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Abstract. Glauconite and celadonite coexist at the nanometre scale in Early Jurassic submarine volcanic rocks
of the Betic Cordillera (southern Spain) as a result of microbial activity. Samples from the limit between the
two micas, recognizable in scanning electron microscopy, have been extracted using the focussed ion beam
technique and studied by high-resolution analytical electron microscopy. Both micas are present as randomly
oriented differentiated small crystals in the boundary area. They define clearly distinct compositional fields with
gaps affecting to Fe, Mg and K. At the lattice scale, celadonite shows a high degree of order, with homogeneous
orientation of the visible lattice parameters being a difference from glauconite, formed by packets no more
than 10-layers thick. Smectite layers were also detected alongside glauconite packets, in accordance with X-ray
diffractograms which indicate that glauconite is a mica–smectite interstratification being more than 90 % mica
layers. The compositional gap indicates that celadonite is not the endmember of the glauconitic series and the
two micas represent two different structural tendencies of mica, with glauconite having more distorted octahedral
sheets, indicated by systematically higher b parameters than celadonite.

1 Introduction

Glauconites are green micas particularly significant in sed-
imentary environments. Their restricted genetic conditions
give them the status of key minerals for palaeoenvironmental
interpretations; they usually form in shallow-marine settings
(water depths< 500 m) in semi-confined microenvironments
with partially reducing conditions in the sediment pore wa-
ter, and their complete maturation needs long residence time
with low sedimentation rate (Odin and Matter, 1981; Odin et
al., 1988; Odin and Fullagar, 1988; Amorosi, 1995). Accord-
ing to the rules of international committees, like IMA (Inter-
national Mineralogical Association; Rieder et al., 1998) and
AIPEA (Association Internationale Pour I’Étude des Argiles;
Bailey, 1980), they are interlayer-deficient micas with low
Al tetrahedral substitution, which allows roughly half of

their octahedral sites to be occupied by divalent cations
(Mg2+ and Fe2+) in spite of their dioctahedral character;
this Tschermak-type substitution, together with Fe3+ as the
dominant trivalent cation instead of Al3+, differentiates them
from illites. The dominant interlayer cation is K+.

The equivalent non-interlayer-deficient mica, having all
the crystal-chemical characteristics described in the previous
paragraph, would be celadonite, according to the IMA classi-
fication. As the chemical composition of a given glauconite is
dependent on its maturation degree (Odin and Matter, 1981;
Baldermann et al., 2013), approaching that of celadonite with
residence time, this latter mineral has been traditionally con-
templated as a possible endmember for glauconites (e.g. Par-
ron and Amouric, 1990). However, celadonite typically has
a different origin, linked to the ocean floor hydrothermal al-
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teration of intermediate and basic volcanic rocks (Odin et al.,
1988).

Another ubiquitous characteristic of glauconites is the
presence of interstratified smectite layers. According to
data from Baldermann et al. (2013) and López-Quirós et
al. (2020), during maturation, the K content of glauconite
evolves with the proportion of mica layers in the mica–
smectite mixed layer following a logarithmic function, be-
ing asymptotic for 100 % mica layers at a value of K =
0.8 a.p.f.u. (atoms per formula unit); therefore, the compo-
sition of celadonite would never be reached, even in the hy-
pothetical case of a glauconite completely free of smectite
layers, which, anyhow, has never been described in nature
(López-Quirós et al., 2020). Therefore, in spite of their chem-
ical and structural similarities, the actual crystal-chemical re-
lationships between glauconite and celadonite remains un-
known.

Reolid and Abad (2014) described glauconites and
celadonites in close physical association, which were not
linked to the usual sedimentary origin of glauconites but re-
lated to Early Jurassic submarine volcanism. The described
case may be a clue to understanding the genetic and crystal-
chemical relationships between glauconite and celadonite as
(1) the two minerals coexist in contact, being differentiable
at the scanning electron microscopy (SEM) scale, but their
compositions are neatly different and separated by a compo-
sitional gap; (2) glauconite has a K content equivalent to the
maximum one described in the compilation of data by Bal-
dermann et al. (2013) and López-Quirós et al. (2020).

The aim of the work is the characterization of the textural-
genetic relationships between glauconite and celadonite from
Reolid and Abad (2014) at the nanoscale with the use of
focused ion beam (FIB). This technique offers the possi-
bility of extracting in the SEM nanometre-sized lamellas
from the areas where the two minerals occur and to study
them with high-resolution transmission electron microscopy
(TEM) techniques, which allows for the nanoscale charac-
terization of the textural-genetic relationships between the
two minerals. As a complementary tool, Raman spectroscopy
was also used to try to characterize structural features related
to the OH stretching of both micas that could justify the ex-
istence of a compositional gap.

