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ABSTRACT: The pyroclastic carbonatitic rocks from the Catanda volcanic area (Angola) contain
annite and phlogopite grains which have been affected to a significant extent by vermiculitization. A
mineralogical study of these micas has revealed that the annite was altered to K-vermiculite while
vermiculitization of phlogopite generated Ca-vermiculite. Intermediate alteration products such as
intergrowths of phlogopite/Ca-vermiculite were also found, but interstratified crystals of phlogopite/
vermiculite, a common intermediate product during vermiculitization processes, are not reported in the
Catanda rocks. The two types of vermiculitized micas show ‘accordion’ textures, related to the expansion
of vermiculite. To the authors’ knowledge, the present study is the first report of expanded vermiculites
described in natural rocks and not generated as a consequence of industrial processing.
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Vermiculite is a 2:1 clay mineral. It may be either
dioctahedral or trioctahedral and contains interlayer
cations and two sheets of water molecules, presenting
a layer charge of 0.6–0.9 e/huc (Bailey, 1980;
Guggenheim et al., 2006). Vermiculite is normally
formed by the alteration of primary micas such
as annite [KFe2+3 AlSi3O10(OH)2] or phlogopite
[KMg3AlSi3O10(OH)2], in a process known as
vermiculitization (Deer et al., 1962), and this has
been reported extensively from various lithologies and
locations worldwide (Moon et al., 1994; Toksoy-
Köksal et al., 2001; Azzone & Ruberti, 2010).

Commercially, the term vermiculite is used to
describe micaceous minerals that can be exfoliated
and expanded under rapid heating. When submitted to

a rapid increase in temperature vermiculite loses its
interlayer water which is converted to vapour. This
process generates significant internal pressure leading
to the exfoliation of the vermiculite crystals and a
general expansion of the grain (Huo et al., 2012; Hillier
et al., 2013). Expanded vermiculites increase to up to
30 times their original volume, generating typical
‘accordion’ or ‘concertina-like’ textures (Walker,
1951; Hindman, 2006; Hillier et al., 2013). This
peculiar property of vermiculite has triggered a
widespread commercial interest in this mineral as a
substrate in hydroponics or as an absorber of moisture
or contaminants, among other applications (Huo et al.,
2012). The expansion of vermiculite is commonly
produced by artificial heating up to ∼900°C for a few
minutes in a furnace, using hydrogen peroxide (H2O2)
or microwaves (Hindman, 2006; Marcos et al., 2009;
Marcos & Rodríguez, 2010; Huo et al., 2012; Hillier
et al., 2013). In addition, several studies have indicated
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that rapid heating up to 300°C can also produce
vermiculite expansion (Deer et al., 1966; Hillier et al.,
2013).

Vermiculite accordion textures generated by thermal
expansion have not been reported other than as a result
of artificial processes. The lack of natural examples of
expanded vermiculites is probably due to the fact that
vermiculitization is a low-temperature process in
which the suitable conditions of heating are not
likely to produce its expansion.

However, during the present petrographic study
carried out on the carbonatitic pyroclastic rocks of
Catanda (Angola), mineral phases corresponding to the
biotite series (Rieder et al., 1998, 1999) affected by
vermiculitization were identified. These grains also
present accordion textures similar to those reported in
vermiculite grains submitted to artificial heating
(Marcos et al., 2009; Hillier et al., 2013).

In the present study the alteration patterns of the
Catanda micas during vermiculitization are established
and the processes related to the formation of the
Catanda accordion textures are characterized.

GEOLOG ICAL SETT ING

Carbonatites are magmatic rocks – plutonic, volcanic
or hypabyssal – containing >50% modal carbonates.
They are typified geochemically by large abundances
of Sr, Ba or P (Nelson et al., 1988) and by significant
enrichment in ‘Hi-tech’metals (e.g. rare earth elements
(REE), Nb, Ta), which has generated much interest in
these rocks over recent years (e.g. Wyllie et al., 1996;
Chakhmouradian, 2006). To date, 520 carbonatites
have been reported worldwide, 50 of which are related
to volcanism, but carbonatitic lavas have only been
reported in 14 localities (Woolley&Church, 2005). One
of these localities is the Catanda volcanic area (Silva &
Pereira, 1973) located in the Kwanza Sul province,
∼350 km SE of Luanda (Angola) (Fig. 1). Recent
studies reveal that Catanda carbonatites are formed by
small monogenetic volcanic cones made up of a series
of pyroclastic rocks with minor interbedded carbonatitic
lavas (Campeny et al., 2014).

