
RESEARCH ARTICLE

Mineralogy and chemistry of incrustations resulting
from the 2014–2015 eruption of Fogo volcano, Cape Verde

Teresa P. Silva1 & Daniel P. S. De Oliveira1 & João P. Veiga2 & Paula Ávila3 & Carla Candeias4,5 &

Eduardo Salas-Colera6,7
& Rita Caldeira8

Received: 27 July 2018 /Accepted: 22 February 2019 /Published online: 9 March 2019
# International Association of Volcanology & Chemistry of the Earth's Interior 2019

Abstract
The last eruption of the Fogo volcano, in the Cape Verde Archipelago, occurred in 2014–2015. A mineralogical and chemical
study was undertaken on fumarole incrustations resulting from this event and compared with results obtained from the previous
1995 eruption. The mineralogical constitution of the fumarole deposits was assessed by X-ray diffraction and the chemical
characterization was performed through X-ray fluorescence spectrometry with a wavelength dispersive system and by energy
dispersive X-ray fluorescence at the European Synchrotron Radiation Facility. The most common compounds/minerals in solid
deposits were sulfur, sodium chloride, and calcium sulphates with variable degrees of hydration, sodium sulphate, hydrated
sulphates of sodium aluminum, potassium magnesium, or sodium magnesium and a fluorine-bearing mineral. Thenardite
(Na2SO4) and its polymorph (phase III) were found simultaneously for the first time in incrustations, to the best of our knowl-
edge. A large span of minor and trace elements present in incrustations (Na, Mg, Al, Si, P, S, Cl, K, Ca, Ti, V, Mn, Fe, Ni, Cu, Zn,
As, Se, Br, Rb, Sr, Y, Zr, Nb, Mo, Ba, Ce, Tl, Pb) were also identified, some of them potentially hazardous to animal and human
health. This study reveals that low temperature incrustations, allied to the atmospheric conditions of Fogo volcano, constitute a
natural laboratory to observe the process of mineral formation—namely the Na2SO4 phase III considered metastable.
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Introduction

The process of mineral formation can be observed in fuma-
roles at active volcanoes, i.e., in a restricted space and time
where the emanating hot gases are continuously depositing
compounds/minerals. Gases released from the magma are rich
in volatile components such as H2O, CO2, SO2, H2S, HCl, HF,
H2, CH4, and CO, water vapor being the dominant constituent

of high temperature (> 500 °C) volcanic gases (e.g., Symonds
et al. 1994; Fischer 2008; Aiuppa 2015). Differences in the
concentration distributions of these constituents are related to
their fractionation during magma degassing and to their
sources in magmas, the composition of volcanic gases being
dependent on the temperature at fumaroles (Giggenbach
1996; Zelenski and Taran 2011). Recent studies on arc-
volcanic gases have shown magmatic fluid uniformity in both
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the water isotopic composition and Cl content, as well as in the
total composition (H–C–O–S–Cl–F), that contrast with volca-
nic fluids of non-arc volcanoes (De Moor et al. 2013; Paonita
et al. 2013; Shinohara 2013; Taran and Zelenski 2015).

Volatile species transported by hot volcanic gases, either
pure or resulting from their interaction with their hydrothermal
surroundings, emitted through vents and fissures, are deposit-
ed or released to the atmosphere at the emitting source
(Symonds et al. 1987). The material deposition formed by
cooling and condensation or sublimation—fumarole incrusta-
tions—generates a colored field and constitutes an indication
of the role played by magmatic fluids in the processes of
mineral formation (e.g., Lacroix 1907; Stoiber and Rose
1974; Óskarsson 1981, 1984; Toutain et al. 1990). These stud-
ies have all shown that incrustations retain a significant
amount of the transported components that are carried in the
minerals as nanometer-sized inclusions. For example, the
1902 eruption of Santa Maria, Guatemala, was one of the
largest volcanic eruptions of the twentieth century (Williams
and Self 1983). New eruptions began in 1922 (Rose 1973),
and studies performed between 1964 and 1969 on condensates
from Central American volcanoes (including the dome that
began to grown within the Santa Maria caldera: Santiaguito)
showed that condensate chemistry depended on fumarole lo-
cation and time of collection relative to the eruptive and
cooling history of the emplacement event (Stoiber and Rose
1970). The most abundant and frequently found minerals in
incrustations were sulfur, hematite, halite, sylvite, gypsum,
ralstonite, anhydrite, thenardite, and langbeinite (Stoiber and
Rose 1974). Other examples could be cited: sulfur, opaline
silica, gypsum, ralstonite, and thenardite at Hawaiian volca-
noes (Naughton et al. 1976); gypsum, anhydrite, sulfur,
tridymite, halite, and soda alum at Mount St. Augustine,
Alaska (Kodosky and Keskinen 1990); and the extensive
work of fumarolic minerals at European volcanoes completed
by Balić-Žunić et al. (2016). The description of fumarole
products resulting from low-temperature volcanic emissions,
including iron, magnesium, aluminum, and manganese chlo-
rides (Pelloux 1927) as well as sulfur and realgar at Vesuvius,
have also been recorded. Yellow amorphous iron chloride,
cristobalite, and minor amounts of ralstonite (60–80 °C),
soda-alum (150 °C)—or even anhydrite and sodium aluminum
sulphate (350 °C) in one fumarole of Santiaguito volcano
(Stoiber and Rose 1969) have also been noted. Sulfur, gypsum,
alunogen, and other hydrous sulphates in European fumarolic
systems are well-documented by Balić-Žunić et al. (2016).

