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Abstract: A combined ultrasonic treatment, with de-ionized H2O, dilute HAc or dilute HCl, of
three Mid-Miocene glauconite samples was applied to K–Ar date the different separates in order to
compare the results with those obtained by the Rb–Sr method using the same three samples and
that were analyzed strictly in the same way. Two aliquots yield opposite elemental and K–Ar trends,
which suggests different initial mineral compositions for the various pellets. The K–Ar data of two
untreated and leached L7 and L8 aliquots are almost within analytical uncertainty from 17.3 ± 0.6 Ma
to 19.6 ± 0.7 Ma (2σ), while those of the third L10 sample are slightly higher at 22.1 ± 1.2 Ma (2σ).
Comparatively, the earlier published Rb–Sr ages of the three untreated samples and of the leached
aliquots gave similar data for the L7 aliquots by an isochron at 18.1 ± 3.1 (2σ) Ma and for the sample
L8 by an isochron with an age of 19.6± 1.8 (2σ) Ma, while the untreated L10 aliquot yields a very high
Rb–Sr date of 42.1 ± 1.6 (2σ) Ma. This untreated L10 glauconite fraction contains blödite, a Sr-rich
carbonate that impacted the two isotopic systems differently. Generally, dilute HCl or HAc acids
dissolve carbonates, sulfates, sulfites and oxides, while they do not affect the clay-type crystals such
as glauconites. These soluble minerals can be identified indirectly, as here, by X-ray diffraction and
the amounts of leached Na2O, CaO and Fe2O3 contents. Together with the leaching of some metallic
trace elements, those of NaO confirm the leaching of metals and of blödite that are both hosted
by the glauconite pellets. The occurrence of this Sr-enriched mineral explains the age differences
of the non-treated aliquots and suggests a systematic leaching of any glauconite separate before
isotope determination and, possibly, a comparison of the Rb–Sr and K–Ar results. Ultrasonic shaking
appears appropriate for physical disaggregation of any contaminating grains that may remain hosted
within the pellets, even after a preliminary H2O wash, which may dissolve and remove the soluble
minerals but not the H2O-insoluble silicates. The K–Ar study completed here as a complement to a
previous Rb–Sr study highlights, again, the importance of the preparation step in isotopic studies
of glauconite-type and, by extension, of any clay material, as all occurring minerals can interfere in
the final age determinations and, therefore, differently in the mineral assemblages. All those not in
isotopic equilibrium need to be removed before analysis, including the soluble Sr or alkali-enriched
ones.

Keywords: glauconite pellets; dilute acid leaching experiments; various ultrasonic treatments;
various leaching reagents; major and trace chemical compositions; blödite; K–Ar ages; previously
published Rb–Sr data

1. Introduction

Because of their wide geographic and stratigraphic occurrence, authigenic glauconite
minerals of various types of sediments have long been considered as reference materials for
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the calibration of time scale and were, therefore, studied in detail in many basic mineralog-
ical and chemical studies and reviews e.g., [1–3]. In addition, since Cormier’s [4] pioneer
Rb–Sr age dating of glauconites, many Rb–Sr and K–Ar dating studies were based on this
mineral e.g., [5–9]. The 40Ar/39Ar method was also applied [10], even being considered as
successful [11]. Expectedly, some of the published isotopic ages of glauconite separates
were also questioned [12], especially because of the preparation methods due to the specific
“granular” aspect of the target mineral. The systematic occurrence of agglomerated pellets
often raised a concern about cleaning the intergrowths with the removal of potentially
trapped detrital grains, which may explain why various preparation techniques were at-
tempted. For instance, Odin and Hunziker [13] presented a preparation sequence of green
aggregates based on leaching with dilute acetic acid combined with an ultrasonic treatment
to remove any foreign particle, authigenic or detrital, from glauconite grains. Earlier, Pas-
teels et al. [6] and Keppens [14] chose dilute hydrochloric acid as the reagent, also with an
ultrasonic shaking, whereas other authors preferred ammonium-acetate leaching without
shaking e.g., [7,15]. In this context, Clauer et al. [16] examined isotopic data based on vari-
ous preparation methods used by different investigators to focus on the most appropriate
preparation. This survey demonstrated that the main reasons for analytical discrepancies
were due to various separation and purification procedures of the clay types. Analytical
aspects are precisely addressed here again by focusing more specifically on the ultrasonic
shaking of glauconite separates strictly using the same procedure as Pasteels et al. [6] with
the same reagents during the same shaking durations, and by comparing the K–Ar data
obtained here with their Rb–Sr data published long ago.

While different types of reagents were extensively tested on illite particles, physical
ultrasonic treatments combined with either dilute HCl or HAc were not used as often to
clean glauconite pellets. In fact, detrital particles may adhere to or may even be included
into growing glauconite pellets, which can bias the stratigraphic message that these green
grains are expected to convey. In the present analytical context, the aim was also to
complement a pioneering study on the topic by Pasteels et al. [6], by analyzing the chemical
composition of strictly the same glauconite separates than these authors, and by applying
K–Ar analyses on them before and after the same ultrasonic treatments.

2. Description of the Selected Samples and of the Analytical Procedure

Three samples located next to each other in a lenticular glauconite-rich horizon of
Antwerp sands were collected from an access favored by a local road work along highway
E3 near the city of Antwerp in Belgium [6]. The glauconite aggregates of these coarse
sands were so enriched that pure separates were obtained by dry sieving followed by
a magnetic separation. Independently to their stratigraphic dating by isotopic methods,
the host Antwerp sands were considered to be Middle Miocene, based on descriptions
of their calcareous nanoplancton (about 18 Ma referring to Berggren’s scale, [17]. The
three untreated glauconite fractions were analyzed hereunder for their contents of major
and trace elements, as well as for their K–Ar isotopic ages. Each sample was then split
into several aliquots that were leached with different reagents and subjected to various
’ultrasonic treatments, as were those analyzed by Pasteels et al. [6]. De-ionized water,
as well as ultra-pure 1.7N acetic acid and 1N hydrochloric acid, were used for the pre-
analytical procedure (Table 1).
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Table 1. (A) Contents of major elements in the untreated and leached glauconite pellets; (B) Positive and negative variations
in the content of major elements of the leached separates, relative to the untreated reference sample. The numbers in
brackets identify the successive aliquots; bdl stands for below detection limit.

