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A set of small volcanic edifices with tuff ring andmaarmorphologies occur in the Catanda area, which is the only
locality with extrusive carbonatites reported in Angola. Four outcrops of carbonatite lavas have been identified in
this region and considering the mineralogical, textural and compositional features, we classify them as:
silicocarbonatites (1), calciocarbonatites (2) and secondary calciocarbonatites produced by the alteration of pri-
mary natrocarbonatites (3). Even with their differences, we interpret these lava types as having been a single
carbonatite suite related to the same parental magma. We have also estimated the composition of the parental
magma from a study of melt inclusions hosted inmagnetite microphenocrysts from all of these lavas. Melt inclu-
sions revealed the presence of 13 different alkali-rich phases (e.g., nyerereite, shortite, halite and sylvite) that ar-
gues for an alkaline composition of the Catanda parental melts. Mineralogical, textural, compositional and
isotopic features of some Catanda lavas are also similar to those described in altered natrocarbonatite localities
worldwide such as Tinderet or Kerimasi, leading to our conclusion that the formation of some Catanda
calciocarbonatite lavas was related to the occurrence of natrocarbonatite volcanism in this area. On the other
hand, silicocarbonatite lavas, which are enriched in periclase, present very different mineralogical, compositional
and isotopic features in comparison to the rest of Catanda lavas.We conclude that its formationwas probably re-
lated to the decarbonation of primary dolomite bearing carbonatites.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

There are more than 500 known carbonatite localities worldwide
(Woolley and Kjarsgaard, 2008). Most of these carbonatites (~90%)
are formed in plutonic or hypabyssal environments,while only aminor-
ity (~10%) are extrusive and associated with volcanic eruptions
(Woolley and Church, 2005). These volcanic carbonatites are mainly
formed by pyroclastic materials from explosive volcanism, while effu-
sive carbonatite lavas have only been described in 14 localities by
Woolley and Church, 2005.

Carbonatite magmas most probably represent low-degree partial
melts of the lithospheric mantle (Bell and Simonetti, 2010; Wallace
and Green, 1988). Therefore, the study of such extrusive products,
especially lavas, provides significant information about their genesis
and the concentration of chemical elements in carbonatite magmas
such as Rare Earth Elements (REE) (Chakhmouradian and Wall, 2012;

Hornig-Kjarsgaard, 1998) and High Field Strength Elements (HFSE)
(Chakhmouradian, 2006; Dalou et al., 2009).

Even so, due to their rarity, the scientific literature about carbonatite
lava localities is very limited. Petrogenetic studies have been reported
for some localities, especially from the East African Rift area (Woolley,
2001) such as Fort Portal, Uganda (Barker and Nixon, 1989; Eby et al.,
2009; Nixon and Hornung, 1973; von Knorring and Du Bois, 1961),
Tinderet, Kenya (Deans and Roberts, 1984; Zaitsev et al., 2013) or
Kerimasi and Oldoinyo Lengai in Tanzania (Church, 1996; Dawson,
1962a; Dawson et al., 1995a; Guzmics et al., 2011, 2012, 2015; Hay,
1983; Keller and Zaitsev, 2012). Oldoinyo Lengai is the only active
carbonatite volcano known, and where unique natrocarbonatite lavas
have also been carefully studied (Bell and Keller, 1995; Dawson,
1962b; Dawson et al., 1995b; Mitchell and Kamenetsky, 2012).

In the present contribution, we report mineralogical, geochemical,
stable isotopes and melt inclusion data on the carbonatite lavas from
Catanda, Angola. This carbonatite locality was first reported by Silva
and Pereira (1973), but the Angolan civil war hampered the access to
the area and prevented more detailed studies, until Campeny et al.
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(2014) described the volcanic processes related to the carbonatites em-
placement. These relatively fresh carbonatite lavas located in the west-
ern African margin, are in a tectonic region affected by the break-up of
Gondwana (Issa Filho et al., 1991), where carbonatite magmatism is
also associated to kimberlite pipes (Robles-Cruz et al., 2012).

The aim of this work is to investigate these well-preserved
carbonatite lavas through a detailed petrographic description and com-
paring their textural and mineralogical features with other carbonatite
and natrocarbonatite localities worldwide. Melt inclusion study has
also permitted constraints on the composition of Catanda parental
melt, which has been determined as alkali-rich.

2. Geological setting

The Catanda carbonatites are located in the Kwanza Sul province
(Angola), approximately 50 km SE of the town of Sumbe and 250 km
south of Luanda, the national capital. They were formed by a group of
relatively eroded monogenetic volcanic cones outcropping in a 50-
km2 graben hosted in Archaean granites (Fig. 1). The volcanic edifices
of Catanda have principally tuff ring and maar morphologies, which
contain a series of volcanic units up to 100 m thick (Campeny et al.,
2014). The eruptive activity in the area was predominantly explosive,
since most of the volcanic series are pyroclastics. However, effusive ac-
tivity is also reported (Campeny et al., 2014), and four outcrops of
carbonatite lavas - Huilala-Ungongué, Ipunda, Jango and Utihohala,
have been described (Fig. 1).

