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Abstract Fluid inclusion studies in combination with hydro-
gen, oxygen and sulphur isotope data provide novel insights
into the genesis of giant amethyst-bearing geodes in Early
Cretaceous Paraná continental flood basalts at Amestita do
Sul, Brazil. Monophase liquid inclusions in colourless quartz,
amethyst, calcite, barite and gypsum were analysed by
microthermometry after stimulating bubble nucleation using
single femtosecond laser pulses. The salinity of the fluid
inclusions was determined from ice-melting temperatures
and a combination of prograde and retrograde homogenisation
temperatures via the density maximum of the aqueous solu-
tions. Four mineralisation stages are distinguished. In stage I,
celadonite, chalcedony and pyrite formed under reducing
conditions in a thermally stable environment. Low δ34SV-CDT
values of pyrite (−25 to −32‰) suggest biogenic sulphate
reduction by organotrophic bacteria. During the subsequent
stages II (amethyst, goethite and anhydrite), III (early

subhedral calcite) and IV (barite, late subhedral calcite and
gypsum), the oxidation state of the fluid changed towards more
oxidising conditions and microbial sulphate reduction ceased.
Three distinct modes of fluid salinities around 5.3, 3.4 and
0.3 wt% NaCl-equivalent characterise the mineralisation stages
II, III and IV, respectively. The salinity of the stage I fluid is
unknown due to lack of fluid inclusions. Variation in homo-
genisation temperatures and in δ18O values of amethyst show
evidence of repeated pulses of ascending hydrothermal fluids
of up to 80–90 °C infiltrating a basaltic host rock of less than
45 °C. Colourless quartz and amethyst formed at temperatures
between 40 and 80 °C, while the different calcite generations
and late gypsum precipitated at temperatures below 45 °C.
Calculated oxygen isotope composition of the amethyst-
precipitating fluid in combination with δD values of
amethyst-hosted fluid inclusions (−59 to −51‰) show a sig-
nificant 18O-shift from the meteoric water line. This 18O-shift,
high salinities of the fluid inclusions with chloride-sulphate
composition, and high δ34S values of anhydrite and barite
(7.5 to 9.9‰) suggest that sedimentary brines from deeper
parts of the Guaraní aquifer system must have been responsible
for the amethyst mineralisation.
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Introduction

Amethyst, a valuable gemstone of the quartz family, owes its
purple colour to the presence of tetravalent iron in the crystal
lattice (e.g. Rossman 1994). Deposits of amethyst thus require
a source of silica, a precipitation mechanism preferably at
relatively low temperatures in order to avoid high aluminium
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contents and the formation of smoky quartz, oxidising condi-
tions to incorporate Fe3+, and finally a source of radiation to
transform Fe3+ to Fe4+. Therefore, most amethysts are hosted
by siliceous felsic rocks rich in radioactive elements, such as
K, U and Th. The precipitation of quartz occurs at shallow
crustal levels, where hydrothermal fluids can mix with
oxidising meteoric waters (Gilg 2012). Nevertheless, the
largest and economically most significant amethyst deposits
of the world (Baretto and Bittar 2010) occur within a
kilometer-thick pile of predominately basaltic lava flows
of the Paraná-Etendeka Continental Flood Basalt (CFB)
Province in southern Brazil (Ametista do Sul) and Uruguay
(Artigas), i.e. in rocks with low silica and radioactive
element concentrations and a reducing, Fe2+-dominated
environment.

A solution to this paradox was given by Gilg et al. (2003),
who proposed that colourless quartz and amethyst in the
geodes did not precipitate from hydrothermal solutions during
the cooling of the basaltic lavas, but from upwelling, oxidised
meteoric waters of the Guaraní aquifer that underlies the
basalts. The huge Guaraní aquifer formed several tens of
millions of years after the eruption of the lavas as a conse-
quence of regional climatic and tectonic changes. The study
stimulated new research on the Brazilian and Uruguayan
amethyst deposits (e.g. Proust and Fontaine 2007a, b; Juchem
et al. 2009; Duarte et al. 2009, 2011; Commin-Fischer et al.
2010; Morteani et al. 2010; Hartmann et al. 2010, 2012a, b;
Rosenstengel and Hartmann 2012).

Ongoing discussions mostly consider (a) the origin of the
cavities (Proust and Fontaine 2007a; Duarte et al. 2009;
Hartmann et al. 2012a, b) and (b) the temperature, composi-
tion and source of the fluids involved in the mineralisation of
the geodes (Proust and Fontaine 2007b; Morteani et al. 2010;
Hartmann et al. 2012a).

Most authors consider the cavities as large vesicles of
accumulated magmatic gas (e.g. Gilg et al. 2003; Proust and
Fontaine 2007a; Morteani et al. 2010). However, this view has
been recently challenged. Duarte et al. (2009) interpreted the
cavities as epigenetic voids formed by hydrothermal leaching,
whereas the same research group in later publications
(Hartmann et al. 2012a, b) rather assumed ballooning of a
boiling fluid phase in argillically altered, soft basalts. We
consider both epigenetic hydrothermal models of cavity for-
mation not convincing, as they cannot explain the hydrody-
namic shapes of the geodes with upward convex bases and
skirted rims (e.g. Fig. 9 inMorteani et al. 2010) as well as their
occurrence in defined levels within the lava flows. Further-
more, similarly shaped, but unfilled domed megavesicles are
known from unaltered pahoehoe lavas of the Columbia River
CFB Province (McMillan et al. 1987; Thordarson and Self
1998) and from the recent basaltic lava flows at Surtsey
(Thordarson and Sigmarsson 2009). Thus, the formation of
suchmegavoids in similar positions within the lava flows does

not require hydrothermal activity, but is a primary magmatic
degassing phenomenon.

The temperature, composition and origin of the
mineralising fluids responsible for the geode infill are less
well constrained. Proust and Fontaine (2007b) found exclu-
sively aqueous two-phase (liquid–vapour) inclusions in ame-
thyst with homogenisation temperatures of 152 to 238 °C and
salinities of 0.9 to 2.6 wt% NaCl-equivalent, and interpreted
them as of magmatic origin, whereas all other studies de-
scribed assemblages of monophase all-liquid inclusions and
only rarely individual liquid–vapour inclusions (Juchem
1999; Gilg et al. 2003; Commin-Fischer et al. 2010; Morteani
et al. 2010; Duarte et al. 2011). The homogenisation temper-
atures of two-phase inclusions reported in these studies do not
yield consistent results and scatter from 66 to 229 °C probably
indicating leakage and/or necking (Commin-Fischer et al.
2010). Due to the presence of predominately monophase
inclusions and referring to the work of Goldstein and Reyn-
olds (1994), the temperature of geode infill was estimated to
be below 100 °C. Salinity determinations were hampered by
the absence of a vapour bubble during ice melting in almost all
inclusions and may also have been influenced by leakage and
evaporation. Some studies reported ice-melting temperatures
in the presence of vapour between −1 and 0 °C (Gilg et al.
2003; Duarte et al. 2011), while others showed larger ranges
from −7.5 to 0.0 °C with several modes (Juchem 1999;
Commin-Fischer et al. 2010). The involvement of meteoric
waters was favoured by all these studies.