2 Geological setting

The studied green minerals are located in the Subbetic,
Betic Cordillera, southern Spain (Fig. 1a). This mountain
range is the westernmost European chain related to the
Alpine Orogeny and is divided in external and internal zones.
The Subbetic corresponds to the external zone of the Betic
Cordillera and is constituted mainly of marine sedimentary
rocks deposited in the Southern Iberian Palaeomargin from
the Triassic to the Miocene. However, from the Early to Late
Jurassic the palaeomargin was affected by intense submarine

volcanic activity in wide sectors of the pelagic basin. The de-
posits related to the submarine volcanism are basaltic pillow-
lava flows, interbedded with pyroclastic rocks and pelagic
sediments. The analysed phyllosilicates of this study are
associated with pillow-lava deposits. These volcanic rocks
present a WSW–ENE orientation with an almost continuous
outcrop around 85 km long and a maximum of 5 km wide.
The maximum thickness of these volcanic rocks, described
in the literature, is over 300 m (Vera et al., 1997). The Lower
Jurassic submarine volcanic rocks of the Median Subbetic
are considered as transitional alkaline, originated in an exten-
sional process of crustal thinning (Portugal et al., 1995; Vera
et al., 1997). The main minerals in the pillow lava are olivine,
Ti-augite, plagioclase (variable from bytownite to oligoclase)
and minor biotite, Ti-hornblende, apatite, and Fe–Ti oxides
(Puga et al., 1989; Morata et al., 1996).

These rocks are well exposed close to the A-44 motor-
way at kilometre 79, between the cities of Jaén and Granada,
in the so-called Campotéjar outcrop (Granada province, co-
ordinates 37◦30′12′′ N, 3◦37′50′′W) (Fig. 1b). Pillow-lava
bodies are well exposed in the highway trench and in an
old quarry. Reolid and Abad (2014) analysed the mineral-
ogy of the voids among the pillows, commonly filled with a
variety of material, including broken-up fragments of glassy
lava, sediment materials (limestones, marls) and secondary
vein minerals with calcite, quartz, glauconite, celadonite and
saponite. These minerals are forming characteristic green
laminated crusts (see Fig. 3 in Reolid and Abad, 2014) that
are the subject of this work.

3 Methods

The studied samples were retrieved from the mineralizations
that infill the voids among pillow-lava bodies. These voids
are generally irregular spaces with curved surfaces due to the
surface of the pillow-lava bodies (Fig. 1c). The veins with
selected mineralizations developed in these spaces are gener-
ally less than 15 cm long. The hand-scale observations were
made on 13 polished slabs, and they are detailed in Reolid
and Abad (2014). A total of 26 thin sections were used for
petrographic observations. The X-ray diffraction (XRD) data
of the < 2 µm fraction samples corresponding to the green
crusts were obtained from oriented aggregates. The < 2 µm
fraction were separated by centrifugation, and oriented ag-
gregates were prepared by settling a dispersion on a glass
holder. The EG-treated (ethylene-glycol) sample diagrams
were obtained on the same specimen as air-dried (AD) ones
to allow an exact superposition of the two diffractograms.
After AD analysis, the specimen was treated in EG atmo-
sphere for 24 h at 60 ◦C. The diffractograms were obtained
in a PANalytical X’Pert Pro diffractometer (CuKα radiation,
45 kV, 40 mA) equipped with an X’Celerator solid-state lin-
ear detector, using a step increment of 0.008◦ 2θ and a to-
tal counting time of 10 s per step. A scan between 3 and
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Figure 1. Location of the outcrop where samples were collected: (a) regional location, (b) detailed geological setting of the Campotéjar
pillow-lava outcrop and (c) detail of the outcrop of pillow lavas with the studied voids among them (yellow lines).

50◦ 2θ was done on the dry samples. Decomposition rou-
tines included in the HighScore software were applied to
identify the superposition of peaks from the two micas and
also smectite mixed layering observable at the d001 peak at
10 Å. Peaks were fitted through an asymmetric Voigt func-
tion (mixed Gaussian and Lorentzian) using constraints to
realistic values. Various combinations of peaks were tested
until the best fit within the constrained values was obtained.
Intensity, width at half-height and peak position were ap-

proximated by the least-squares method until they optimally
retraced the peak course of the original profile.

Textural and chemical observations were made on carbon-
coated polished thin sections in a scanning electron micro-
scope (SEM) using back-scattered electrons (BSE) in atomic
number contrast mode. BSE images were acquired at 15 kV
with a working distance of 8 mm using an angle-selective
backscatter (AsB) detector in a Merlin Carl Zeiss electron
microscope at the Centro de Instrumentación Científico-
Técnica (CICT, Universidad de Jaén). Microprobe analy-
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ses of green micas on the polished thin sections were per-
formed using wavelength-dispersive spectroscopy (WDX) on
a Cameca SX100 at the Centro de Instrumentación Cientí-
fica (CIC, Universidad de Granada). The instrument was set
at an accelerating voltage of 15 kV with a beam current of
15 nA and an electron beam diameter of < 5 µm. Data were
reduced using the procedure of Pouchou and Pichoir (1985)
and the standards used were albite, sanidine, periclase, diop-
side, quartz, vanadinite, rutile, fluorite and synthetic oxides
(Al2O3, Fe2O3, NiO and MnTiO3). The structural formulae
of micas were calculated on the basis of two octahedral plus
four tetrahedral cations and 22 positive charges. Fe2+ and
Fe3+ in the formulae were calculated by stoichiometry.

