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Abstract. Very-low-grade mineral veins investigated in the impure limestone massif of the Aravis (Haute-
Savoie, France) yielded a rich mineral assemblage typified by dolomite, calcite, quartz, illitic mica, fluorite
and three types of chlorite. The vein network extends over more than 5 km and was probably emplaced around
peak burial of the limestone (∼ 7 km depth, 190 ◦C). The mineralogy has been investigated with electron mi-
croscopy, mass spectrometry and X-ray diffraction, with emphasis on chlorite types. The first chlorite type is
a chamosite often interlayered with illitic mica. The second type is a Mg-rich, Al-depleted cookeite. The third
type is a Li-rich sudoite. Presence of the three chlorite types shows limited solubility between di-trioctahedral
chlorite phase components (sudoite and cookeite) and with tri-trioctahedral chlorite (chamosite). Departure of
the Li-rich sudoite and Mg-rich cookeite from the ideal end-member compositions suggests solid solutions to-
wards a Li-sudoite component. The associated illitic mica does not contain Li in significant proportion but shows
pyrophyllitic and di-trioctahedral substitution, without a Tschermak component. These results call for systematic
studies of the Li content of chlorite and for better modelling of di-trioctahedral substitution in chlorite and mica.

1 Introduction

Chlorite is a common hydrous mineral of low-grade and
very-low-grade metamorphism which may be found in
metapelites, metabasalts, and altered granitoids and ultra-
mafic rocks, as well as in impure limestones. Chlorite crys-
tallizes during prograde or retrograde metamorphism, during
hydrothermal alteration, and over a wide range of metamor-
phic grades. The composition of chlorite varies with crys-
tallization conditions, in particular with temperature, and
several models allow for using chlorite as a geothermome-
ter. Some models link chlorite composition to crystalliza-
tion temperature via empirical regression (e.g. Cathelineau,
1988; Inoue et al., 2009; Bourdelle et al., 2013a, b; Bourdelle
and Cathelineau, 2015); some use thermodynamic modelling
with solid solutions comprising variable sets of end-members

(e.g. Walshe, 1986; Holland and Powell, 2003; Vidal et al.,
2006; White et al., 2014; Lanari et al., 2014). All these mod-
els assume that chlorite composition evolves with tempera-
ture along solid solutions; however there is a profound divide
in their handling of octahedral occupancy in particular.

Octahedral occupancy in low-temperature chlorite remains
poorly known because of a lack of experimental results and
of conflicting analyses on natural mineral assemblages, in ad-
dition to the difficulty of evaluating formula units in Fe-rich
chlorite without measurement of the anionic basis, as high-
lighted by Masci et al. (2019).

The models of Vidal et al. (2006) and Lanari et al. (2014)
allow modelling di-trioctahedral substitution in chlorite
along an exchange of the type 3R2+

= 2R3+
+�, where �

is an octahedral vacancy, using tri-trioctahedral clinochlore
(ideally Mg5Al(AlSi3)O10(OH)8) and di-trioctahedral su-
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doite (ideally �Mg2Al3(AlSi3)O10(OH)8) as end-members.
These models assume strong non-ideality for the di-
trioctahedral substitution, with a wide solvus between
clinochlore and sudoite resulting in limited but increasing
mutual solubility of the two end-members. The main obser-
vation backing presence of a solvus is frequent co-existence
of sudoite with tri-trioctahedral chlorite. The models of Hol-
land and Powell (2003) and White et al. (2014) exclude di-
trioctahedral substitution. However, ultrafine measurements
using TEM and/or synchrotron radiation by Bourdelle et
al. (2013a, b) and Bourdelle and Cathelineau (2015) on the
composition of low-grade chlorite resulted in all but com-
plete solid solution between sudoite and tri-trioctahedral
chlorite, with sudoite content apparently decreasing with in-
creasing temperature. Drawing definitive conclusions over
the thermodynamic properties of the di-trioctahedral substi-
tution on the basis of these sole measurements remains un-
wise, firstly because reconstructing formula units from TEM
analyses is notoriously difficult and estimating vacancy con-
tent cumulates analytical uncertainties. Secondly, there is a
possibility that kinetics allows existence of metastable chlo-
rite with intermediate octahedral occupancy in the samples
of Bourdelle and co-authors.

Finding of chlorite in a network of veins in impure lime-
stones of the Aravis massif (Haute-Savoie, France) allowed
for studying an assemblage of three chlorite types in a sim-
ple context. Crystallization condition estimates are strongly
constrained at a maximum of around 200 ◦C and 7 km burial
by previous studies. The veins include chamosite (Mg–Fe
chlorite with octahedral occupancy above 5.5 cations per
O10(OH)8 formula unit), cookeite (a di-trioctahedral chlo-
rite with ideal composition �LiAl4(AlSi3)O10(OH)8) and
sudoite, together with carbonate, quartz, illitic mica and fluo-
rite. These rocks provide an ideal opportunity for a case study
of the extent of solid solutions in low-temperature chlorite. A
combination of analytical techniques has been used to ensure
that all cations in major concentration have been measured
in situ, including light elements (Li, Be, B). The structure of
the sudoite has been studied with X-ray diffraction to ensure
identification.

2 Geological setting

The Aravis massif is part of the subalpine massifs from the
Western Alps, composed of a series of sedimentary nappes in
a chain of fold-and-thrust structures. The north-eastern part
of the Aravis massif studied here is made of sedimentary
rocks, including limestone, shale and sandstone of varying
purity, spanning ∼ 150 My of deposition of sediments from
Toarcian (Early Jurassic) to Rupelian (early Oligocene).