The Catanda carbonatites are structurally associatedwith the Lucapa
corridor, an extensional belt oriented NE-SW across the Congo-Kassai
craton, related to the break-up of Gondwana during the Cretaceous
(Issa Filho et al., 1991). Most of the Angolan carbonatites are distributed
along this rift including Virulundo, Tchivira-Bonga, Bailundo or
Longonjo (Torró et al., 2012; Melgarejo et al., 2012; Calvo et al., 2011a,
b), along with kimberlites including the Catoca pipe (Robles-Cruz

et al., 2012; Korolev et al., 2014), which is one of themost productive di-
amond mines in the African continent.

The volcanic activity in the Catanda region has never been precisely
dated. Silva and Pereira (1973) proposed a 92 Ma (±7) K-Ar age
(Torquato and Amaral, 1973) for a tinguaite dyke assumed to be con-
temporaneous with the carbonatite outcrops. This age is younger than
the formation of the Lucapa corridor and the Catoca kimberlite, dated
as Early Cretaceous (Robles-Cruz et al., 2012). However, the occurrence
of multiple episodes of magmatic activity, including those during the
Cretaceous, cannot be ruled out and future accurate dating is highly de-
sirable in the area.

3. Analytical methods

Textural and mineralogical studies were carried out by optical mi-
croscopy as well as with an E-SEM-Quanta 200 FEI-XTE-325/
D8395.BSE Scanning Electron Microscope with a Genesis EDS micro-
analysis system, at the Scientific and Technical Centre of the University
of Barcelona (CCiTUB). Operating conditions were 25 kV, 1 nA beam
current and 15 mm distance to detector.

Whole rock major and trace element analyses were performed by
conventional X-ray fluorescence (XRF) and ICP-emission spectrometry
following a lithiummetaborate/tetraborate fusion and nitric acid diges-
tion at the ACME Analytical Laboratories Ltd. from Vancouver, Canada.

Calcite, magnetite, fluorapatite, and phlogopite compositions were
analysed with wavelength-dispersive spectrometry (EPMA-WDS) at
CCiTUB, using a Cameca SX50 electron microprobe. Results were proc-
essed using the PAP matrix correction programme (Pichou and
Pichoir, 1984). Operating conditions were an accelerating voltage of
15-20 kV combined with a beam current of 5 to 20 nA and a 10-15 μm
spot beam diameter. Standards used for the analyses were: fluorite (F,
Kα); albite (Na, Kα); periclase (Mg, Kα); Al2O3 (Al, Kα); diopside (Si,
Kα); fluorapatite (P, Kα); AgCl2 (Cl, Kα); orthoclase (K, Kα);

Fig. 1. Geographic location and geological map of the Catanda area.
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wollastonite (Ca, Kα); rutile (Ti, Kα); metallic vanadium (V, Kα); Cr2O3

(Cr, Kα); rhodonite (Mn, Kα); Fe2O3 (Fe, Kα); sphalerite (Zn, Kα);
celestine (Sr, Lα); LaB6 (La, Lα) and CeO2 (Ce, Lα).

Trace element compositions of calcite were analysed using Coherent
COMPex Pro-ArF Excimer LA-ICP-MS equipment at the School of Earth
Sciences of the University of Tasmania (Australia). This instrumentation
consists of a NewWave Research UP213 Nd-YAG (213 nm) laser coupled
to an Agilent 7500 quadrupole mass spectrometer. Analyses were per-
formed in a He atmosphere by ablating 35–100 μm spots, at a rate of 10
shots using a laser power of ~3.2 J/cm2. The analysis time for each sample
was 70 s, and comprised a 25 secondbackgroundmeasurement (laser off)
and a 45 second analysiswith laser on. Instrument calibrationwas carried
out ablating the NIST612 glass standard. Data reduction was undertaken
by standard methods (Longerich et al., 1996) using the NIST612 glass as
a primary reference material (values from Pearce et al., 1997). USGS
BCR-2g glass was repeatedly analysed throughout the analytical sessions
and was used as a secondary standard.

Stable isotope analyses of C and O were carried out in the Isotope-
ratio mass spectrometry (IRMS) laboratory of the CCiTUB. The CO2 ex-
traction was carried out in a Thermo Finnigan Kiel Carbonate Device
III, which reproduces an automated modified version of the McCrea
method (McCrea, 1950). Powdered carbonate samples (50-60 μg) are
digested by H3PO4 at 70°C for 3 minutes. The generated CO2 is analysed
by an isotope ratio mass spectrometer Thermo Finnigan MAT-252,
which is coupled to the Carbonate Device. Analytical calculations are
processed by software Isodat 2.0 and results are calibrated using IAEA
international reference materials NBS-18 (δ13C (PDB) = -5.1‰; δ18O
(V-SMOW) = -23.2‰) and NBS-19 (δ13C (PDB) = +1.95‰; δ18O
(PDB) = -2.20‰) digested during 7 minutes. The standard deviation
of measurements was 0.06 for δ13C and 0.05 for δ18O.

Melt inclusion studies were performed using petrographic micros-
copy, scanning electron microscopy using a FEI Quanta 600 MLA ESEM
coupled with energy dispersive X-ray spectroscopy analysis, and a
Hitachi SU-70 Field Emission Scanning Electron Microscope (FESEM)
at the Central Science Laboratory of the University of Tasmania
(Australia).

4. Petrography

Four outcrops of carbonatite lavas are identified in the Catanda area
(Campeny et al., 2014), namely Huilala-Ungongué, Ipunda, Jango and
Utihohala, distinct in their mineralogical and textural characteristics
(Table 1).