For the textural and chemical characterization at the
nanometre scale, selected samples according to XRD anal-
ysis and SEM observations were prepared for transmission
electron microscopy (TEM) study. A dual beam Helios 600
focused ion beam scanning electron microscope (FIB-SEM)
was used (LMA, Universidad de Zaragoza). The objective of
using this technique is to identify the most interesting areas
for observation while keeping the texture of the sample. Four
lamellas were extracted from one of the thin sections pre-
viously analysed by SEM. One lamella corresponds to the
glauconitic zone and another one to the celadonitic zone, and
two more lamellas were extracted including the contact be-
tween the glauconitic and celadonitic areas. The selected ar-
eas were marked and trenched using a focused beam of Ga+

ions (Overwijk, 1993). The initial intensity for trenching was
set to 1.6 nA, and in the last stage of the process to thin the
lamella the intensity was set to 0.4 nA. The procedure leaves
a narrow slice standing and pending by one of the uncut
edges. The slice was then welded and was fixed to a half-
copper washer for TEM observation. The final dimensions
of the lamellas were approximately 9 µm× 5 µm× 50 nm.

The TEM data were obtained using the high angle annular
dark field (HAADF) FEI Titan G2 microscope, operated at
300 kV and with a point-to-point resolution of 0.08 nm in the
TEM mode and 0.2 nm in the scanning transmission electron
microscopy (STEM) mode (CIC, Universidad de Granada).
Chemical analyses were obtained, using STEM mode, with
a SuperX detector. Compositional maps were obtained from
the whole interesting area, and the individual spectra of each
pixel of homogeneous areas of the maps summed up to pro-
duce the average spectrum of all the area. In addition, scan
windows including the entire analysed particle were used for
the chemical analyses on the basis of high-angle annular dark
field (HAADF) images.

Raman spectra were recorded on a Renishaw (inVia Re-
flex) spectrometer (CICT, Universidad de Jaén) equipped
with a Peltier-cooled (−70 ◦C) charge-coupled device (CCD)
detector and a Leica DM2700 microscope (objectives 5×,
20×, 50× and 100×) to focus the laser on the sample, and a
colour video camera allowed for the positioning of the sam-
ple and selection of a specific region of the thin section for
investigation. A diode-pumped solid-state laser (532.0 nm)

was used for excitation. The number of scans (5–20), count-
ing times (5–15 s) and laser power (a maximum of 50 %) var-
ied as a function of several factors like fluorescence, back-
ground noise or heat damage. The spectra were obtained in
two regions with bands related to the octahedral cations and
polyhedra. The wavenumber region from 50 to 1200 cm−1,
with special emphasis on the 195 cm−1 band, is related to
the internal vibrations of the octahedral polyhedra (XO6)
whose intensity is highly dependent on the orientation of the
mica layers (Tlili et al., 1989); hence, it can be used to iden-
tify this orientation. The hydroxyl stretching region (3500–
3700 cm−1) shows bands strictly dependent on the nature of
octahedral cations.

4 Results

4.1 X-ray diffraction

The X-ray diffraction diagram of the < 2 µm fraction of the
studied samples is dominated by the succession of nearly ra-
tional orders of the 10 Å reflection, compatible with micas,
together with minor signs of smectite and calcite (Fig. 2a).
Decomposition of the 10 Å peak (Fig. 2b) shows that the 10 Å
reflection includes peaks corresponding to the two micas de-
scribed by Reolid and Abad (2014) as major constituents of
the sample: celadonite and glauconite. After the ethylene-
glycol (EG) treatment, the 10 Å peak shows a change in
shape and width (Fig. 2a), which indicates that at least one
of the micas, presumably the glauconite, includes a minor
swelling component. Decomposition of the 10 Å area of the
EG-treated specimen (Fig. 2c) shows that the reflection in-
cludes two very close peaks in the area of 10 Å and a shoulder
between 10 and 11 Å. One of the 10 Å peaks is equivalent,
within the decomposition error, to that of celadonite (9.95 Å);
hence, it is not affected by the EG treatment. The other peak
(9.82 Å) and the shoulder (10.77 Å) are compatible with the
characteristic diagram of an R3 mixed-layer clay presented
in the Fig. 8.7 of Moore and Reynolds (1997), as also pre-
viously interpreted for an Antarctic glauconitic sample by
López-Quirós et al. (2020) in their Fig. 4. Given the vicinity
and the complexity of the decomposed clay low-angle peaks,
the results of the decomposition need to be considered reli-
able only to a certain extent; they are compatible with the
existence and nature of the two micas, but the exact position,
intensity and width of the peaks may be subjected to signif-
icant errors. To sum up, the < 2 µm fraction of the samples
is mainly composed of non-swelling celadonite together with
glauconite containing less than 10 % smectitic layers, like the
most mature glauconites described in the literature (Balder-
mann et al., 2013; López-Quirós et al., 2020).
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Figure 2. X-ray diffraction diagrams of the < 2 µm fraction of the CR-T sample: (a) superposition of the diagrams corresponding to the
air-dried (AD, blue) and ethylene-glycol-treated (EG, red) specimens, which show a clear change in the 10 Å peak with the treatment;
(b) decomposition of the air-dried specimen diagram; (c) decomposition of the EG treated specimen diagram. Sme – smectite; Cal – calcite;
the rest of the peaks correspond to micas.