Studies have also been completed on incrustations left at
systems active in the Atlantic Ocean, including Iceland,
Azores, Canary Islands, Tristan da Cunha, and on the island
of Fogo in the Cape Verde Archipelago (e.g., Baker et al. 1964;
Figueiredo et al. 1997; Jakobsson et al. 2008; Melián et al.
2012; Carvalho et al. 2014). In each case, the incrustations
provide indirect sources of information on the nature of

volcanic degassing and, particularly, on heavy metal transport
by lava degassing (Toutain et al. 1990). A detailed knowledge
of the nature and range of heavy elements carried by gases
emanating from fumaroles following a volcanic eruption, or
during periods of unrest, is vital in the domains of environment,
geochemistry, and volcano risk assessment (e.g., Chiodini et al.
1995, 2002; Africano et al. 2002; Orlando et al. 2011).
Frequently, elements such as Hg, Pb (Ferrara et al. 1995), and
the highly poisonous element Tl are present, and pose a signif-
icant threat to human (and environmental) health (Rodríguez-
Mercado and Altamirano-Lozano 2013). This feature was no-
ticed following the 1995 eruption of Fogo volcano and was
studied by synchrotron X-ray microprobe (Figueiredo et al.
1999). In spite of this finding, little information exists about
the mineralogy and chemistry related to fumarole deposits,
and about the chemical composition of gases emitted, by
Fogo and, in particular, during the last two eruptive periods
(1995 and 2014–2015).

To contribute to a better knowledge on the process of min-
eral formation at low temperature (< 250 °C), we here present
a mineralogical study performed on incrustations (materials
formed by cooling and condensation or sublimation and de-
posited in the field around fumaroles) from the latest eruption
of Fogo volcano. The occurrence of thenardite (Na2SO4) and
its polymorph (phase III) in one single locality represents, to
the best of our knowledge, the first discovery of both of these
phases occurring simultaneously. We discuss this particular
observation in terms of transition temperatures and phase sta-
bilities. Finally, the comparison with minerals resulting from
the previous eruption (1995) is undertaken. Moreover, the
chemical study based on these materials is used to infer the
volcanic gas’ composition in terms of their heavy metal con-
tents and toxicity.

Geological setting

Fogo Island, part of the Cape Verde Archipelago (Fig. 1), is
the only island in the archipelago with known historic volca-
nic activity, since the discovery of the archipelago in the fif-
teenth century as registered in logs of ships (Ribeiro 1998).
The island was formed in an oceanic environment by a mantle
plume—hot-spot type mechanism (Mata et al. 2017).
Volcanism is essentially alkaline and it is assumed that Fogo
is currently located above a hot-spot (Torres et al. 1995, 1997;
Silva et al. 1997).

Fogo Island is nearly circular in shape approximately
25 km in diameter with a maximum altitude of 2829 m a.s.l.,
corresponding to a central volcano with its center offset to the
NE to a lateral east flank collapse (Day et al. 1999; Maccaferri
et al. 2017). Fogo also has more than 100 adventive cones, 50
to 100 m high, distributed across the flanks of the main erup-
tive cone and summit caldera—Chã das Caldeiras. This
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caldera is approximately 9 km in N-S diameter, and whose
steep back wall—Bordeira—reaches 1 km in height. Within
this caldera, the 1100-m-high cone of the Pico do Fogo vol-
cano (currently the highest point on the island), with a crater
100 to 200 m deep and 500 m in diameter was built; its first
activity is unknown, but after the second half of the eighteenth
century, the eruptive occurrences begun at the adventive cones
(Torres et al. 1997; Ribeiro 1998).

The most recent eruptive events occurred in 1995 and
2014–2015, both of which produced extensive lava flow fields
(a’a and pahoehoe) at Chã das Caldeiras, which destroyed
houses and agricultural land (Jenkins et al. 2017). The local
population was about 1200 inhabitants in 2014, and the econ-
omy was based on agriculture (mainly vine and fruit planta-
tions), grazing, and tourism (Vieira et al. 2017). The latest
eruption (November 23, 2014 to February 7, 2015) occurred
on a NE-SW trending 700-m-long fissure located on the SE
flank of the previous 1995 cinder cone, an adventive vent

developed on the SW flank of the younger Pico do Fogo
volcano (Fig. 2). The 2014–2015 eruptionwas more explosive
than the one in 1995, varying from Hawaiian to Strombolian
and Vulcanian activity phases, which sometimes occurred si-
multaneously at the different aligned craters. Lava flow sim-
ulations have been carried out to better understand the 2014–
2015 lava flow crisis and to prepare for the next inevitable
eruption (Richter et al. 2016).

Experimental

Sampling

Two sampling campaigns were carried out (Table 1 and
Fig. 1). In November 2016, we collected rocks (basaltic lava)
and incrustations deposited on rocks from near the 2014–2015
main vent (Figs. 3 and 4), while in February 2017 we recorded

Fig. 1 a Map of the Cape Verde Archipelago. Satellite images of Fogo Island. b From Sentinel 2 captured on 6 February 2017 (true color RGB
composite). c Sampling sites, adapted from Global Volcanism Program 2017 (image captured on 24 December 2014)
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the temperatures in the area around the samples with a digital
thermometer using a thermocouple type “K”—Chromel-
Alumel (Metra Instruments, http://www.metra-instruments.
com/PDF/6504.pdf).