4.1. Huilala-Ungongué

These carbonatite lavas are located in the Huilala and the Ungongué
hills (Fig. 1) in outcrops formed by an alternating series of lavas and la-
pilli tuffs (Campeny et al., 2014). Huilala-Ungongué lavas are fine-
grained porphyritic dark grey rocks with a very low modal percentage
of carbonates (≈30 modal %). Microphenocrysts comprise up to ≈20
modal %, and they are mainly fluorapatite (35 modal %), magnetite
(35 modal %), titaniferous augite (15 modal %) and phlogopite (15
modal %). Fluorapatite microphenocrysts form subhedral grains
consisting of hexagonal prisms and pinacoids with a short prismatic
habit up to 1mm across, which are occasionally strongly zoned.Magne-
tite is present as euhedral crystals up to 0.5-1 mm in diameter (Fig. 2a),
occasionally fractured and presenting corroded borders. They also ex-
hibit amarked concentric zoning, forming typical atoll textures and con-
tain inclusions of minerals such as perovskite, pyrite and pyrrhotite.
Titaniferous augite is present as subhedral rounded microphenocrysts
of 1 to 2 mm that may replace magnetite (Fig. 2a); some augite crystals
show amarked compositional zoning. Phlogopite grains form zoned an-
gular crystals up to 3 mm across.

The rock is up to 80modal % groundmass, which has a very complex
mineral assemblage (Fig. 2b). Fine grained calcite is dominant and is ac-
companied by accessory minerals such as fluorapatite, magnetite,
cuspidine, perovskite, pyrochlore, baddeleyite, periclase, brucite and
scarce grains of zirconolite, spurrite and very rare oldhamite. Ground-
mass fluorapatite is present as zoned euhedral crystals up to 100 μm
in length, while magnetite generally forms zoned euhedral grains up
to 200 μm. Cuspidine, which is commonly intergrown with fluorapatite
grains, forms short euhedral to subhedral prismatic crystals up to 50 μm
(Fig. 2c). Perovskite is present as euhedral to subhedral grains up to 40
μm in size, with verymarked compositional zoning (Fig. 2d). Pyrochlore
is another commonmineral in the groundmass. It is typically included in
calcite, but it may also occur as inclusions in other minerals such as
magnetite or brucite (Fig. 2e). Pyrochlore occurs as small euhedral
grains, less than 20 μm in diameter, often slightly corroded. It is gener-
allywell zoned and up to three generations of pyrochloremay be distin-
guished in some grains (Bambi et al., 2012; Melgarejo et al., 2012).
Brucite is widely present in the Huilala-Ungongué samples, typically
as pseudomorphs after primary grains of periclase. This replacement is
typically completed, but subhedral periclase crystals of 5 to 10 μm
may still be preserved as cores with altered rims of brucite (Fig. 2f). Per-
iclase grains contain inclusions of magnetite, perovskite, fine-grained
pyrochlore and baddeleyite, occurring as 5 to 10 μm anhedral grains.
These minerals are also commonly included in other minerals such as

Table 1
Mineralogical and textural comparison of the different carbonatite lava locations reported in the Catanda area.

Location Texture Carbonate content
(modal %)

Mineralogy

Huilala - Ungongué Finely
porphyritic

~30 Microphenocrysts: fluorapatite (35%), titaniferous magnetite (35%), augite (15%), phlogopite (15%)
Groundmass: calcite, fluorapatite, titaniferous magnetite, pyrochlore, baddeleyite, cuspidine, perovskite,
periclase, brucite, zirconolite, spurrite, oldhamite
Xenocrysts: olivine, quartz, microcline
Secondary: sparry calcite, barite, rabdophane, crandallite

Ipunda Trachytoid ~70 Microphenocrysts: calcite (60%), fluorapatite (15%), titaniferous magnetite (15%), phlogopite (5%), augite (5%)
Groundmass: calcite, fluorapatite, titaniferous magnetite, pyrochlore, baddeleyite
Xenocrysts: quartz, microcline
Secondary: sparry calcite

Jango Finely porphyritic ~70 Phenocrysts: fluorapatite (60%), titaniferous magnetite (25%), phlogopite (10%), augite (5%)
Groundmass: calcite, fluorapatite, titaniferous magnetite, pyrochlore, baddeleyite, monticellite
Xenocrysts: amphibole, quartz, microcline
Secondary: sparry calcite

Utihohala Finely porphyritic ~60 Microphenocrysts: fluorapatite (60%), titaniferous magnetite (20%), phlogopite (15%), augite (5%)
Groundmass: calcite, fluorapatite, titaniferous magnetite, pyrochlore, alabandite
Xenocrysts: quartz, microcline
Secondary: sparry calcite
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perovskite andmagnetite. Spurrite is a very scarce phase sometimes as-
sociated with cuspidine as anhedral grains of less than 5-10 μm. Rare
zirconolite and oldhamite crystals of less than 10 μm in diameter are oc-
casionally found as inclusions in other minerals.

Subhedral grains of barite up to 0.5 mm are also common as well as
occasional secondary fibrous thaumasite and phosphates such as
rhabdophane or crandallite.

