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A B S T R A C T

Glauconite mineral is one of the most sensitive indicators of low sedimentation rate in the marine environment.
The time of residence of glauconites at the sea bottom before burial is reflected by their so-called maturity that is
differentiated based on their K2O content.

The present work aims to investigate the evolution of glauconites during the transition toward the highly
evolved level. Complementary electron microprobe, Raman, and Thermogravimetric analysis were performed on
glauconitic grains from the Belluno basin (N Italy) with different K2O content in order to verify whether the level
of glauconites evolution affects the results of these surveys.

The obtained results show that Raman spectra are sensitive to the
grade of glauconite maturations. First, spectra of mature glauconites
are more structured, due to the lower degree of Al substitution in the
octahedral sites.

Moreover, the position of the strongest Raman peak (Si–Ob–Si
mode) at ∼700 cm−1 shows two contrasting behaviors in the early (K2O
<8%) and late (K2O> 8%) stages of glauconites maturation, respec-
tively. TGA measurements reveals that the presence of interlayer water
is also related to the state of glauconites maturations. The obtained re-
sults were explained in the light of different isomorphic substitutions
occurring at octahedral level in the mature and non-mature glau-
conites, thus allowing to obtain a deeper insight onto the mechanism of
glauconites evolution.

1. Introduction

Among the different indicators of low sedimentation rate in marine
environments, glaucony is one of the most sensitive and includes green
marine grains with a considerable variability [1] from iron-rich 2:1
dioctahedral minerals (interlayered glauconite-smectite [2];) to glau-
conite s.s., with a great proportion of potassium as interlayer cation
[3,4]. After Odin and Matter (1981) and Amorosi (1995, 1997) [5–8],
glauconitic grains are collectively defined as glaucony while the term
glauconite is used only for the K-rich end-member of the glauconitic
mineral family.

According to Odin and Matter (1981) [5] and Odin and Fullagar
(1988) [9], the glauconitization processes include a two-stage model: i)
the formation of a K-poor, Fe3+-rich smectite precursor (possibly due to
microbial activity [10–12];) and ii) a gradual enrichment with K+ to
form a K-rich glauconitic mica. It is to notice, however, that according
to other researchers [13,14] other phyllosilicates minerals can be con-
sidered as a precursor such as a glauconitic clay or a kaolinite-smectite
bearing substratum.

The time of residence of glauconites at the sea bottom before burial
is reflected by their so-called maturity. Based upon composition and
structure of glauconitic minerals, four stages of evolution have been dif-
ferentiated: nascent (K2O 2–4 wt%), slightly evolved (K2O 4–6 wt%),
evolved (K2O 6–8 wt%), highly evolved (K2O > 8 wt%) [5–9,15,16].
In order to define the evolution of glauconies several techniques have
been used as electron microprobe, powder X-ray diffraction investigat-
ing the distance between the peaks (001) and (020) [8,9,17] and mag-
netic characterization [18]. Amorosi et al. [8] noted that “The out-
standing advantage of characterizing glaucony by its paramagnetic sus-
ceptibility, in spite of lack of accurate determination, is that magnetic
separation is easy to perform and inexpensive” however “it is recom-
mended that analysis of magnetic properties [should] be used in con-
junction with other methods, such as geochemical and diffractometrical
analyses”. To shed light on the mechanism involved in the glauconitiza-
tion process, different authors [19–22], performed HRTEM analyses.
Amouric and Parron (1985) [19] found out smectite-rich and glau-
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conite packets but no interlayering. Buatier et al. (1989) [20] found out
that glauconite crystallites are commonly parallel to smectite layers
forming an irregular “interstratified” sequence. Jiménez-Millán et al.
(1998) [21] did not observe a textural relationship between smectite
and glauconite. López-Quirós et al. (2020) [22] revealed the occurrence
of individual smectite layers between the glauconite packets.

Despite the copious literature in the field, the processes involved
during the evolution stages of glauconites are still not fully understood
and continues to attract a high level of research interest.

For its straightforward use in the material characterisation of hard
matter, Raman spectroscopy is now an eminent technique [23,24]. Pre-
vious Raman analyses on glauconites have been performed especially
on green pigments in order to recognize them from celadonites, smec-
tites, chlorites, serpentines and malachite [25–29]. As explained before,
however, the main purpose for these last works was to discriminate dif-
ferent green-coloured phases, so that they did not enter in a great de-
tail.

A chemistry-dependent Raman study on glauconite was been pub-
lished by Baumgartner et al., in 2022 [30] but a systematic study on the
changes occurring in Raman spectra during the maturation processes is
still lacking. The main objective of the present study was to investigate
the variations occurring in chemical compositions and in Raman spec-
tra as a function of the maturity stage. The potential role of adsorbed
and interlayer water molecules can also be considered by performing
thermogravimetric analysis.