Adjacent to the main vent (Fig. 3), the fumaroles were
almost imperceptible in both field campaigns. Yellow—sul-
fur—(Fig. 5a) and white precipitates/sublimates were

deposited in the field as well as orange-red altered rocks.
White incrustations were collected along the walls of a
higher-temperature unstable fracture (Fig. 5b). The
highest registered temperature (238 °C) was measured
in a hole (Fig. 5c) containing white material (collected
near the surface), in alignment with the fracture and
probably connected to it.

Table 1 Brief description of samples collected during two campaigns on Fogo volcano and measured temperature close to the sample

Sampling campaign Location Sample reference Description Temperature (°C)

November 2016 Surroundings of the main vent
(rocks with colored incrustations
deposited on the field)

S2 Reddish rock with white opaque crystals

S3 Rock with hyaline sulfur

S4 Aggregate with yellow and orange sulfur
plus white incrustations

S5 Reddish/brownish rock with white opaque
incrustations

S6 Whitish rock and pink

February 2017 F8/17 Rock with hyaline sulfur, white crystals and
whitish hyaline powder

F9/17 Sulfur aggregates and white incrustations 162

F10/17 Reddish incrustation in the rock

F11/17 Rock with sulfur (aggregate and hyaline)
and white incrustations

F12/17 White and yellow powders in the rock

F13/17 Greenish sulfur

F14/17 Reddish rock with white incrustations

F17/17 White aggregate on the field 76

F25/17 White (hygroscopic) and yellowish incrustations

F26/17 White powder (dry)

F27/17 Yellow and brown-orange incrustations

Walls of an unstable fracture,
near the main vent

F18/17 White powder 182

Walls of a pit, near the main vent F19/17 White powder 238
“Vulcãozinho” (smaller vent) F24/17 White powder

Fig. 2 Younger Pico do Fogo volcano (principal eruptive cone) is the
highest point on Fogo Island (Cape Verde) inside the Chã das Caldeiras
(around 1100 m high): a view of the steep rock wall (Bordeira) that
reaches 1 km in height. b Location of the last two eruptive events (the

2014–2015 eruption occurred on the flank of the previously formed 1995
cinder cone), viewed at a distance of about 1500 m across the Chã das
Caldeiras
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There is a second, smaller vent, called by the local popula-
tion “vulcãozinho” (little volcano), located at lower altitude
than the main one (Figs. 1, 6, and 7). It has a pit created by the
eruption in which white incrustations were found deposit-
ed on the rocks. A big tunnel, which also contains white
incrustations, enters the bottom of the pit, from which lava
came out at the beginning of the eruption, before being
swallowed by the pit.

Methods and techniques

A Philips PW 1500 powder diffractometer with Bragg-
Brentano geometry, equipped with a large-anode copper tube

operating at 50 kV–40 mA and a curved graphite crys-
tal monochromator, was used to collect X-ray diffraction
(XRD) patterns of the powdered samples previously ob-
served using a stereomicroscope (Zeiss, Stemi SV-11).
The images were collected with a digital Zeiss camera
(Axio-Cam Mrc). An effort was made to select pure
phases of incrustations with respect to the morphology
and color, avoiding contamination by minute lava frag-
ments. The thermodynamic conditions which prevail
during the deposition of minerals from volcanic gases
favor the formation of predominantly fine-grained, dis-
persed, cryptocrystalline, and, in some exceptional
cases, imperfect crystalline aggregates (Vergasova and
Filatov 2016). The identification of fumarole minerals
was in some cases difficult due to the presence of a
mixture of phases and uncommon mineral associations.

For this reason, a semi-quantitative chemical analysis
through X-ray fluorescence spectrometry with wave-
length dispersive system (XRF-WDS) was performed.
For the elemental analysis, a PANalytical AXIOS se-
quential spectrometer (Rh X-ray tube, 4 kW) under He
flow was used. Samples were analyzed in powder form
to avoid chemical heterogeneities and crystalline effects.
Standardless semi-quantitative analysis was performed
with the SuperQ IQ+ software package (Figueiredo
et al. 2018).

As a preliminary approach, the chemical composition
of four incrustation samples was also obtained by ener-
gy dispersive X-ray fluorescence (EDXRF) at the
European Synchrotron Radiation Facility (ESRF) in
Grenoble/France. The experiments were performed with

Fig. 4 Samples of rocks (basaltic lava) and incrustations collected in November 2016, from near the 2014–2015 main vent (see Table 1 for description)

Fig. 3 Main vent of 2014–2015 eruption on Fogo Island (distance around
3 km between main vent and Bordeira) and lava flow field at Chã das
Caldeiras
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the instrumental set up of beamline BM 25A, using an
excitation energy of 29.58 keV (powdered samples were
placed between two Kapton foils, a special pure adhe-
sive tape that reduces interference from any support
material) and an irradiated area of 1 mm2. A Sirius Si
(Li) 13-element fluorescence detector was employed for

EDXRF experiment. Si (Li) crystals have a good spec-
tral response over an energy range between 2 and
30 keV. The high brilliance of synchrotron X-rays al-
lows for remarkably low limits of detection for most
chemical elements, thus enabling the analysis of trace
and sub-trace species hosted by a mineral (provided

Fig. 5 February 2017 sampling campaign. a Sulfur (F9, yellow) close to
the main vent and the registered temperature near the sample. b Unstable
fracture where white incrustations (F18, 182 °C) were collected along the

walls. c The highest temperature (238 °C) was measured at the bottom of
a pit lined containing white material (F19)

Fig. 6 Image of the smaller vent,
called “vulcãozinho” (little
volcano) by the local population,
located at a lower altitude than the
principal vent. The circle marks a
person for scale near the main
vent

23 Page 6 of 17 Bull Volcanol (2019) 81: 23



the medium atomic number of the major components is
relatively low). The energy dispersive spectra collected
over a period of 300 s for each sample were fitted using
the PyMca software (Solé et al. 2007).