Nappe tectonics were active as early as the Oligocene (e.g.
Dumont et al., 2008) during which the Aravis massif was
buried under the Prealpine nappes of more internal origin
(now mainly observed in the Chablais and Romand Prealps).

Figure 1. Sample location over geological map with topographic
shading, after Pairis et al. (1992a). The inset shows the location of
the Aravis massif. Sample labels with numbers only are abbreviated
from the prefix “AR21-” for readability.

In the Aravis massif, remains of this nappe are the Annes
and Sulens klippes, thrust over Rupelian clastic sediments
(“Grès de Taveyannaz”). Compressional tectonics continued
until Late Miocene times, associated with exhumation of the
external crystalline massifs including the Mont Blanc mas-
sif (see Bellahsen et al., 2014, for a review). Tectonic re-
constructions and palaeothermometric data showed that the
subalpine massifs were buried below the Prealpine nappe
to increasing depths to the north-east, in a relatively warm
geothermal gradient around 28 ◦C km−1 (Butler, 1991; Moss,
1992; Deville and Sassi, 2006; Mangenot et al., 2019; Muir-
head et al., 2020). For Hauterivian–Aptian sediments now
constituting the main ridge of the Aravis massif (Urgonian-
facies limestone), this resulted in peak burial around 7 km
(i.e. about 0.2 GPa) at a temperature of 190 ◦C (±20 ◦C de-
pending on studies) in Miocene times.

2.1 Study site and description of samples

The study site is located east and south of Pointe Percée,
the highest point of the massif (Fig. 1). There, north-west-
dipping Urgonian-facies limestone makes up the summits
and conformably overlays older sediments down to the Terres
Noires formation. A north-west-dipping thrust best observed
near Pas de Monthieu locally duplicates the sedimentary sec-
tion from the Terres Noires formation up to Berriasian-age
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Figure 2. Photographs of representative outcrops and samples.
(a, b) The vein network in shaly limestones of Berriasian age (a,
between locations of samples 16 and 17 north-west of La Miaz) and
of Oxfordian age (b, Argovian facies near Pas de Monthieu). (c–
e) Close-up views of macroscopic samples. Panels (c) and (d) show
deformed calcite–mica–chlorite–quartz veins found parallel to the
bedding (c: LQ1, in Berriasian limestone – see also Fig. 3c; d:
AR21-18b in Oxfordian limestone). Panels (e) and (f) show calcite–
dolomite–ankerite–chlorite–quartz veins in Oxfordian limestone,
parallel to the bedding (e: LQ3 – see Fig. 3d; f: AR21-22b).
Panel (g) shows green fluorite–calcite–dolomite veins with minor
chlorite in Oxfordian limestone (AR21-21, Fig. 3e). In (c) to (g),
the scale bar is 2 cm long in total.

sediments. The thrust propagates to the south-west to the
summit of La Miaz, where thrusting increases the apparent
thickness of the Berriasian shaly limestone. Further south,
the summit of Croisse Baulet shows spectacular synformal
and antiformal folding into Jurassic limestone.

A discrete yet extensive network of carbonate-bearing
veins was noticed and sampled near the summits of Croisse
Baulet and La Miaz and followed to the north-east through
the Pas de Monthieu. The veins, generally white or pale grey,
are in striking contrast with the host rock, especially in the
dark Jurassic Terres Noires at the base of Croisse Baulet,
near Pas de Monthieu and Valanginian marls near La Miaz.
The veins vary in thickness between a few and about 50 cm.
They propagate along the bedding (Fig. 2a) and can be fol-
lowed over hundreds of metres (exposure permitting). Near
the thrust at Pas de Monthieu, the vein network is in greater
proportion to the host rock and veins often cross-cut the bed-
ding at sharp angles (Fig. 2b). These veins appear chaotic
near the thrust at Pas de Monthieu but are dominantly sub-
vertical and aligned to N130 fractures, parallel to a set of
small faults reported on the geological map (Fig. 1).

The mineralogy of the veins is similar at all sites, al-
though mineral modes vary between samples. Typical sam-
ples are shown in Fig. 2c–g. Carbonates are dominant with
calcite (locally with crystals exceeding 20 cm), dolomite and
ankerite often altered to hematite, giving it a rusty colour.
Quartz is ubiquitous in generally millimetric crystals. Phyl-
losilicates make thin, dark layers revealing deformation (e.g.
Fig. 2c–d); these layers include minute mica and chlorite
that are often interlayered and hard to resolve. Fluorite has
been found as microscopic crystals at Croisse Baulet and
La Miaz and in centimetric crystals near Pas de Monthieu,
where it has already been reported in large fallen boulders
(at least since Rosset, 1954) and where it is locally known by
mineral enthusiasts for its green colour (Fig. 2g; see histori-
cal reconstruction by Féraud, 2021, unreviewed publication).
Rosset linked the Aravis fluorite to earlier reports of fluo-
rite in Urgonian-facies limestone near the summit of the Petit
Salève (37 km away but with comparable geological history)
by Lacroix (1896, p. 793) and Soret (1822, p. 476). Fluorite
is also found on the north-west-dipping slabs of Les Qua-
tre Têtes (Fig. 1) in veins parallel to the N130 faults. Sul-
fides consisting mostly in pyrite and chalcopyrite are found
in scattered veins mostly at the Pas de Monthieu and Petit
Croisse Baulet sites.

The host rocks are limestones of varying purity, from the
shaly schistose limestone of the Terres Noires formation to
the much purer Titonian limestone making up the summit of
La Miaz. Clay minerals are often abundant in the host rocks,
together with detrital minerals (e.g. Pairis et al., 1992b).
Clasts of host rocks appear in the veins (e.g. Fig. 2e) without
clear evidence of transport over distances greater than vein
width.