4.2 SEM and electron microprobe analysis (EMPA)
observations

A detailed textural description of the studied material us-
ing SEM can be found in Reolid and Abad (2014). Here,
we have focused on the transition zone between glauconite
and celadonite crystals inside the green laminated crusts
which are in turn composed of filaments. At the microme-
tre scale, these are cylindrical filaments constituted of a coat
surrounding a hollow. The wall of these filaments is con-
stituted of two parts: the inner one without textural traits
and an outer part consisting of a ring of needle-like crys-
tals disposed as a coating around the inner part (Fig. 3).
Actually, the inner part is composed of very small lath-like
crystals (< 1 µm length) of glauconite randomly organized
(glauconitic zone) and the outer part by larger lath-like crys-
tals (> 5 µm length) of celadonite, oriented perpendicular to
the filament (celadonitic zone). In any case, and in spite
of the predominance of glauconite in the inner part, some
celadonite grains have been detected in this domain. In con-
trast, in the external coating only celadonite was detected.

The green micas’ structural formulae based on microprobe
analyses (Table 1) easily allow the identification of the two
dioctahedral micas: glauconite and celadonite. In general, for
these green micas the Si content is always > 3.75 atoms per
formula unit (a.p.f.u.) and the amount of K is ≥ 0.60 a.p.f.u.
The octahedral sheet is characterized by Fe contents of 0.54–
1.06 a.p.f.u., and Al and Mg contents are in a similar range
(0.5–0.8 a.p.f.u.).

However, two different populations are identified as ob-
served in the Fig. 4. The outer lath-like crystals corre-
sponding to the celadonitic zone show lower Fe contents
(< 0.80 a.p.f.u. with an average content of 0.61 a.p.f.u.) than
the inner crystals corresponding to the glauconitic zone
(≥ 0.95 a.p.f.u.) with an average content of 1.01 a.p.f.u. (Ta-
ble 1, Fig. 4a). Only one tenth of glauconitic Fe is Fe2+,
which is different from celadonite in which one quarter is
Fe2+ (Table 1, Fig. 4b). Al and Mg contents are higher in
the celadonitic zone than in the glauconitic zone with a clear
Mg gap between both micas (Table 1, Fig. 4c). In addition,
there are clear differences in the K content of these two min-
eral phases of green micas. In the outer crystals, analyses re-
veal K contents in the range of 0.81–0.90 a.p.f.u., which are
greater than in the inner glauconitic zone, where WDX anal-
yses show K contents of 0.64–0.73 a.p.f.u. (Table 1, Fig. 4d).

4.3 TEM observations

The characterization of the transition between the glauconitic
zone and the celadonitic zone in lamellas extracted with FIB
from thin sections in the TEM has allowed us to establish the
main features of both minerals at the nanoscale.

In low-magnification images, both green micas show a
similar aspect, organized in clusters of platy crystals ran-
domly oriented (Fig. 5), although glauconite crystals appear
to be thinner and less crystalline. In any case, these subtle
differences at that scale are very evident in the lattice-fringe
images (Figs. 6 and 7). At the lattice scale, celadonite shows
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Figure 3. BSE images of the green micas surrounded by calcite: (a) view of different sections of filaments in which the inner voids (blue
arrow), surrounded by a dark grey material (glauconite, green arrow), and the external one composed of celadonite (red arrow) can be
differentiated; (b) detail of the green micas showing the radial disposition of the celadonite lath-like crystals that make up the outer coating.
Cal – calcite; Cel – celadonite; Glt – glauconite.

Table 1. Structural formulae for green micas normalized to six cations (IV+VI) based on WDX data (EMPA analyses). Fe distributed as
Fe2+ and Fe2+ by charge balance.

Si IVAl VIAl Fe Mg K Ca Al tot
∑

charges + Fe2+ (
∑

ch-22) Fe3+ (Fe-Fe2+)

Outer micas (celadonite)

1 3.83 0.17 0.55 0.77 0.68 0.81 0.04 0.72 22.03 0.03 0.74
2 3.87 0.13 0.66 0.61 0.73 0.85 0.04 0.79 22.05 0.05 0.56
3 3.90 0.10 0.69 0.58 0.73 0.86 0.03 0.80 22.09 0.09 0.49
4 3.87 0.13 0.64 0.65 0.71 0.85 0.04 0.77 22.09 0.09 0.56
5 3.92 0.08 0.69 0.57 0.74 0.88 0.11 0.78 22.27 0.27 0.30
6 3.91 0.09 0.71 0.56 0.73 0.88 0.07 0.80 22.20 0.20 0.36
7 3.87 0.13 0.63 0.66 0.71 0.83 0.17 0.76 22.34 0.34 0.32
8 3.88 0.12 0.64 0.63 0.72 0.83 0.08 0.76 22.15 0.15 0.48
9 3.95 0.05 0.68 0.58 0.75 0.89 0.04 0.73 22.17 0.17 0.41
10 3.91 0.09 0.67 0.60 0.73 0.87 0.05 0.76 22.14 0.14 0.46
11 3.93 0.07 0.72 0.54 0.74 0.86 0.05 0.79 22.14 0.14 0.40
12 3.91 0.09 0.67 0.57 0.76 0.90 0.10 0.76 22.24 0.24 0.33