4.2. Ipunda

Ipunda lavas are cream-colored fine-grained porphyritic rocks, with
≈70 modal % calcite. They are characterised by a very distinctive
trachytoid texture made up of tabular calcite microphenocrysts domi-
nating an interstitial sparry carbonate matrix (Fig. 3a). The
microphenocrysts are colourless tabular grains (60 modal %) up to
1 mm in length, accompanied by strongly zoned magnetite (15 modal
%) up to 1 mm and euhedral grains of fluorapatite (15 modal %) up to
2 mm in length, with concentric zoning and abundant fluid inclusions
trapped at the crystal cores. Phlogopite (5 modal %) crystals up to
1 mm and very scarce grains of zoned augite (5 modal %) are also pres-
ent as microphenocrysts.

The mineralogy of the groundmass is very simple compared to the
Huilala-Ungongué lavas. Fine-grained calcite is the dominant phase
(75 modal %); fluorapatite (10 modal %) (Figs. 3b and c) and magnetite
(5 modal %) are also present. The rest of accessory minerals account for
only approximately 5 modal % and are euhedral zoned grains of
pyrochlore, less than 20 μmindiameter and scarce anhedral baddeleyite
grains of less than 10 μm, mostly included in magnetite crystals.

Spherical globules up to 1 mm in diameter are abundant in the ma-
trix and are completely infilled by secondary sparry calcite with minor
goethite inclusions (Figs. 3b and c).

4.3. Utihohala

Utihohala rocks are fine-grained porphyritic (Fig. 4a) dark brown
lavas containing≈60 modal % carbonates. Microphenocrysts represent
around 25 modal % and are prismatic grains of apatite up to 2 mm (50
modal %), as well as strongly zoned magnetite grains up to 2 mm in size
(30 modal %). Prismatic euhedral phlogopite (15 modal %) up to 1 mm
across and zoned augite (5modal %) grains up to 0.5mmare also present
(Fig. 4a).

The groundmass occupies 75 modal % and it is mainly calcite (60
modal %), fluorapatite (10 modal %) (Fig. 4b), magnetite (10 modal %)
and a small proportion of accessory minerals (≈10 modal %) such as
euhedral grains of pyrochlore up to 20 μm, scarce grains of baddeleyite
up to 15 μm and euhedral crystals of alabandite up to 5 μm, which, in
Catanda, were only found in these lavas.

4.4. Jango

The mineralogy and textures of the Jango lavas are very similar to
those in the Utihohala area. The Jango lavas are brown fine-grained por-
phyritic textured rocks (Fig. 4c) with≈70 modal % carbonates, signifi-
cantly higher than the Huilala-Ungongué lavas.

Microphenocrysts are sparse (≈20 modal %) in an abundant
groundmass. They are principally euhedral grains of fluorapatite up to
1 mm in diameter (60 modal %), euhedral zoned crystals of magnetite

Fig. 2. SEM (BSE) images of the Huilala-Ungongué lavas. a Microphenocrysts of fluorapatite (ap) and titaniferous magnetite (ti-mgt) partially replaced by augite (aug) which also infill
small fractures. b Typical mineral association of theHuilala-Ungongué groundmass: fluorapatite (ap), cuspidine (cus), pyrochlore (pcl), perovskite (prv),fine grained calcite (cal) and sec-
ondary brucite (bru). c Basal section of zoned fluorapatite (ap) associated with euhedral grains of cuspidine (cus) and titaniferous magnetite (ti-mgt). d Euhedral crystal of perovskite
showing extreme compositional zoning with rims enriched in Nb. e Euhedral grains of zoned pyrochlore (pcl) and perovskite (prv) inside a typical halo of brucite (bru). f Preserved
grain of periclase (per) surrounded by secondary brucite (bru) associatedwith cuspidine (cus)with perovskite (prv) and baddeleyite inclusions. Small grains of pyrochlore are also present
inside the brucite halos.
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Fig. 3. Plane-polarized light photomicrographs of Ipunda lavas. a General view of a Ipunda lava sample distinguished by its distinctive trachytoid texture of tabular calcite phenocrysts.
Secondary sparry calcite (sp-cal) is also present. b Ipunda lava with fluorapatite (ap) phenocrysts and spherical globules filled by calcite (cal). c Euhedral phenocryst of apatite (ap) ac-
companied by tabular calcite and typical spherical globules filled with calcite (cal) and secondary iron oxides.

Fig. 4. Plane-polarized light photomicrographs of the Utihohala and Jango lavas a General view of a Utihohala sample. Augite (aug) microphenocrysts in calcitic (cal) groundmass. b
Subhedral grains of fluorapatite (ap) and calcite (cal) in the Utihohala lava groundmass. c General view of the Jango lava sample with secondary calcite (cal) infilling a fracture. d
Jango lava sample with typical cavities partially infilled by secondary calcite (cal).
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up to 2 mm (25 modal %) in which is also possible to distinguish atoll
textures, as well as euhedral grains of phlogopite (10 modal %) up to
2 mm and scarce zoned augite (5 modal %) up to 0.5 mm.

The groundmass, (≈80 modal %) is mainly fine-grained calcite (65
modal %), fluorapatite (15modal %), magnetite (10modal %) and acces-
sory minerals (10 modal %) such as zoned euhedral crystals of
pyrochlore up to 10 μm, subhedral prismatic monticellite crystals up
to 30 μm, and scarce subhedral grains of baddeleyite up to 15 μmmostly
as inclusions in magnetite.