3 Analytical methods

Samples of veins selected for their representative mineralogy
as well as samples from the various host rocks have been
analysed in situ for major element composition by electron
microscopy and by mass spectrometry for light elements,
over carbon-coated thin and thick sections. Samples were se-
lected for analysis on the basis of the size of individual crys-
tals; in particular laser-ablation mass spectrometry could not
be carried out over all phyllosilicates due to beam size. The
structure of one type of chlorite has been investigated to en-
sure identification and the correct formula unit.

3.1 Electron microscopy and chemical analysis

Scanning electron microscopy (SEM) was carried out after
optical microscopy at the Institut des Sciences de la Terre
de Paris (ISTeP, Sorbonne Université, Paris, France) using a
Zeiss Supra 55VP apparatus with a field emission gun (FEG)
associated with a PTG Sahara solid-state detector, for imag-
ing with backscattered electrons (BSEs) and elemental map-
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ping in energy-dispersive spectroscopy (EDS) mode. The
SEM is also equipped with an OPEA cathodoluminescence
apparatus using parabolic mirror guiding luminescence to-
wards a photomultiplier for imaging. Careful EDS measure-
ments ensured that no unexpected elements heavier than
boron were present in significant concentration in the min-
erals. Electron probe microanalyses (EPMAs) were carried
out at CAMPARIS (Sorbonne Université, Paris, France) with
both Cameca SXFive and Cameca SX 100 instruments. Point
measurements were obtained in classical analytical condi-
tions (15 kV acceleration voltage and 10 nA beam current
allowing ∼ 1.5 µm beam size in wavelength-dispersive spec-
troscopy mode) using diopside (Ca, Mg, Si), MnTiO3 (Mn,
Ti), orthoclase (K, Al), Fe2O3 (Fe), albite (Na) and Cr2O3
(Cr) as standards for calibration of elements in parentheses.
Analyses were calibrated with the manufacturer’s software
using the method of Pouchou and Pichoir (1994). EPMA al-
lowed measurement of most crystals of interest, with the ex-
ception of some finely interlayered chlorite and mica which
yielded mixed compositions (discarded).

Light elements (Li, Be and B) were measured from trace
to major concentrations with laser-ablation mass spectrome-
try (LA MS) at the ALIPP6 facility (ISTeP, Sorbonne Univer-
sité, Paris, France) using an Agilent 8900 inductively coupled
plasma tandem mass spectrometry (ICP-MS/MS) instrument
coupled to a Teledyne Analyte G2 193 nm ArF excimer laser-
ablation system. Crystals and crystal aggregates of all chlo-
rite types, mica and fluorite were ablated for 60 s (at a fre-
quency of 8 Hz) under He fluxing using a 30 µm beam and
a laser fluency of 3.54 J cm−2. Background was measured
18 s before and after sampling ablation. Standardization was
carried out using international standards ATHOG, BIR-1G,
BCR-2G and BHVO-2G and in-house standard HAM. Cal-
cium at mass 43, 39K, 28Si, 24Mg, 23Na, 57Fe and 27Al were
also measured to ensure homogeneity of the ablated material
and for use as internal standards obtained from electron mi-
croprobe analyses. Instrument drift and accuracy were con-
trolled with repeated analyses of all standards. Each abla-
tion pattern has been verified with an in-house spreadsheet
to check for absence of impurities and/or inclusions during
ablation. Cookeite from the study of Verlaguet et al. (2011)
was measured as a secondary standard to ensure correct ex-
trapolation to high-Li contents, yielding 2.83 wt % Li2O in
analyses with Al/Si= 1.66 close to ideal cookeite, for an
ideal Li2O concentration of 2.86 wt %, validating calibration.
As individual chlorite crystals were often smaller than beam
size, ablation has been carried out in aggregates including
several crystals of identical type and homogenous compo-
sition. In the case of interlayered chlorite–mica aggregates,
in most cases they were too small for ablation of individ-
ual mineral types. In these cases, interlayered chlorite–mica
aggregates were measured as a whole to check for possi-
bly high light-element content from the ablation pattern. No
measurement revealed light-element enrichment in a range
possibly above 50 ppm; therefore it was concluded that these

interlayered chlorite–mica aggregates do not include light el-
ements in significant proportions, without proceeding further
towards internal standardization, which was made difficult
by phase mixing. For this reason the corresponding LA ICP-
MS/MS analyses are not reported.

It was found that the vein samples show varying min-
eral compositions but with high intra-sample homogeneity.
Therefore, EPMA mineral compositions have been averaged,
mineral type per mineral type and sample per sample, when
possible and relevant. This allowed for internal standardiza-
tion of LA ICP-MS/MS analyses.

Formula units are reconstructed from averaged mass pro-
portions measured with EPMA and LA ICP-MS/MS, as-
suming 28 charges for chlorite and 22 for mica. Uncertain-
ties have been estimated from the combination of analyti-
cal uncertainty and spread of the measured compositions,
the latter being the largest source of uncertainty. To do so, a
Monte Carlo simulation has been carried out for each analy-
sis, using the standard deviation of estimated quantities from
a synthetic pseudo-random dataset of 100 analyses drawn
within uncertainties of the original dataset. This has been pre-
ferred over analytical error propagation, which is rendered
tedious by correlation of variables during normalization to
fixed-charge bases, leading to over-estimation of uncertain-
ties if unaccounted for. Contents in Be and B revealed below
50 ppm for all analyses and are not reported, which is the
same as for fluorite measurements, which revealed Li content
below 20 ppm after calibration to ideal CaF2 composition.