The pyroclastic rocks of the Catanda area consist of
carbonatitic minerals (calcite, fluorapatite, titaniferous
magnetite, pyrochlore, baddeleyite and phlogopite)

FIG. 1. Location and geological setting of the Catanda carbonatitic volcanic area (modified from Campeny et al., 2014).
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and xenocrysts, from the host Archaean granites, of
quartz, microcline, plagioclase and annite. Secondary
minerals such as vermiculite and rhabdophane are also
present (Campeny et al., 2014).

METHODS

The present studywas based on the analysis of 26 samples
of pyroclastic carbonatites collected in the Catanda area.
Petrographic and textural studies of the samples were
carried out using optical and scanning electron micros-
copy (SEM), the latter employing an E-SEM-Quanta
200 FEI-XTE-325/D8395.BSE instrument coupled to
a Genesis EDS microanalysis system at the Scientific
and Technical Centres of the University of Barcelona
(CCiTUB). The operating conditions were 20 kV, 1 nA
beam current and 10 mm distance to detector.

Themineralogical compositions of the samples were
determined by X-ray diffraction (XRD) using a
PANalytical X’Pert PRO-MPD-Alpha1 powder
diffractometer with a θ/2θ Bragg-Brentano geometry
and 240 mm radius. Instrumental and experimental
conditions were 45 kV, 40 mAwith Cu-Kα1 radiation
(λ = 1.5406 Å), primary Ge monochromator (111),
sample rotation at 2 revolutions s–1, automatic variable
divergence slit to obtain an illuminated length of
10 mm, and an X’Celerator detector with an active
length of 2.122°. Analyses were carried out in the θ/2θ
range of 4–80°, using a step size of 0.017°, and a
measuring time of 50 s per step. Powedered samples
were prepared and the results were treated using
X’Pert HighScore Plus v.2.2.2 software and Powder
Diffraction File (version 2) (Joint Committee of
Powder Diffraction Standards, 2000). The XRD
profile adjustment was carried out using TOPAS
(2009) software in order to obtain the semi-quantitative
percentage and the cell parameters of the mineral
phases. The phyllosilicate structures used in TOPAS
(2009) were obtained from Shirozu & Bailey (1966),
Brigatti et al. (2000) and Schingaro et al. (2001).
Oriented mounts were used to identify clay minerals.
Samples were analysed using XRD at room tempera-
ture and pressure, treated with ethylene glycol and
heated to 550°C (Thorez, 1975).

A compositional study of the phyllosilicates was
carried out using an electron microprobe (EMPA)
(JEOL JXA-8230), equipped with five wavelength
dispersive spectrometers (WDS) and an energy
dispersive spectrometer (EDS). The operating condi-
tions were: accelerating voltage of 20 kV combined
with a beam current of 6.9 nA for Na and F; 14 nA for
Al, Ti, K and Sr; 15 nA for Mn, Ba and Ca; 16 nA for

Si, Mg and Cr, and 19 nA for Fe. Calibration standards
and analytical crystals used for the analyses were:
corundum (Al, TAP, Kα), wollastonite (Si, TAP, Kα),
rutile (Ti, PETJ, Kα), periclase (Mg, TAPH, Kα), albite
(Na, TAPH, Kα), fluorite (F, TAPH, Kα), Fe2O3 (Fe,
LIFH, Kα), rhodonite (Mn, LIFH, Kα), baryte (Ba,
LIFH, Lα), chromite (Cr, PETL, Kα) wollastonite (Ca,
PETL, Kα), orthoclase (K, PETL, Kα) and celestite
(Sr, PETL, Lα). The structural formulae of micas were
calculated based on 12(O, OH, F). All iron present was
assumed to be Fe2+ in micas and Fe3+ in vermiculite
and the intermediate grains of mica-vermiculite.

RESULTS

Petrography

Pyroclastic Catanda rocks consist of carbonatitic
juveniles (pyroclastic fragments derived directly from
magma) 3 mm in diameter consisting of calcite,
fluorapatite, titaniferous magnetite, pyrochlore, bad-
deleyite and phlogopite (Fig. 2a). Xenocrysts and rock
fragments up to 5 mm across (mainly of quartz,
microcline, plagioclase and annite) which originated
in the host Archaean granites were also noted.
Glimmeritic xenoliths, composed mainly of phlogo-
pite, were also reported forming grains up to 2 mm
across (Campeny et al., 2014).