Inner micas (glauconite)

13 3.78 0.22 0.40 1.05 0.55 0.67 0.11 0.62 22.12 0.12 0.93
14 3.76 0.24 0.43 1.04 0.53 0.64 0.10 0.67 22.08 0.08 0.96
15 3.81 0.19 0.45 0.98 0.58 0.72 0.11 0.64 22.17 0.17 0.81
16 3.79 0.21 0.41 1.06 0.52 0.64 0.10 0.63 22.10 0.10 0.96
17 3.80 0.20 0.42 0.99 0.59 0.68 0.10 0.61 22.09 0.09 0.90
18 3.81 0.19 0.44 0.95 0.61 0.73 0.09 0.63 22.11 0.11 0.84

a high degree of order, with homogeneous orientation of the
two visible lattice parameters displayed in Fig. 6b. The 1M
polytype can be identified in all the images, with only a few
stacking defects. The same characteristics can be recognized
in the reciprocal space (inset Fig. 6b). The 1M polytype is
the usual one of celadonite according to all the structural de-
terminations in the literature (Zvyagin, 1957; Zhukhlistov et
al., 1977; Tsipurskii and Drits, 1986; Zhukhlistov, 2005). In
addition, celadonite crystals are thicker (more than 20 layers,
that is > 20 nm thick) than the glauconitic laths, which reach
no more than 10 nm in thickness, ranging from 3 to 10 lay-

ers of 1 nm (Fig. 7). In some cases, smectite layers were also
detected next to glauconite layers (Fig. 7b) with a spacing of
1.3 nm, which suggests the presence of areas of interstratified
smectitic material in agreement with the observations from
the X-ray diffractograms. As a consequence, celadonites are
more perfectly crystallized, whereas in glauconite packets
stacking defects, layer terminations and slightly curved lay-
ers have been observed (Fig. 7a).

At the transition zone from glauconite to celadonite, the
configuration of particles is chaotic, although the differen-
tiation of the two green micas here was possible thanks to
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Figure 4. Chemical plots showing the compositional ranges of the two types of green micas.

Figure 5. TEM low-magnification images showing the general aspect of glauconitic zone (a) and celadonitic zone (b).

the differences in the chemistry, mainly the K and Fe con-
tents, as shown by energy-dispersive X-ray (EDX) spectra
(Fig. 8a). The domain which includes both micas shows clus-
ters of crystals with different orientations and compositions
without a clear organization among them (Fig. 8b, c). Never-

theless, the STEM-EDX maps show a net boundary between
glauconite and celadonite (Fig. 8d), which confirms a com-
positional gap between them (Fig. 8a, d).
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Figure 6. TEM images corresponding to celadonites: (a) low-magnification image of long celadonite crystals forming aggregates; (b) detail
of the green square corresponding to a celadonite crystal composed of more than 50 layers with a spacing of 1 nm as the selected area electron
diffraction (SAED) pattern corroborates. Polytype 1M can be identified both in SAED and high-resolution TEM (HRTEM).

4.4 Raman spectroscopy data

Figure 9 displays representative spectra corresponding to the
50–1200 and 3500–3700 cm−1 regions for the glauconite and
celadonite studied in this work. In general, the poor resolu-
tion of the glauconite peaks does not allow us to establish the
exact position of bands, and the small deviations may not be
meaningful. Despite this, there is a parallelism between the
two spectra with only some subtle differences. In the region
between 90 and 100 cm−1 two different peaks are present
in the celadonite spectrum, whereas only a broad band is
in the glauconite one. Furthermore, the Raman spectrum of
glauconite shows a broad band around 190 cm−1, whereas a
better-defined band around 184 and 217 cm−1 is observed in
the celadonite spectrum. Henceforth, the spectra show three
more bands (450, 560 and 700 cm−1) with a small band at
600 cm−1 in the glauconite spectrum (Fig. 9a) which is ab-
sent in the celadonite one (Fig. 9b). This region is related
to the internal vibrations of the octahedral (XO6) polyhedra
(Loh, 1973; Tlili et al., 1989; Ospitali et al., 2008); therefore,
several of the splittings described in the celadonite spectrum
could be related to some differences between the two mi-
cas in the geometry of their respective octahedra. In rela-
tion to the OH-stretching region (3500–3700 cm−1), which
depends on the nature of octahedral cations, the glauconite
spectrum is only showing weak bands not always notice-
able around 3560, 3575 and 3610 cm−1 (Fig. 9a). Neverthe-
less, the Raman spectrum of celadonite shows four bands
in this region: 3533, 3560, 3580 and 3607 cm−1 (Fig. 9b).
The small wavenumber differences between the two miner-
als when comparing both spectra are possibly related to the
differences of composition between the two micas.