3.2 X-ray diffraction

Due to difficulties in extracting sufficient quantities of su-
doite crystals from calcite and dolomite, X-ray diffraction
(XRD) has been carried out directly over a ∼ 100 µm thick
section of sample LQ3. The section has been polished on
both sides and prepared over standard thin-section glass
glued with cyanoacrylate resin. The entire section has been
recovered from the glass after 2 d of dissolution of the
cyanoacrylate resin in acetone and then carefully rinsed for
residues. The section has subsequently been analysed with
SEM without carbon coating, allowing recognition of areas
suitable for XRD (Fig. 4a).

Laboratory X-ray diffraction experiments were performed
at the X-ray diffraction facility of the Institut de Minéralo-
gie, de Physique des Matériaux et Cosmochimie (IMPMC,
Sorbonne Université, Paris, France). A Rigaku MM007HF
diffractometer equipped with Varimax focusing optics, a
RAXIS4++ image plate detector (30× 30 cm2) placed at
a distance of 300 mm from the sample, and a Mo rotat-
ing anode (λKα1= 0.709319 Å and λKα2= 0.713609 Å)
at 50 keV and 24 mA were used. With this geometry, the mea-
sured 2θ range varied between 2 and 35◦. Regions of interest
were analysed with a micro-focused and low divergent X-ray
beam (80 µm full width at half maximum) in transmission
geometry with an exposure time of 45 min, constantly rotat-
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ing the thin section over 40◦ in the horizontal direction. The
FIT2D program (Hammersley, 2016) was used for integra-
tion of 2D images into 1D patterns after calibration using
a LaB6 crystal standard. The FullProf program (Rodríguez-
Carvajal, 1993) was used for data reduction and modelling.

4 Results

Table 1 lists results from chemical analyses on chlorite and
Table 2 those from chemical analyses on mica.

4.1 Phyllosilicate mineralogy

Five types of phyllosilicates have been identified. Micas in-
clude paragonite and a dioctahedral K-deficient mica referred
to as illitic mica (see Meunier and Velde, 1989; Abad et
al., 2006; Dubacq et al., 2010). Chlorite types consist in Fe-
rich chlorite close to chamosite, cookeite and sudoite. All are
found in the veins. The host rocks include illitic mica, parag-
onite and chamosite, among detrital minerals. Sudoite has
been found in the host rock in the close vicinity (∼ 1 cm) of
veins or veinlets; cookeite has not been observed in the host
rocks.

Figure 3 shows microscopic views of the textural rela-
tionships in the veins, focusing on phyllosilicates. Sudoite
is found filling infra-millimetric cavities between spearhead
dolomite crystals with calcite (Fig. 3a–b) and as small in-
dividual crystals in the dark phyllosilicate-rich layers bear-
ing interlayered chamosite–illitic mica aggregates (Fig. 3d).
The sudoite crystals are colourless and translucent under the
optical microscope with low birefringence and straight ex-
tinction. They appear homogenous at least at centimetric
scale and are in the range of 5–25 µm (e.g. Fig. 3c). Sudoite
is also found co-existing with quartz (Fig. 3f–g) and fluo-
rite (Fig. 3g), as well as in samples bearing calcite–cookeite
veinlets (Fig. 3i). Cookeite appears as fibrous crystals up to
0.5 mm in size, growing with quartz, fluorite, coarse-grained
calcite and dolomite (Fig. 3h), sometimes with fibroradial
structure (associated with a calcite veinlet in Fig. 3i). Newly
formed (i.e. not detrital) chamosite and illitic mica are abun-
dantly found in dark layers of veins (Figs. 2c–d, 3d) and
in the host rock apart from pure limestone, for example in
Jurassic Terres Noires and Valanginian marls. Quartz and
carbonate are ubiquitous. Dolomite crystals appear as early
phases in the veins, often dismembered and cross-cut by
calcite. There are at least three calcite generations: coarse-
grained calcite apparently growing with dolomite is followed
by fine-grained calcite and by calcite veinlets (Fig. 3a–b,
f–g, i). Poikilitic calcite is found enclosing euhedral quartz
with interstitial sudoite (Fig. 3f). The calcite is very weakly
cathodoluminescent; euhedral quartz grains show stronger
cathodoluminescence, revealing sector zoning, a feature clas-
sically associated with out-of-equilibrium growth and con-

sistent with rapid growth (e.g. Dowty, 1976; Van Hinsberg et
al., 2006).

Figure 4 summarizes results obtained by X-ray diffrac-
tion carried out for identification of the Li-rich chlorite. The
Li-rich chlorite is confidently confirmed as pure (not inter-
layered with a mica-like mineral) and of sudoite type, with
strong hkl= 003 (4.7 Å) and 111 (4.4 Å) reflections as in the
reference study of Eggleton and Bailey (1967) and less in-
tense hkl= 001 (14 Å) and hkl= 002 (7 Å) reflections clas-
sically associated with chlorite. Peak broadening appeared
higher than instrumental resolution, indicating microstrain,
stacking faults or disorder as reported in Fe-rich chlorite
(Walker and Bish, 1992). The 2D diffraction pattern (Fig. 4b)
revealed some preferential orientation, as all the Debye rings
are not continuous. Moreover, absent or poorly defined Bragg
peaks between 10 and 15◦ 2θ (i.e. 2.7 Å<d < 4.10 Å) con-
firm layer stacking disorder. Consequently, Rietveld refine-
ment attempts proved unsatisfying as preferential orienta-
tion could not be meaningfully disentangled from the struc-
tural model where cation distribution is uncertain. Le Bail
fitting was performed, starting from the unit cell parame-
ters of sudoite (space group: C2/m, as in Eggleton and Bai-
ley, 1967) and leading to the results presented in Fig. 4d.
Presence of a broad diffuse peak around 3◦ 2θ has been
attributed to residues of hardening resin and cyanoacrylate
used for sample preparation and has been treated as back-
ground. Importantly, this feature does not compromise iden-
tification of chlorite (14 Å peak at lower angle, Fig. 4d) or
muscovite (10 Å peak around 4◦ 2θ ), not found here. Cell pa-
rameters obtained for the Li-rich sudoite are a = 5.219(3)Å,
b = 8.922(6)Å, c = 14.282(9)Å and βg = 96.90(5)◦.