Stable isotope studies revealed significant isotope variations
for oxygen in macrocrystalline quartz (Borget 1980; Juchem
1999; Juchem et al. 2009; Duarte et al. 2011), for carbon in
calcite (Gilg et al. 2003; Morteani et al. 2010; Duarte et al.
2011) and for sulphur in sulphate and altered wall rocks (Gilg
et al. 2003; Duarte et al. 2011). The interpretation of these large
isotope variations in terms of temperature or isotopic variations
of the fluid, changes in oxidation state or isotopically distinct
sources in the case of carbon and sulphur remains unclear. No
hydrogen isotope studies on geode minerals or fluid inclusions
have yet been published, but are important to evaluate the role
of meteoric water in the mineralisation.

Our petrographic studies include microscopy in transmitted
and reflected light as well as cathodoluminescence microsco-
py. The latter method may provide information on the growth
textures in the quartz, which are indicative of the forming
conditions.

We present a new method of measuring the salinity and
density of monophase liquid inclusions in amethyst, calcite,
barite and gypsum from the Ametista do Sul area. Single ultra-
short pulses of a tightly focussed femtosecond laser were used
to stimulate vapour bubble nucleation and thus transferring the
metastable liquid inclusions to stable liquid–vapour inclusions
appropriate for subsequent microthermometric measurements
(Krüger et al. 2007). This technique allows us to determine the
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salinity and homogenisation temperature of initiallymonophase
inclusions that previously could not be analysed by
microthermometry. The fluid inclusion study is complemented
by a preliminary D/H study on fluid inclusions in amethyst and
stable hydrogen and oxygen isotope analyses on gypsum water
to determine the origin of waters involved in the mineralisation.
Finally, we present some new sulphur isotope measurements on
sulphides and sulphates within the amethyst geodes.

Geological setting and paragenesis

The Paraná-Etendeka large igneous province consists of a
preserved volume of about 1.7 Mio km³ (Frank et al. 2009)
of mostly basaltic and subordinate rhyodacitic to rhyolitic
volcanic rocks. Recent geochronological data including U-
Pb isotope data on zircon indicate a relatively short eruption
period of 1 to 2 m.y. about 135 Ma ago (Thiede and
Vasconcelos 2010; Pinto et al. 2011). These data contradict
the previous view of a more protracted extrusion history that is
based exclusively on 40Ar-39Ar ages on feldspar (e.g. Turner
et al. 1994; Stewart et al. 1996). The Early Cretaceous lavas of
the Serra Geral Formation cover an up to 3,000-m-thick
Paleozoic to Mesozoic sedimentary sequence of the intra-
cratonic Paraná basin (Zalan et al. 1991; Mariani et al. 2013)
that hosts the large Guaraní aquifer system at its top (Araújo
et al. 1999; Morteani et al. 2010). The lavas are covered by
Late Cretaceous terrestrial sediments of the Bauru Group
(Goldberg and Garcia 2000). Continental-scale meteoric water
flow in the Guaraní aquifer started as a consequence of the rift
shoulder uplift on the Brazilian Atlantic coast side (Serra
Geral, Serra do Mar) and a climatic change from arid to
seasonally humid in the Late Cretaceous (Araújo et al.
1999). Significant block faulting of the lava pile along NW-
striking lineaments with vertical displacements of up to 200 m
has been documented in the Ametista do Sul region
(Rosenstengel and Hartmann 2012). Tertiary to Quaternary
uplift and erosion has brought the deposits to the surface.

The two major amethyst mining districts are Ametista do
Sul, northern Rio Grande do Sul, Brazil, and Artigas or
sometimes named “Los Catalanes gem field”, northern Uru-
guay. They are located in distinct stratigraphic positions with-
in the 1.7-km-thick lava pile of the Serra Geral Formation
(Fig. 1). The main amethyst deposits in the Ametista do Sul
mining area are hosted in a Ti-rich Pitanga-type basaltic lava
flow located about 1,000 m above the base of the volcanic
sequence (Gilg et al. 2003; Rosenstengel and Hartmann
2012), while in Artigas the amethyst geodes are hosted in
Ti-poor Gramado-type basalts situated near the base of the
flood basalt pile (Morteani et al. 2010; Hartmann et al. 2010).
The Palaeozoic to Mesozoic sediments underlying the lavas
reach a thickness of about 1,500 to 2,000 m (Mariani et al.
2013). At both sites, the amethyst-bearing geodes are hosted at

a specific level within the upper part of 30 to 50 m thick
basaltic pahoehoe lavas and have a similar though not identi-
cal paragenetic sequence of geode infill.

40Ar-39Ar dating of celadonite (Vasconcelos 1998) and Sr-
isotope studies on calcite (Gilg et al. 2003) from the Ametista
do Sul area indicate that the geode infill started 20 to 30
million years after basalt eruption and lasted more than 10
million years during Late Cretaceous times. Even younger,
Tertiary ages have been suggested recently for the formation
of agates in the Paraná basalts (Moxon et al. 2013). In some
geodes, a brecciation of early silica and subsequent cementa-
tion by later silica precipitates can be observed, which indi-
cates that the mineralisation occurred during times of brittle
tectonic activities and/or under conditions of hydraulic frac-
turing (e.g. Duarte et al. 2009).

Materials and methods

Samples were collected from several underground mines in
the Ametista do Sul area (see Gilg et al. 2003); coordinates

Fig. 1 Geological overview map showing the Paraná basin and location
of the amethyst mining districts of Ametista do Sul, Brazil, and Artigas,
Uruguay (from Gilg et al. 2003)
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and sample numbers are given in brackets: Angico (W53 16
07.0;S 29 06 21.0; 15386), Bortoluzzi (W53 18 45.9;S 27 19
06.7; 15369), Celio (W53 12 54.1;S 27 20 35.5; 15288,
15289), Elio Zanon (W53 18 41.5;S 27 18 50.9; 15343,
15344), Mioto (W53 19 05.3;S 27 25 13.1; 15329) Salles
(W53 09 54.6;S 27 23 00.5; 15253, 15276, 15279), Simonetti
(W53 20 11.7;S 27 17 52.0; 15361), and Testa (W53 06 29.3;S
27 21 08.4; 15308, 15310, 15311, 15318, 15319).

Sulphides in polished sections were investigated in
reflected light using a Leica DM LM polarising microscope
at TUM, Munich, and by scanning electron microscopy with
EDX at University of Trento, Italy. Mineral purity was also
controlled by powder X-ray diffraction analysis using a Phil-
lips PW1800 diffractometer.