Phyllosilicates

Catanda phyllosilicates consist of tabular crystals of
phlogopite and annite up to 3 mm long, distinguished
by their pleochroism – yellow to brownish in
phlogopite and brownish to dark brown in annite. In
addition, thicker grains defining accordion textures are
also present, with interstitial micritic or sparitic calcite
(Fig. 2b). According to these textures, the Catanda
phyllosilicates are classified here as: (a) non-expanded
phlogopite and annite (Fig. 3a1, a2); (b) slightly
expanded phyllosilicate grains with interstitial sparitic
calcite (Fig. 3b1,b2); (c) strongly expanded phyl-
losilicate crystals, defining accordion textures and
presenting interstitial sparitic calcite (Fig. 3c1,c2); and
(d) phyllosilicate accordions partially or completely
replaced by calcite (Fig. 3d1,d2).

Significant alteration processes related to the forma-
tion of vermiculite have affected the Catanda phyllosi-
licates. This vermiculite can be distinguished easily
using SEM-EDS in back-scattered electron (BSE)mode,
as low-density areas (dark grey), while lighter regions
correspond to primary phlogopite or annite (Fig. 4).
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XRD characterization of the phyllosilicates

The Catanda phyllosilicates were also studied using
oriented preparations, in order to confirm the observa-
tions made during petrographic and textural studies in
which primary phyllosilicates (annite and phlogopite)
and secondary vermiculite were identified. The Catanda
vermiculite has a d002 spacing of 14.5–14.8 Å, measured
at room conditions and after treatment with ethylene
glycol. This diffraction maximum of vermiculite
collapses to 10 Å after heating at 550°C, which is
similar to the d001 value of micas (Fig. 5). The d001
spacing in micas is 10 Å, and it is not affected by
ethylene glycol treatment or by heating at 550°C. In the
samples studied no interstratified mica/vermiculite,
which generally has a d002 diffraction maximum at
12 Å, was identified.

Furthermore, phyllosilicate contents were calculated
from random mounts using the TOPAS (2009)
software. Due to the large percentage of calcite (69–
87 wt.%) the intensity of the diffraction peaks of the
other minerals was very low (Fig. 6a). A carbonate-free
fraction was obtained by dilute-acid attack to improve
the XRD trace and the Rietveld study on this fraction
was then repeated. The calcite content was determined
by means of the ‘Bernard calcimeter’ (Hülsemann,
1966) (sample CAT-33 contains 72 wt.% calcite). The
semi-quantitative results of carbonate-free fractions are
listed in Table 1. The XRD profiles before and after
removal of the carbonates are shown (Fig. 6).

For XRD profile adjustment it was assumed that
annite has a 1M polytype structure belonging to the
C2/M space group, cell parameters of a = 5.336 Å, b =
9.239 Å, c = 10.200 Å, β = 100.29° and a cell volume
= 494.77 Å3 (Brigatti et al., 2000). Phlogopite has a
1M polytype structure belonging to the C/2M space
group, with cell parameters of a = 5.327 Å, b =
9.225 Å, c = 10.236 Å, β = 99.99° and a cell volume
of 495.39 Å3 (Schingaro et al., 2001). Vermiculite
belongs to the Cc space group with cell parameters of
a = 5.349 Å, b = 9.255 Å, c = 28.840 Å, β = 97.12°
and a cell volume of 1419.17 Å3 (Shirozu & Bailey,
1966). In the profile adjustment, the composition of
phyllosilicates analysed by EMPA was introduced.
Table 2 lists the cell parameters calculated using
TOPAS for annite, phlogopite and vermiculite before
and after acid treatment. The interlayer space of the
vermiculite would have been affected by the acid
treatment, but not that of the micas. There are no
significant differences between the cell parameters and
the cell volume of annite and phlogopite compared
with the values obtained by Schingaro et al. (2001) and
Brigatti et al. (2000). In the sample without acid
treatment, CAT-33, the d002 of vermiculite is 14.5 Å; in
samples CAT-60 and AC-55 it is 14.7 Å, and in CM-10
it is 14.8 Å. The cell volume of the Catanda vermiculite
is larger than that reported by Shirozu & Bailey (1966),
which may be due to the compositional variations in
the interlayer position.