4.2 Chlorite chemistry

To distinguish chlorite types without assumptions about
the anionic basis, elemental ratios are reported in Fig. 5a
from EPMA results with elements grouped per valence
(R2+

=Mg+Fe2+
TOT; R3+

=Al+Cr; R4+
=Si+Ti, using

molar proportions). This allows for estimating end-member
proportions in favourable cases. The dependency on iron spe-
ciation has been tested for each chlorite composition, unsur-
prisingly resulting in strong sensitivity of sudoite content for
Fe-rich chlorite (arrows in Fig. 5a). Sudoite and cookeite
composition estimates are insignificantly affected by iron
speciation.

Chamosite has variable composition but with in-
variably low XMg in the range of 0.35–0.50 (using
XMg=Mg2+ / (Fe2+

TOT+Mg2+) with all Fe assumed diva-
lent). It is noted that variations in iron speciation will signifi-
cantly affect formula unit estimations in this chlorite (Fig. 5a)
and that assumptions over anionic basis with 28 charges may
be erroneous (see Masci et al., 2019). Therefore, chamosite
formula units in Table 1 remain little more than indicative.
Chamosite appears as a possible solid solution between tri-
trioctahedral chlorite components (of clinochlore and ame-
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(0.28)

0.81
(0.26)

0.08
(0.02)

0.09
(0.06)

C
aO

0.245
(0.063)

0.068
(0.039)

0.25
(0.16)

0.142
(0.039)

0.15
0.098

(0.078)
0.308

(0.056)
0.133

(0.081)
0.30

(0.055)
0.24

(0.06)
N

a2 O
2.51

(0.54)
0.29

(0.14)
0.55

(0.32)
2.02

(0.62)
4.50

1.90
(1.01)

4.31
(0.69)

1.25
(1.11)

1.99
(0.35)

0.56
(0.14)

K
2 O

4.14
(1.9)

9.65
(1.23)

9.38
(0.58)

5.39
(0.45)

3.18
6.55

(1.93)
1.76

(0.41)
6.65

(1.99)
4.84

(0.65)
7.02

(0.33)
L

i2 O
–

–
–

–
–

–
–

–
0.055

(0.028)
–

Total
95.14

92.87
94.06

93.68
96.55

93.71
92.75

94.56
94.72

90.97

Form
ula

w
ith

22-charge
basis

Si
3.04

(0.09)
3.12

(0.12)
3.09

(0.08)
3.06

(0.09)
3.14

3.15
(0.06)

3.15
(0.08)

3.18
(0.09)

3.22
(0.04)

3.10
(0.11)

Ti
0.02

(0.03)
0.03

(0.01)
0.03

(0.02)
0.07

(0.07)
<

0
.01

<
0
.01

<
0
.01

0.01
(0.01)

0.02
(0.007)

0.03
(0.004)

A
l

2.72
(0.1)

2.44
(0.12)

2.71
(0.09)

2.68
(0.11)

2.84
2.78

(0.06)
2.85

(0.09)
2.73

(0.12)
2.64

(0.04)
2.77

(0.15)
C

r
<

0
.01

b.d.l.
<

0
.01

<
0
.01

<
0
.01

<
0
.01

b.d.l.
<

0
.01

<
0
.01

<
0
.01

Fe 2
+

0.17
(0.1)

0.34
(0.1)

0.11
(0.04)

0.18
(0.1)

<
0
.01

0.03
(0.006)

<
0
.01

0.07
(0.09)

0.08
(0.02)

0.09
(0.06)

M
n

<
0
.01

<
0
.01

<
0
.01

<
0
.01

<
0
.01

<
0
.01

<
0
.01

<
0
.01

b.d.l.
0.00

b.d.l.
M

g
0.29

(0.14)
0.23

(0.06)
0.13

(0.08)
0.18

(0.09)
0.03

0.08
(0.02)

0.04
(0.03)

0.08
(0.02)

0.14
(0.01)

0.13
(0.04)

C
a

0.02
(0.004)

<
0
.01

0.02
(0.01)

0.01
(0.003)

b.d.l.
<

0
.01

0.02
(0.004)

<
0
.01

0.02
(0.004)

0.02
(0.004)

N
a

0.32
(0.06)

0.04
(0.02)

0.07
(0.04)

0.26
(0.07)

0.55
0.24

(0.11)
0.54

(0.08)
0.16

(0.14)
0.25

(0.05)
0.07

(0.02)
K

0.35
(0.14)

0.86
(0.1)

0.81
(0.05)

0.46
(0.04)

0.26
0.55

(0.15)
0.15

(0.03)
0.55

(0.15)
0.40

(0.05)
0.61

(0.03)
L

i
–

–
–

–
–

–
–

–
0.01

(0.007)
–

C
ation

sum
6.91

(0.11)
7.08

(0.11)
6.96

(0.06)
6.90

(0.08)
6.84

6.85
(0.13)

6.77
(0.07)

6.80
(0.15)

6.78
(0.05)

6.83
(0.05)

Interlayersum
0.68

(0.14)
0.91

(0.1)
0.90

(0.06)
0.73

(0.09)
0.81

0.80
(0.18)