A Simon-Neuser HC-3-LM hot cathode (Neuser et al.
1995) equipped with a Kappa DX 40C peltier cooled camera
was used for the cathodoluminescence (CL) studies on ame-
thyst, chalcedony and calcite.

Microthermometric measurements were performed using a
Linkam THMSG 600 heating/freezing stage mounted on an
Olympus BX51 microscope. Amethyst, calcite and barite
crystals were cut to sections of 200–400 μm thickness and
polished on both faces, whereas slices of the gypsum crystals
were obtained by cleaving them along {010}.

Single amplified pulses from a Ti:sapphire femtosecond
laser system (Coherent) were used to induce vapour bubble
nucleation in the initially monophase liquid inclusions. The
laser beam (wavelength 800 nm) is coupled into the micro-
scope through an Olympus UD-P dual port adapter equipped
with an XF 2033 dichroic mirror (Omega Opticals) and fo-
cused on the sample by a long working distance objective
(Olympus LMPlanFL 100/0.8). This setup that is described in
detail in Krüger et al. (2007) allows to repeatedly and effi-
ciently induce vapour bubble nucleation in selected fluid
inclusions at different temperatures and under microscopic
observation. Subsequent microthermometric measurements
can be performed without moving the sample. The reproduc-
ibility of the Th measurements is generally within 0.1 °C,
indicating that the high intensity laser pulses do not cause
any volume changes of the inclusions.

Additionally, selected fluid inclusions were analysed by
Raman spectroscopy at HKB (Bern, Switzerland) using a
Renishaw InVia Raman spectrometer equipped with a
300 mW diode-type laser (Renishaw HP NIR785) for excita-
tion at 785 nm and a 24 mWAr-Laser (Spectra-Physics) for
excitation at 514 nm.

Sulphur from sulphides and sulphates was converted to
SO2 in sealed tin capsules using an on-line NC 2500 elemental
analyser (CarloErba) with combustion temperatures of
1,050 °C and a separation column temperature of 100 °C
(Giesemann et al. 1994). The isotope ratios were measured
using a Finnigan Delta + XL mass spectrometer and reported
as delta values relative to Vienna Cañon Diablo Troilite (V-

CDT). The precision and reproducibility of δ34SV-CDT values
is estimated at about ±0.3‰ as monitored by repeated mea-
surements of international standards (NBS-123, NBS-127 and
IAEA-S-3).

Water was extracted off-line from fluid inclusion-bearing
amethyst by crushing in stainless steel tubes or by thermal
decrepitation at 900 °C in quartz glass tubes, while gypsum
hydration water was extracted by heating in vacuum at 450 °C
for 1 h. Following a cryogenic separation, water was convert-
ed to hydrogen in sealed quartz tubes at 500 °C using zinc and
analysed in a Finnigan MAT 252 mass spectrometer (see
Baatartsogt et al. 2007 for further analytical details). Oxygen
isotope ratios of gypsum hydration water were determined by
micro-equilibration with CO2 (O’Neil and Epstein 1966).
Oxygen was extracted from two amethyst crystals using a
laser fluorination technique (Sharp 1990; Baatartsogt et al.
2007). Oxygen and hydrogen isotope ratios are reported in the
delta notation relative to V-SMOW.

Results

Petrography

Changes in the mineral association supported by stable iso-
tope data and microthermometry define four stages of geode
infill (Fig. 2).

Stage I: Celadonite, chalcedony and pyrite

The rim of the geodes is coated by greenish clay minerals
dominated by celadonite and in part also expandable clay
minerals, including saponite and nontronite (Meunier et al.
1988; Proust and Fontaine 2007b; Commin-Fischer et al.
2010). The green rim is followed by partly banded microcrys-
talline quartz (chalcedony or agate). Sulphides are locally
found in stage I and have not been studied in detail so far.
Microscopic inspection reveals that slightly anisotropic pyrite
is the only sulphide present in the geodes (Fig. 3a, b, d) with
the exception of very rare chalcocite veinlets in a sample from
the Bortoluzzi mine (Fig. 3d). Pyrite crystallised mostly into
open space and is sometimes inter-grown with chalcedony
(Fig. 3b). Euhedral pyrite crystals are occasionally brecciated
and cemented by chalcedony. More rarely, the sulphide re-
placed ilmenite laths at the contact to the basalt (Fig. 3a). The
presence of Fe2+-sulphides clearly indicates a reducing envi-
ronment during stage I of the geode mineralisation.

Oscillating complex CL patterns are observed for chalce-
dony (Fig. 4e, f) and we note that large variations in trace
element contents, including Al and Fe, are reported for chal-
cedony (Commin-Fischer et al. 2010). Similar CL patterns
were described for agate geodes from acidic volcanic rocks
(Götze et al. 1999). Rare calcite is found in association with
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celadonite and chalcedony and has initially been interpreted as
very early stage I carbonate (Gilg et al. 2003; Commin-Fischer
et al. 2010). This calcite has a bright red CL colour that is
typical for the late stage carbonates (stage III and IV).
Microthermometric results (see below) confirm that this cal-
cite formed late in the paragenetic sequence.

Stage II: Amethyst, goethite and anhydrite

The second mineralisation stage of macrocrystalline
colourless and amethystine quartz with frequent inclusions
of Fe3+-minerals (goethite) and locally sulphates (anhydrite)
indicates a redox change towards more oxidising conditions.
Sulphides have never been observed during or after the stage
II mineralisation. Microscopy with polarized light and hot CL
investigations reveal that macroscopic quartz including ame-
thyst shows intense Brazil twinning and strong sector zoning
of the rhombohedral planes (Fig. 4a, b, c, d), but no obvious
oscillatory growth zonation that would indicate large temper-
ature fluctuations or cyclic compositional variations of the
mineralizing fluid during quartz precipitation. The variation
of trace element concentrations in macrocrystalline quartz is
smaller than in chalcedony (Juchem 1999; Commin-Fischer
et al. 2010). The quartz shows patchy short-lived bluish and
bright red CL which can be explained by variations in trace
element concentrations. Even when trace elements have not
been analysed in the present study, it can be assumed that the
red CL correlates with Fe3+ in the quartz crystal lattice (Müller
2000).

Anhydrite, the earliest sulphate phase is rare but sometimes
occurs as tiny tabular inclusions in amethyst or as pinkish
silicified sheaths with lengths of more than 10 cm (Fig. 3e;
Lieber 1985). Anhydrite was unambiguously identified by
Raman spectroscopy and powder X-ray diffraction analysis.
Gypsum inclusions have not been observed in quartz. We note
that anhydrite is the stable calcium sulphate phase at

temperatures exceeding 58 °C (Hardie 1967; Blount and
Dickson 1973). The minimum temperature for anhydrite pre-
cipitation, however, largely depends on the salinity of the
solution and to a minor extent on the fluid pressure. The
presence of anhydrite is a valuable temperature indicator for
stage II.