FIG. 2. Plane-polarized light photomicrographs. (a) View of a carbonatitic pyroclastic rock from Catanda (sample CM-
10) with ‘juveniles’ (pyroclastic fragments derived directly frommagma) consisting of tabular calcite (Cal), titaniferous
magnetite (ti-Mag), phlogopite (Phl), vermiculite (Ver), fluorapatite (Ap) and fragments from the Archaean granites
such as quartz (Qz). (b) Vermiculitized and expanded annite (Ann) grain defining a typical accordion texture, from
sample CM-26. Juvenile fragments consist mainly of tabular magmatic calcite (Cal, type1) andminor xenocrysts such as

plagioclase (Pl), and are cemented by diagenetic sparitic calcite (Cal, type2).
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FIG. 3. Plane-polarized light photomicrographs. (a1) General view of a Catanda pyroclastic rock sample (CM-10) with
an un-expanded tabular grain of phlogopite (Phl) accompanied by apatite (Ap) and sparitic calcite as cement; (a2)
tabular fresh crystal of annite (Ann) acting as the core of a juvenile fragment, from sample AC-55; (b1) expanded grains
of annite (Ann) and phlogopite (Phl), sample CM-26; (b2) expanded crystal of annite (Ann) with interlayer sparitic
calcite, sample AC-55; (c1) significantly expanded phlogopite (Phl) defining a typical accordion texture with sparitic
calcite in the cleavage surfaces, sample CM-26; (c2) expanded annite grain with accordion texture and calcite filling,
sample CM-13; (d1) expanded phlogopite-vermiculite replaced by micritic calcite (Cal), sample CM-27; (d2) annite-

vermiculite accordion replaced completely by micritic calcite, sample CAT-30.
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FIG. 4. SEM (BSE) images of the phyllosilicates from the Catanda pyroclastic rocks. (a) Phlogopite (Phl) grain partially
altered to vermiculite (Ver) along its exfoliation planes, from sample AC-55; (b) Phlogopite (Phl) crystal partially altered
to vermiculite (Ver); the vermiculitization is progressing from the rim to crystal core, sample CAT-60; (c) inhomogeneous
vermiculite grain; the darker patches contain less K than the lighter area, from sample AC-34; (d) individual grains of
phlogopite (Phl) and vermiculite which can be distinguished by the different contrast, sample AC-34; (e) expanded grain
of phlogopite-vermiculite (Phl-Ver) with typical accordion texture; sparitic calcite (Cal) fills the interlayer space
generated during the thermal expansion, sample CM-27; (f ) enlarged view of a phlogopite-vermiculite accordion,

sample CAT-33.
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Mineral chemistry

The alteration of micas to vermiculite is a continuous
process, acting at all scales, probably beyond the
resolution of BSE imaging, at the lattice scale, as
described for other cases of intergrown phyllosilicate
grains (e.g. Giorgetti et al., 1997). Hence, compos-
itional boundaries cannot be established clearly in the
altered grains. In the present study, micas were
considered as pure phases when the K2O content was
>7 wt.% and the interlayer charge was 0.85–1.0 e/f.u.
(electron per formula unit) (Guggenheim et al., 2006).
Classification within the phlogopite–annite series was
carried out according to the ratio #Mg =Mg/(Mg + Fe),
considering that phlogopite has #Mg > 0.5 and annite
#Mg < 0.5 (Tischendorf et al., 2007). Whereas Hillier
et al. (2013) considers pure vermiculite to contain
<1 wt.% K2O , according to Azzone & Ruberti (2010),
pure vermiculite has < 0.125 a.p.f.u. (atoms per
formula unit) of K . In Catanda, the phyllosilicates
analysed have an interlayer charge of 0.6–0.85 e/f.u.
and so cannot be considered as pure micas.
Nevertheless, they do represent intermediate compo-
nents between mica and vermiculite or even pure
K-vermiculite. In the present study, pure vermiculite
(Ca- or Mg-vermiculite, not K-vermiculite) was
considered to have a K content of < 0.125 a.p.f.u.;
K contents of > 0.125 a.p.f.u. correspond to intermedi-
ate components of mica-vermiculite or K-vermiculite.