0.71
(0.09)

0.72
(0.21)

0.68
(0.07)

0.70
(0.04)

O
ctahedralsum

2.23
(0.1)

2.17
(0.07)

2.07
(0.05)

2.17
(0.07)

2.02
2.05

(0.05)
2.06

(0.03)
2.08

(0.08)
2.09

(0.03)
2.12

(0.05)
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Figure 3. Mineral assemblages of the veins as observed in thin sections. Abbreviations are after Whitney and Evans (2009). (a, b) Optical
microscopic views of sudoite co-crystallized with fine-grained calcite between dolomite crystals, in plane-polarized light and under crossed
polars, sample AR21-10. (c) High-magnification BSE view of parts of sample LQ3a showing homogenous sudoite crystals. (d) Plane-
polarized image of a dark layer in sample LQ1 (see Fig. 2c) containing organic matter, iron oxides, quartz, mica and chamosite in addition
to a comparatively large crystal of sudoite, in coarse-grained calcite. (e) BSE view of interlayered chlorite–mica showing shearing and
rotation of aggregates in sample AR21-3. Minor sulfides appear white. (f) Composite view of sample AR21-19 showing euhedral quartz in
poikilitic calcite: BSE view left, SEM–cathodoluminescence right. Purple lines show quartz grain boundaries drawn from the corresponding
BSE image. Red arrows indicate fine interstitial sudoite. (g) BSE view of sample AR21-21 showing sudoite in the finely grained host rock
associated with quartz and calcite next to a fluorite–calcite–dolomite vein (see Fig. 2g); (h) BSE view of cookeite co-crystallizing with quartz
and coarse-grained calcite, with dolomite in sample LQ2; (i) Cookeite-bearing calcite veinlet cross-cutting a large dolomite crystal in sample
LQ3.

site types) and sudoite. The chamosite crystals show com-
positional variations well above analytical uncertainties, and
Table 1 reports several chamosite compositions in some sam-
ples. This variability is attributed to growth zoning, but small
crystal sizes and pervasive deformation (Figs. 2c–d, 3e) did
not allow for further investigation.

Neither sudoite nor cookeite falls close to its ideal com-
position, and both are Al-depleted (Fig. 5b). Despite careful
measurements, both show low cation sums in the range of
8.89–8.95 cations per formula unit (pfu). Cookeite is Mg-
rich, and sudoite is Li-rich, in particular in sample LQ3.

4.3 Composition of mica

Illitic micas of the Aravis vein samples are K-deficient and
contain Fe and Mg in the range of 0.12–0.57 cations pfu. At
the resolution of FEG SEM imaging, the micas reported in
Table 2 showed no sign of chlorite contamination. Figure 6
presents the dependency of interlayer sums on Si content
(Fig. 6a) and octahedral sums (Fig. 6b). Pyrophyllitic substi-
tution appears as a dominant exchange mechanism, without

Tschermak substitution (negligible celadonite component in
Fig. 6a). This is consistent with low-temperature crystal-
lization (e.g. Battaglia, 2004; Abad et al., 2006) and low-
pressure crystallization where Tschermak exchange is not
expected in white mica. In agreement, incorporation of diva-
lent cations is reflected by elevated octahedral sums (above
2 cations pfu, Fig. 6b) following di-trioctahedral substitution,
often observed in low-temperature white mica (e.g. measure-
ments of Abad et al., 2003, on very-low-grade pelites; exper-
imental results of Vidal et al., 2012; modelling by Vidal and
Dubacq, 2009).

5 Discussion

5.1 Origin of the fluids

The observed mineralogy indicates the presence of Li and
F-rich fluids, in addition to Ca, Si, Mg and Al, less exotic el-
ements in the host limestone of varying purity of the Aravis.
Fluorite in the Aravis vein network has been linked to the
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Figure 4. X-ray diffraction results for Li-rich sudoite in sam-
ple LQ3. (a) Back-scattered electron view of the measured areas
(coloured circles). Each circle is 100 µm wide and encompasses
about 95 % of the measured signal. (b) Raw diffraction pattern from
the blue circle in (a), hiding (in white) contributions from crys-
tals identified as dolomite and from the beam stop and its holder.
(c) Corresponding integrated diffraction patterns, in arbitrary units.
Colours as in (a). (d) Comparison of simulated diffraction pattern
(grey, Le Bail method) to the second measurement (red, as in a and
c). The misfit is shown in black.

Mont Blanc and Belledonne massifs by Pairis et al. (1992b),
on the basis of rare earth content of the Aravis fluorite com-
parable to that of granites. But in these massifs, fluorite is
rarely green and typically pink; it is associated with leach-
ing of the granite during hydrothermal alteration following
Miocene uplift, i.e. late in the collisional history (18–13 Ma;
see Rossi et al., 2005). This timing is consistent with struc-
turing and folding of the Aravis massif initiated in Palaeo-
gene times and culminated in Miocene time during thrust-
ing of the subalpine nappes (e.g. Pairis et al., 1992b, and
references therein). However, the striking colour differences
between Mont Blanc and Aravis fluorite indicate compo-
sitional differences, and presence of green fluorite in the
Salève massif, likely isolated from Mont Blanc-derived fluids
(presently ∼ 60 km away), suggests different origin for the
fluids. A simple alternative explanation is evaporite-derived
fluids originating from the base of Prealpine nappes, mobi-
lized during active tectonics, with the Salève massif sitting
over a ramp at the extremity of the terranes overthrust by
Prealpine nappes and cross-cut by NW–SE faults and calcite

veins over 1 m in width (e.g. described by Charollais et al.,
1998). Further analyses are needed, such as fluid inclusion
salinity and trace element content of the vein minerals to bet-
ter constrain the source of fluids.