Fractures filled by sparry calcite are common (Fig. 4c) aswell as ves-
icles up to 3 mm partially filled by sparry carbonates (Fig. 4d).

4.5. Xenoliths

In all lava types xenocrystic material is less than about 5 modal %.
The most common xenoliths in the Catanda lavas are, by far, highly
fenitized granitic rocks derived from the underlying Archaean granites.
They form fragments up to 4 cm; individual grains of quartz, microcline
and plagioclase are also common as xenocrysts. Rounded xenoliths of
glimmerite and amphibolite are occasionally present in the Catanda
lavas. In the Huilala-Ungongué lavas there are occasional rounded
grains of olivine (Peres et al., 1968) up to 5 mm in diameter, usually re-
placed by serpentine and fine-grained iron oxides.

5. Mineral chemistry

The fourmajormicrophenocrystmineral phases in all Catanda lavas:
calcite, spinel, fluorapatite and phlogopite, were selected to study their
chemical composition.

5.1. Calcite

Calcite is the dominantmagmatic carbonate in all the Catanda lavas;
other carbonates such as dolomite, ankerite or siderite are not present
either as microphenocrysts or in the groundmass. The major element

composition of calcite is homogeneous in all carbonatite lavas, but
trace elements present significant differences (Supplementary
Table A.1). These trace element differences are also reflected in the re-
sponse of Catanda carbonates to cold cathodoluminescence, since
cathodoluminescence is related to factors including the presence of
some trace elements acting as activators such as Mn2+ and REEs
(Habermann et al., 1996). In general, Catanda calcite emits a strong or-
ange glow, but this glow is completely absent in the typical sparry
grains present in all lava types. It is also remarkable that, under cold
cathodoluminiscence, tabular calcite microphenocrysts of the Ipunda
lavas, which form a typical trachytoid texture, exhibit amarked concen-
tric zoning (Figs. 5a and b).

5.2. Spinel

Spinel group minerals from Catanda have very heterogeneous com-
positions due to extreme zoning present in most grains. However, in
general, they correspond to magnetite with high Ti concentration, up
to 14.4 wt.% TiO2 (0.130 to 0.408 apfu of Ti, Supplementary Table A.2).
Aluminium contents are also high, up to 14.3 wt.% Al2O3, higher than
those reported in other carbonatite localities such as the Kerimasi volca-
no (Reguir et al., 2008; Guzmics et al., 2015), but similar to the spinels
analysed in the Fort Portal volcanic carbonatites, which present the
highest Al contents reported in magnetite from carbonatites (Bailey
and Kearns, 2002; Reguir et al., 2008). The spinel from Catanda are
also moderately enriched in Mg, with contents ranging from 4.9 to
12.0 wt.% MgO, similar to those described in other volcanic carbonatite
localities such as Kerimasi (Tanzania) (Reguir et al., 2008; Guzmics
et al., 2015) or Fort Portal (Uganda) (Bailey and Kearns, 2002). The rela-
tion between #Ti [Ti/(Ti+Cr+Al)] and #Fe [Fe/(Fe+Mg)] shows a clear
titanomagnetite trend (Fig. 6) such as typically described in some kim-
berlites (Boctor and Boyd, 1982; Rozova et al., 1982) and aillikite local-
ities (Tappe et al., 2006). Another significant compositional feature of
the analysed spinels is the low content of Cr, which is always below
0.1 wt.% Cr2O3 (Supplementary Table A.2).

Fig. 5. a Ipunda sample. Euhedral fluorapatite (ap) section and tabular crystals of calcite (cal). Cathodoluminiscence response of calcite is distinguished by a marked orange glow and
fluorapatite exhibits concentric zoning. b Tabular phenocrysts of calcite (cal) show amarked zoning under cold cathodoluminiscence while secondary sparry calcite (sp-cal) does not ex-
hibit any response at all.
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5.3. Fluorapatite

Fluorapatite is present as microphenocrysts as well as in the ground-
mass in all of the Catanda lavas, and its composition does not present sig-
nificant differences among the four lava locations. In general, fluorapatite
has low concentrations of Mn and Na, while it is slightly enriched in Sr,
ranging from 0.3 to 1.4 wt.% (Supplementary Table A.3). Catanda
fluorapatite is especially rich in Light Rare Earth Elements (LREE) with La
contents between 670 and 990 ppm and Ce ranging from 1700 to
2460 ppm (Supplementary Table A.3). This enrichment is generally
marked by a strong compositional zoning due to the concentration of
REE in the grain rims, which are also enriched in SiO2.

5.4. Phlogopite

Phlogopite occurs as microphenocrysts in all the Catanda lavas and
has similar compositions in all of them. In general, Catanda phlogopite
is enriched in TiO2, ranging from 1.17 to 4.2 wt.% (Supplementary
Table A.4) and also has significant contents of Ba, especially in the
Huilala-Ungongué samples with contents up to 0.39 wt.% BaO (Supple-
mentary Table A.4).