(A)

Sample IDs SiO2
(%)

Al2O3
(%)

MgO
(%)

CaO
(%)

Fe2O3
(%)

Mn3O4
(%)

TiO2
(%)

Na2O
(%)

K2O
(%)

LOI
(%)

Total
(%)

L7 untreated (=1) 48.6 6.30 3.60 0.40 25.3 0.010 0.07 0.12 7.24 6.76 98.40
US H2O 20′ (=2) 47.8 6.40 3.57 0.50 24.2 0.010 0.06 0.12 7.34 8.27 98.27
US HAc 20′ (=3) 48.9 6.10 3.53 0.30 24.1 0.013 0.07 0.11 7.33 8.47 98.92
US HCl 20′ (=4) 49.3 6.20 3.52 bdl 24.4 0.014 0.08 0.14 7.52 7.75 98.92
US HCl 60′ (=5) 50.4 6.20 3.55 bdl 24.5 0.01 0.06 0.13 7.13 8.33 100.3

US H2O + US HAc (=6) 49.3 6.00 3.69 0.30 25.4 0.015 0.06 0.10 7.42 8.92 101.2
L8 untreated (=1) 48.9 6.60 3.60 0.40 24.6 0.016 0.07 0.09 7.37 6.99 98.64
US H2O 20′ (=2) 50.0 6.20 3.63 0.40 24.9 0.012 0.07 0.09 7.29 7.89 100.5
US HAc 20′ (=3) 49.6 6.40 3.66 0.30 25.0 0.013 0.07 0.05 7.31 8.80 101.2
US HCl 20′ (=4) 47.6 5.90 3.60 bdl 24.6 0.016 0.06 0.07 7.20 9.73 98.78
US H2O 60′ (=5) 49.4 6.40 3.60 bdl 24.7 0.010 0.06 0.07 7.32 8.23 99.79
US H2O 24h (=6) 49.5 6.30 3.56 bdl 24.5 0.010 0.07 0.09 7.38 8.20 99.61

L10 untreated (=1) 48.9 7.70 3.57 0.50 24.0 0.015 0.14 0.08 7.14 6.96 99.01
US HAc 20′ (=3) 49.9 7.10 3.56 0.30 23.5 0.011 0.08 0.30 7.12 8.74 100.6
US HCl 20′ (=4) 49.8 7.30 3.54 bdl 23.2 0.014 0.12 0.16 7.12 8.71 99.96

US H2O + US HAc (=5) 49.2 7.60 3.67 0.30 24.2 0.012 0.10 0.07 7.28 7.78 100.2
USH2O + USHAc (2×) (=6) 48.2 7.00 3.53 0.20 24.8 0.016 0.09 0.11 7.21 7.07 98.23

(B)

Sample IDs SiO2
(%)

Al2O3
(%)

MgO
(%)

CaO
(%)

Fe2O3
(%)

Mn3O4
(%)

TiO2
(%)

Na2O
(%)

K2O
(%)

LOI
(%)

Total
(%)

L7 untreated (=1) 0 0 0 0 0 0 0 0 0 0 0
US H2O 20′ (=2) −1.6 +1.6 +0.8 −25 −4.3 0 −14.3 0 +1.4 −22.3 +0.1
US HAc 20′ (=3) +0.6 −3.2 +1.9 −25 −4.7 −30.0 0 −8.3 +1.2 −25.3 +0.1
US HCl 20′ (=4) +1.4 +1.6 +2.2 −3.6 −40.0 −14.3 −16.7 −3.9 −11.6 +0.5
US HCl 60′ (=5) +3.7 +1.6 +1.4 −3.2 −90.0 −14.3 +8.3 +1.5 −23.2 +1.9

US H2O + US HAc (=6) +1.4 −4.8 +2.5 −25 +0.4 −50.0 −14.3 −16.7 +2.5 −32.8 +2.8

L8 untreated (=1) 0 0 0 0 0 0 0 0 0 0 0
US H2O 20′ (=2) +2.2 −6.1 +0.8 0 +1.2 −25.0 0 0 +1.1 −12.9 +2.0
US HAc 20′ (=3) +1.4 −3.1 +1.7 −25 +1.6 −18.8 0 −44.4 +0.8 −25.9 −2.8
US HCl 20′ (=4) −2.7 −10.6 0 0 0 −14.3 −22.2 +2.3 −39.2 +0.1
US H2O 1h (=5) +1.0 −3.1 0 +0.4 −37.5 −14.3 −22.2 +0.7 −17.7 +1.2
US H2O 24h (=6) >1.2 −4.5 +1.1 +0.4 −37.5 0 0 +0.1 +1.0

L10 untreated (=1) 0 0 0 0 0 0 0 0 0 0 0
US HAc 20′ (=3) +2.0 −7.8 +0.3 −40 +2.1 −26.7 −42.9 −2750 +0.3 −25.6 +1.6
US HCl 20′ (=4) +1.9 −5.2 +0.8 +3.3 −6.7 −14.3 −2000 +0.3 −25.1 +1.0

US H2O + US HAc (=5) +0.6 +1.3 −2.8 −40 +0.8 −20.0 −28.6 −125 +2.2 −11.8 +1.0
USH2O + USHAc (2×) (=6)) −1.4 −9.1 +1.1 −60 −3.3 −6.7 −35.7 −375 +1.0 +1.6 +0.8