In the light of these considerations, complementary electron micro-
probe, Raman and thermogravimetric analysis were performed on glau-
conitic grains from the Belluno Glauconite Arenite formation with K2O
content in the range 5–10 wt %. The correlation between the results of
the different analyses provides important information, relating to the
octahedral isomorphic substitutions, useful to obtain a deeper insight
into the mechanism of glauconites maturation.

2. Materials and methods

The Veneto-Friuli Chattian to Messinian molasse basin is located at
the junction of three orogenic belts, the Dinarides, Alps and the Apen-
nines-Southern Alps system, the former two being characterized by an
orogenic acme in the Paleogene, the latter in the Neogene (Fig. 1A). The
molasse is a clastic wedge up to 4000 m thick, trending WSW-ENE
showing maximum thickness at the boundary between the eastern
Southern Alps and the Veneto-Friuli plain and gradually wedges out
southwards. Significant contributions dealing with several aspects of
the Veneto-Friuli molasse were given by Cason et al. (1981), Cousin
(1981), Massari (1983, 1984), Stefani (1982, 1984) and Massari et al.
(1986) [31–36].

The fill of the molasse basin can be subdivided into minor and major
sequence often bounded at the base by glauconitic beds marking eusta-
tic or regionally significant sea-level changes. A number of glauconitic
layers are of limited extent and genetically linked to locally developed
clastic progradational units. The reworking of relict sediments occurs
on a limited scale and the glauconitic.

sheet-sand can be considered an abandonment facies deposited after a
definite deltaic episode.

In general, the glauconitic layers show a massive bedding. The
amount of glauconite and abundance of fossils varies from sparse in
marginal facies to very abundant in more open marine facies. Accord-
ing to Massari et al. (1986) [37] a significant difference exists between
Chattian-Langhian petrofacies, with a spectrum ranging from sub-
litharenites to litharenites with more than fifty per cent of quartz, and
Serravallian-Messinian petrofacies with litharenites dominated by ex-
trabasinal carbonate clasts (Fig. 2A and B).

Fig. 1. A) Simplified sketch-map showing the position of the eastern South-
Alpine molasse basin (ESB) with respect to the adjoining orogenic belts (after
Massari et al., 1986). LBE: Lessini-Berici-Euganei high; B) outcrop for sample
GB2; C) outcrop for sample GB4; D) hand specimen for sample GB1.

We sampled 7 glauconitic beds (labelled as GB1-GB7) around Bel-
luno city (Fig. 1B, C, D), crashed them and concentrated glauconitic
grains by means of a Frantz isodynamic magnetic separator (Fig. 2C).
Glauconitic grains of different size and colour (pale to dark green) have
been handpicked under the microscope, put on an adhesive tape, em-
bedded in epoxy resin and polished. About 120 glauconite grains have
been analysed using a CAMECA-SX50 electron microprobe (EMPA) at
IGG-CNR Padua, operating at 15 kV and 15 nA. A 20 s counting time
was used for both peak and total background. Among the complete set
of analysed samples, two of them (GB4 and GB6) showed glauconitic
grains with considerable chemical variations among grains (K2O
5–10 wt%). The same glauconitic grains from these samples have been
successively analysed by Raman spectroscopy. In such a way we were
certain of the absence of other phases but glauconites. No other phases
have been recognised via EMPA and Raman analyses. Thermogravime-
try (TG) measurements have been performed on samples constituted by
several grains from the same glauconitic beds.

The micro-Raman measurements were performed with a
Jobin–Yvon Labram apparatus, equipped with holographic notch filter,
motorized xy stage, auto-focus and microscope Olympus BH-4. The ob-
jective 100 × with a spatial resolution of about 1 μm was used for the
measurements. The light at 632.8 nm of a HeNe laser (maximum power
20 mW) was used for excitation. The laser power on the sample was
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Fig. 2. A) Thin sections of GB1and B) GB6 samples showing the glauconitic
grains. C): glauconite grains after magnetic concentration.

kept lower than 1 mW using a series on neutral density filters. The spec-
tral resolution is ∼2 cm−1. The typical measurement was a series of 5
accumulations of 60 s each. The accuracy on the position and width of
the Raman bands, obtained by means of Gauss-Lorentzian fitting using
the LabSpec 5 software, is 0.5 cm−1 (it can be worse for weak and broad
bands).

TG measurements were performed by means of a Q5000 IR appara-
tus (TA Instruments) under the nitrogen flow of 10 cm3 min−1 for the
sample and 10 cm3 min−1 for the balance. The weight of each sample
was ca. 10 mg. The experiments were performed by heating the sample

from ca. 30–400 °C with a rate of 10 °C min−1. The temperature calibra-
tion was carried out by means of the Curie temperatures of provided
standards.