Results

Mineralogical characterization

The mineralogical composition of the incrustations was
obtained by XRD (Table 2), after careful selection using
a stereomicroscope (illustrative images can be observed
in Fig. 8). However, some phases such as olivine, pyrox-
ene, and titanite are attributed to basaltic lava. More than
one phase was identified for the majority of samples,
with the first one being the most representative for each
sample assigned in Table 2.

Out of interest, sample F20/17 is a whitish powder
that the local population usually uses to treat certain
diseases (called “scontra”), and it is also sold to tour-
ists. XRD analysis of this sample showed the presence
of a mixture of anhydrite (CaSO4) and gypsum
(CaSO4.2H2O) with vestigial sulfur.

The main phases identified in the incrustations were sulfur
(common orthorhombic form, α-S), sodium chloride (halite,
NaCl), calcium sulphates with variable degrees of hydration
(anhydrite, CaSO4, bassanite, CaSO4.1/2H2O, and gypsum,
CaSO4.2H2O), anhydrous sodium sulphate (thenardite and
Na2SO4 (III)) (Fig. 9), sodium aluminum sulphate hydrate
(tamarugite, NaAl (SO4)2.6H2O), potassium magnesium sul-
phate hydrate (picromerite, K2Mg(SO4)2.6H2O), sodium mag-
nesium sulphate hydrate (bloedite, Na2Mg(SO4)2.4H2O), or

w i t h m o r e m e t a l l i c e l e m e n t s ( b i a n c h i t e ,
(Zn0.69Fe0.21Mg0.10)SO4.6H2O) and a fluoride (ralstonite,
NaxMgxAl1-x(F,OH)3.(H2O)n).

Chemical analysis

The semi-quantitative results obtained by XRF-WDS for
selected powder samples (Table 3) are in accordance
with the main mineralogical phases identified. Sulfur
samples are quite pure. The highest Mg contents belong
to samples of bloedite and picromerite (9%) and
bianchite (7%). The K contents of between 18 and 27%
correspond to picromerite, and of around 10% to
ralstonite. As expected, the higher levels of Ca and Sr
belong to incrustations with anhydrite, bassanite, and
gypsum. Samples of altered rock (basaltic lava) are rich
in the heavy elements Zr, Ba, Ce, Tl, as well as Ti and
Fe (F12-powder scraped off the rock, F14-red rock, and
F27-yellow and orange incrustations).

The comparison of EDXRF spectra (Fig. 10) shows
that Se is carried by massive S, and As is present in four
samples, with the highest values being in the anhydrite
and gypsum mixtures (F20-white incrustations, aggre-
gate, and disaggregate). Br is present in the halite sample
(F19). In addition, low concentrations (traces) of the fol-
lowing elements can be detected: Pb, Rb, Sr, Y, Zr, Nb,
and Mo, especially in F20 samples (the intensity of the
lines close to the excitation energy is increased). The
presence of lithophile elements like Rb, Sr, Y, Zr, and
Nb is possibly due to minor silicate phases. The low
detection limits also make it possible to identify Cu
and Zn.

Fig. 7 White incrustations (F24)
surrounding “vulcãozinho.” View
of a pit with a big tunnel crossing
it, also containing white material
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A large span of minor and trace elements was identified by
combining both techniques (Na,Mg,Al, Si, P, S, Cl, K, Ca, Ti, V,
Mn, Fe, Ni, Cu, Zn, As, Se, Br, Rb, Sr, Y, Zr, Nb,Mo, Ba, Ce, Tl,
Pb), which were present in incrustations deriving from the con-
densation and sublimation of volcanic gases (though it cannot be
excluded that some elements might result from lava impurities).

Discussion

Low-temperature incrustations

Incrustations can be grouped according to the mineralogy in
terms of elemental sulfur, sulphates, and halides. The species

Table 2 XRD mineralogical characterization of incrustations from 2014 to 2015 eruption of Fogo volcano, Cape Verde (JCPDF card quoted bellow)

Location Sample reference Description Main identified phases

Main vent (field) S2 Reddish rock Amorphous

S3 Rock with hyaline sulfur S + Pi

S4 Yellow sulfur S

Orange sulfur S

White incrustation and sulfur A + S + G

S5 Reddish rock with white opaque crystals Pi + A

Brownish rock with white powder Pi + G

S6 White and pink rock fragments Amorphous + Pi

F8/17 White crystals A + Ba

Whitish hyaline powder G + A

F9/17 Sulfur aggregate S

White incrustations Ta + B

F10/17 Reddish incrustation A + Ba + S

F11/17 Sulfur aggregate S

Hyaline sulfur S

White powder A + Ba + S (vtg)

White aggregate Ba + A (vtg) + Pi? (vtg)

F12/17 Powder scraped from the rock Amorphous + G + A + S (vtg)

Gypsum crystals? G + A

Sulfur aggregate S + G (vtg)

Hyaline sulfur S + G (vtg)

F13/17 Greenish sulfur S + O (vtg)

F14/17 Reddish rock Ti + R

White incrustations Bl + T + P + H + S (vtg)

F17/17 White aggregate Ta + B

F25/17 White incrustations (hygroscopic) T + Bl + H?

Yellowish incrustations T + Bl + P + H + S (vtg)

F26/17 White powder (dry) T + Bl + H + P + S (vtg)

F27/17 Yellow incrustations Ti + R (vtg)

Brown-orange incrustations R

Main vent (fracture) F18/17 White powder A + Ba + S (vtg)

Sub-rounded white crystals Ba + A + G? (vtg)

White opaque crystals Amorphous + Ti?