The major elements were analyzed on an inductively coupled plasma atomic emission
spectrometer (ICP-AES) and the trace elements on an inductively coupled plasma mass
spectrometer (ICP-MS), by following the procedure of Samuel et al. [18]. The analytical ac-
curacy of the analyses was monitored by measuring known standard materials in between
successive samples, which resulted in an internal reproducibility of±2.5% for the major ele-
ments and of±5% for the trace elements. The Ar extractions were made in a glass extraction
line directly connected to a static gas mass spectrometer after preheating the samples under
vacuum at 80 ◦C for at least 12 h. The use of this step was to reduce the amount of atmo-
spheric Ar that could have adhered to the glauconite grains during preparation, handling
and analysis. The accuracy of the K–Ar method was checked weekly by measuring the in-
ternational glauconite standard GL-O that averaged 24.59 ± 0.17 (2σ) × 10−6 cm3/g (STP)
radiogenic 40Ar for five independent measurements at the time of the study, to be compared
to the recommended standard value of 24.85 ± 0.48 (2σ) × 10−6 cm3/g [19]. The procedure
also included periodic determinations of atmospheric loads, which 40Ar/36Ar ratio aver-
aged 298.7 ± 1.2 (2σ), to be compared to the recommended value of 298.6 ± 0.4 (2σ) [20].
The blanks of the coupled extraction line and mass spectrometer were also verified once a
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week for their content of radiogenic 40Ar that never exceeded 1 × 10−8, more often being
below 1 × 10−9, which means that the equipment did not add measurable amounts of
residual 40Ar to that of the samples. The K–Ar ages were calculated using the decay con-
stants recommended by Steiger and Jäger [21] with their individual analytical uncertainties.
Further details of the analytical procedure are available in Bonhomme et al. [22].

3. Results
3.1. The Variations of the Major Elements

The contents of the major elements of the three untreated glauconite samples were
compared to the aliquots submitted to ultrasonic shaking in different reagents (Figure 1;
Table 1A). The variations in the SiO2 content scattered slightly below the analytical uncer-
tainty of ±2.5%, except for the HCl-leached aliquots of the samples L7 and L8 (Table 1B).
The Al2O3 content varied more, especially in the samples L8 and L10 with variations
beyond analytical uncertainty. The variations in the MgO content were smaller, with only
one decrease beyond the uncertainty limit. By contrast, the content of CaO decreased
significantly in the acid-treated aliquots, suggesting an efficient dissolution of a soluble
Ca-rich mineral. The Fe2O3 content also decreased significantly in most acid-treated sepa-
rates of the samples L7 and L10, while it scattered within uncertainty in sample L8. The
Mn3O4 content increased in the leachates, while those of TiO2 and Na2O decreased, those
of K2O remaining within uncertainty. The loss on ignition systematically increased, while
the total contents of the major elements increased, again slightly, for all aliquots of the
three samples.

Figure 1. The analytical variations of the major elements leached from the three L7, L8 and L10
glauconite separates by the different ultrasonic leaching experiments. The numbers at the bottom of
each diagram refer to the different aliquots of each sample in Table 1. LOI stands for loss of ignition.

The previously released XRD diagrams of the untreated aliquots show the presence
of two XRD peaks for the untreated L10 sample relative to the equivalent diagrams of
the other samples (Figure 2). These two peaks are located at 19.2◦ and 36.6◦ (2θ) on a
fuzzy diagram that was copied from Keppens [14]. Occurring only in the diagram of
the untreated L10 sample, their absence in the other diagrams suggests the presence of
a mineral that was dissolved by the dilute-acid leaching. The two theoretical mineral
compositions that correspond to the location of these peaks, and to their relative intensities,
are the Na–Mg sulfate blödite (Na2Mg(SO4)2, 4H2O) and the Fe sulfate rozenite (Fe(SO4),
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4H2O). Combining this identification with the above chemical analyses of the untreated
and HAc leached L10 sample, the Na content decreased dramatically due to leaching,
while that of Mg remained in its analytical uncertainty and that of Fe increased. Therefore,
blödite seems to be the additional mineral of marine origin [23] that apparently crystallized
within the glauconite pellets.

Figure 2. Copies of the original XRD diagrams of the three untreated glauconite fractions from
Keppens [14]. The three diagrams A, B and C for the three samples L7, L8 and L10 are somehow
fuzzy but show clearly the two peaks of the blödite mineral in the L10 sample located by the two
red arrows.

In summary, the total contents of most major elements from differently treated sepa-
rates relative to the untreated counterparts remained fairly stable, while the loss on ignition
increased significantly from about 12% to 39%. In fact, the increasing loss on ignition sup-
ports the fact that soluble mineral phases were quite systematically dissolved. In addition,
the overall chemical compositions of the samples do not appear to have been uniform, as
would be expected, with various elements removed to variable extents by the combined
treatments. For instance, the K2O content of sample L7 decreased significantly, i.e., by
3.9% upon the HCl ultrasonic treatment, while the two other samples yield increasing K2O
content by 2.2 to 2.3%. The elements present in small amounts, such as CaO, Mn3O4, TiO2
and Na2O, all yield large variations due to the treatments, but these variations correspond
to small amounts and did, therefore, probably not imply important mineral changes except,
obviously, for the L10 sample. The almost constant variations of SiO2 and MgO were most
often within analytical uncertainty, while this is not the case for Al2O3, for instance, that
decreased more in the samples L8 and L10 than in sample L7. The value of Fe2O3 increased
in sample L7 from untreated material to strongest shaking counterpart, but were very
constant in those of the L8 and L10 samples

3.2. The Variations of the Trace Elements

The Rb content varied in the treated separates within the admitted ±5% analytical
uncertainty (Table 2A,B). In contrast, 96.1% of the Sr content were removed after the
HCl treatment in sample L7, 91.5% in sample L8 and 56.4% in sample L10: Sr is clearly
carried mostly by soluble minerals. Not analyzed for the untreated L7 sample, the content
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of the other trace elements were only discussed further for the aliquots after the HAc
ultrasonic treatment.

Table 2. (A) Contents in trace elements of the untreated and leached glauconite pellets; (B) Variations in the contents in
trace elements of the leached separates relative to the untreated reference sample.