6. Geochemistry

The outcropping lavas of the Huilala-Ungongué area (Fig. 1) are the
most enriched in SiO2, with contents varying between 14.3 and 23.3
wt.% (Supplementary Table A.5). Similar silica contents in carbonatites
have been reported in the lavas from Fort Portal (Uganda) (Eby et al.,
2009), as well as in other carbonate-rich rocks such as the aillikites
from Aillik Bay in (Canada) and Tikiusaaq (Greenland) (Tappe et al.,
2006; 2009). However, the lavas from Ipunda, Jango and Utihohala
(Fig. 1) have lower SiO2 concentrations, ranging from 6.3 to 12.7 wt.%.
In general, the Huilala-Ungongué lavas are also enriched in Ti, Al and
Fe compared to the other localities, which are also distinguished by a
relative enrichment in CaO, with values up to 46.5wt.% (Supplementary
Table A.5).

All the lava types from the Catanda area are impoverished in alkalis,
with K and Na contents well below 1 wt.%.

Fluorine is variable depending on the lava outcrop. The highest con-
centrations are found in theHuilala-Ungongué andUtihohala lavaswith

values from 4470 to 6790 and 6850 ppm respectively, while in the rest
fluorine is lower, varying from 4040 to 4330 ppm in Jango and only
1570 ppm in the Ipunda outcrops (Supplementary Table A.5).

In general, the Catanda carbonatite lavas are distinguished by REE
contents between 1100 and 3000 ppm, higher than those described in
other extrusive carbonatite localities such as Fort Portal (Eby et al.,
2009). HFSE contents are generally high in all types of lavas. Niobium
is the most abundant HFSE with values between 281 to 706 ppm,
while Ta values reach 23 ppm, which are relatively high compared to
average of other carbonatite localities (Chakhmouradian, 2006). The
Nb/Ta ratio of Catanda lavas are between 21 and 37 which are typical
values of carbonatites (Chakhmouradian, 2006).

Fig. 6. Relation between Fe/(Fe+Mg) and Ti/(Ti+Cr+Al) in the Catanda magnetite showing a typical “titanomagnetite trend” according to Mitchell (1986).

Fig. 7. a REE plot of Catanda carbonatite lavas normalized to chondrite. bMulti-elemental
trace element composition of Catanda carbonatite lavas normalized to primitive mantle.
Normalization values in both diagrams from Sun and McDonough (1989).
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REE diagrams of carbonatite lavas from Catanda do not show clear
differences between the different lavas. All patterns present a marked
negative slope showing a strong enrichment in light REE relative to
heavy REE (Fig. 7a).

As in the REE diagrams, multi-elemental diagrams show very similar
patterns between the four lava locations (Fig. 7b).

7. Stable isotopes

Supplementary Table A.6 presents the stable isotope composition
(δ13C and δ18O) of the Catanda groundmass carbonates. Two samples of
secondary sparry carbonate infilling cavities of the lavas, aswell as a sam-
ple from the Pedra de Água travertine deposit were added to compare
carbonatite data with these secondary and surficial carbonates (Fig. 1).

The δ18O(V-SMOW) compositions are very heterogeneous, with values
ranging from 9.4 to 17.9 ‰ δ18O (Supplementary Table A.6). On the
other hand, secondary sparry carbonate and the travertine samples
showmuch higher oxygen isotope composition compared to magmatic
carbonates with δ18O(V-SMOW) values between 26.4 and 27.2‰ δ18O.

Carbon isotope compositions are similar in the Ipunda, Jango and
Utihohala magmatic carbonates with values ranging from -5.2 to -5.6 ‰
δ13C(V-PDB). On the other hand, Huilala-Ungongué lavas show marked
differences to the other localities, presenting lower δ13C compositions
with values from -8.1 to -12.2 ‰ δ13C. Secondary carbonate δ13C values
are significantly higher and more variable than in the lavas (δ13C values
between -4.2 and -1.0 ‰), while the Pedra de Água travertine present
δ13C of 6.4‰, which is the highest carbon isotope composition reported
in the rocks from the Catanda area.

8. Melt inclusions

The mineralogical study of the Catanda lavas were complemented
with the analysis of the melt inclusions assemblages preserved in mag-
netite grains. Approximately 200 melt inclusions, with sizes varying
from 5 to 25 μm, were studied from all carbonatite lava localities

reported in the Catanda area, and 24 daughter phases have been identi-
fied. These minerals, including calcite, fluorapatite, perovskite and
cuspidine, are generally present in the lavas, although other phases
are exclusive to the melt inclusions assemblage, and have been not de-
scribed asmicrophenocrysts or in the lavas groundmass (Table 2). In ad-
dition, despite the generally low alkali contents of the Catanda lavas, up
to 12 of the 24 daughter phases described in the melt inclusions are
alkali-rich, e.g. carbonates such as trona (Fig. 8a) shortite (Figs. 8b and
d) and nyerereite, halides such ashalite and sylvite (Fig. 8c) and silicates
such as sodalite and nepheline (Fig. 8b).

9. Discussion

9.1. Classification of the Catanda lavas

In the Catanda area, twomain types of carbonatitic lavasmay be de-
fined based on their carbonate contents and chemical composition:
calciocarbonatites and silicocarbonatites.

Calciocarbonatites occur in the Ipunda, Jango and Utihohala areas.
Their modal carbonate contents are higher than 50%, corresponding to
normal carbonatites according to the classification of Le Maitre
(2002). However, strong textural differences may be established be-
tween these three localities. Jango and Utihohala lavas present finely
porphyritic textures formed by fluorapatite, magnetite, phlogopite and
minor augite microphenocrysts hosted in a calcite rich groundmass
(Table 1), while Ipunda lava is characterised by a trachytoid texture
formed by tabular microphenocrysts of calcite.