Radial fibrous goethite is the predominant iron oxide phase
embedded in amethyst from Ametista do Sul. In addition,
Commin-Fischer et al. (2010) reported on tiny inclusions of
fluorite in macrocrystalline quartz. Early stage II calcite crys-
tals were sometimes found in voids at the base of
macrocrystalline quartz and as micro-inclusions in amethyst
(Gilg et al. 2003). Finally, we note that the sequence
celadonite-chalcedony and macrocrystalline quartz is some-
times repeated. In the rare second sequence, however, no
sulphide, sulphate or Fe minerals have been observed.

Stage III: Early subhedral calcite

Large subhedral calcite crystals with various habits (Balzer
2003) are found on top of the amethyst crystals. This first
generation of post-amethyst calcites is characterised by heavy
carbon isotopes and highly variable oxygen isotope composi-
tions (Gilg et al. 2003).

Stage IV: Late subhedral calcite, gypsum and barite

The latest mineralisation phase deposited on macrocrystalline
quartz and subhedral stage III carbonates is represented by late
subhedral calcites with very low δ13C and constantly high
δ18O values, and by large, up to several decimetres long,
subhedral clear gypsum crystals (Juchem 1999; Gilg et al.
2003). Occasionally, tabular barite (Juchem 1999) and spher-
ical whitish fluorite aggregates (Pöllmann 2010) on amethyst
have been reported. Microthermometric data from a single

Fig. 2 Paragenetic sequence with
four stages of mineral
precipitation and related fluid
types in amethyst-bearing geodes
at Ametista do Sul, Brazil
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barite crystal (Fig. 3f) show that barite formed from the same
fluid as gypsum and stage IV calcite.

Fluid inclusions

Fluid inclusions were found only in the minerals of stages II,
III and IV, but not in stage I minerals. Therefore, the present
fluid inclusion study does not provide information on the
earliest mineralising fluid(s) (type 1), associated with the
precipitation of celadonite, chalcedony and sulphides. A total
of more than 500 fluid inclusions were investigated by
microthermometry, approximately two thirds hosted in
colourless quartz and amethyst and one third hosted in calcite,
barite and gypsum crystals. The inclusions are generally
monophase liquid, except for very few two-phase inclusions
in colourless quartz and amethyst crystals. In quartz and
amethyst, the fluid inclusions mainly occur along healed
pseudo-secondary and secondary fractures. Primary fluid

inclusions are rare and the lack of visible crystal growth zones
hampers a clear classification of the inclusion assemblages
with respect to crystal growth.

After inducing bubble nucleation in the metastable state of
the monophase liquid inclusions using femtosecond laser
pulses, we were able to measure prograde (upon heating)
and retrograde (upon cooling) liquid–vapour homogenisation
temperatures Th and Thr, respectively. Retrograde liquid–va-
pour homogenisation, i.e., the homogenisation upon cooling
is a consequence of the density maximum of water, resulting
in a second intersection of the isochores with the liquid–
vapour saturation curve or its metastable extension at negative
temperatures (see Fig. 7). Retrograde homogenisation can be
observed only in high-density aqueous inclusions, where Thr
(L+V→L) is higher than the temperature of ice nucleation
(Tnice). Note that Tn(ice) was observed typically between −32
and −41 °C. The relation between Th and Thr is determined by
the concentration and the composition of the dissolved salt

Fig. 3 Sulphides and sulphates in
amethyst-bearing geodes. a Pyrite
(py) crystallised into the cavity,
partly replacing ilmenite (ilm) of
the basaltic host rock; in
association with chalcedony (ch)
and celadonite (cel) (sample
15344, reflected polarized light),
b Spherical chalcedony–pyrite
aggregate (sample 15369,
reflected polarized light), c
anisotropic subhedral marcasite
(mrc) inclusion in pyrite from
Artigas (sample 15834, reflected
crossed polarized light). d
chalcocite (cc) veinlets in
fractured pyrite (sample 15369,
reflected polarized light), e
silicified anhydrite crystals
(sample Anh-1; Ametista do Sul),
f tabular barite aggregate (sample
15329)
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species that cause a depression of the temperature of maxi-
mum density (TMD) of the aqueous solutions. Thus, the
measured Th-Thr pairs hold additional information on the
salinity of the trapped solutions. To our knowledge, this is
the first study that uses Th-Thr data as an independent measure
for fluid inclusion salinities.

In addition, we measured ice-melting temperatures (Tmice)
to determine the salinity of the inclusions based on the melting
point depression of the salt solutions. In order to measure
Tmice under equilibrium conditions we used the femtosecond
laser to generate a stable vapour bubble some tenths of a
degree below the final ice-melting temperature.

Salinity

The ice-melting temperatures of the inclusions range from
−0.1 to −4.8 °C, corresponding to a salinity of the aqueous
solutions of up to 7.6 wt% NaCl-equivalent (Bodnar 1993).

The distribution of the Tmice values shown in Fig. 5 displays
three modes that allow us to discriminate three major fluid
types (generations) based on the salinity of the solutions. The
individual fluid types always occur in separate inclusion as-
semblages. The differentiation of individual fluid types ap-
pears even more pronounced in the Th vs. Thr diagram shown
in Fig. 6, revealing a further discrimination between type 2a
and type 2b inclusions (also indicated in Fig. 5). The latter,
however, were only found in quartz crystals from Mioto
where they supersede the type 2a inclusions. The Th-Thr
measurements from low-saline type 4 inclusions seem to
indicate a TMD of the aqueous solution higher than 4.0 °C,
since the values plot on the left hand side of the isochoric pure
water curve that was calculated from the IAPWS-95 formula-
tion (Wagner and Pruß 2002). The real cause, however, is a
systematic shift of the Th-Thr pairs to higher values due the
temperature-dependent volume change of the host mineral,
i.e. the non-isochoric behaviour of the inclusions, as illustrated

Fig. 4 Photomicrographs of
textures in silica. a and b Patterns
of stress-induced birefringence
indicating Brazil twinning and
(pseudo-)secondary fluid
inclusions in thick section of
amethyst sample 15335 (cross-
polarized light). c cross-polarized
light and d CL microphotograph
of colourless and amethystine
quartz showing sector zoning
(sample 15253). e crossed
polarized light and f CL
microphotograph of chalcedony
(sample 15289)
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in the p-T diagram shown in Fig. 7. Marti et al. (2009) have
demonstrated that the temperature where Th equals Thr, i.e., the
starting point of the Th-Thr curve, is shifted to higher temper-
atures, depending on the host mineral. For the isochoric pure
water system Th equals Thr at the temperature of maximum
density, at 4.0 °C, while for pure water inclusions in calcite,
quartz or gypsum Th and Thr become equal at 5.1, 6.1 and
8.3 °C, respectively. Thus, to determine the TMD of the

solution, we had to apply a mineral-specific correction to the
measured Th-Thr pairs. Assuming that the addition of salt does
not significantly affect the shape of the pure water Th-Thr
curve, we have determined the TMD and finally, the salinity
of the aqueous solutions for each Th-Thr pair using experimen-
tal data from the literature (e.g. Despretz 1840; Wright 1919;
Cawley et al. 2006, and compiled values published in the
International Critical Tables 1928).