(A)

Sample IDs Rb
(µg/g)

Sr
(µg/g)

Ba
(µg/g)

V
(µg/g)

Ni
(µg/)

Co
(µg/g)

Cr
(µg/)

Zn
(µg/g)

Cu
(µg/)

Sc
(µg/g)

Y
(µg/g)

Zr
(µg/g)

L7 untreated (=1) 222 28.7
US + H2O 20′ (=2) 231 24.6 11.0 129 113 15.0 174 108 7.00 10.5 9.00 22.0
US + HAc 20′ (=3) 14.0 8.00 131 107 14.0 190 86.0 4.00 11.0 8.00 26.0
US + HCl 20′ (=4) 230 3.03 8.00 129 112 14.0 199 80.0 5.00 9.50 2.00 22.0
US + HCl 60′ (=5) 231 5.34 7.00 129 111 13.0 194 80.0 5.00 10.5 2.00 25.0

US+H2O + US+HAc (=6) 15.0 6.00 126 109 15.0 174 95.0 12.0 10.0 8.00 20.0
L8 untreated (=1) 226 35.1 17.0 128 115 15.0 208 93.0 5.00 10.5 7.00 33.0
US + H2O 20′ (=2) 230 26.0
US + HAc 20′ (=3) 227 20.2 5.00 130 117 11.0 197 84.0 4.00 10.5 7.00 28.0
US + HCl 20′ (=4) 225 4.43 7.00 135 113 16.0 175 79.0 3.00 9.50 2.00 22.0
US + H2O 60′ (=5) 3.00 6.00 131 30.0 17.0 169 74.0 bdl 10.5 bdl 24.0
US + H2O 24h (=6) 3.00 7.00 135 37.0 14.0 173 74.0 bdl 10.0 bdl 24.0
L10 untreated (=1) 224 22.0 13.0 160 124 17.0 348 84.0 25.0 13.5 11.0 43.0
US + HAc 20′ (=3) 225 15.4
US + HCl 20′ (=4) 224 9.60 12.0 152 39 15.0 228 84.0 10.0 11.5 9.00 75.0

US+H2O + US+HAc (=5) 16.0 11.0 139 110 16.0 235 91.0 15.0 11.5 9.00 75.0
US+H2O + US+HAc (2×) (=6) 14.0 9.00 134 nd 16.0 nd 67.0 13.0 12.0 10.0 35.0

(B)

Sample IDs Rb
(%)

Sr
(%)

Ba
(%)

V
(%)

Ni
(%)

Co
(%)

Cr
(%)

Zn
(%)

Cu
(%)

Sc
(%)

Y
(%)

Zr
(%)

L7 untreated (=1) 0 0
US + H2O 20′ (=2) +4.1 −14.6 0 0 0 0 0 0 0 0 0
US + HAc 20′ (=3) −51.2 +1.6 −5.3 −6.7 +9.2 −20.4 −42.9 +4.8 −11.1 +18.2
US + HCl 20′ (=4) +3.6 −96.1 0 −0.9 −6.7 +14.4 −25.9 −28.6 −9.5 −77.8 0
US + HCl 60′ (=5) +4.1 −81.4 0 −1.8 −13.3 +11.5 −25.9 −28.6 0 −77.8 +13.6

US H2O + US HAc (=6) −47.7 −1.6 −3.5 0 0 −12.0 +71.4 −4.8 −11.1 −9.1
L8 untreated (=1) 0 0 0 0 0 0 0 0 0 0 0 0
US + H2O 20′ (=2) +1.8 −25.9
US + HAc 20′ (=3) +0.4 −42.5 −70.6 +1.6 +1.7 −26.7 −5.3 −9.7 −20.0 0 0 −15.2
US + HCl 20′ (=4) +0.1 −87.4 −58.8 +5.5 −1.7 +6.6 −15.9 −15.1 −40.0 9.5 −71.4 −33.3
US + H2O 60′ (=5) −91.5 −64.7 +2.3 −73.9 +13.3 −18.8 −20.4 bdl 0 bdl −27.3
US + H2O 24h (=6) −91.5 −58.8 +5.5 −67.8 −6.7 −16.8 −20.4 bdl −4.8 bdl −27.3
L10 untreated (=1) 0 0 0 0 0 0 0 0 0 0 0 0
US + HAc 20′ (=3) +0.4 −30.0
US + HCl 20′ (=4) 0 −56.4 −7.7 −5.0 −68.5 −11.8 −34.5 0 −60.0 −17.4 −18.2 +74.4

US H2O + US HAc (=5) −27.3 −15.4 −13.1 −11.3 −5.9 −32.5 +8.3 −40.0 −14.8 −18.2 +74.4
US H2O + US HAc (2×) (=6) −36.4 −30.8 −16.3 nd −5.9 nd −20.2 −48.0 −8.9 −9.1 −18.6

For the L8 and L10 samples that yield a complete spectrum of trace elements, the V
content increased in sample L8, while it decreased in L10. The Ni content either remained
within the analytical uncertainty such as in sample L7 or decreased significantly to about
70% in the two other untreated L7 and L8 references. Most Co, Sc and Y contents remained
also within uncertainty with, however, significant Y decreases in the L7 and L8 samples and
a slight decrease for the Cr content after leaching. Decreases in Cu after acidic ultrasonic
treatment are often significant, while Zn had a variable behavior: decreasing in sample
L8 and increasing in sample L10 after treatment, probably due to the type(s) of dissolved
minerals. In sample L7, the contents of Co, Zn, Cu and Y decreased significantly, while only
that of Cr increased and that of V remained within analytical uncertainty. Furthermore, Cu
decreased after leaching with dilute HCl (−60%), as well as Sr (−30%), Ni (−68.5%) and
Cr (−34.5%) in the untreated sample L10 hosting blödite.

In summary, amongst the analyzed trace elements, Rb, V, Zn and Sc seem not to have
been affected by the combined ultrasonic and dilute acid leaching. Others, such as Sr, Ba,
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Ni, Co, Cr and Cu were systematically removed, while Zr behaved differently in the L8
relative to the L10 sample: it leached out from the former, while remaining in the latter.

