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Abstract Carbonatite lavas and pyroclastic rocks are exposed
in the volcanic graben of Catanda and represent the only
known example of extrusive carbonatites in Angola. A new
detailed geological map of the area is presented in this study as
well as six different stratigraphic sections. Pyroclastic rocks,
apparently unwelded, are dominant in the area and represented
in all the stratigraphic columns. They form shallowly to mod-
erately inclined layers, mostly devoid of internal structures,
that range in thickness from several centimetres to metres.
They are dominantly lapilli tuffs and minor tuffs occasionally
comprising pelletal lapilli. Based on their different features
and field relationships, at least five different pyroclastic
lithofacies have been distinguished in the area. Carbonatitic
lavas outcrop in the external parts of the Catanda graben,
forming coherent layers interbedded with pyroclastic rocks.
Calcite is the most common mineral in the lavas, but other
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accessory minerals such as fluorapatite, titaniferous magne-
tite, phlogopite, pyrochlore, baddeleyite, monticellite, perov-
skite, cuspidine and periclase have also been identified. At
least four different types of lavas have been distinguished
based on their mineral associations and textural features. This
study reveals an overall abundance of pyroclastic material in
comparison to lava flows in the Catanda area, suggesting that
eruptive processes were dominated by explosive activity sim-
ilar to what has been described in other carbonatite and
kimberlite localities. The Catanda carbonatitic volcanism
was associated with monogenetic volcanic edifices with tuff
ring or maar morphologies, and at least seven possible erup-
tive centres have been identified in the area.

Keywords Extrusive carbonatite - Carbonatite lava -
Carbonatitic lapilli tuff - Angola - Catanda

Introduction

The study of extrusive carbonatites, and in particular
carbonatitic lavas, is important for developing a better under-
standing of eruptive processes of low viscosity melts (i.e. 1-
120 Pa.s; Dawson et al. 1995) and the distribution of chemical
elements in carbonatitic magmas. The characterization of
extrusive products provides important information that is not
revealed by intrusive rocks, and it can also be essential to
understand the results obtained by experimental petrology
(e.g. Bailey 1993). Woolley and Church (2005) reported over
40 extrusive carbonatite localities in the world, but lava flows
are described in only 14 of those. Carbonatitic lavas and
pyroclastic rocks are exposed in the volcanic province of
Catanda, representing the only extrusive carbonatites in An-
gola (Woolley 2001).

Catanda is located in the Kwanza Sul Province, around
350 km SE from Luanda and 90 km SE from the town of
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Sumbe (Fig. 1). These carbonatite outcrops were last de-
scribed by Gomes (1971) and Silva and Pereira (1973), but
for more than 30 years, the Angolan civil war prevented more
systematic studies. Due to an abundance of landmines in the
Catanda area, some of the best outcrops are still inaccessible.

This contribution provides a new detailed geological study
of the Catanda extrusive carbonatites, describing the strati-
graphic relationships, and petrographic and mineralogical fea-
tures of both pyroclastic rocks and lavas. The principal aim of
the study is to reconstruct the preexisting morphology of
volcanic edifices and interpret the key eruptive processes
occurring in Catanda.

Geological setting
Lucapa corridor

The Catanda extrusive carbonatites occur within the Lucapa
corridor (Fig. 2)—a 300-km-long NE-SW-oriented rift in the
Congo-Kassai craton, developed during the Early Cretaceous
and related to the opening of the Atlantic Ocean (Sykes 1978;
de Boorder 1982). Most of the Angolan carbonatites and
kimberlites are spatially associated with this structure (Issa
Filho et al. 1991). While the majority of kimberlites are
restricted to the NE of the structure (Fig. 2), most of the
carbonatites are located in the central and SW regions of the
Lucapa corridor (Lapido-Loureiro 1968, 1973; Alberti et al.
1999). The spatial and temporal relationship between
carbonatites and kimberlites in the Lucapa corridor is still
poorly understood. The age of the Catoca kimberlite, consid-
ered to be the fourth largest kimberlite pipe in the world and
located in the NE part of the Lucapa corridor, was reported by
Robles-Cruz et al. (2012) using zircon U-Pb geochronology as
117.940.7 Ma. Other reported ages for Lucapa kimberlites are
Val do Queve at 133.4+11.5 Ma (Haggerty et al. 1983) and
the Luxinga kimberlite cluster where the age of pipes ranges
from 145 to 113 Ma (Eley et al. 2008). Jelsma et al. (2012)
recently reported ages from 252 to 216 Ma for central Ango-
lan kimberlite pipes using zircon U-Pb geochronology. The
main intrusive Angolan carbonatitic complexes such as
Tchivira (Melgarejo et al. 2012) or Virulundo (Torr6 et al.
2012) have yet to be dated. Nevertheless, they are considered
to be related to the Lucapa structure and broadly contempo-
raneous with the intrusion of kimberlitic clusters in the area.