3. Results and discussion

The results of electron-microprobe analysis (EMPA) on glauconitic
grains showed that the main oxides are SiO2 (51–58 wt %), FeOtot
(20–30 wt %), K2O (5.8–9.5 wt %), Al2O3 (3–9 wt %) and MgO (5–7 wt
%). Calcium oxide is present in variable amount, but sometimes its
presence can be due to calcareous particles within the grains so that we
arbitrarily considered only grains with CaO lower than 2 wt %. Other
oxides such as Na2O, TiO2 and MnO are lower than 0.4 wt %.

Chemistry reveals that within the different layers sampled there are
two layers (GB4 and GB6) where the range of K2O is rather spread cov-
ering almost the entire range of K2O registered in this study, while in
the other layers the range is much narrower.

Given this, we decided to focus on these two samples (Fig. 1) and to
perform Raman and thermal analysis on glauconites from these two lay-
ers.

Compositional changes due to evolution processes are illustrated in
Fig. 3 where the relations between K2O and magnesium, aluminium and
iron oxides are reported.

Fig. 3 evidences that both Al2O3 and MgO percentages decrease on
increasing K2O content, while a weak positive relation between FeOtot
and K2O can be observed.

It is reasonable to suppose that the higher content in K+ into the
clay interlayer is balanced by isomorphic substitutions in the octahe-
dral sites between trivalent aluminum and divalent iron (Al3+ →Fe2+).
The decrease in Mg2+ takes account of the isomorphic substitutions in
the octahedral sites between divalent Mg2+ and trivalent Fe3+ (Mg2+

→Fe3+).
This last process is significant only at the early stages of glauconites

maturations, as confirmed from the observation that the Mg2+ loss is
more pronounced at lower K2O content (<8%).

The proposed considerations are in accordance with the results of
López-Quirós et al. (2020) [22] which found that more mature glau-
conite grains are characterized by major K+ and Fe2+ and minor Fe3+

content and that potassium is stabilized at the interlayer site by the oc-
tahedrally coordinated Fe2+.

Typical Raman spectra of glauconitic grains at different evolution
stages are reported in Fig. 4.

A review of literature data [25,26,38] showed that the Raman spec-
tra of glauconitic grains presents characteristic bands in the range
100–800 cm−1, while at higher wave-numbers only broad weak bands
are sometimes visible. Grissom (1986) assigned those broad peaks to
the hydroxyl stretching (3610 and 3545 cm−1), the hydroxyl bending
(1630 cm−1) and the Si–O stretching (970 and 1110 cm−1). In the pre-
sent study we did not consider the frequency zone higher than
800 cm−1, because, given the above assignments, they should be not re-
lated to the K2O content.

The presence of the glauconites characteristic bands [25,39,40]
at ∼ 190, 260, 390, 440, 550 and 700 cm−1 is clearly observed in the
Raman spectrum of highly evolved glauconites (K+ content higher than
8%).

As for the less evolved glauconites grains (K content lower than 8%),
in the low-wavenumber spectral region, the poor resolution of the Ra-
man peaks does not allow to establish the exact position of bands. Ac-
cording to Ospitali et al., 2008 [25] this spectral region is related to the
internal vibrations of the MoO6 octahedra (Mo = interlayer metal
atom).

It is reasonable to suppose that Raman spectra of mature glauconites
are more structured due to the lower degree of Al substitution in the oc-
tahedral sites which lead to a more ordered structure and consequently
to narrower and more resolved peaks. This effect is confirmed by Fig. 5
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Fig. 3. MgO, Al2O3 and FeOtot vs. K2O diagrams. Red circle: GB4 glauconites;
black circles: GB6 glauconites; blue circles: glauconites from other layers of the
Belluno Basin. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the Web version of this article.)

where the negative correlation between the Full Width at Half Maxi-
mum (FWHM) of the peak in the range 690–700 cm−1 and the K2O con-
tent, is reported.

In the 450-800 cm−1 spectral region, related to the vibrations mode
of the SiO4 tetrahedra [25,41], well-defined peaks at ∼ 550 (δSi-O-R
and δR-O-H, with R = octahedral ion) and 700 cm−1 (νSi–Ob–Si) are
observed.

Fig. 4. Raman spectra of glauconites with K2O content lower than 6 wt %
(black line), in the range 7–8 wt % (blue line) and higher than 8 wt % (red line).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 5. Full Width at Half Maximum (FWHM) of the peak in the range
690–700 cm−1 vs. K2O wt.%.