3.3. The K–Ar Data

The K–Ar data obtained before and after the treatments were analytically equivalent
for the L7 and L8 samples (Table 3). The average age values for both, at 18.0 ± 0.4 Ma
and 19.1 ± 0.4 Ma, are almost within uncertainty, while that of sample L10 is signifi-
cantly higher at 22.1 ± 1.2 Ma. More precisely, the K–Ar results display differently in a
Harper [24] diagram for the radiogenic 40Ar content relative to the corresponding K2O
content (Figure 3A,B). The data points of the samples L7 and L8 move in opposite direc-
tions: those of the L7 aliquots yield increasing K2O content for a decreasing radiogenic 40Ar
content, while those of sample L8 move into the opposite direction. In the case of sample
L10, the H2O treatment decreases the contents of both K2O and radiogenic 40Ar, whereas
the HAc and HCl treatments increase the radiogenic 40Ar content for similar K2O content.

Table 3. K–Ar data of the untreated and leached glauconite pellets.

Sample IDs K2O 40Ar * rad 40Ar 40Ar/36Ar 40K/36Ar Age

(%) (%) (10−6 cm3/g) (×10−6) (Ma +/−2σ)

L7 untreated (=1) 7.24 63.03 4.33 799.3 466.6 18.4 (0.6)
US + H2O 20′ (=2) 7.34 57.66 4.41 696.4 356.2 18.5 (0.7)
US + HAc 20′ (=3) 7.33 66.33 4.12 877.6 572.3 17.3 (0.6)
US + HCl 20′ (=4) 7.52 66.39 4.31 17.7 (0.6)
L8 untreated (=1) 7.37 62.77 4.49 793.7 453.7 18.8 (0.6)
US + H2O 20′ (=2) 7.29 70.99 4.43 1018.6 660.0 18.7 (0.6)
US + HAc 20′ (=3) 7.31 67.94 4.61 921.7 549.6 19.4 (0.6)
US + HCl 20′ (=4) 7.19 57.74 4.57 19.6 (0.7)
L10 untreated (=1) 7.14 67.59 5.08 21.9 (0.7)
US + H2O 20′ (=2) 7.25 73.84 4.88 20.7 (0.7)
US + HAc 20′ (=3) 7.12 64.31 5.23 828.0 385.4 22.7 (0.8)
US + HCl 20′ (=4) 7.12 72.28 5.37 23.1 (0.7)

(* = radiogenic)

The obtained data points of the different aliquots display the same changes in a K–Ar
isochron diagram (Figure 1): those of samples L7 and L8 move in opposite directions,
whereas the H2O leachate of the L10 aliquot yields a significant decrease in the age value
due to an increase in the K2O content. In turn, the K–Ar data reflect the various contents of
the major elements, namely the three glauconite samples are not identical in their chemical
composition and, therefore, not in their mineralogical composition, due to the presence of
contaminant minerals. In the case of sample L10, the dissolution of a soluble mineral from
untreated aliquot, even after a preliminary routine H2O treatment, modified the Rb–Sr
data, which is unusual e.g., [25]. Such behavior is most probably due to the dissolution of a
mineral rich in Sr and depleted in Rb and K.

3.4. The Impact of the Duration of the Ultrasonic Shaking

Variations in the Rb–Sr isotopic ages of the glauconite pellets studied here by the
K–Ar method were addressed before by Pasteels et al. [6] by varying the duration of the
ultrasonic shaking on three more samples not studied here (L1, L2 and L3 on Table 4 of
Pasteels et al. [6]) from 20 to 60 min, and even up to 24 h in the case of sample L8, all with
the same reagent. In the case of the Rb–Sr ages, longer ultrasonic treatments induced older
ages for the L7 and L8 samples (Table 4). Related to these age increases are a slight increase
in the Rb content in sample L7 and a slight decrease in L8, as well as a large increase in
Sr in both samples. Furthermore, the systematic increase in radiogenic 87Sr should be
mentioned. These changes explain the variations in the ages, while the limited variations
in the Rb content exclude any impact on the alkali-carrier minerals.
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Figure 3. (A) Diagram displaying the content of radiogenic 40Ar relative to K2O in the untreated and
leached glauconite separates; (B) the same for the K–Ar age values (in Ma) relative to the K2O content;
(C) 40Ar/36Ar vs. 40K/36Ar isochron diagram of the untreated and leached glauconite separates.

Increasing the shaking from 20 to 60 min in HCl only significantly reduced the contents
in TiO2 and K2O, while shaking sample L8 in H2O for 20 min and 60 min, or for 24 h did
not affect the contents of any of the main major elements. Only those of Mn3O4, TiO2
and Na2O decreased and increased again. Subjected to a duplicate treatment consisting
first of a regular 20 min long shaking in H2O and then in HAc, followed by a second
treatment in H2O, the Al2O3, Mg2O3, CaO and TiO2 contents of sample L10 decreased
beyond analytical uncertainty, while those of Mn3O4 and Na2O increased, also beyond the
analytical uncertainty. In the case of the trace elements, most variations in their contents
induced by increased shaking time were limited within analytical uncertainties. Only the
Sr and Zn contents visibly increased in sample L7 when the duration of the shaking in HCl
increased from 20 to 60 min. When the shaking time increased from 20 min to 24 h in H2O,
the Ni content decreased and that of Co increased in sample L8. When 20 min shaking in
H2O was followed by another 20 min shaking in HAc, the contents of Sr, Ba, Zn, Cu and
Zr decreased beyond analytical uncertainty. In summary, only shaking in H2O followed
by an identical shaking duration in HAc had some leaching impact on the trace elements,
obviously on a mineral carrier of the trace metals.
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Table 4. Report of the Rb–Sr data of the untreated and leached glauconite pellets by Pasteels et al. [6]). The * stands
for radiogenic and the i for initial ratio that corresponds to the seawater ratio at the syn-deposition time of glauconite
crystallization.