Representative EMPA analyses of pure micas
(annite and phlogopite) from Catanda are shown in
Table 3. In the intermediate mica-vermiculite grains,
Al ranges from 0.81 to 1.29 a.p.f.u. in the tetrahedral
sheet and from 0 to 0.27 a.p.f.u. in the octahedral sheet.
The sum of the octahedral cations is 2.46–3.00 a.p.f.u.,
while the interlayer position is occupied by K (0.01–
0.76 a.f.u), Ca (0–0.32 a.p.f.u.), Na (0.01–0.21 a.p.f.
u.), Mg (0–0.06 a.p.f.u.) and Sr (0–0.01 a.p.f.u.).
Representative compositional relationships of inter-
mediate mica-vermiculite crystals are shown in Fig. 7.

Pure vermiculite (Ca-vermiculite) has tetrahedral
sites occupied by Si (2.99–3.20 a.p.f.u.), Al (0.81–
1.02 a.p.f.u.) and Fe3+ (0–0.03 a.p.f.u.), while the
octahedral position is mainly occupied by Mg (2.26–
2.68 a.p.f.u.), Fe3+ (0.529–0.50 a.p.f.u.), Al (0–0.1 a.p.
f.u.), Ti (0.01–0.04 a.p.f.u.), Mn (0.01–0.04 a.p.f.u.)
and Cr (0–0.01 a.p.f.u.). All pure vermiculites (Ca-
vermiculite) have a Mg/(Fe +Mg) ratio of >0.82.
Catanda vermiculite presents Ca (0.22–0.32 a.p.f.u.) as
the main interlayer cation, though other minor
elements such as Mg (0–0.06 a.p.f.u.), Na (0.01–
0.21 a.p.f.u.) and K (0.01–0.01 a.p.f.u.) are also
present. Considering the composition of the interlayer
cation, Catanda vermiculite should be considered a Ca-
vermiculite. A few representative compositional
EMPA analyses, and the structural formulae of pure
vermiculite from Catanda, are summarized in Table 4.

FIG. 5. XRD patterns, obtained by the oriented-aggregate method, of sample CAT-33, before acid treatment. Vermiculite
shows a maximum at 14.5 Å, collapses at 10 Å and does not expand with ethylene glycol. The lower part of the figure
shows the peak list and the Bragg position of each mineral. N: room temperature; H550: heated to 550°C; EG: ethylene

glycol.
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Compositional diagrams comparing the relationship
between the interlayer cation/Si vs. Al/Si and (Fe +
Mg)VI/Si (Fig. 7a,b) do not show a clear tendency
when comparing Catanda vermiculites and micas, due
to the wide range of compositions of the original
phlogopites. Pure micas from Catanda are mostly
enriched in Mg and plot mainly in the field of
phlogopite, though a few analyses fit within the
annite compositions (Fig. 7c). All of the analyses
carried out on pure Ca-vermiculite, i.e. those present-
ing K < 0.125, have octahedral #Mg > 0.5. The
relationship between K and Ca +Mg + Na in the
vermiculite interlayer space shows that the decrease
in K was compensated by the addition of Ca, Mg and
Na during the vermiculitization process (Fig. 7d;
Table 5).

This compositional study of the phyllosilicates
suggests that intermediate mica-vermiculite grains are
sometimes expanded forming accordion textures; these
are not present in pure vermiculite grains.

D I SCUSS ION

Vermiculitization of phlogopite

Previous work (Moon et al., 1994; Azzone &
Ruberti, 2010) has proposed that vermiculitization of
micas proceeds as follows: mica→ interstratified mica-
vermiculite → vermiculite, and this is determined by
XRD which is used to identify peaks at 10, 12 and
14 Å, respectively. In the present study of the Catanda
samples peaks at 10 and 14 Å only, were identified,

FIG. 6. XRD profiles and semi-quantitative analyses of sample CAT-33 using the powder method and the TOPAS (2009)
software. (a) Sample before acid treatment; (b) sample after acid treatment. In the left top corner of both parts, a
diffraction peaks area corresponding to d002 of vermiculite and d001 of micas and the calculated profile of the
phyllosilicates are shown. The calculated profile is shown in red, the experimental profile is shown in blue and the

difference between the two is shown in grey.
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while the peak at 12 Å, corresponding to the
intermediate stage of interstratified mica-vermiculite,
was not detected. It is concluded, therefore, that the

Catanda intermediate product of phlogopite-vermicu-
lite should not be considered as an interstratified
phlogopite-vermiculite. Hence, the altered Catanda

TABLE 1. Semi-quantitative proportions of minerals from the Catanda pyroclastic rocks after acid treatment (carbonate-
free fraction), calculated using the TOPAS (2009) software.