Main vent (pit) F19/17 White powder H + T + SS

“Vulcãozinho” (smaller vent) F24/17 White powder T + H

Unknown F20/17 White aggregate A + G

White powder (disaggregate) G + A + S (vtg)

A—anhydrite, CaSO4 (#37-1496); B—bianchite, (Zn0.69Fe0.21Mg0.10)SO4.6H2O (#12-16); Ba—calcium sulphate hydrate (Bassanite), Ca2(SO4)2.H2O
(#41-224); Bl—bloedite, Na2Mg(SO4)2.4H2O (#88-1789); G—gypsum, CaSO4.2H2O (#6-0046); H—halite, NaCl (#5-0628); O—olivine–Fayalite,
Fe2SiO4 (#20-1139); P—picromerite, K2Mg(SO4)2.6H2O (#21-1400); Pi—pyroxene–Diopside, CaMg (SiO3)2 (#71-1067); R—ralstonite,
Na0.88Mg0.88Al1.12(F,OH)6.H2O (#18-1085); S—sulfur, S orthorhombic (#8-247); SS—sodium sulphate (Form III), Na2SO4 (#24-1132); T—thenardite,
Na2SO4 (#37-1465); Ta—tamarugite, NaAl (SO4)2.6H2O (#71-2385); Ti—titanite, CaTiSiO5 (#25–177); vtg—vestigial content
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distribution around the main vent (Tables 1 and 2) shows that
sulfur was dominant, but anhydrite, bassanite, gypsum,
thenardite, bloedite, tamarugite, picromerite, ralstonite, and
halite were also found at about 70 °C and about 160 °C.
There was also crystallized anhydrite and bassanite on the
walls of one E-W fracture (182 °C) located around 20 m from
the main vent (see Figs. 2b and 5b). Halite and thenardite, and
its polymorph (phase III), were identified inside a pit (238 °C)
located near to the 1995 cinder cone, around 80 m away from
the main vent (Fig. 2b). At a smaller vent located at lower
altitude (Fig. 6), only thenardite and halite were found.

Sulfur was present as an orthorhombic mineral in the form
of yellow hyaline crystals and massive aggregates. The com-
mon, stable sulfur (α-S), which is very frequent in volcanic
areas, is constituted of S8 molecules. Due to the molecular
character of the chemical bonding in native sulfur, the up-

take of other elements during crystallization is extremely se-
lective, with only Se and possibly As being capable of being
retained in solid solution (Figueiredo et al. 1999).

Sulphate phases are dominated by common anhydrite (β-
CaSO4), bassanite, and gypsum. Anhydrite is associated with
bassanite, hemihydrate (e.g., sample F18/17, T = 182 °C), or
with gypsum. The metastable polymorph γ-CaSO4 (soluble
anhydrite) obtained by slow dehydration of gypsum or hemi-
hydrate at 100 °C is hexagonal and its transformation to an-
hydrite begins at 150 °C (Flörke 1952). In natural samples, it
is known that gypsum coexists with anhydrite along with mi-
nor amounts of alkali and alkaline halide impurities and that
the equilibrium temperature of the gypsum-anhydrite phase is
lowered due to the presence of impurities that prevent the free
movement of water molecules. The transition of gypsum to
bassanite is associated with a rearrangement of sulphate ions,

Fig. 9 XRD pattern collected
from white material of sample
F19/17. Assigned phases in
decreasing percentage: H halite
(NaCl); T thenardite (Na2SO4); SS
(sodium sulphate, form III)

Fig. 8 Stereomicroscope images of some studied samples with the corresponding mineralogical phases assigned: F8-white crystals (A–Anhydrite + Ba–
Bassanite); F8-whitish hyaline material (G–Gypsum + A–Anhydrite); F19-white material (H–Halite + T–Thenardite + SS–Sodium sulphate, form III)
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but such changes are marginal during the transition of
bassanite to anhydrite (Prasad et al. 1998). Sodium chloride
solutions promote a step-wise dehydration process and a de-
crease in the temperature of gypsum-bassanite-anhydrite
transformation (Hardie 1967; Prasad et al. 1998). However,
halite was not found associated with calcium sulphate min-
erals in Fogo volcano. Bassanite occurrence in fumaroles is
not as common as anhydrite or gypsum, but has also been
referenced (Balić-Žunić et al. 2016).

Tamarugite was only found at the main vent as a white
material (e.g., sample F17/17, T = 76.5 °C) with bianchite.
This mineral has been described as occurring at Vulcano,
Italy (Lombardi and Sposato 1981) and at Te Kopia, New
Zealand (Mackenzie et al. 1995). Bloedite and picromerite
were found together at the main vent, associated with
thenardite and halite. Of the minerals identified, thenardite
occurs in a particular situation and is thus treated in a separate
section.

The presence of Cl was found only in halite, which oc-
curred in a pit with the highest temperature registered
(238 °C) at the main vent (sample F19/17), and also at the
smaller vent “vulcãozinho” (sample F24/17). In both cases,
halite was associated with thenardite unlike what was noticed
in previous eruption (Silva 1999).