Figure 8 shows the salt concentrations (in wt% NaCl-
equivalent) derived from the Th-Thr data and compares them
with the results obtained from the Tmice measurements. The
results of the two approaches can differ significantly, but they
do not differ systematically. For type 2a and type 2b inclusion
and, less pronounced, also for type 3 inclusions, we observe
that the Tmice measurements tend to result in slightly higher
salt concentration and a larger variation of the data compared
to the results from the Th-Thr pairs. A detailed analysis of the
data revealed that the different salt concentrations cannot be
explained simply by variations of the salt composition. It
rather seems that the smaller salinity variations determined
from the Th-Thr measurements points to inconsistencies
concerning the interpretation of the ice-melting temperatures,
e.g. due the presence of an undetected hydrate phase.
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Raman spectroscopic analysis of type 2 and type 3 inclu-
sions in quartz display a Raman band at 981 cm−1 that is
characteristic for the vibrational mode (ν1) of SO4

2− (Fig. 9).
We assume that this Raman band is attributed to substantial

amounts of dissolved sodium sulphate [Na2SO4(aq)] in the
inclusions that in some of the inclusions potentially
formed a hydrate phase (Na2SO4·10H2O) at low temper-
atures. On the other hand, we could not detect any gases
in the vapour bubble, such as CO2, CH4 or N2 and we
may describe the trapped fluids as “gas-free” aqueous salt
solutions.

We use the salinities obtained from the TMD of the aque-
ous solutions to distinguish the different fluid types
(generations). We recall that we do not have any information
from fluid inclusions on the earliest type 1 fluids that were
involved in the stage I mineralisation. For the subsequent
mineralisation stages, however, the characteristic fluid salin-
ities are: 5.3–5.8 wt% NaCl-equivalent for type 2a fluids, 4.7–
5.2 wt% NaCl-equivalent for type 2b fluids, 3.0–3.8 wt%
NaCl-equivalent for type 3 fluids and 0.1–0.6 wt% NaCl-
equivalent for type 4 fluids. Note that the salinities of type 2
and type 3 inclusions in calcite are slightly lower, than those
for inclusions in quartz.

The type 2 fluid is considered to represent the oldest
generation of mineralizing fluids in the geodes that is pre-
served in fluid inclusions. Type 2 inclusions occur only in
colourless quartz and amethyst associated with stage II of the
paragenetic sequence and in the early calcite that presumably
formed at the transition between stages I and II. The type 3
fluid, on the other hand, is characteristic for the first genera-
tion of subhedral calcites (stage III). Type 3 inclusions also
occur in quartz and amethyst, but typically along healed
secondary fractures. The type 4 fluid, finally, is involved in
the mineralisation of the second generation of subhedral cal-
cite, of gypsum and rare barite (stage IV).

From these observations, we can infer that the salinity of
the mineralising solutions decreased from stage II to stage IV
of the paragenetic sequence. Although the record of fluid
inclusions rather suggests a discontinuous fluid evolution,
we note that the fluid inclusions might provide only an in-
complete record of a continuous salinity decrease.

Homogenisation temperatures

Prograde Th values of the three fluid types are shown in
Fig. 10 and are illustrated in separate histograms for each host
mineral. The Th values of initially monophase fluid inclusions
in quartz/amethyst display a large scatter between 7 and
138 °C that is independent of the fluid type and no differences
were observed between colourless and amethystine quartz. Th
values obtained from rare two-phase inclusions typically
range between 95 and 130 °C, and thus, are not greater than
those measured from monophase inclusions. Note that the Th
values reported in this paper are not corrected for the effect of
surface tension (Fall et al. 2009; Marti et al. 2012). The effect
of surface tension on the measured Th values becomes larger
with decreasing inclusion size and increasing fluid density.
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Thus, the inclusions with low homogenisation temperatures
are most affected by the surface tension effect and a correction
would increase these Th values by up to 5 °C, depending on
the inclusion size and the salinity.

The Th data of type 2 inclusions in quartz and amethyst
display a cluster below 40 °C with a clear mode around 12 °C
and a continuous decrease of frequencies towards higher
temperatures. In contrast, type 3 inclusions display a more
symmetric distribution of Th with a broad maximum around
65 °C. Type 4 inclusions finally, seem to display a weak mode
at around 25 °C and a large variation of Th towards higher
temperatures. The number of type 4 inclusions in quartz and
amethyst, however, is small.

The large variation of Th of up to 120 °C in colourless
quartz and amethyst is supposed to partly result from post-
entrapment volume alterations of the inclusions induced by
internal stress in the crystals lattice that arises from Brazil
twinning (e.g. Audétat and Günther 1999). Figure 4a, b illus-
trate the characteristic patterns of the stress-induced birefrin-
gence in the quartz crystals viewed between crossed
polarisers. In some pseudo-secondary and secondary

assemblages, we observed a decrease of the Th values from
the rim to the centre of the healed fracture planes, whichmight
result from a relaxation of the internal stress in the central part
of the healed fractures. Alternatively, the decrease of Th could
also reflect the cooling of the fluid during the healing process
of the open cracks.

The first generation of subhedral calcite (stage III) is
characterised by type 3 inclusions with Th values typically
below 35 °C (see also Fig. 11). Gypsum and the second
generation of subhedral calcite (stage IV) both precipitat-
ed from a type 4 fluid. The distribution of the Th mea-
surements again clearly indicates low formation tempera-
tures of the two mineral phases, with only a few values up
to 50 °C.

A detailed study was performed on a calcite crystal from
the Bortoluzzi mine (sample no. 15377; Fig. 9 in Gilg et al.
2003). The crystal shows a whitish translucent core with a
clear rim and a drastic 15‰ drop in the δ13C values across the
core-rim boundary, while δ18O values fluctuate only slightly
(Gilg et al. 2003). Fluid inclusion data obtained in this study
now demonstrate that the core of the subhedral calcite crystal
has grown from a type 3 fluid, whereas the rim precipitated
from a type 4 fluid (Fig. 11). Type 4 inclusions occur as
primary and pseudo-secondary inclusions in the rim but some-
times also as secondary inclusions in the core. In contrast, type
3 inclusions are missing in the rim and only occur in the core.
In this particular case, the Th values of the type 3 inclusions are
distinctly higher than those from type 4 inclusions, which
either indicates a decrease of the calcite formation temperature
between core and rim or an increase of the fluid pressure by up
to 100 bar in the type 4 fluid.