In consequence, and although spectra from both green mi-
cas are very similar, probably the celadonite features de-

scribed at nanoscale (more crystalline, less defects) indica-
tive of a more ordered structure imply better-defined bands
in the Raman spectra.

5 Discussion

5.1 The origin of the two micas

Reolid and Abad (2014) pointed to the relation between the
filamentous morphologies of the green micas and a possi-
ble microbial origin. Glauconite and celadonite crystallized
forming a coating around organic filaments that have disap-
peared, leaving the void space within the elongated mineral
structures (no more than a few tens of micrometres long) with
rounded sections a few micrometres in diameter (Fig. 3).
This makes sense with the microbial communities ubiqui-
tously recorded on pillow lavas in recent ocean crust (e.g.
Edwards et al., 2005; Santelli et al., 2008; Santelli, 2009).
According to Reolid and Abad (2014) the microbes that lived
in the spaces between the pillow lavas were extremophile,
chemoorganotrophic organisms. In this frame, the chemical
reactions related to the basalt alteration are capable of sup-
plying enough energy for the chemoorganotrophic growth of
microbes (Bach and Edwards, 2003; Santelli et al., 2008).

Textural observations of the mineral sequence coating the
inner voids of the filaments indicate that glauconite, which is
closer to the inner voids of the filaments, started to crystallize
first. However, the transition from glauconite to celadonite
through a domain (4–5 µm thick) which is a chaotic mix of
both phases indicates that there was an interval in which the
genesis of both green micas was coetaneous. Eventually, the
only presence of celadonite crystals in the most external part
of the filament coating reveals its final precipitation in ab-
sence of glauconite. The main change during the formation
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Figure 7. TEM images corresponding to glauconite: (a) aspect of the glauconite crystals with no more than 10 layers (1 nm thick) and
showing defects, namely, layer terminations (black arrows); (b) thin packets of glauconite (1 nm layers) with smectitic layers next to them
(1.3 nm layers).

Figure 8. (a) Two overlapped energy-dispersive X-ray (EDX) spectra corresponding to the two micas: the red line is glauconite and the
blue line celadonite; (b) HAADF image with location of analyses corresponding to glauconites (1, 2 and 6) and celadonites (3, 4, 5 and 7);
(c) image showing an area including the two types of micas; (d) STEM-EDX map of the area (the K-rich area corresponds to celadonite and
the Fe-rich area to glauconite).
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Figure 9. Representative Raman spectra of the two types of green micas: glauconite (a) and celadonite (b) obtained at the 532 nm excitation
wavelength and corresponding to two regions (see “Methods” for explanation). The intensity scale is in total counts.

of the green minerals’ coating could be related to the input
of Fe, which should come from the chemoorganotrophic mi-
croorganisms. After their death, the Fe in the environment
decreased, promoting the crystallization of celadonite instead
of glauconite.

As indicated before, there is a transitional zone where
glauconite and celadonite coexist at the nanometre scale
(Fig. 8); nevertheless, a continuous solid solution between
the two phases does not exist. From a chemical point of view,
a compositional gap between the two micas exists mainly
in the K, Fe and Mg contents (Fig. 4). Assuming that the
microorganisms got energy from redox reactions involving
Fe, the metabolic Fe-rich byproducts could have been accu-
mulated in the cellular walls, contributing to the glauconite
genesis around them. Probably when the growth of the glau-
conitic coatings reached a critical thickness, the microorgan-
isms were isolated, contributing to their death as there was
no possible exchange with the environment. Then the input
of Fe decreased, more Mg and K entered the structure, and,
instead of glauconite, celadonite was formed. However, not
only the chemical gradient from microbial filament that con-
ditions the elements available in the environment but also the
different structural characteristics of both micas suggested by
the existence of a compositional gap controlled the crystal-
lization of both phases.

According to Reolid and Abad (2014) the genesis of both
micas was related to a low-temperature hydrothermal activ-
ity with an open circulation regime, oxidizing conditions and
a high seawater/rock ratio. The source of Fe in the system

should be the hydrothermal fluids, and the source of K was
seawater (Clayton and Pearse, 2000; D’Antonio and Kris-
tensen, 2005; Baker et al., 2012). In addition, as the volcanic
edifices of the Median Subbetic are composed of K-rich pil-
low lavas (Vera et al., 1997), they were also potential sources
of K, as well as Fe. The crystallization temperature for glau-
conite and celadonite was probably the same, around 30–
63 ◦C (Stakes and O’Neil, 1982; Odin et al., 1988; Clayton
and Pearce, 2000; D’Antonio and Kristensen, 2005; Clauer
et al., 2011).