The observed mineral associations are spatially confined to
different zones in the field, and provide evidence of the dis-
tinctive features of the gas compositions that arrive at the
surface (gases of the S, Cl, and F group, and water vapor).
The interaction between fluorine-bearing gases and volcanic
rocks gives rise to a more or less superficial discoloration of
the pyroclastic material and the formation of ralstonite

(brownish in color). This mineral was found for the first time
in Ivigtut (Greenland) and described by Brush in 1871
(Palache et al. 1951). Ralstonite has frequently been observed
in other fumarole incrustations: for instance, Rosenberg
(1988) mentions the existence of three hydrated aluminum
fluorides in incrustations from Mount Erebus (Antarctica),
including ralstonite. Rosenberg also notes that F-rich volcanic
gases are associated with alkaline volcanoes, as is the case of
Fogo volcano. Ralstonite was identified in this study (e.g.,
sample F27/17) and in the previous eruption (1995) incorpo-
rating an orange gel (Figueiredo 1997). Although fluorine was
not chemically detected, since it is a very light element, its
presence is clearly indicated by ralstonite, indicating that HF is
a possible gaseous component. HF has also been described as
a constituent of the volcanic ash and as contributing to envi-
ronmental hazards (Cronin et al. 2003).

Thenardite and phase III polymorph

Thenardite occurs associated with bloedite and picromerite
around the main vent, and with halite at the smaller vent
“vulcãozinho,” while sodium sulphate (phase III) was identi-
fied in sample F19/17, along with thenardite and halite
(Fig. 9), collected on the upper part of the pit walls with a
temperature of 238 °C (Fig. 5c).

This sodium sulphate with five polymorphs has been found
as precipitates around fumaroles elsewhere, e.g., in Tolbachik
volcano (Pekov et al. 2014) and Kudriavy volcano, Kurile
Islands (Wahrenberger et al. 2002) in Russia, and on the
“Cueva Del Tigre” lava tube, Argentina (Benedetto et al.
1998). Na2SO4 exhibits a variety of phase transitions between
its five anhydrous polymorphs (labeled I–V, according to
Kracek 1929). The phase stability, transition temperatures,
and structures have been studied by many authors (e.g.,
Mehrotra et al. 1975; Rasmussem et al. 1996; Vidya and
Lakshminarasappa 2013; Taide et al. 2015) and the phase
transformation sequence can be described as V↔200°C

III↔230°C II↔237°C I↔883°C melt. Na2SO4 forms two natural-
ly occurring minerals: mirabilite (Na2SO4.10H2O) and
thenardite (Na2SO4). At room temperature, phase V
(thenardite) is known to be stable while phase III is metasta-
ble. Phases I and II are high-temperature polymorphs, and
phase II has a narrow stability zone. Phase IV is considered
to be metastable (Taide et al. 2015). In the high-temperature
polymorph, Na2SO4 (I), up to 30% cation vacancies can be
generated by substitution of Na+ by bi- and trivalent ions
(Eysel et al. 1985). Recently, a new mineral, metathenardite
[high-temperature hexagonal polymorph, Na2SO4 (I)], was
approved by the International Mineralogical Association,
Commission on New Minerals, Nomenclature and
Classification (IMA 2015-102) as a dimorph of thenardite
(Pekov et al. 2016). Choi and Lockwood (2005) found that
phase III remains stable for more than 1 year at room

Fig. 10 Energy dispersive X-ray fluorescence (EDXRF) spectra
(excitation energy of 29.58 keV) collected for samples F9/17 (sulfur
aggregate), F19/17 (white material), F20/17A, and D (white material
aggregate and disaggregate, respectively). Only the diagnostic line of
each element is assigned

Bull Volcanol (2019) 81: 23 Page 11 of 17 23



temperature in dried air, but in the normal atmosphere, phase
III slowly reverts to phase V, while for Bobade et al. (2009) the
transformation sequences of Na2SO4 while cooling (I→
III→ V) and heating (V→ I) in ambient conditions are
different.

To the best of our knowledge, this is the first time that
thenardite and Na2SO4 (phase III) have been found simulta-
neously in incrustations. Fogo volcano has different atmo-
spheric conditions from those previously used in the study
of these minerals, due to the occurrence of summer rainfall
at the beginning of autumn and only rare cloudbursts during
the rest of the year, as well as low relative humidity (RH).
These conditions allow the initial mineralogical phases to be
conserved for a longer time before hydration or phase transi-
tion takes place. On the contrary, fumarole products from
Vesuvius, some of them important due to their rarity, are sub-
ject to rapid alteration or, since they are quite soluble, are
quickly carried off by rain shortly after their formation
(Pelloux 1927).

The results of experiments, performed under various RH
conditions, on sodium sulphate crystallization at room tem-
perature (Rodriguez-Navarro et al. 2000), along with the ar-
guments of Brodale and Giauque (1972) that although phase
III is thermodynamically unstable at all temperatures it can
exist indefinitely if kept dry, support our observations. In re-
ality, the first authors studied the system Na2SO4-H2O, name-
ly the two phases considered stable at room temperature,
thenardite and mirabilite. With high evaporation rate condi-
tions (low RH), they observed the precipitation of thenardite
directly from the saturated solution at temperatures below
32.4 °C (transition point of mirabilite-thenardite). At very
low RH conditions (below 15%), occasionally they found
crystals of thenardite (V) with a small amount of phase III
(without formation of mirabilite), being the heterogeneous
nucleation of thenardite in a supersaturated solution, the rea-
son for its formation at temperatures below the transition
point. Mirabilite was never found in incrustations from Fogo
volcano; the low RH and high fast evaporation conditions
explains the co-existence of Na2SO4 (V) and phase III in the
same sample. These two phases are both metastable at 244 °C,
and they are in equilibrium at that point, as shown by the free
energy diagrams of Brodale and Giauque (1972); the stability
of phase III at lower temperatures is possible for long times in
a dry environment, being RH a key factor for that permanence
as also shown by Linnow et al. (2006). Considering that
thenardite has been used in many applications, such as for
thermal energy storage (Vidya and Lakshminarasappa 2013),
and that sodium sulphate is the most widely used salt in ac-
celerated weathering tests of natural rocks and building mate-
rials (Rodriguez-Navarro et al. 2000; Steiger and Asmussen
2008), the present data are important to complement the pre-
viously recorded transition temperatures and phase stability
laboratorial studies. The co-existence of these two

polymorphs is proof that nature could produce what had been
observed in strictly defined conditions in the laboratory
(Linnow et al. 2006), as well as indicating that a high
Na2SO4 supersaturated solution gave rise to the incrustations.

