Cenomanian boundary of 100.8 ± 1.4 Ma in Hokkaido, Japan and
the GTS2012 boundary of 100.5 ± 0.4 Ma [4], our data also lead us to suggest that the
3–5 Ma interval to form mature glauconite as stated in the literature (e.g., [5]) may actually
be partly due to sample selection where immature grains may have residual detritus and
may also be more subject to Ar loss. Although undoubtedly this is not the last word on it,
our data suggest some promise for carefully selected GL-O pellets as a reference material
for 40Ar calibration and the K/Ar dating of single glauconite grains.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/min13060773/s1, Analytical Details S1: Supplementary Ar and K
ID detail; Table S1: K-XANES; Table S2: Fe-XANES; Table S3 and S4: XRD data from XRM and CMS;
Tables S5–S9: Details of Ar and K data and calculations.
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