At a later stage, the environmental conditions in the spaces
among pillow lavas changed due to the deposition of ma-
rine sediments or new pillow lava. Therefore, the isolation
from the seawater favoured the increase in T and the re-
ducing conditions. In this phase, Reolid and Abad (2014)
described the formation of smectites (saponite), calcite and
quartz which generally completed filling the voids among the
pillow lavas. In some cases, the voids between the pillow-
lava bodies were not completely infilled and formed quartz
and calcite geodes. For D’Antonio and Kristensen (2005),
glauconite characterizes hydrothermal alteration under ox-
idizing conditions, whereas saponite and calcite character-
ize alteration under reducing conditions. There are signif-
icant similarities between the minerals of low temperature
hydrothermal alteration of the Jurassic pillow lavas studied
here and those from ocean-ridge basalts (Alt, 1999; Clayton
and Pearce, 2000; D’Antonio and Kristensen, 2005), with the
presence of early Fe-rich dioctahedral micas followed by a
later formation of saponite and carbonates.
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The peculiar origin of glauconite described above, which
is not the typical one (Odin and Matter, 1981; Odin and Ful-
lagar, 1988; Amorosi, 1995), allowed its coexistence with
celadonite. Both micas are usually linked to different genetic
environments: semi-confined microenvironments in the sed-
iment pore water vs. ocean floor hydrothermal alteration of
volcanic rocks. Therefore, the idea of celadonite as a pos-
sible endmember of the glauconitic series has been chiefly
based in the chemical tendency of glaucony during its mat-
uration, which roughly points to celadonite. Nevertheless, to
our knowledge, this complete evolution has never been de-
scribed in nature. It is for this that the described example
from southern Spain offers a unique opportunity to describe
the chemical and structural differences between the two mi-
cas at the nanometre scale.

5.2 Compositional gap and structural relationships
between glauconite and celadonite

Normally, the existence of a compositional gap between two
mineral phases having similar structures is due to small struc-
tural differences motivated for the necessity of the struc-
ture to accommodate different chemical populations (Bloss,
1994). This includes the well-known cases of albite vs. K-
feldspars or paragonite vs. muscovite. In the two cases the
significant differences of ionic radii between Na+ and K+

render it impossible that the two endmembers have exactly
the same structure. Therefore, the general geometries are the
same, but, in detail, each extreme term presents a different
arrangement of atomic distances and bonding angles to ac-
commodate the smaller and the greater cations. The case of
glauconite vs. celadonite is not so obvious and, to our knowl-
edge, has not yet been described. In part, the small grain size
and defective crystalline character of the two minerals have
precluded the existence of a wide basis of structural knowl-
edge.

The mica structure is composed of TOT (tetrahedral–
octahedral–tetrahedral) layers linked through electrostatic
charge by cations (Fig. 10a). Hence, the basal spacing (d001)
parameter is basically determined by the interlayer cationic
size and charge. Nevertheless, the TOT also shows internal
structural differences related to its chemical composition, in-
cluding its thickness. Drits et al. (2010) determined various
structural parameters, which describe in detail the TOT layer,
for a series of samples containing illites, aluminoceladonites,
glauconites and celadonites. They found continuous linear
relationships between them, with the distribution of the dif-
ferent samples along the various correlation lines linked to
their compositions, that is, a behaviour coherent with a con-
tinuous series of solid solution including the four studied
compositional varieties of micas.

Nevertheless, all these parameters refer to the c direction
of the structure. In contrast, when the lateral b parameter is
considered, glauconites and celadonites show different re-
lationships with the mean thickness of the octahedral sheet

(Fig. 11) and represent the distinct trends of two sets of sam-
ples with compositional differences. Similar pairs of relation-
ships (not shown) between b and other parameters related to
the c direction of the structure, like the flattening angle of the
octahedral sheet and the corrugation of the basal oxygen sur-
face, can be found after a careful analysis of the data of Drits
et al. (2010).

From the data in Fig. 11, glauconites are characterized
by more distorted octahedrons (longer in the b direction)
than celadonites, and the two micas represent the extremes
of two compositional series in the structural evolution of
micas (continuous and dashed lines in Fig. 11). Schmidt
et al. (2001) and Brigatti et al. (2005) found that the de-
crease in VIAl in favour of Fe and Mg in the octahedral sheet
(celadonitic substitution) is progressively accommodated by
a continuous evolution of structural parameters. Neverthe-
less, Schmidt et al. (2001) found that the tendency of increase
in the b parameter with the increase in Fe and Mg finishes and
reverses for high values of this substitution (> 60 % of alu-
minoceladonite content). Therefore, the b parameter of ex-
treme celadonites is not finally so high as expected follow-
ing the tendency of those micas which have lower celadonite
contents.

From the first description of celadonite structure (Zvyagin,
1957; Zhukhlistov et al. 1977, Tsipurskii and Drits, 1986;
Zhukhlistov, 2005; Dorset, 1992), it is known that the usual
difference in size between trans-octahedral (M1) and cis-
octahedral (M2) positions, generally found in all dioctahe-
dral phyllosilicates, is minimum for celadonite (Fig. 10c).
Also Brigatti et al. (2005) described that M1 and M2 tend to
become more similar with the increase in celadonitic content
of micas. Schmidt et al. (2001) attribute the change in ten-
dency of a and b parameters for more than 60 % celadonite
content to this increasing similarity between the empty M1
and the occupied M2 positions. That is, celadonite, even
if compositionally dioctahedral, presents a trioctahedral be-
haviour regarding the similitude between M1 and M2 posi-
tions (Fig. 10c). This sort of structural “disguise” solves the
difficulties of matching between tetrahedral and octahedral
sheets for high celadonite contents (Fig. 10e). The simil-
itude between M1 and M2 positions imposes a minimum
ditrigonal distortion angle of the tetrahedral sheets (α angle,
Fig. 10b) because the tetrahedral sheet distortion is linked to
the octahedral distortion, which is maximum in dioctahedral
phyllosilicates (Fig. 10d) and minimum, or inexistent, in tri-
octahedral ones. In fact, all the structural determinations (see
references above) of celadonites report very low α angles.