Sample IDs Rb Sr 87Sr * 87Rb/86Sr 87Sr/86Sr Age (+/−2σ)

(µg/g) (µg/g) (+/−1%) (+/−10−5) (i = 0.7086)

L7 untreated (=1) 222 28.7 18.5 (1.0) 22.42 0.7151 (4) 20.3 (1.5)
US H2O 20′ (=2) 231 24.6 17.6 (1.5) 27.22 0.7159 (7) 18.8 (2.2)
US HCl 20′ (=4) 230 3.03 16.7 (0.5) 220.1 0.7649 (17) 18.1 (0.6)
US HCl 60′ (=5) 231 5.34 18.3 (0.3) 125.4 0.7436 (5) 19.7 (0.6)

L8 untreated (=1) 226 35.1 23.0 (1.2) 18.67 0.7152 (3) 25.0 (1.9)
US H2O 20′ (=2) 230 26.0 16.9 (0.6) 25.64 0.7151 (2) 18.3 (1.2)

duplicate 0.7151 (2)
US HAc 20′ (=3) 227 20.2 17.5 (0.4) 32.53 0.7174 (2) 18.8 (0.7)
US HCl 20′ (=4) 225 4.43 17.4 (0.2) 147.2 0.7482 (4) 18.9 (0.5)
US HCl 60′ (=5) 228 5.86 18.7 (1.0) 112.8 0.7411 (14) 20.7 (1.6)
US HCl 24h (=6) 227 4.20 18.5 (0.3) 156.7 0.7534 (6) 20.1 (0.6)

L10 untreated (=1) 224 54.9 38.6 (0.4) 11.83 0.7157 (8) 42.1 (1.6)
US HAc 20′ (=3) 225 15.4 22.3 (1.0) 42.36 0.7232 (6) 24.2 (1.3)
US HCl 20′ (=4) 224 9.60 26.1 (0.6) 67.64 0.7363 (3) 28.7 (1.1)

The K–Ar method was not applied to variably shaken aliquots but only during 20 min
with H2O, HAc and HCl. The age increased the most in the case of the HCl interaction for
the L8 and L10 samples, while it decreased about the same for sample L7.

4. Discussion

The elemental and K–Ar isotopic data obtained here raise a concern about the miner-
alogical homogeneity of glauconite samples collected within a narrow neighborhood, as
the pellets apparently also carried accessory mineral phases. The treated aliquots of the L8
and L10 samples yield opposite K–Ar and elemental trends, suggesting at least different
impacts by the leaching/shaking tests. For instance, the systematical leaching of Na by
all treatments points to the occurrence of a constitutive soluble phase easily removed by
whichever treatment and identified to be blödite detected in sample L10 by XRD. Some Na
content could also or additionally have resulted as part of halite NaCl crystallized from the
evaporation of seawater that could have diffused into the growing authigenic glauconite
pellets during crystallization, while blödite is a reasonable alternative, contemporaneously
or after the crystallization of the glauconite pellets. In contrast, Fe2O3 does not appear to
have contributed significantly as its content only decreased significantly in the aliquots
of sample L7, whereas it appeared quite uniform in most of those from the L8 and L10
samples. The systematic increases of the loss on ignition also alerts for discrete changes in
the mineral compositions of the three samples. The high initial K–Ar age value of sample
L10 and its slight increase after interaction with dilute acids also suggest the occurrence of
various minerals dispersed in the pellets together with glauconite.

4.1. About the Earlier Published Rb–Sr Data

The Rb–Sr results published by Pasteels et al. [6] were plotted again here into an
isochron diagram (Figure 4A) where the data points fit roughly with a straight array except
that of the untreated L10 aliquot that plots above the line. A closer look at the Rb and Sr
contents shows that Rb is hardly affected by the different treatments since its contents range
narrowly from 222 µg/g for the untreated A1 aliquot of sample L7 to 231 µg/g for the two
aliquots of the L7 sample leached by H2O and HCl. The difference of +4.1% is clearly within
the analytical uncertainty. The Sr content varies much more, i.e., from 3.0 to 54.9 µg/g,
suggesting that the applied experiments affected mostly, if not only, Sr carrying minerals.
A further interesting relationship concerns the Sr contents and the 87Sr/86Sr ratios from
leached residues (Figure 4B). The H2O leaching with an ultrasonic shaking only slightly
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reduces the Sr content and does not affect the 87Sr/86Sr ratio. This suggests that the H2O
treatment released only Sr from water-soluble minerals, such as the suspected salts with
an 87Sr/86Sr ratio of about 0.7154 ± 0.0004 (2σ). Obviously the ultrasonic shaking did not
add much, except probably that it enabled de-ionized H2O to reach mineral particles that
were physically protected within the pellets. It is also plausible that the obtained 87Sr/86Sr
ratio of about 0.7154 is not representative of the depositional environment of the glauconite
pellets, but rather indicative of a post-depositional diagenetic impact that probably favored
the crystallization and/or the protection of these suspected minerals with abnormally high
Sr content and unexpected 87Sr/86Sr ratios. The additional HAc treatment leached about
40 to 70% of the Sr from the two aliquots of the L8 and L10 samples. It yielded an 87Sr/86Sr
ratio from 0.7174 to 0.7232, which is even above the ratio of 0.7154 for the previous H2O
treatment. The removed Sr with a slightly higher 87Sr/86Sr ratio seems to have been carried
mostly by minerals sensitive to the acidic leaching, but not to the ultrasonic shaking in H2O.
The HCl treatment removed more than 80% of the originally trapped Sr in the pellets, which
resulted in an expectedly significant increase in the trapped 87Sr/86Sr ratio of the residues
from 0.7363 to 0.7534. In turn, the ultrasonic shaking did visibly not increase the amount
of removed Sr, while an increase in the reagent’s acidity appeared to be more efficient
in this respect. Another fact to be noticed is about the correlation between Sr contents
and 87Sr/86Sr ratios in the residues: as long as the Sr content is higher than 25 µg/g, the
87Sr/86Sr ratios remain almost identical at 0.7154 ± 0.0004 (Figure 4B). When the Sr content
ranges from about 25 to 6 µg/g, the 87Sr/86Sr ratio increases progressively to about 0.7400,
and when its content drops below 6 µg/g, the increase in the 87Sr/86Sr is even stronger.
Notable is the fact that when the Sr content is high in the pellets, i.e., above 25 µg/g, the
contents of the additional carriers overwhelm those of the glauconite pellets. The Sr of
the latter becoming dominant only when the content in the pellets is below 6 µg/g. It can
then not be excluded that the isochron of the sole glauconite pellets only includes the data
points that fit the dashed line of the diagram with an initial 87Sr/86Sr ratio of about 0.715
(Figure 4B). This change would slightly lower the “stratigraphic” age, which may then
no longer relate to the stratigraphic scale but result from the above-mentioned delayed
diagenetic episode. In this case, the blödite-type and the other soluble minerals would have
crystallized at the same time as the insoluble glauconite, with an identical initial 87Sr/86Sr
ratio and an overwhelming Sr content.