The Ipunda texture is similar to that described in other carbonatite
localities such as the Koru Beds from Tinderet (Kenya), the carbonatites
from Homa Mountain (Kenya), the spherical lapilli of the Rockeskyll
complex (Germany) or the carbonatite tephras of the Kerimasi volcano
(Tanzania) (Deans and Roberts, 1984; Clark and Roberts, 1986; Keller,
1981; Riley et al., 1996; Hay, 1983). In the Kerimasi tephra, calcite also
shows concentric zoning under cold cathodoluminescence (Mariano
andRoedder, 1983) as also described in the Ipunda lavas (Fig. 5). The or-
igin of these trachytoid textures has been controversial over time, until
Zaitsev et al. (2013) studied them in Tinderet and concluded that calcite
tabular crystals were formed by alteration of primary alkaline carbon-
ates. It is well known that alkaline carbonates such as nyerereite or
gregoryite are very unstable, and easily altered to calcium carbonates
during secondary weathering processes, as described in the Oldoinyo
Lengai natrocarbonatite flows (Zaitsev and Keller, 2006). In our view,
Ipunda trachytoid texture is also due to the alteration of primary alka-
line carbonates; subsequently pseudomorphed to calcite in an analo-
gous process as proposed for Tinderet (Zaitsev et al., 2013) and also
probably occurred in other carbonatite localities with similar textures.

On the other hand, silicocarbonatites from theCatanda area are pres-
ent in the Huilala-Ungongué outcrops. These lavas are significantly
enriched in SiO2 (Supplementary Table A.4) and present a finely por-
phyritic texture inwhichmicrophenocrysts aremade up of fluorapatite,
phlogopite, augite and magnetite, hosted in a calcite rich groundmass
which also contain other accessory phases such as cuspidine,
pyrochlore, perovskite and periclase. Similar SiO2 contents andmineral-
ogy have been reported in other silica-rich carbonatite lavas such as in
Fort Portal (Uganda) or in the aillikites from Aillik Bay (Canada) (Eby
et al., 2009; Tappe et al., 2006).

Hence, the four carbonatitic lavas described in Catanda, which present
several compositional, textural and mineralogical differences may
be classified as calciocarbonatites (Jango and Utihohala), secondary
calciocarbonatites produced by the alteration of primary natrocarbonatite
lavas (Ipunda) and silicocarbonatites (Huilala-Ungongué).

9.2. Parental magma composition

Trace element contents are similar for all lava locations and the REE
andmulti-elemental diagrams (Fig. 7) also present very similar patterns

Table 2
List of themineral phases identified in themelt inclusion assemblage hosted bymagnetite
phenocrysts of the Catanda lavas.

Mineral Ideal Formula Occurrence
distribution (%)

Carbonates Calcite CaCO3 59.5
Dolomite CaMg(CO3)2 6
Northupite Na3Mg(CO3)2Cl 1.2
Nyerereite Na2Ca(CO3)2 50
Shortite Na2Ca2(CO3)3
Trona Na3H(CO3)2 · 2 H2O 6

Halides Halite NaCl 8.3
Neighborite NaMgF3 2.4
Sylvite KCl 4.8

Silicates Cuspidine Ca4(Si2O7)(F,OH)2 8.3
Diopside CaMgSi2O6 19
Forsterite Mg2SiO4 7.1
Humite (Mg,Fe2+)7(SiO4)3(F,OH)2 1.2
Nepheline (Na,K)AlSiO4 26.2
Phlogopite KMg3(AlSi3O10)(OH,F)2 9.5
Sodalite Na8(Al6Si6O24)(Cl,S)2 3.6

Sulphides Pyrite FeS2 23.8
Pyrrhotite Fe1-xS 7.1
Rasvumite KFe2S3 6

Oxides Magnetite Fe2+Fe3+2O4 10.7
Periclase MgO 1.2
Perovskite CaTiO3 41.7
Pyrochlore (Na,Ca,Pb,U)2Nb2(O,OH)6(OH,F,O) 4.8

Phospates Fluorapatite Ca5(PO4)3F 47.6
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for all reported outcrops. These data suggest that despite their different
appearance, the carbonatite lavas from Catanda form a unique
carbonatite suite, where all lavas are genetically related and probably
originated by pre or post emplacement differentiation froma same orig-
inal parental magma.

The original composition of the Catanda parental magma has been
extrapolated through the study of melt inclusions, which are hosted in
the magnetite grains in all the Catanda lava outcrops. Despite the low
alkalinity of the Catanda lavas (Supplementary Table A.5) and the low
alkali content of their carbonates (Supplementary Table A.1), the
daughter mineral assemblage of the magnetite-hosted melt inclusions
from all lava locations is made up by primarily sodium- and
potassium-rich mineral phases (Fig. 8; Table 2). A similar alkaline
melt inclusion association has been described in the intrusive
carbonatites from Oka (Canada), in the afrikandites from Kerimasi

(Tanzania), some kimberlite pipes such as Udachnaya-East (Russia) as
well as in several carbonatite extrusive localities such as Kerimasi
(Tanzania) or the Oldoinyo Lengai volcano (Tanzania) (Chen et al.,
2013; Kamenetsky et al., 2007, 2014; Sharygin et al., 2008, 2012;
Guzmics et al., 2011, 2012, 2015).