Barite, finally, is a very rare mineral phase in the parage-
netic sequence of the amethyst-bearing geodes and also pre-
cipitated from type 4 fluids. In contrast to gypsum and late
subhedral calcite, the Th data from barite display a large
variation and a distribution similar to that observed for the
type 3 inclusions in quartz and amethyst. Although we have
only a few measurements of type 4 inclusions in quartz/
amethyst, the Th values also show a large variation.

Stable isotopes

Hydrogen and oxygen

The hydrogen isotope values of fluid inclusions in amethyst
range from −59 to −51‰. This small variability is surprising
considering the presence of three fluid types in quartz and
amethyst. This means that either their deuterium content or
their relative proportions in the analysed samples are almost
the same. We note that hydrogen isotope data from fluid
inclusions in amethyst from Artigas, Uruguay, (Table 1) show
a larger scatter.
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The hydrogen isotope values of the fluid inclusions at
Ametista do Sul are similar to the average δDwater values of
the present-day Guaraní aquifer in São Paulo state that range
from −72 to −42‰ (Silva 1983; Kimmelmann e Silva et al.
1989) with a recharge area at about 800 m above sea level.
They are lighter than local meteoric waters at an elevation of
about 400 m.a.s.l. (−34 to −25‰; Matsui et al. 1974). The
elevation of the recharge area and the hydrogen isotope values
of the Guaraní aquifer in northern Rio Grande do Sul state are
the same as for São Paulo state (Kimmelmann et al. 1995).

Oxygen isotope analyses of two amethyst crystals yielded
δ18O values of 28.0 and 34.0‰. These new data and previ-
ously reported oxygen isotope data of Juchem (1999) and
Juchem et al. (2009) suggest a significant variation of oxygen
isotope values of the macrocrystalline quartz and amethyst
(Fig. 12). Given that quartz and amethyst precipitated from the
same type 2 fluid, the large oxygen isotope variations may be
interpreted as temperature variation of at least 30 to 40 °C
during the stage II mineralisation or as the result of fluid-rock
interaction.
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Table 1 Stable isotope results

Sample Material Location δ34SV-CDT [‰] δDV-SMOW [‰] δ18OV-SMOW [‰]

15369 Pyrite in celadonite (geode rim) Bortoluzzi, Ametista do Sul, Brazil −31.5
15344a Pyrite in celadonite (geode rim) ElioZanon, Ametista do Sul, Brazil −24.6
15344b Pyrite in celadonite (geode rim) ElioZanon, Ametista do Sul, Brazil −25.4
15834 Pyrite in chalcedony Brazileiro, Artigas, Uruguayc −33.5
Anh-1 Pink anhydrite, silicified Ametista do Sul, Brazil 9.9

Anh-2 Pink anhydrite, silicified Ametista do Sul, Brazil 9.4

15329 platy barite Mioto, Ametista do Sul, Brazil 7.5

Gypsum various garimpos, Ametista do Sul, Brazil 5.2–6.0b

15308 Gypsum Testa, Ametista do Sul, Brazil −63 −1.5a

15319 Gypsum Testa, Ametista do Sul, Brazil −69 −0.3a

15310 Amethyst Testa, Ametista do Sul, Brazil 34.0

15276 Amethyst Salles, Ametista do Sul, Brazil −51 28.0

15279 Amethyst Salles, Ametista do Sul, Brazil −55
15386 Amethyst Angico, Ametista do Sul, Brazil −59
15829 Amethyst Coqueiro, Artigas, Uruguayc −43
15839 Amethyst Tarzan, Artigas, Uruguayc −77
15858 Amethyst Berardi, Artigas, Uruguayc −53

a Location of the mine is found in Morteani et al. (2010)
b From Gilg et al. (2003)
c Oxygen from gypsum water
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The gypsum hydration water yields δD values of −69 to
−63‰ and δ18O values of −1.5 to −0.3‰ (Table 1). Using the
almost temperature-independent hydrogen and oxygen iso-
tope fractionation factors between gypsum hydration water
and the gypsum supplying water (Gonfiantini and Fontes
1963; Fontes and Gonfiantini 1967), the isotope composition
of the gypsum supplying solution (type 4 fluid) is calculated to
be −49 to −43‰ for hydrogen and −5.5 to −4.3‰ for oxygen
(Fig. 14).

Sulphur

The sulphur isotope values of pyrite from Ametista do Sul
range from −31.5 to −24.6‰ (Table 1). A similarly low S
isotope composition of −32.5‰ is reported here for a pyrite
with marcasite inclusions (Fig. 3c) from a Uruguayan ame-
thyst deposit. Such very low sulphur isotope values are indic-
ative for bacterial sulphate reduction (e.g. Machel et al. 1995;
Ohmoto and Goldhaber 1997).

The δ34S values of anhydrites range from 9.9 to 9.4‰,
while δ34S of a single barite sample is 7.5‰ (Table 1). The
heavy isotope composition of the early sulphate phases sug-
gests a possible involvement of modified marine sulphate.

Bothminerals have significantly higher sulphur isotope values
than the paragenetically late gypsum (5.2 to 6.0‰, Gilg et al.
2003). The δ34S values decrease in the crystallisation se-
quence from early to late sulphate minerals. This ca. 5‰
depletion in δ34S values in the late sulphate mineralization
stages could be related to increasing involvement of oxidised
isotopically light sulphide sulphur.

Discussion

Microbial activity during stage I mineralisation

The very low and variable sulphur isotope composition of
sulphides precipitated during stage I yields strong evidence for
the activity of sulphate-reducing bacteria during the initial
stage of geode infill. The reduced sulphur species might
originate from bacterial sulphate reduction in the underlying
sediments of the Paraná basin and be transported to the de-
posits. However, it appears unlikely that reduced sulphur was
transported through a 1-km-thick pile of Fe2+-rich basaltic
rocks without reacting with them. Thus, we assume that
sulphate reduction occurred within the basalts and the geodes
itself.

The electron donor for the sulphate reduction is sup-
posed to be either organic matter probably transported
with the fluid from deeper parts of the sedimentary basin
or hydrogen that formed through reaction of water with
Fe2+ in the basalt (Stevens and McKinley 1995). The
rarity of sulphides suggests that these electron donors
were not abundant. Microbial pyrite associated with smec-
tite, chalcedony, zeolites and even bacteriomorphs in frac-
tures was reported in the more than 1,000 m deep mete-
oric aquifers in the Columbia River flood basalts and
related to sulphate reduction by lithoautotrophic bacteria
that used hydrogen as an electron donor (Stevens et al.
1993; Stevens and McKinley 1995; McKinley et al.
2000). The microbial pyrites in the Columbia River ba-
salts, however, have typically a framboidal appearance
(McKinley et al. 2000) and sulphur isotope fractionation
is generally small for hydrogen as electron donor
(Brückert 2004). Thus, we consider sulphate reduction
by organotrophic bacteria more likely for the formation
of sulphides at Ametista do Sul than by lithoautotrophic
microorganisms.

