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ABSTRACT

The petrographic analysis in calcite minerals in carbonatitic 
dykes from Fuerteventura Basal Complex (Ajuy, Punta de la Nao) 
shows the presence of isolated primary fluid inclusions, corrobora-
ting their magmatic origin instead of a late-stage origin. Micro-ther-
mometric studies in calcite show a restricted range of apparent 
eutectic temperature (Te*= -21.7 – -21.0 °C) and final ice melting 
temperatures (Tim= -3.2 – -2.1. °C). Homogenization temperatures 
and pressures are in the range of 140-210 °C and 4-16 bars respecti-
vely. Our results suggest the binary NaCl-H2O system as a characte-
rizing chemical system in studied fluid inclusions, with the presence 
of low salinity fluids (≈ 5 wt. % NaCleq), probably related with fluid/
rock interactions. 
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RESUMEN

El estudio petrográfico de los minerales de calcita en los diques 
carbonatíticos del Complejo Basal de Fuerteventura (Ajuy, Punta de 
la Nao) muestra la presencia de inclusiones fluidas primarias aisla-
das, corroborando su origen magmático más que un origen tardío. 
Los estudios microtermométricos en calcita muestran un intervalo 
de temperatura eutéctica aparente (Te*= -21.7 – -21.0 °C) y de fusión 
final del hielo (Tim= -3.2 – -2.1. °C) muy restringido. Las temperatu-
ras y las presiones de homogenización están en un intervalo de 140-
210 °C y 4-16 bares respectivamente. Nuestros resultados sugieren 
el sistema binario NaCl-H2O como sistema químico que caracteriza 
las inclusiones fluidas estudiadas, con la presencia de flúidos de baja 
salinidad (≈ 5 % en peso NaCleq), probablemente relacionados con 
interacciones flúido/roca.     

Palabras clave: carbonatitas, microtermometría, inclusiones flui-
das, Fuerteventura, Canarias.                                                                                              

Introduction

Many carbonatite-related Rare Earth 
Elements (REE) deposits show how a pri-
mary magmatic phase is often followed 
by a hydrothermal phase in which the 
infiltrating fluids play an important role 
in the transport and precipitation of REEs 
(e.g., Carnevale et al., 2020; Shu and Liu, 
2019). The study of fluid inclusions (FIs) in 
carbonatite rocks is essential for unders-
tanding the processes involved in car-
bonatite-related hydrothermal minerali-
zation, and micro-thermometric studies 
represent the most straightforward me-
thod to obtain information about fluid 
temperature, pressure and composition. 
Nevertheless, there are few studies on FIs 
composition in carbonatites, due also to 
the presence of complex chemical sys-
tems and diversities of FIs type in single 

carbonatite occurrence (e.g., Walter et al., 
2020). Here we present a micro-thermo-
metric study of FIs in calcite from Fuer-
teventura carbonatites (Punta de la Nao), 
in order to characterize the composition 
and formation conditions of fluid inclu-
sions. 

Analytical methods

Fluid Inclusions were studied in dou-
bly-polished 100-200 µm thick wafers 
by a Linkam THMSG 600 microscopic 
heating/cooling stage, at the Instituto de 
Vulcanologia e Avaliação de Riscos (IVAR) 
(Ponta Delgada, Portugal). We followed 
the normal protocol of cooling the fluid 
inclusions to the lowest temperature that 
the stage can achieve and subsequent-
ly observing the phase changes during 
heating. 

The stage was cooled with liquid 
nitrogen and calibrated using a single 
standard crystal of quartz with pure H2O 
and CO2 inclusions. In order to minimize 
the effect of metastable transformations 
during cooling, very common in fluid 
inclusions, melting and homogenization 
temperatures were determined during 
heating at the minimum rate (1 °C/min). 
Salinities were calculated according to 
Bodnar (1993), while isochore curves 
were calculated using the software “Flu-
ids” (Bakker, 2003).

Fluid inclusions petrography

Fluid inclusions which are formed 
during the formation of the host mineral 
phase are considered primary in origin 
and they are generally trapped along the 
growth zone or tend to occur isolated. 
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Our petrographic study shows the pres-
ence of isolated FIs in host calcite miner-
als from Fuerteventura carbonatites (Figs. 
1A and B), suggesting a primary origin, 
although additional criteria related to 
crystal growth would be useful to confirm 
their primary nature (see Carnevale et al., 
2021 for detailed microscopic aspects of 
Fuerteventura carbonatites). The size of 
the inclusions is < 10 µm, and they most-
ly are in the range of 1-5 µm. Their shape 
is generally irregular, with negative-crys-
tal forms and square shapes, according 

to the host calcite mineral. Few rounded 
isolated FIs in apatite are also present (Fig. 
1A). Some FIs show textural characteristics 
of partial decrepitation, such as haloes of 
tiny fluid inclusions (diameter < 0.1 µm) 
surrounding the inclusion cavity, reveal-
ing that some events of partial density 
re-equilibration have occurred. Some sec-
ondary inclusions (intragranular trails ac-
cording with trail terminology described 
in Randive et al., 2014) confined within 
calcite grain-boundary and crystal interior 
are also found (Fig. 2). 