Sample Quartz Microcline Plagioclase Apatite Magnetite Vermiculite

Mica
(phlogopite/
annite
undifferentiated) Hornblende

Calcite
(residual)

AC-55 1 33 19 6 16 1 23 0 1
CAT-33 5 11 12 4 19 8 40 0 0
CAT-60 15 13 14 2 12 5 37 0 1
CM-10 3 9 25 12 23 12 10 5 2

TABLE 2. Rietveld-refined cell parameters of annite, phlogopite and vermiculite from Catanda after acid treatment and of
vermiculite before acid treatment.

Sample

After acid treatment
Before acid treatment

Annite Phlogopite Vermiculite Vermiculite

AC-55 a (Å) 5.3237(33) 5.2342(17) 5.589(54) 5.572(72)
b (Å) 9.2050(53) 9.0000(33) 8.900(80) 8.97(11)
c (Å) 10.1913(26) 10.199(17) 29.37(13) 29.92(18)
β (°) 99.703(34) 99.632(99) 98.92(96) 99.2(13)

Cell volume (Å)3 492.28(44) 473.67(83) 1443(20) 1477(28)
Rwp = 10.61 Rwp = 12.84

CAT-33 a (Å) 5.3189(20) 5.2213(26) 5.5900(38) 5.590(11)
b (Å) 9.2204(33) 9.0181(42) 8.9377(60) 9.000(16)
c (Å) 10.1965(34) 10.1591(29) 29.156(13) 29.480(32)
β (°) 99.321(31) 98.842(34) 98.318(76) 98.94(21)

Cell vol. (Å)3 493.46(31) 472.67(35) 1441.4(15) 1465.1(43)
Rwp = 7.14 Rwp = 10.76

CAT-60 a (Å) 5.3244(21) 5.2246(31) 5.5857(70) 5.5791(54)
b (Å) 9.1973(35) 9.0015(57) 8.903(10) 8.9724(79)
c (Å) 10.2028(31) 10.224(10) 29.097(21) 29.880(17)
β (°) 99.563(29) 99.280(85) 98.31(13) 98.85(10)

Cell vol. (Å)3 492.69(31) 474.56(63) 1431.8(27) 1477.9(21)
Rwp = 9.98 Rwp = 7.16

CM-10 a (Å) 5.3119(55) 5.2241(25) 5.4800(69) *
b (Å) 9.2968(87) 9.0378(40) 8.933(11)
c (Å) 10.2163(44) 10.3077(58) 29.622(19)
β (°) 99.992(67) 99.209(58) 97.93(14)

Cell vol. (Å)3 496.86(73) 480.39(42) 1436.3(27)
Rwp = 4.33

Parameters are calculated using the TOPAS (2009) software. Standard deviations are given in parentheses.
Rwp: agreement weighted profile factor in the Rietveld method. *insufficient profile intensity for vermiculite.
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phlogopite does not form interstratified structures but
generates a mixture of phlogopite and vermiculite end-
members consisting of intergrowths of both minerals in
an intermediate stage of alteration, similar to the
intergrowth of phyllosilicates described by Giorgetti
et al. (1997) and Hillier et al. (2013).

Vermiculite generated by the alteration of phlogopite
is enriched in Ca, while Mg and Na are present in
minor amounts. It has d002 values of 14.6–14.8 Å,
which are intermediate compared to reported d002
values of Ca-vermiculite (15.07 Å) and Mg-vermicu-
lite (14.33 Å) (Deer et al., 1962; MacEwan and
Wilson, 1980). This difference is attributed to the
entry of Ca and Mg in the interlayer space of
vermiculite (Tables 4 and 5). Ca enrichment in the
Catanda vermiculite was probably produced by the
abundance of calcite, which is the main mineral phase
in the carbonatitic pyroclastic rocks (68–87 wt.%).