The Rb–Sr diagram plot somehow confirms this concept: with the exception of the
data point of the L10 residue after HCl leaching/shaking, all others plot along an array that
may also be considered to be an isochron (full line in Figure 4A). The four L7 data points
fit a first plausible isochron (full line in Figure 4A) with an age of 18.1 ± 3.1 (2σ) Ma, an
initial 87Sr/86Sr ratio of 0.7095 ± 0.0052 (2σ) and a MSWD of 13. The data points of the L8
untreated and residues plot along a sub-parallel isochron with an age of 19.6 ± 1.8 (2σ) Ma,
an initial 87Sr/86Sr ratio of 0.7089 ± 0.0024 (2σ) and a higher MSWD of 63. The obtained
ages and initial 87Sr/86Sr ratios of these two isochrons overlap, while the data points of
the third L10 sample are clearly above the two arrays. Beyond these differences, it appears
that minerals that were solubilized by the weak acids, such as the blödite in sample L10
for instance, as well as other soluble minerals characteristic of reduced environments
such as glauconite pellets, could have crystallized within the volume and the ambiance of
the pellets.

It is, then interesting to compare these results with the contents of the major and
trace elements depending on the used reagents to identify which kind of soluble minerals
characterize either oxidizing or reducing environments in the pellets. Leaching sample L7
with H2O removed large amounts of CaO. In the case of sample L8, the same H2O leaching
removed mostly Mn3O4, while HAc leaching produced the highest removals of Mn3O4
and CaO. In turn, high decreases were observed for Na2O, Mn3O4 and CaO in the samples
L7 and L8, whereas the highest losses in sample L10 were also in Na2O, Mn3O4 and CaO,
suggesting the same dissolutions in the three samples at various amounts.
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Figure 4. (A) Isochron diagram of the previously published Rb–Sr data, the full line mostly includes
the data points of sample L7 and the dashed line are those of sample L8 and some of sample L10;
(B) Diagram of the 87Sr/86Sr ratios of the analyzed residues with their Sr content. In both diagrams,
the samples yield symbols colored differently with a numbering of the individual leaching.

In summary, the glauconite pellets contained high amounts of foreign elements that
were released by H2O and dilute acids, improved by ultrasonic shaking. The first conclu-
sion is that the preparation used by Pasteels et al. [6], based on a magnetic enrichment
and a H2O rinsing, appears to have not been sufficient to remove the accessory mineral
phases characterized especially by metal-rich components that have crystallized within the
pellets, either at the same time as the glauconite crystals in the reduced microenvironment
of the pellets, or afterwards during a further diagenesis and with a different 87Sr/86Sr
ratio. The systematic leaching of high amounts of Mn3O4, of TiO2 and of less Fe2O3 in the
leachates testifies for the occurrence of such metal-rich soluble components. Whereas CaO
was leached quite systematically, it appears that here the soluble mineral(s) probably did
not precipitate at the time the pellets crystallized, as its (their) 87Sr/86Sr ratio(s) is (are)
different from that of the Middle Miocene (18 Ma) seawater, that was of 0.7087–0.7088 [26].
This value is close to the value of 0.7086 used by Pasteels et al. [6] in Table 4. The occur-
rence of Na2O in the leachates relates reasonably to the identified blödite that could have
crystallized when the seawater dried out within the pellets. Blödite, known to carry high
Sr contents, as determined here, could have been trapped within the pellets, which hid
it during the initial contact with H2O during sample preparation. In turn, this specific
mineral composition of the glauconite pellets affected only the Rb–Sr and not the K–Ar
system, because they carry mostly Sr and Na, but not K and Rb. The bias in the Rb–Sr age
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is then the consequence of the addition of Sr with an 87Sr/86Sr ratio different from that of
the glauconite mineral that removed the data point away from initial isochron.

4.2. Comparison of the K–Ar and the Previously Published Rb–Sr Data

The Rb–Sr data of Pasteels et al. [6] that were obtained on the same samples as the
K–Ar and geochemical data generated here (Table 4), outline a high Rb–Sr age for the sole
untreated L10 sample with a very high Sr content. It is clear that the difference is not due
to an analytic aspect as the two other samples yield identical Rb–Sr and K–Ar ages. Clearly
abnormal, the Rb–Sr age spectra at 42.1 ± 1.6, 24.2 ± 1.3 and 28.7 ± 1.1 Ma for the three
analyzed L10 aliquots with an initial 87Sr/86Sr ratio set conventionally at 0.7086, are clearly
above the corresponding K–Ar values. These high values are also visible in the isochron
diagram (Figure 4A), where the untreated aliquot has the lowest 87Rb/86Sr ratio of all
analyzed aliquots, while plotting above the drafted isochron. In summary, the database
points towards a specific mineral composition that clearly affects the Rb–Sr system and not
its K–Ar equivalent.