Fluid inclusions composition

In order to interpret micro-thermo-
metric data and formation conditions 
of FIs in calcite from Fuerteventura car-
bonatites, it is necessary to know the 
composition of the inclusions for the ap-
propriate chemical system. This is possi-
ble observing the temperatures of phase 
changes during heating/cooling analy-

Fig. 1.- Photomicrographs of fluid inclusions from Fuerteventura carbonatites. A) Primary fluid inclusions in calcite (L=liquid phase; V=va-
pour phase). B) Different primary fluid inclusions in calcite. 
Fig. 1.- Microfotografías de las inclusions fluidas de las carbonatitas de Fuerteventura. A) Inclusiones fluidas primarias en calcita (L=fase líquida; 
V=fase vapor). B) Diferentes inclusiones fluidas primarias en calcita. 

Fig. 2.- Photomicrograph of intragranular fluid inclusions in calcite from Fuerteventura 
carbonatites. 
Fig. 2.- Microfotografía de las inclusions fluidas intragranulares en calcita de las carbonatitas 
de Fuerteventura. 

Table I.- Apparent eutectic temperatures 
(Te*), final ice melting temperatures (Fim) 
and salinity values of FIs in calcite from 
Fuerteventura carbonatites (salinity values 
from Bodnar, 1993)
Tabla I.- Temperatura eutéctica aparente 
(Te*), temperaturas de fusión final del hielo 
(Fim) y valores de salinidad en las inclusiones 
fluidas en calcita de las carbonatitas de Fuer-
teventura. (valores de salinidad de Bodnar, 
1993).
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ses. Since each chemical system has its 
own eutectic temperature (Te), investi-
gating the Te it is possible to recognize 
the chemical composition of the investi-
gated fluid inclusions system. However, 
some authors suggest to use the term 
“first melting temperature” (Tfm) or 
“apparent eutectic temperature” (Te*) 
instead of eutectic temperature as this 

term is more observational rather than 
theoretical (Chi et al., 2021). Indeed, re-
sults of apparent eutectic temperatures 
should be considered as approximate 
rather than exact. 

Our results show apparent eutectic 
temperatures ranging from -21.7 to -21.0 
°C (Table I), although the small dimension 
of FIs did not allow the correct determi-
nation of Te* for almost all inclusions. 
Thus, the eutectic behavior and the nar-
row range of measured Te* suggest the 
well know binary NaCl-H2O system (Te = 
-21.2 °C) as a characterizing chemical sys-
tem in studied FIs. No CO2 was detected 
(the eutectic temperature of pure CO2 is 
-56.6 °C). 

At room temperature the studied 
fluid inclusions were essentially two 
phases, liquid and vapour (L + V), with 
a variable % ratio of liquid and vapor, 
or rarely multiphase with the pres-
ence of daughter phases (probably 
hydrohalite, NaCl · 2H2O). With the 
Te* range and the chemical system, 
we also measured the final ice melt-
ing temperatures (Tim) during heat-
ing, in order to calculate the salinity 
(expressed as wt. % NaCleq) using the 
NaCl-H2O phase diagram of the em-
pirical expression given by Bodnar 
(1993) (Table I). The final ice melting 
temperatures range between -3.2 and 
-2.1 °C, corresponding to salinities of 
5.3 and 3.6 wt. % NaCleq, respectively. 
Therefore, our results show the pres-
ence of low salinity fluids, slightly 
higher than values ​​measured by Man-
gas et al. (1997) (< 1.6 wt. % NaCleq), in 
a simple biphase NaCl-H2O chemical 
system. 