Subsurface filamentous fabrics are common in the chalce-
dony of basalt-hosted amethyst and agate geodes and are
interpreted as of biogenic origin (Hofmann et al. 2008). Thus,
both our new sulphur isotope data and filamentous fabrics in
chalcedony suggest microbial activity during the early stage I
of geode infill. We recall that sulphides were not found in the
subsequent mineralisation stages and apparently biogenic sul-
phate reduction ceased.

Fig. 12 Compilation of oxygen isotope values of chalcedony (stage I)
and macrocrystalline colourless and amethystine quartz (stage II) and
calcite (stages III and IV) from Juchem (1999), Gilg et al. (2003), Juchem
et al. (2009) and this study.We note a significant oxygen isotope variation
in stage II quartz
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Temperatures of geode mineralisation

Although we have no information from fluid inclusions on the
temperature and composition of the earliest type 1 fluids
related to the mineralisation of celadonite, chalcedony and
pyrite, indications for microbial activity yield an upper tem-
perature limit for stage I mineralisation of about 90 to 120 °C.
Sulphate-reducing microorganisms are psychrophilic to hy-
perthermophilic obligate anaerobes; however, their optimum
growth is between 30 and 70 °C and pH near neutrality
(Machel et al. 1995; Ohmoto and Goldhaber 1997). The
presence of celadonite and expandable 2:1 clay minerals
(saponite, nontronite) and chalcedony is consistent with this
low-temperature regime (e.g. Alt 1999). The small variability
of oxygen isotope compositions of chalcedony (Fig. 12;
Juchem 1999; Juchem et al. 2009) suggests rather constant
temperatures during the precipitation of stage I silica.

The temperature and pressure conditions during the stages
II to IVof the geode mineralisation can be estimated from the
Th data of the fluid inclusions and in part from oxygen isotope
data. However, the large variation of the Th values in all three
fluid types makes the interpretation of the microthermometric
data challenging: The Th distribution of the type 2 inclusions
in colourless quartz and amethyst displays a clear mode be-
tween 10 and 30 °C, which indicates the presence of a high-
density solution during the stage II mineralisation. This inter-
pretation is supported by the observation that type 2 inclusion
assemblages typically display a cluster of low Th values with
variations of less than 20 °C and a few values scattering up to
130 °C. In addition, we observe that the Th values of type 2
inclusions in early stage II calcites are below 25 °C. Consid-
ering the geological context, such low Th values can only be
explained by elevated fluid pressures during quartz and ame-
thyst precipitation, probably close to lithostatic pressure con-
ditions. Assuming a 700–1,000-m thick overburden of basalts
and possibly sediments of the Bauru Group, we can estimate a
maximum fluid pressure between 210 and 290 bar. We can
now apply a pressure correction to the measured Th values by
calculating the corresponding fluid isochores using the equa-
tion of state for aqueous salt solutions proposed by Mao and
Duan (2008). Figure 13 illustrates that, under the given as-
sumptions, the trapping temperature of these high-density
fluid inclusions cannot be greater than 40–45 °C. Such a low
formation temperature for quartz and amethyst, however, is in
contradiction with the (rare) presence of anhydrite in the
paragenesis of stage II. The precipitation of anhydrite from a
solution with about 5 wt% NaCl requires a temperature of at
least 53 °C (Hardie 1967; Blount and Dickson 1973). We
therefore interpret the presence of anhydrite as a result of a
short-term temperature increase in connection with tectonical-
ly induced pulses of ascending warm fluids. These upwelling
fluids were not in thermal equilibrium with the host rock and
gradually cooled below 45 °C after the hydrothermal event.

Furthermore, we interpret the δ18O variation (26 to 34‰) of
macrocrystalline quartz and amethyst as an indication for
temperature variations of 30 to 40 °C during stage II, assum-
ing a single quartz-supplying fluid of type 2 (Fig. 14). Thus,
we estimate the maximum formation temperature of
colourless quartz and amethyst around 80 to 90 °C.

The first generation of subhedral calcite (stage III) is
characterised by type 3 inclusions with Th values typically
below 35 °C (see also Fig. 11). Thus, the formation tempera-
ture of this calcite generation is estimated to be below 45 °C.
In quartz and amethyst, where type 3 inclusions occur mainly
along secondary fractures, we observe a large variation of the
Th values in all of the fluid inclusion assemblages. The Th
distribution displays a broad mode around 65 °C and is
completely different from the distribution pattern of the type
2 inclusions. Provided that the broad mode of the Th values
has any significance in terms of initial fluid densities, we again
have to postulate an increase of the fluid temperature to at least
80 °C, which can only be caused by warm ascending fluids.
Since we did not observe any high Th values in stage III calcite
and a more limited oxygen isotope variation (Fig. 12; Gilg
et al. 2003), we conclude that calcite precipitated after the
fluid cooled again to wall rock temperature.

Stage IV, finally, shows a similar thermal history with an
initial influx of warm type 4 fluids precipitating barite and
subsequent cooling of the fluid with precipitation of calcite
and gypsum. The low oxygen isotope variation of stage IV
calcite (Fig. 12, Gilg et al. 2003) implies constant tempera-
tures in this final mineralization stage.

The presence of high-density fluid inclusions in quartz and
amethyst, in all three generations of calcite and in gypsum
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clearly demonstrates that geode mineralisation took place in a
low-temperature environment with host rock temperatures
below 45 °C. On the other hand, we have strong evidence
from both fluid inclusions and stable oxygen isotopes for
sporadic short-term temperature increases caused by repeated
pulses of warm, rapidly ascending fluids that are in thermal
disequilibrium with the surrounding host rock. The moderate
thermal pulses could be related to periods of increased tectonic
activity. The maximum temperature of these hydrothermal
fluids is probably below about 80 to 90 °C (Fig. 14). This
temperature range is consistent with both the occurrence of
goethite and anhydrite in the stage II paragenesis. We note,
however, that the postulated temperature fluctuations obvious-
ly did not cause any oscillatory growth zoning in the quartz
and amethyst crystals.

Fluids and fluid sources

The origin of the early stage I fluid(s) is hitherto unknown.
Anaerobic conditions during this first mineralisation stage are
implied by bacterial sulphate reduction. During the subse-
quent deposition of macrocrystalline quartz and amethyst in
stage II, the oxidation state of the fluid must have changed
towards more oxidising conditions indicated by the precipita-
tion of goethite and rarely anhydrite. The interpretation of the
quartz oxygen isotope data in terms of fluid isotope composi-
tion or formation temperature strongly depends on the applied
oxygen isotope fractionation between quartz and water, i.e.
either using an extrapolation from high-temperature experi-
ments (Clayton et al. 1972; Matsuhisa et al. 1978) or empirical
data (Sharp and Kirschner 1994).