Comparison with previous eruptions

Comparing the mineralogical phases identified in incrusta-
tions resulting from the 2014–2015 eruption of Fogo volcano
with those found following the 1995 eruption (Figueiredo
1997; Figueiredo et al. 1997) shows that some minerals are
common to both eruptions (sulfur, gypsum, anhydrite, halite,
ralstonite). Others, however, were only identified in the 1995
event, namely alums, MAl (SO4)2.12H2O, both sodic (M =
Na) and potassic (M =K), halotrichite (FeAl2(SO4)4.22H2O),
and sylvite (KCl)—only associated with halite and occasion-
ally “soluble anhydrite” (γ-CaSO4); natrojarosite
(NaFe3(SO4)2(OH)6) was also identified in association with
others minerals (Silva 1999), and an orange gel with minute,
dispersed white grains (ralstonite). This amorphous, highly
hygroscopic gel was heated to 600 °C, resulting in the loss
of volatile constituents (mainly Cl and Tl) and in the formation
of litharge (red PbO) together with a multiple oxide with
bixbyite-type crystal structure (Figueiredo 1997).

Two distinct zones resulting from the 1995 eruption char-
acterized the fumarole field (Silva 1999): one of high temper-
ature (> 600 °C) with only white incrustations (mainly halite
and more rarely sylvite), and another one with lower temper-
atures (between 85 °C and around 500 °C), in which the other
minerals above mentioned were abundant. The observation of
a zone in which there were only volcanic gases rich in chlorine
raised the question as to whether there was an input of sea
water into the magmatic chamber, although no studies were
performed to investigate this hypothesis (Silva 1999); howev-
er, descriptions in Ribeiro (1998) relating to material of the
1785 Fogo eruption indicated the same idea. Halite and sylvite
were not found associated with other minerals during the 1995
eruption of Fogo. This is contrary to the observations of other
authors who found minerals as fumarole incrustations in
silica-tubes (e.g., Stoiber and Rose 1974; Le Guern and
Bernard 1982; Symonds et al. 1987; Quisefit et al. 1989;
Toutain et al. 1990; Symonds et al. 1992), including the
2014–2015 sampling of Fogo (this work).

In addition to the above mentioned mineral species, sam-
pling of the 1995 incrustation field, carried out in mullite tubes
(Silva 1999), revealed anhydrite, steklite (KAl (SO4)2), and
millosevichite (Al2(SO4)3) in the lower part of the tubes
(around 500 °C) and alunogen (Al2(SO4)3.16H2O) in the up-
per part. Conversely, the presence of alunogen (upper part of
the tubes) and K-alum (field) along with Na-alum,
halotrichite, and the orange gel suggests a high RH at the time
of sampling (it rained around that time on the island), in ap-
parent opposition to the observed anhydrous species.
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The 2014–2015 eruption created a lower temperature fu-
marole field (< 250 °C), formed by incrustations of sulfur,
halite, anhydrite, bassanite, gypsum, thenardite and its poly-
morph (phase III), tamarugite, picromerite, bloedite, bianchite,
and ralstonite, minerals which are comparatively less hydrated
than those identified for the previous eruptive event, probably
due to lower RH and temperature. For instance, the dehydra-
tion of K-alum proceeds from crystalline KAl (SO4)2.12H2O
to amorphous phases, and then to crystalline KAl (SO4)2 at
around 240 °C (Kishimura et al. 2015). Conversely, Na-alum
dehydrates directly to tamarugite without giving rise to the
intermediate mendozite phase (NaAl (SO4)2.11H2O) (Fang
and Robinson 1972). The recognition of the unnamed phase,
NaAl (SO4)2, in Santiaguito (Stoiber and Rose 1974) led us to
suppose that tamarugite could result from the hydration of that
phase instead of from a solution of sodium sulphate plus alu-
minum sulphate.

Volcanic gas composition

Based on the mineralogy and chemistry data for the incrus-
tations, Ca is the major cation present; the low temperature
of fumaroles allied to the presence of fluorine gas (indicat-
ed by the occurrence of ralstonite) suggests its provenance
from both degassing of Ca-rich magma and a possible
wall-rock input (Africano and Bernard 2000). It is thought
that the metals Na+, K+, Mg2+, and Ca2+ degas from the
magma as chlorides (e.g., NaCl, KCl, MgCl2, and CaCl2)
(Martin et al. 2010). The origin of sulphate aerosols was
assumed to be the slow oxidation of gaseous SO2, but
studies by Allen et al. (2002) showed that these particles
could be emitted directly from volcanic vents. SO2, H2S,
H2, CO2, and H2O emission rates were measured before
(Dionis et al. 2015a), and during the 2014–2015 eruption,
representing the first SO2 plume measurements ever car-
ried out during an eruption of this volcano (Hernández
et al. 2015): an increase in the SO2/H2S ratio plus a de-
crease in CO2/SO2 was observed, which is indicative of the
injection of SO2-rich hot magmatic gases into the H2S-rich
hydrothermal system of Pico do Fogo volcano as reported
by Hernández et al. (plume emissions: 10,688 t day−1 of
CO2, 57 t day−1 H2S, 18 t day−1 H2, and 24,245 t day−1

H2O). However, the formation mechanism of gypsum can
also include the action of sulfurous volcanic gases on Ca-
bearing rocks (Deer et al. 1967).