Formation conditions of trapped 
fluids

The first step to determine the for-
mation conditions of trapped fluid in-
clusions (temperature and pressure 
formation) is to measure the homoge-
nization temperature (Th) of the inclu-
sions, that represents the temperature 
at which a fluid inclusion gets trans-
formed from a heterogenous (biphase 
or multiphase) to a homogenous (mo-
nophase) state. All studied fluid inclu-
sions homogenize to liquid phase (ThL; 
L + V à L), with homogenization tem-
perature ranging from 142.7 to 208.7 °C 
(corresponding to densities of 0.95 and 
0.88 g/cm3, respectively) and homog-
enization pressures ranging from 4.6 
to 15.3 bars (Table II). A sketch show-
ing the complete procedure of cooling 
and heating analyses of studied fluid 
inclusions in order to measure appar-
ent eutectic temperature (Te*), final 
ice melting temperature (Tim) and ho-
mogenization temperature (Th), is pre-
sented (Fig. 3).

Normally, the homogenization 
temperature is less than the real trap-
ping temperature, although if there is 
no evidence that fluid inclusions have 
re-equilibrated and they were trapped 
in an immiscible fluid system, then 
the homogenization temperature is 
equal to the real trapping temperature 
(Bodnar, 2003). In this case a pressure 
correction (the difference between 
homogenization temperature and es-
timated trapping temperature of the 
fluid inclusions) must be added to the 

Fig. 3.- Sketch showing the phase behaviour of an H2O-NaCl fluid inclusion during a com-
plete procedure of a micro-thermometric analysis. The fluid inclusion is first cooled and 
then heated in order to observe the phase changes. The sketch shows the example of a 
studied fluid inclusion (sample ID 3). 
Fig. 3.- Esquema que muestra el comportamiento de fase de una inclusión fluida de H2O-NaCl 
durante un procedimiento completo de análisis microtermométrico. La inclusión fluida se enfría 
y posteriormente se calienta para observar los cambios de fase. El esquema muestra el ejemplo 
de una inclusión fluida estudiada (muestra ID 3). 

Table II.- Homogenization temperatures 
(Th), densities (ρ) and homogenization 
pressure (Ph) values of FIs in calcite from 
Fuerteventura carbonatites 
Tabla II.- Temperaturas de homogenización 
(Th), densidades (ρ) y valores de presión de 
homogenización (Ph) de las inclusiones flui-
das en calcita de las carbonatitas de Fuerte-
ventura. 

Fig. 4.- Iso-Th curves for NaCl-H2O inclu-
sions having salinity of 5 wt.% NaCl. Th 
range of studied fluid inclusions depicted 
in green. 
Fig. 4.- Curvas Iso-Th para las inclusiones 
NaCl-H2O con salinidad del 5 % en peso de 
NaCl. El intervalo de Th de las inclusiones es-
tudiadas está representado en verde. 
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measured homogenization tempera-
tures to obtain the trapping tempera-
tures. Indeed, our study shows no evi-
dences of immiscible fluid system with 
the presence of some fluid inclusions 
with partial decrepitation.  

In order to estimate a pressure cor-
rection, it is necessary to determine the 
slope of the isochores along which the 
fluid inclusions were trapped. We report-
ed in Figure 4 the results of the equation 
described in the fluid inclusion technique 
of Bodnar and Vityk (1994), with the re-
lationship between trapping tempera-
ture and pressure, salinity (about 5 wt % 
NaCleq in our case) and homogenization 
temperatures. Figure 4 shows the slope 
of the iso-Th lines (≅ isochores) for Na-
Cl-H2O solutions with salinity of 5 wt. % 
and homogenization temperatures rang-
ing from 50 to 700 °C, with an upper limit 
of 6 kbars. 

Discussion and conclusion

Although calcite, normally, presents 
different fracturing and recrystallization 
processes, and it is complicated to in-
terpret its trapped fluid inclusions, the 
presence of primary fluid inclusions in 
calcite minerals from Fuerteventura car-
bonatites (Punta de la Nao), reflects the 
magmatic origin of non-recrystallized 
carbonatite. 

Micro-thermometric studies show 

apparent eutectic temperatures related 
to the binary NaCl-H2O system (Te* ran-
ging from -21.7 to -21.0 °C) as a charac-
terizing chemical system in studied FIs. 
Furthermore, measured final ice melting 
temperatures, show the presence of low 
salinity fluids (from 3.6 to 5.3 wt. % Na-
Cleq), probably related with fluid/rock 
interactions. Homogenization tempera-
tures and pressures are in the ranges of 
140-210 °C and 4-16 bars.

Future research should be focused on 
obtaining fluid inclusions data in a larger 
set of samples and in different host mi-
nerals, such as apatites (a common ac-
cessory mineral and commonly present 
as the liquidus phase), in order to detect 
possible liquid immiscibility processes 
with the presence of CO2 fluid inclusions. 
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