5.2 Substitutions in cookeite and sudoite

Low cation sums in cookeite and sudoite, below
9 cations pfu, show that these analyses have no tri-
trioctahedral component (10 cations). As shown by error
propagation, these low totals are unlikely to originate solely
from analytical uncertainties, especially from Li, which
would be under-estimated by about 5000 ppm to explain
0.1 cation deficiency pfu in chlorite. Rather, low cation
sums suggest that the M1 site of the TOT layer is empty
and that the M4 site of the brucitic layer is not entirely
filled (following the usual cation site distribution described
in Vidal et al., 2001, and further detailed in Masci et al.,
2019). The M1 and M4 sites of chlorite are preferential for
vacancies and for univalent cations such as Li for symmetry
reasons, located in the middle of hexagonal networks made
by M2 octahedra in the TOT layer and M3 octahedra
in the “brucitic” layer (e.g. Eggleton and Bailey, 1967;
Aleksandrova et al., 1973; Bailey and Lister, 1989; Zheng
and Bailey, 1997). Octahedral sums below 5 cations pfu
exclude solid solution from a tri-trioctahedral end-member
such as clinochlore (Fig. 5a–b).

Mg enrichment in cookeite and Li-enrichment in sudoite
plead in favour of substitution towards a virtual Li-sudoite
end-member of composition �LiMgAl2(Si4)O10(OH)8
(Fig. 5a–b). This fictive end-member composition is attained
from the sudoite end-member via the coupled substitution
Mg2+

+
TAl3+=Li++Si4+; from cookeite it is reached via

Tschermak substitution (MAl3++TAl3+=Mg2+
+Si4+).

Černý (1970) already noted that cookeite may include
Mg above 1 wt % MgO, in addition to the more com-
monly observed substitution 3 Li+=Al3+ around the ideal
formula unit. Merceron et al. (1988) compiled litera-
ture analyses showing compositions that were intermedi-
ate between cookeite and donbassite (Donb. in Fig. 5a,
a di-dioctahedral chlorite end-member with formula unit
Al4.33(AlSi3)O10(OH)8) and reported Li-rich donbassite.
They argue in favour of the existence of a continuous solid
solution between cookeite and donbassite and possibly with
sudoite. Accordingly, Gonzalez-Lopez et al. (1993) report
Li-rich chlorite with octahedral occupancy in the range of
4.5–4.7, i.e. between di-dioctahedral and di-trioctahedral (in-
termediate between donbassite and cookeite), from fluorite-
bearing silicified limestone. In sudoite from the Aravis, oc-
tahedral sums are greater than 4.89 and the crystals are
Mg-rich, excluding confusion with donbassite or tosudite,
which are not observed. Substitution towards donbassite
is not supported by the Aravis samples either, with all
di-trioctahedral chlorite analyses falling out of the trian-
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Figure 5. Chlorite composition, as in Table 1. (a) Cation ratios
as measured with EPMA (from molar proportions). Triangles in-
dicate end-member proportions every 20 %, in mixtures between
clinochlore–amesite–sudoite (top) and between sudoite–cookeite–
Li sudoite (bottom). Red domains indicated by arrows show mod-
elled chlorite compositions. (b) Lithium and Al content of cookeite
and sudoite, highlighting substitution towards a Li-sudoite compo-
nent rather than towards cookeite. Substitution to clinochlore as the
main mechanism to explain deviation of di-trioctahedral chlorite
from ideal end-members is ruled out by low octahedral sums and
incompatible cation ratios in (a). Error bars are estimated from an-
alytical uncertainties and variability in compositions.

gles defined by sudoite–cookeite–donbassite or clinochlore–
cookeite–donbassite in Fig. 5a and b.

5.3 Associated chamosite and mica

Chamosite associated with the vein network contains be-
tween ∼ 15 % and ∼ 40 % of a di-trioctahedral component
(Fig. 5a). These values may be viewed as minimum estimates
due to unknown, hard-to-assess iron speciation (presence of
Fe3+ would increase this component if the anionic basis is
unaffected by deprotonation; Masci et al., 2019). The Tscher-
mak component (shifting analyses from clinochlore-like in
Fig. 5a to amesite-like) varies over the same range as the di-
trioctahedral component, showing that both substitutions are
equally important in low-temperature chlorite. Uncertainties
regarding formula units due to iron speciation indicate that
the apparent sudoite proportion is a minimum value (Fig. 5a),
assuming that the anionic basis is close to O10(OH)8. It
is also noteworthy that the spread of composition is large
and makes application of thermometers difficult. For exam-
ple the thermometer of Bourdelle and Cathelineau (2015) is
very sensitive to sudoite content and would yield tempera-
tures ranging between about 125 and 300 ◦C. This compo-
sitional spread may be due to out-of-equilibrium crystalliza-
tion or to evolution of the vein fluids caused by fractiona-
tion (as during Rayleigh fractionation). In any case, associ-
ation of chamosite and sudoite with intermediate composi-
tions is in favour of a solvus between di-trioctahedral and tri-
trioctahedral chlorites. The solvus appears asymmetric with
greater solubility of the sudoite component in chamosite than
the other way around, consistent with earlier reports of asso-
ciated chamosite and sudoite (e.g. Abad et al., 2003). Ther-

Figure 6. Mica composition, as in Table 2. Classical dioctahedral
end-members are shown with crosses, with trioctahedral phlogo-
pite and talc. Error bars propagate from analytical uncertainties and
dispersion of compositions. (a) Si content, highlighting pyrophyl-
litic substitution. (b) Interlayer sum plotted against octahedral sum,
showing presence of a trioctahedral component.