The occurrence of alkaline associations inmelt inclusions, formed by
phases such as trona, shortite or nyerereite (Table 2) suggest that the
formation of Catanda carbonatite lavas was associated with alkali-rich
parental magmas.

9.3. Genetic processes

Apart from the melt inclusion evidence and the trachytoid textures
described in the Ipunda lavas, there are other indicators, which support

Fig. 8. SEM (BSE) images of melt inclusions in magnetite of Catanda lavas. a Alkaline and calcium carbonates, trona (tro) and calcite (cal), coexisting in the same melt inclusion, accom-
panied by perovskite (prv) and a tabular crystal of phlogopite (phl). b Silicate-carbonate inclusion with nepheline (nph) and shortite (sho) associated with calcite (cal), fluorapatite (ap)
and perovskite (prv). c Melt inclusion containing daughter crystals of sylvite (syl), halite (hl) and pyrochlore (pcl). d Calcite (cal) associated with alkaline carbonate (shortite [sho]) in
assemblage with perovskite (prv) and cuspidine (csp).

Fig. 9. Catanda carbonates SrO and N2O composition compared to natrocarbonatite localities worldwide. Values obtained from Zaitsev et al., 2013.
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the relation between Catanda extrusive carbonatites and the occurrence
of natrocarbonatitic magmatism in the area.

The Sr and Na concentrations of Catanda rock-forming carbonates
have been compared with altered natrocarbonatites from Kerimasi and
Tinderet, as well with the primary Oldoinyo Lengai natrocarbonatites
(Fig. 9). Calcite from Ipunda, Jango and Utihohala, which generally have
lowNa contents (Supplementary Table A.1), have SrO/Na2O ratios similar
to those reported in the altered natrocarbonatite tephra from the
Kerimasi volcano (Zaitsev et al., 2013) indicating that carbonate from
these Catanda lavas have equivalent Sr and Na contents to those reported
in altered natrocarbonatite localities.

The δ13C and δ18O signatures of the Catanda magmatic carbonates
also present similarities to those reported in altered natrocarbonatites
(Fig. 10). The calciocarbonatites from Jango and Utihohala, as well as
the altered natrocarbonatite lavas from the Ipunda area exhibit δ13C
and δ18O values between the altered natrocarbonatites from Tinderet
and Kerimasi and the primary natrocarbonatites from the Oldoinyo
Lengai (Fig. 10). In addition, the secondary sparry calcite analysed in
these Catanda localities present similar C and O isotope compositions
to those reported in the secondary carbonates from Buru and Oldoinyo
Lengai (Zaitsev and Keller, 2006) (Fig. 10). These isotopic relations indi-
cate that calciocarbonatite lavas from Catanda are isotopically compara-
ble to the altered natrocarbonatites worldwide, as well as their
secondary sparry carbonates, which have also a similar C and O isotope
compositions to those reported in the secondary carbonates analysed in
these localities. The evolutionary trend of primary carbonates towards
higher oxygen isotope compositions is typically related to fluid alter-
ation processes (Fig. 10) including the alteration of primary alkaline car-
bonates to calcium rich phases.

On the other hand, silicocarbonatites from the Huilala-Ungongué
area do not present evidences of their relation to natrocarbonatite activ-
ity. The composition of their groundmass carbonate is significantly
enriched in Sr compared to the other Catanda localities and also to the
carbonate from altered natrocarbonatites worldwide (Fig. 9). The C
and O isotope compositions of the Huilala-Ungongué lavas are signifi-
cantly different from the other Catanda rocks, presenting similar δ18O
but lower δ13C (Fig. 10). This δ 13C-δ18O relationship defines a significant
negative trend (Fig. 10), which may be related to decarbonation pro-
cesses followed by low-T hydrothermal alteration as has been described
in the metacarbonatites of Fuerteventura island (Casillas et al., 2011).
Hence, the groundmass of the Huilala-Ungongué silicocarbonatites

contains periclase and calcite, which is a typical mineral association re-
lated to the decomposition of dolomite during decarbonation processes
(Bucher and Frey, 1994). We hypothesise the formation of these lavas
could be due to decarbonation of primary dolomite bearing carbonatites
producing the decomposition of dolomite to calcite and periclase
forming the typical Huilala-Ungongué groundmass mineral association.

10. Conclusions

1. In Catanda, three types of carbonatitic lavas have been described in
four different carbonatite lava outcrops.

2. These three different types of lavas form a unique carbonatite suite,
they are genetically related and generated from the same parental
melt.

3. Themelt inclusion assemblage hosted inmagnetite grains is principal-
ly formed by alkali-rich phases, arguing for an alkali-rich composition
of the Catanda parental melt.

4. Catanda calciocarbonatite lavas present textural, compositional and
isotopic features similar to those described in altered natrocarbonatite
localities worldwide, such as Tinderet (Kenya) or Kerimasi (Tanzania),
which suggest an ancient occurrence of natrocarbonatite lavas in the
Catanda area.

5. Silicocarbonatite lavas from the Huilala-Ungongué area present differ-
ent mineralogical, compositional and isotopic features in comparison
to the other Catanda lavas. The δ13C-δ18O relationship suggests that
they were formed in relation to magmatic decarbonation followed by
low temperature hydrothermal alteration processes, probably from a
primary dolomite bearing carbonatite.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.lithos.2015.06.016.
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