Assuming that the isotopic compositions of the quartz-
supplying waters plot on the Global Meteoric Water Line and
using the measured δD values of the fluid inclusion waters, we
obtain a δ18O value for the water of about −8‰. For such
meteoric water, the calculated formation temperatures of quartz
and amethyst would be between −2 and 26 °C using the
equation of Matsuhisa et al. (1979) and between 12 and
42 °C using the equation of Sharp and Kirschner (1994). Both
temperature ranges are not consistent with fluid inclusion data,
the mineral paragenesis and the geological context. This result
clearly indicates that the type 2 fluids must be 18O-shifted from
the Global Meteoric Water Line. Assuming a range of forma-
tion temperatures between 40 and 80 °C, the calculated oxygen
isotope value for water in equilibriumwith quartz and amethyst
is about −0.8‰ using the equation of Sharp and Kirschner
(1994) or +2.2‰ using the equation of Matsuhisa et al. (1979).
In Fig. 14, we additionally show the fluid isotope compositions
for two other temperature ranges, i.e. 20 to 50 °C and 30 to
65 °C using the Sharp and Kirschner (1994) fractionation
equation. We note that the observed salt contents of the type 2
fluids do not affect this interpretation significantly (e.g. Chacko
et al. 2001). In all these scenarios, the quartz- and amethyst-

precipitating fluid is significantly enriched in 18O compared to
the present-day oxygen isotope composition of waters in the
Guaraní aquifer ranging from −10.1 to -6.5‰ (Silva 1983;
Kimmelmann et al. 1995; Gastmanns et al. 2010). Thus, the
calculated oxygen isotope compositions of the amethyst-
forming fluid are not consistent with an unmodified meteoric
water composition as it is found in the Guaraní aquifer today.

The salinity of the type 2 fluid that precipitates quartz and
amethyst is between 4.7 and 5.8 wt% NaCl-equivalent with
significant sulphate contents. Dissolved sulphate was also
detected in type 3 inclusions that show slightly lower salinities
between 3.0 and 3.8 wt% NaCl-equivalent. Such salt concen-
trations are not known from the present-day upper Guaraní
aquifer that directly underlies the Paraná basalts (e.g. Araújo
et al. 1999; Meng andMaynard 2001; Pesce 2002; Sracek and
Hirata 2002; Gastmanns et al. 2010). Two scenarios for the
source of the type 2 and type 3 fluids can be envisaged: (a)
meteoric ground waters that leached the soluble compounds
from the aeolian Botucatu sandstones of the upper Guaraní
aquifer during the initial phase of aquifer formation or (b)
injections of sedimentary brines from deeper parts of the
aquifer system. The observed systematic decrease of the fluid
salinity from stage II to stage IV of the geode mineralisation
and the oxidising conditions might favour the first hypothesis.
However, the 18O-shift of the amethyst-depositing fluid is not
consistent with pure meteoric waters that leached salts from
sandstones and rather suggests deep sedimentary fluids that
underwent a more pronounced water-rock interaction. We
note that in Argentina, for instance, salinities of up to
1.2 wt.% total dissolved salts were measured in artesian ther-
mal waters from the lower Palaeozoic aquifer horizon that
contains marine sediments (Pesce 2002). These waters are of
the sodium-chloride-sulphate type and may contain high

Fig. 14 δD - δ18O plot showing the isotope compositions of the quartz-
supplying water (open circles) calculated for various temperature ranges
using the fractionation equation of Sharp and Kirschner (1994) and of the
gypsum supplying fluid in equilibrium with gypsum water (diamonds).
The isotope compositions of local meteoric waters (triangles; Matsui
et al. 1974) and of waters in the Guaraní aquifer system from Rio Grande
do Sul, Santa Catarina, Paraná and São Paulo state (black small circles;
Kimmelmann e Silva et al. 1989) are shown for comparison and plot on
the Global Meteoric Water Line (GMWL)
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fluoride contents (Montaño et al. 1998; Pesce 2002). Sodium-
chloride-sulphate type waters with lower salinities are also
known in some parts of the uppermost Botucatu aquifer in the
Brazilian sector and were generally interpreted as influx of
brines from deeper aquifers (Kimmelmann e Silva et al. 1989;
Meng and Maynard 2001; Sracek and Hirata 2002;
Gastmanns et al. 2010). Our data demonstrate that type 2
and type 3 fluids are chloride-sulphate-bearing waters with a
pronounced shift in 18O. Furthermore, we interpret the high
δ34S values of the sulphates as an indication for modified
seawater derived from marine sediments. These new results
imply repeated injections of sedimentary brines from deeper
levels of the sedimentary basin into the uppermost Guarani
aquifer and the overlying basalts. Thus, the meteoric fluid
flow model proposed by Gilg et al. (2003) is challenged and
needs modification.

The source of the type 4 fluid related to the final
mineralisation stage IV is probably meteoric water. The salin-
ity is very low and the isotopic compositions calculated for the
gypsum supplying type 4 fluid plot close to the local meteoric
water composition (Fig. 14). This meteoric water was either
descending from top through an open fluid system or ascend-
ing from the upper level of the underlying Guaraní aquifer.
The latter is more likely, because (i) the very low Th values in
calcite and gypsum can hardly be explained if we assume
hydrostatic pressure conditions (see Fig. 13) and (ii) the
postulated temperature increase for barite precipitation is in-
consistent with a scenario of descending meteoric water.

Conclusions

Monophase fluid inclusions are common in minerals that
formed under low-temperature conditions. The absence of
the vapour phase in the inclusions is due the extensive meta-
stability of liquid water and makes conventional
microthermometric measurements impossible. The present
study demonstrates the capability of femtosecond laser pulses
to efficiently and repeatedly overcome the metastable fluid
state, which is the key to investigate the growth conditions of
low-temperature minerals forming in near-surface environ-
ments. We have shown that Th values of initially monophase
inclusions can reach up to 138 °C. In addition, the technique
allows for measurements of retrograde homogenisation tem-
peratures, as well as for measurements of ice-melting temper-
atures under equilibrium conditions.

The results of our study clearly demonstrate that the geode
mineralisation at Ametista do Sul is a multi-stage low-
temperature process involving different fluid generations and
significant changes in the oxidation state of the fluids and
moderate temperature fluctuations between 40 and 90 °C that
are interpreted as pulses of warm ascending fluids, probably in
conjunction with tectonic activity. The mineralising fluids

likely originate from different levels in the sedimentary basin
underlying the basalts of the Serra Geral Formation.

The present study represents a further important step to-
wards a comprehensive understanding of the processes that
resulted in the formation of the world-class amethyst deposits
in Ametista do Sul, Brazil. However, further investigations are
definitely needed (i) to better constrain the timing of the geode
mineralisation and duration of the individual stages, (ii) to
analyse the salt composition of the fluids, e.g. by means of
low-temperature Raman spectroscopy, crush-leach techniques
and/or LA-ICP-MS analyses, and (iii) to determine the isotope
composition of individual fluid inclusion generations, for
example using wavelength-scanned cavity ring-down spec-
troscopy (Affolter et al. 2014).
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