Aiming at evaluating the influence of the evolution stage on the Ra-
man spectra, the eventual occurrence of changes in the position of the
peaks at ∼550 and 700 cm−1, on varying chemical composition, was in-
vestigated.

As for the Si–O-R and R-O-H bending (550 cm−1), our experiments
showed no correlation with chemical composition, while the position of
the strongest Raman peak (Si–Ob–Si mode) at ∼700 cm−1 shows a pecu-
liar behaviour.

4
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Fig. 6. Raman shift of the strong peak in the range 547–553 cm−1 vs. K2O wt.%
for the glauconites.

As observed in Fig. 6 the values of frequencies increase in the early
stages of glauconites maturation, until the K2O content reaches the
value of 8%, then a negative correlation between the Raman shift and
the K2O content is observed.

As reported in (Wang, Freeman, e Jolliff 2015), the major factors
that influences this Raman peak positions, in phyllosilicates, is the dif-
ference in effective ionic radii [42] among octahedral cations, i.e., Al3+

(0.535 Å), Fe3+ (0.645 Å), Mg2+(0.72 Å), and Fe2+ (0.78 Å). The
length of the M − O bond in octahedral sites is shorter in the case of
high content of trivalent ions, thus producing higher Raman shift val-
ues, while it is higher where bigger divalent cations are located, thus
producing lower frequency values.

In the present case, the Raman shift of the νSi–Ob–Si peak is always
below 700 cm−1, which is probably due to the low content of Al3+ and
Fe3+ compared to Fe2+ and Mg2+ ions.

The data reported in Fig. 5 can be explained considering the differ-
ent isomorphic substitution that occurs at octahedral level in the ma-
ture and non-mature glauconites.

In the early stages of maturation, both Mg2+ → Fe3+ and Al3+ →
Fe2+ substitutions probably occur. The first process should lead to an
increase of the frequency values (because the Fe3+ O bonds are

shorter), while the other process should lead to lower Raman shift val-
ues (due to the longer Fe2+ O bonds).

The observation that the νSi–Ob–Si increases at the beginning of the
maturation process seems to indicate that the first effect prevails.

The opposite trend, observed for the highly evolved glauconites, can
be explained by considering that, the high K+ content requires the ex-
pulsion of trivalent cations and an increase of the divalent ones (mainly
Fe2+) at the octahedral level.

We can finally conclude that Raman spectra are sensitive to the
grade of glauconite maturations in terms of both resolution of Raman
peaks in the low-wavenumber region and in terms of shift of the Raman
frequencies around 700 cm−1. The opposite trends observed for this
peak as a function of the maturation stage, give important information
about the exchange process occurring at the octahedral level.

To further investigate the behaviour of glauconites as a function of
their maturation state TGA measurements were performed. Thermo-
gravimetric analysis is frequently employed to characterize water con-
tent and thermal stability of many kinds of minerals [43–48]. The ther-
mograms shown in Fig. 7 refers to three different samples with three
different K2O content.

The TG diagrams seem to show only a pronounced weight loss due
to the loss of adsorbed water, while in the DTG curves, they show two
losses. The first from 30 to 100°, which is most likely adsorbed water
[Fernandez-Landero et al.). The second (more visible in the inset), with
a maximum at ca.130C° which is most likely interlayer water. Note the
negative relationship between the amount of water in the interlayer
and the maturity of glauconite. This relationship seems to be easily ex-
plained by the fact that, as the K+ concentration of the interlayer in-
creases, the interlayer water decreases.

4. Conclusions

A combined EMPA, Raman and TGA study was performed in order
to investigate the evolution stages of glauconites during the transition
toward the highly evolved level. Considering that the transition from
nascent to highly evolved glauconites is supposed to be the following:
Microbial oxidation → Formation of Fe3+-smectite → Fe3+-smectite to
glauconite reaction [5,12]. Our work suggests a lowering of the water
content driven by increased interlayer content of K+ in the last evolu-
tion stage from evolved to highly evolved glauconites. The obtained re-
sults show that Raman spectra are sensitive to the grade of glauconite
maturations. The spectra of mature glauconites are more structured,
due to the lower degree of Al substitution in the octahedral sites and
lower water content.

Fig. 7. TG (a) and DTG (b) curves of three different glauconite samples.
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Moreover, the position of the strongest Raman peak (Si–Ob–Si
mode) at ∼700 cm−1 shows two contrasting behaviours. In the early
(K2O <8%) stages the Al and Mg2+ in the octahedral site is replaced by
Fe2+and Fe3+. In the late (K2O> 8%) stages of glauconites maturation
the Al is replaced by Fe2+. The opposite trends observed for this peak as
a function of the maturation stage, give important information about
the exchange process occurring at the octahedral level.
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