modynamic modelling has been carried out for conditions
of 200 ◦C and 0.2 GPa in the C–CaO–FeO–MgO–Al2O3–
SiO2–H2O system (C–CaFMASH) with the MEEMUM pro-
gram of Perple_X (Connolly, 2009) using the only model en-
compassing di-trioctahedral, Fe–Mg and Tschermak substi-
tutions in chlorite (Lanari et al., 2014); the dolomite–ankerite
model of Holland and Powell (1998); and the database of
Holland and Powell (1998). Silica, calcium carbonate and
water were considered saturated. Bulk compositions span a
range of Fe–Mg–Al–CO2 contents (10 mol of FeO+MgO
with variable XMg of 0.3, 0.5 and 0.7; 0–5 mol of Al2O3;
and 0–10 mol of CO2); results are detailed in the Supple-
ment. Such modelling systematically results in chamosite
associated with sudoite, with calcite, dolomite and quartz.
However the predicted chlorite compositions differ strongly
from observations (Fig. 5a): sudoite is predicted with high
chamosite content (too high), XMg in the range of 0.8–1 (too
high) and no Tschermak substitution (consistent with obser-
vations); chamosite is predicted with negligible Tschermak
and di-trioctahedral substitutions (both too low) and XMg in
the range of 0.6–0.8 (too high).

In mica, Tschermak substitution is secondary to pyrophyl-
litic and di-trioctahedral substitution again. Application of
the simple thermometer derived by Battaglia (2004) on the
basis of these substitutions to illitic mica analyses of Ta-
ble 2 yielded a median value at 190 ◦C, perfectly consistent
with thermal constraints cited above but with high variabil-
ity in individual estimates (50 ◦C standard deviation over the
dataset). Other thermometric estimation methods performed
similarly or worse, and equilibration with chamosite could
not be modelled using multi-equilibrium models (e.g. as in
Vidal et al., 2006). Ubiquitous presence of carbonates may
lead to suggesting low water activity, but crystallization con-
ditions are well in the two-phase region of the H2O–CO2
phase, where CO2 does not lower water activity significantly
(Dubacq et al., 2013).
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To summarize, chamosite and mica from the low-
temperature Aravis vein network show expected composi-
tions, similar to literature reports in comparable settings,
but thermodynamic modelling remains ineffective at repro-
ducing equilibrium between these minerals. It may be that
thermodynamic models, in particular solid solution models,
are to blame and that thermodynamic modelling should in-
clude di-trioctahedral substitution in chlorite and mica and
pyrophyllitic substitution in mica to approach the compo-
sitions observed in the Aravis vein network. Attempts to
neglect these substitutions will lead either to misestimation
of Tschermak substitution to fit, for example, Si/Al ratios
or to incorrect stability conditions. However, compositional
variations indicate that equilibrium was not fully attained in
the veins. Metastability is not a surprising feature under the
peak conditions of the Aravis massif; for example Abad et
al. (2003) documented how phyllosilicates show increasingly
homogenous composition from diagenesis to greenschist-
facies conditions. Whether compositional variations in the
Aravis vein network are obtained through out-of-equilibrium
crystallization or under local equilibrium with open-system
behaviour is unclear as univocal textural evidence is missing.

6 Conclusions

Co-existence of Li-rich sudoite with Mg-rich cookeite points
to limited solid solution between the two phases; however
the variability between sudoite analyses suggests that equi-
librium with cookeite was not reached during crystalliza-
tion of all the Li-rich sudoite grains. Because it appears
that Li-rich sudoite is homogenous when filling cavities (e.g.
Fig. 3a–b) but heterogeneous above the sample scale, it is
difficult to assess with certainty which could have equili-
brated with the cookeite found scattered in the veins. Crys-
tallization of the chlorite assemblage during emplacement of
the vein network is hypothesized to have taken place during
or just after maximum burial (7 km, 190 ◦C), which is con-
sistent with crystallization temperatures reported for sudoite
and cookeite (Černý, 1970; Merceron et al., 1988; Gonzalez-
Lopez, 1993).

The chlorite assemblage from the Aravis vein network is
also in favour of limited solid solution between chamosite
and di-trioctahedral chlorite. At first glance, this is in sup-
port of thermodynamic models using solvi (e.g. Vidal et al.,
2006; Lanari et al., 2014) but the thermodynamic status of
substitutions between di-dioctahedral, di-trioctahedral and
tri-trioctahedral chlorites remains enigmatic. The continuity
between donbassite and cookeite (Merceron et al., 1988),
if not due to metastability, may be due to the presence of
Li. Lithium combines low charge – hence mobility – with a
radius compatible with incorporation into octahedral layers
(at 0.76 Å, slightly above Mg2+ at 0.72 Å, much lower than
Na+ and K+ at 1.02 and 1.38 Å respectively with the radii
from Shannon, 1976), which may ease breaking symmetry

relations within octahedral layers, explaining greater solubil-
ity between donbassite and cookeite than between chamosite
and sudoite (here remaining much less Li-rich than cookeite).

The presence of Li in chlorite may be more common than
generally reported because Li is easy to miss with traditional
electron microscopy, and as little as 1 wt % Li2O represents
about 0.35 Li atoms pfu in sudoite. The fact that there is no
known Li-rich tri-trioctahedral chlorite end-member may re-
flect this, in addition to identification difficulties of likely
small, white or pale crystals (see e.g. Hazen, 2015). Identi-
fying dilute crustal reservoirs of Li and modelling the phase
relations of low-temperature phyllosilicates call for renewed
systematic studies of their light-element content and particu-
larly in low-grade chlorite.
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