Some authors (references in Dionis et al. 2015b) proposed
four phases for the geological evolution of Fogo including the
uplift of a seamount series composed of carbonatites and al-
kaline basalts, and recent studies classified the erupted
magmas as alkaline, tephrites, and phonotephrites (Mata
et al. 2017). The occurrence of carbonatite rocks is very rare
in an oceanic setting; nevertheless, oceanic carbonatites have
been reported at some islands of the Cape Verde archipelago

(e.g., Assunção et al. 1965; Silva et al. 1981; Martins et al.
2010) and their origin has been linked to mantle plumes, com-
posed of recycled oceanic crust plus carbonated sediments
(Doucelance et al. 2010 and references herein).

Toxic elements

From the elements identified in incrustations and altered
rocks, some of them (e.g., As, Se, Tl, Pb) may raise environ-
mental concerns due to their toxicity, which is dependent on
various factors (Wu and Sun 2016). For example, the major
inorganic forms of As include the trivalent arsenite and the
pentavalent arsenate. Exposure toAs occurs orally (ingestion),
by inhalation or by skin contact. The toxic effects of As are
highly influenced by its oxidation state and solubility, as well
as many other intrinsic and extrinsic factors, for example in-
organic As3+ is 2–10 times more toxic than As5+ (Tchounwou
et al. 2012).

Conversely, Se is known for its toxicity (Lenz and Lens
2009), which develops via a complex cycle involving adsorp-
tion by soil components (clays and other particulate minerals)
and subsequent incorporation into plants, where it can accu-
mulate (Ellis and Salt 2003). In the natural environment, it
occurs as an element (Se0) with two allotropes, orthorhombic
and monoclinic, as anions—selenide (Se2−) and diselenide
(Se2

2−)—and as cations—selenite (Se4+) and selenate (Se6+).
However, Se is also recognized as being an essential nutrient
for animals, humans, and microorganisms. The occurrence of
such elements is a major health hazard concern as local pop-
ulations use sulfur and white materials as treatment for some
human and animal diseases (by mixing and drinking with
water for example). To clarify the speciation state of Se and
the nature of Se-carrier phase(s) on incrustations samples, an
X-ray absorption spectroscopy study (XANES) using syn-
chrotron radiation has been undertaken at the Se K-edge
(Silva et al. 2018). Different situations were observed: Se6+

tetrahedral coordination, in a mixture of bassanite and anhy-
drite, due to the replacement of S by Se in SO4 tetrahedra; Se

4+

pyramidal coordination in ralstonite, where selenium is prob-
ably linked to oxygen; and Se0 in a sulfur sample due to
diadochic replacement of S by Se.

Conclusions

The fumarole incrustations resulting from the low temperature
(< 250 °C) degassing of Fogo volcano are mainly composed
of sulfur and sulphates, plus halides (fluoride and chloride). In
the two last eruptions (1995 and 2014–2015), the mineral
halite (NaCl) was identified in the higher temperature zone
of the fumarole field, but in the more recent eruption it was
associated with thenardite and a polymorph of Na2SO4 (phase
III). To the best of our knowledge, this is the first time that
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thenardite and its polymorph have been reported as co-
existing in incrustations, probably due to the atmospheric con-
ditions at Fogo volcano (summer rainfall at the beginning of
autumn and only rare cloudbursts in the rest of the year creat-
ing low relative humidity) that are critical for the preservation
and occurrence of these minerals. Also, this situation indicates
that a high Na2SO4 supersaturated solution gave rise to the
incrustations.

In addition to halite, thenardite, and Na2SO4 (III), sodium,
magnesium, potassium, and calcium minerals were observed:
t a m a r u g i t e ( N a A l ( S O 4 ) 2 . 6 H 2 O ) , b l o e d i t e
(Na2Mg(SO4 ) 2 . 4H2O) , r a l s t on i t e (Na xMgxAl 1 -
x(F,OH)3.(H2O)n), bianchite (Zn0.69Fe0.21Mg0.10)SO4.6H2O),
picromerite (K2Mg(SO4)2.6H2O), anhydrite (CaSO4),
bassanite (CaSO4.1/2H2O), and gypsum (CaSO4.2H2O). The
same mineral groups were found in the 1995 eruption, but
different species were observed, namely alums, MAl
(SO4)2.12H2O, both sodic (M = Na) and potassic (M = K),
and sylvite (KCl), all of which have been described in fuma-
role incrustations at other volcanoes.

Calcium is the major cation present, suggesting that its
provenance is from degassing of Ca-rich magma as indicated
by the occurrence of carbonatites at some of the Cape Verde
islands. F, Cl, and Br were also detected in the two events, as
well as As and Se, plus the heavymetals Tl and Pb (potentially
hazardous to health), which are indicative of the composition
of the volcanic gases.

Contrasting with the formation of compounds/minerals un-
der strictly defined conditions in the laboratory, active volca-
noes produce fumarole incrustations that are an indirect source
of information of the harmful elements exhaled, as well as a
mineralogical finger print of these complex dynamic systems.
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