The release of interlayer K+ and its corresponding
replacement by other cations would be generated by
diffusion (Douglas, 1989), which may have been
produced in two different ways. In the first possible
case, K+ was diffused from all the interlayer spaces and
the mica evolved directly to vermiculite. In the second
case, K+ could have diffused along specific (001)
planes – not along the adjacent (001) planes –
generating an interstratified grain of mica-vermiculite
(Azzone & Ruberti, 2010). Whereas the intermediate
products of phlogopite vermiculitization reported by
Moon et al. (1994) and Azzone & Ruberti (2010) fit
with the second case, the view of the present authors is
that the alteration of Catanda phlogopite followed the
first process, in particular because no interstratified
phlogopite-vermiculite was identified.

Vermiculitization of annite

The alteration of annite leads to the formation of
grains of annite/K-vermiculite that are generally
expanded, presenting typical accordion textures
(Fig. 3c2). The composition is clearly different from
Ca-vermiculite, with #Mg < 0.5 and K2O contents of
> 5 wt.%. The annite/K-vermiculite grains are con-
sidered to be intermediate products between annite and
K-vermiculite, and can also be identified using XRD
by a d002 spacing of 10 Å. The d002 spacing of
vermiculite is directly dependent on interlayer cation:
14.33 Å for Mg-vermiculite, 15.07 Å for Ca-vermicu-
lite, 12.56 Å for Ba-vermiculite, 12.56 Å for Na-
vermiculite, and 10.42 Å for K-vermiculite (Barshad,
1948; Deer et al., 1962). Ca-vermiculite and Mg-
vermiculite contain two layers of water molecules, Ba-,TA
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Na- and Li-vermiculite present only one layer and
(NH4)+-, K-, Rb- and Cs-vermiculite do not contain
interlayer water (Barshad, 1948; Deer et al., 1962).
Marcos et al. (2009) divided commercial vermiculite
in two different types: type-1 with K < 1 and Mg as the
main interlayer cation and type-2 with K≥ 1 and
variable contents of interlayer Na, Ca or Mg. Marcos
et al. (2009) also studied a vermiculite sample called

China E, with 6.4 wt.% K2O and a d002 spacing of
10.2 Å, which has similar features to the altered annite
studied in Catanda. China E vermiculite has been
identified as a type-2 vermiculite and it was also
interpreted as a dehydrated vermiculite with no water
or just a single layer of water molecules (Marcos et al.,
2009). In the present study the d002 spacing of 10.07 Å
corresponds to annite and phlogopite, but it could also

FIG. 7. Compositional diagrams of: (a) Al/Si vs. interlayer cation/Si; (b) (Fe +Mg)VI/Si vs. interlayer cation/Si; (c) #MgVI

vs. K (a.p.f.u.); the vertical line at #Mg = 0.5 defines the annite and phlogopite fields, while the horizontal line shows the
limit of pure vermiculite at K = 0.125 a.p.f.u.; (d) Mg + Ca + Na vs. K (a.p.f.u.) in the interlayer position of vermiculite

and intermediate mica-vermiculite.
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be interpreted as interstratified annite and K-vermicu-
lite, as an intergrowth of annite and K-vermiculite, or
simply as K-vermiculite.

Expansion of mica-vermiculite ( polyphase
‘vermiculite’)

Pure vermiculites have little ability to expand but do
increase in polyphase intergrowths, which are defined

as intra-particle mosaics between mica and vermiculite
(Hillier et al., 2013).

Rapid heating (to >300°C) may generate the
expansion of mica-vermiculite intergrowths but the
the same affect can also be achieved by means of
chemical agents (Deer et al., 1966; Hillier et al., 2013).
Nevertheless, because Catanda vermiculite-mica inter-
growths are included in pyroclastic carbonatites related
to volcanic eruptions (Campeny et al., 2014, 2015), a

TABLE 4. Representative EMPA analyses of the Catanda vermiculite.