The α angle is related to b parameter and tetrahedral Al
substitution through equations proposed in the literature and
based on high correlation coefficients (Radoslovich and Nor-
rish, 1962; Schmidt et al., 2001; Brigatti et al., 2005). Drits
et al. (2010) report α angles for glauconites only slightly
higher than, and partially coincident with, celadonites in
spite of their tetrahedral Al substitution. According to the
above-cited equations, this is due to the previously discussed
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Figure 10. Structural details of micas to show the differences between celadonite and glauconite: (a) general structure of micas; (b) geom-
etry of the tetrahedral sheet with the ditrigonal distortion angle (α) indicated; (c, d) octahedral sheets respectively of celadonite and other
dioctahedral phyllosilicates; (e, f) matching between tetrahedral and octahedral sheets of the two kinds of micas, with the difference of lattice
parameters indicated.

high b parameter that glauconites present in comparison with
celadonites (Fig. 11). In other words, in glauconites the rel-
atively low α angle is maintained because their b values are
larger to accommodate the greater size of tetrahedrons due to
the IVAl increase (Fig. 10f). They represent different struc-
tural solutions (Fig. 10e and f) motivated by different distri-
bution of the TOT layer charge: octahedral in celadonites and
mixed in glauconites. Apparently, the composition found for
glauconite in this study and previous literature represents a
compromise between the minimum tetrahedral and the max-

imum octahedral charges for which the matching between
the two sheets is still possible (Fig. 10f). Beyond these val-
ues, the tetrahedral sheet would be too small to allow a stable
connection with a wider octahedral sheet.

To sum up, celadonites and glauconites present enough
differences in their structural details to justify the existence
of a compositional gap. The knowledge of those details
would need additional adequate methods of study, which
are outside the scope of this paper. Nevertheless, the differ-
ent atomic substitutions in the structure, which generates a
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Figure 11. Relationship between the mean thickness of the octahe-
dral sheet and b parameter of illites (squares), aluminoceladonites
(red circles), celadonites (orange circles) and glauconites (green tri-
angles). Data from Drits et al. (2010).

different distribution of charges between the octahedral and
tetrahedral positions, are at the origin of such differences.
They produce for glauconites a higher size of tetrahedrons
and possibly necessary accommodations in the linked octa-
hedrons that, finally, determine an increase in the lateral di-
mensions of the TOT layer.

Spectroscopic methods and crystal-chemical models have
been employed to characterize the octahedral cationic dis-
tribution in celadonite and glauconite by Drits et al. (1997),
Besson and Drits (1997), and Dainyak et al. (2013). These
studies have described in glauconite a significant segregation
of the octahedral cations, with Fe3+, Fe2+, Mg2+ and Al3+

concentrated in clusters. The Raman spectra obtained in this
study have not found significant differences between the two
micas further from those directly linked with their chemical
differences. In general, the celadonite spectra show a better
definition than the glauconite ones, as previously described
by Ospitali et al. (2008). The poor crystalline character of
glauconite, with very small crystalline domain size and abun-
dance of defects (Fig. 7), may be at the origin of the poor
definition of the Raman peaks of glauconites, which, in turn,
precludes the identification of possible structural differences
between the two micas.

6 Conclusions

The study of glauconite and celadonite coexisting at the
nanometre scale has allowed us to acquire a deeper insight
about their crystal-chemical relationships. The two micas
grew in confined spaces between pillow lavas as a result of
microbial activity. The chemistry of the local microenviron-
ment was conditioned at micrometre scale by its proximity to
the microbial source of Fe, producing two consecutive areas
characterized by each of the micas: glauconite closer to the
Fe source and celadonite further away from it. In the transi-

tional zone, phyllosilicates with an intermediate composition
between celadonite and glauconite are lacking, and the two
micas describe a compositional gap characterized by net dif-
ferences in Fe, Mg and K contents. Therefore, celadonite is
not the extreme term of the glauconitic series. The chemical
celadonite compositional field in the studied samples appears
limited by Mg> 0.7, Fe< 0.8 and K> 0.8 (a.p.f.u.) and that
of glauconites by Mg< 0.6, Fe> 0.95 and K< 0.7 (a.p.f.u.).
The negative charge of the TOT layer linked to the tetrahe-
dral sheet is roughly 10 % in celadonite, while it is 25 % in
glauconite. The two micas represent the extremes of two dif-
ferent compositional series in the mica’s chemical and struc-
tural space linked to their respective different distribution of
charge between the tetrahedral and octahedral sheets.
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