The Rb contents remain quite constant for the untreated and leached aliquots of
sample L10, the difference needs to relate to the higher Sr content of the untreated sample,
which reduces its Rb/Sr ratio to a significant lower value than those of the other aliquots.
This is also visible in the diagram that compares the 87Sr/86Sr ratios with the corresponding
Sr content (Figure 4B). Interestingly, when ultrasonically leached, the L10 aliquots yield
Rb–Sr age data that are much younger, even within analytical uncertainty, than those of
the K–Ar data. In turn, as the differences between the Rb–Sr and K–Ar data of sample L10
obviously relate to the occurrence of blödite, a mineral enriched in Sr and lacking K and
Rb, in the untreated L10 aliquot. It can also be stated that the Rb–Sr data were not biased
by the preparation or by any analytical aspect, but correspond to a mineral phase that was
not removed during the sample preparation.

All obtained Rb–Sr and K–Ar data were combined into a chart that allows a straight
comparison of the results (Figure 5). Relative to the stratigraphic reference, most age data
are on the higher side by both the Rb–Sr and K–Ar methods. In detail, the untreated aliquot
of sample L8 and all those of sample L10 yield higher age values than the stratigraphic
reference. It is confirmed that the high age value of the untreated L10 aliquot is mostly
due to the identified blödite with an impact on only the Rb–Sr system. However, for that
L10 sample, the data plots of the leached/shaken aliquots remain unevenly above the
stratigraphic reference, which suggests that they also probably contain insoluble detrital
components such as illite-type clay crystals that are clearly of detrital origin. The overall
proposal for sample L10 is then that it was apparently deposited in a marine environment
that was slightly different from that of the two other L7 and L8 samples in both its sedi-
mentological and mineralogical context: more exposed to detrital supplies identified by
further clay material and it also hosted a Na–Mg sulfate.

4.3. Evaluation of the Sample Preparation Techniques

It is difficult to evaluate precisely the impact of the preparation on a limited number
of results. Here, the age difference of the untreated aliquot of the L10 sample relative to
those of its treated aliquots is due to the occurrence of blödite overwhelmingly loaded in
Sr that did not affect the K–Ar data because it lacks alkali elements. This interpretation
is supported by the homogeneous K–Ar results of the four aliquots of this L10 sample
that were subjected exactly to the same preparation steps as the equivalent aliquots of the
two other samples. In the case of the two other L7 and L8 samples, the K–Ar ages also
decreased after HCl reaction, which could be due to the dissolution, not of blödite but of
another acid-sensitive soluble mineral and/or to the removal, by shaking the pellets in
dilute acid, of detrital particles that were sticking to the glauconite crystals in the pellets.
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Figure 5. Synoptic chart of the Rb–Sr and K–Ar isotopic results of all L7, L8 and L10 glauconite
aliquots. The red rectangle locates the stratigraphic age of the samples, each branch giving the
analytical uncertainty for each method. The three full-lined circles integrate the data points of each
sample, while the dashed-line circles identify the five data points within the stratigraphic age. The
colored symbols to the right stand for all samples.

Leaching experiments with dilute HCl or HAc acids have been extensively used in
isotopic dating of clay-type minerals as they dissolve carbonates, sulfates and oxides, while
leaving the clay crystals unaffected e.g., [15]. Such dissolutions are visible here on the basis
of the changing CaO and Fe2O3 contents, while additional ultrasonic shaking seems not to
have modified the impact of the chemical interaction. Leaching of Fe2O3 indicates, together
with that of the metallic trace elements, that metal-rich crystals were dissolved by the
applied treatments, especially for sample L10 that also contained soluble Na- and Ca-rich
crystals that crystallized in the reduced environment of the glauconite pellets. Ultrasonic
shaking seems justified for disaggregating mineral agglomerates, which facilitates the
removal of detrital grains or particles that are potentially trapped within glauconite pellets
and might be difficult to reach with acidic solutions.

In summary, the above multi-method isotopic dating of glauconite pellets focuses on
an aspect in their preparation that needs to be highlighted again: a leaching/cleaning of
the pellets appears to be very necessary with dilute reagents such as HAc and/or HCl. In
addition, in the case of pelleted crystals such as glauconite grains, the addition of ultrasonic
shaking seems also justified to somehow disaggregate the pellets in order to facilitate the
access of the aggregated pellets to the used reagents. Of course, this procedure is only a
suggestion based on experimental data with open choices in the types of reagents and/or
the duration of the interactions that can obviously be adjusted.

5. Conclusions

Authigenic glauconite pellets represent important historic references for the calibration
of the time scale by K–Ar and/or Rb–Sr isotopic dating. As illite separates, they were
often treated with different reagents such as dilute HCl and/or HAc, but seldom together
with ultrasonic shaking. The same procedure has been strictly applied again here for
a comparison of K–Ar dating of three samples previously dated by Rb–Sr in order to
precisely compare the two sets of data. Two opposite K–Ar data trends for the elemental
contents suggest various mineral compositions in the untreated pellets. The K–Ar data
obtained before and after the treatments are analytically similar for all aliquots of two of
the analyzed samples, while those of the third one yield a slightly higher age difference.
In fact, this sample also contains blödite identified by XRD, known as Sr enriched and for
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its marine origin, that affected the Rb–Sr data and not the equivalent K–Ar data. Based
on its 87Sr/86Sr ratio above that of the depositional marine environment, this mineral
appears to have crystallized during a late diagenetic episode relative to the glauconite
precipitation. The chemical analyses show that the sample preparation has a determining
impact on the isotopic dating of clay-type minerals. This technical aspect becomes especially
important when glauconite isotopic dating is of stratigraphic application, by removing,
or not, accessory minerals trapped in the pellets during initial crystallization or delayed
diagenesis. It is essential to systematically leach the selected aliquots with dilute acid, run
and, preferentially, compare the Rb–Sr and K–Ar data for a consolidated evaluation of the
obtained ages. The combination of these two isotopic methods strengthen not only the
isotopic and mineralogical results, but provides also information about the sedimentary
context of the selected material.
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