AC-33C AC-34I AC-34H AC-55M CAT-33

Al2O3 10.320 11.580 9.420 10.420 12.370
SiO2 39.050 38.840 39.360 37.170 39.930
CaO 2.750 2.660 3.420 3.740 3.720
TiO2 0.304 0.521 0.196 0.539 0.490
Na2O 0.228 1.390 0.158 0.056 0.240
MgO 23.520 21.480 20.040 19.190 20.230
F 0.998 0.899 1.220 1.450 –
MnO 0.161 0.213 0.157 0.589 0.230
FeO* 4.710 5.790 4.770 7.570 8.000
BaO 0.000 0.014 0.063 0.022 –
K2O 0.103 0.108 0.038 0.825 0.150
SrO 0.042 0.000 0.000 0.049 –
Cr2O3 0.010 0.010 0.000 0.007 0.070
Total 82.196 83.505 78.841 81.626 85.430
Number of cations on the basis of 12 (O, OH, F)
Si 3.043 2.994 3.195 2.989 2.983
IVAl 0.948 1.006 0.805 0.987 1.017
IVFe3+ 0.010 0.000 0.000 0.024 0.000
VIAl 0.000 0.046 0.096 0.000 0.072
Ti 0.018 0.030 0.012 0.033 0.028
VIFe3+ 0.297 0.373 0.324 0.485 0.500
Mn 0.011 0.014 0.011 0.040 0.015
VIMg 2.674 2.469 2.425 2.300 2.253
Cr 0.001 0.001 0.000 0.000 0.004
∑ VI 3.000 2.933 2.867 2.858 2.871
VIMg/(Mg + Fe3+) 0.900 0.869 0.882 0.826 0.818
IntMg 0.058 0.000 0.000 0.000 0.000
Ba 0.000 0.000 0.002 0.001 –
Ca 0.230 0.220 0.297 0.322 0.298
Na 0.034 0.208 0.025 0.009 0.035
K 0.010 0.011 0.004 0.085 0.014
Sr 0.002 0.000 0.000 0.002 –
∑ interlayer cation 0.334 0.438 0.328 0.418 0.347
interlayer charge 0.624 0.659 0.628 0.744 0.645
F 0.246 0.219 0.313 0.369 –
OH 1.754 1.781 1.687 1.631 2.000

FeO* = total iron.
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hypothetical genetic model was also created (Figs 8
and 9) with accordions related to thermal expansion. In
this case, the structural water of vermiculite would be
converted to vapour by rapid heating and the mica acts
as a barrier, generating high-pressure points and the
corresponding expansion of the grains (Hillier et al.,
2013) (Fig. 8).

In the model proposed here (Fig. 9), the vermicu-
litization of Catanda micas occurred before the
expansion, during an early, supergene, general alter-
ation of carbonatitic rocks and Archaean granites,
which contain primary phlogopite and annite, respect-
ively. Later, during late eruptive processes, thermal
expansion of vermiculite occurred as a consequence of
temperature increase by interaction with the rising new
batch of carbonatititc magma. Finally, vermiculite
accordions were deposited as pyroclastic materials and

the interstitial space was filled by calcite cement which
replaced all of the original vermiculite accordions
(Fig. 9).

CONCLUS IONS

To the authors’ knowledge, the accordion textures
related to the expansion of vermiculite in the Catanda
pyroclastic rocks are the first example of expanded
vermiculite occurring under natural conditions.

The alteration of phlogopite in the Catanda pyroclastic
carbonatites generated intergrowths of phlogopite and
Ca-vermiculite, but no interstratified structures (because
of the lack of any XRD peaks at 12 Å). The progressive
vermiculitization of the phlogopite led to the leaching of
K and the corresponding increase in Ca contents, and the
vermiculite-phlogopite intergrowths stimulated the

TABLE 5. Interlayer cation compositions of the phlogopite and vermiculite analyses represented in Fig. 4a,b.

Interlayer cation (a.p.f.u.) K Ca Mg Na Ba Sr

Fig. 4a (AC-55M) light grey laminae 0.728 0.000 0.000 0.005 0.000 0.000
dark grey laminae 0.085 0.322 0.000 0.009 0.001 0.002

Fig. 4b (CAT-60J) light grey centre 0.729 0.068 0.011 0.024 0.008 0.000
dark grey border 0.066 0.232 0.046 0.029 0.001 0.066

FIG. 8. Model proposed for the Catanda accordions (adapted from the process proposed by Hillier et al. (2013)), based on
the expansion of polyphase vermiculite, which, in this case, is formed from an intergrowth of phlogopite (Phl) and

vermiculite (Ver).
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generation of the accordion textures produced by
expansion. The annite altered to K-vermiculite; the
intermediate product could be interstratified or inter-
growth annite and K-vermiculite as they cannot be
differentiated from the diffraction maximum at 10 Å.

The formation of these accordions is related directly
to the volcanic processes that occurred in the Catanda
area. It is suggested, therefore, that rapid heating
caused the expansion of the vermiculite.
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