Catanda region

The Catanda extrusive carbonatites outcrop in a 50-km? gra-
ben hosted in Archean granites and delimited by the intersec-
tion of three principal fault systems with ENE-WSW, NNW-
SSE and WNW-ESE alignments (Fig. 3). These faults are
also responsible for feeding active geothermal systems

@ Springer

(thermal springs) and forming travertine deposits up to 10 m
in thickness. Given the absence of outcropping limestone or
other sedimentary rocks, the travertine deposits are likely
related to the chemical remobilization of carbonatitic volcanic
rocks.

Carbonatitic outcrops consist of small groups of eroded
hills largely covered by colluvial sediments produced by rock
weathering, and by alluvial sandy detrital sediments, which
partly obscure the position of the original eruptive centres
(Fig. 4a, b).

The age of Catanda volcanism has not been precisely
determined: Silva and Pereira (1973) proposed an approxi-
mate age of 92+7 Ma for a tinguaite dyke apparently contem-
porary with the carbonatites; however, the dating method
employed was not specified.

Methodology

During the fieldwork, six stratigraphic columns were mea-
sured at 1:100 scale. Some 58 samples collected in 2011 are
discussed here (the 2013 samples have not yet been analysed).
Optical microscopy was used for mineral identification and
observing the main textural features of samples. Scanning
electron microscope E-SEM Quanta200 FEI XTE 325/
D8395BSE with a Genesis EDS microanalysis system from
the Scientific and Technical Centres of the University of
Barcelona (CCiTUB) was also used to describe in detail the
key mineralogical relationships and textures. The operating
conditions of the SEM were 20-25 keV, 1 nA beam current
and 10 mm of distance between sample and detector.

General description of outcrops

The measured Catanda volcanic sections have a thickness of
up to 50 m, although the highest relief'is formed by the hills of
Gojomba (Fig. 3) that have an altitude difference (top to base)
of approximately 100 m. The sections are composed domi-
nantly of pyroclastic beds, but minor lava flows were identi-
fied in some outcrops located in external parts of the graben
(Fig. 3: stars; e.g. Fig. 4c—¢).

Pyroclastic rocks

Pyroclastic rocks are represented in all studied stratigraphic
sections, where they form extensive layers ranging in thick-
ness from several centimetres (Fig. 5a) to metres but typically
1040 cm thick. Resedimentation processes are not consid-
ered important in the formation of these rocks, which are
interpreted as pyroclastic based on the shapes of the inferred
volcanic edifices (see below) and the absence of sedimentary
structures such as erosive surfaces, fluvial channels and clast
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Fig.1 a Location of the studied area in the Kwanza Sul county of Angola. b Detailed map of the studied area showing the location of Catanda and other
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imbrications within the beds. The pyroclastic strata exhibit
shallow to moderate inclinations, typically ranging from 10°
to 15°. The beds are mostly devoid of internal structures but
occasional display low-angle cross-bedding (Fig. 5b) and
inverse grading (Fig. 5c). The rocks are apparently unwelded
and exhibit abundant localised joints (cracks) and veins filled
by secondary sparitic calcite. Pyroclast diameter is mainly
between 2 and 16 mm, forming fine and medium lapilli tuffs
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Fig. 2 Simplified geological map of Angola and the Lucapa structure
showing the location of reported Angolan carbonatites and kimberlites

(White and Houghton 2006) occasionally comprising pelletal
lapilli' and crystals up to 1 cm in diameter (Fig. 5d). In some
sequences, tuffs (defined as having >75 % ash-sized particles)
are also present as relatively thin layers (<15 cm thick).
Juvenile components (carbonatite fragments and related free
crystals) make up 40-75 % of the macroscopically visible
fragments, whereas lithic clasts and related free crystals rep-
resent 25—-60 % (Table 1). The lithic fraction is dominated by
Archean granitic clasts and related free crystals (95 %) rang-
ing in diameter from 3 to 10 cm for the granite clasts (excep-
tionally up to 30 cm) with minor amphibolite (4 %) and
plutonic carbonatite clasts (1 %). Granite concentrations oc-
casionally form horizons of coarse lapilli tuff and block-rich
lapilli tuff (Table 1). On the basis of grain size (tuff to lapilli
tuff), sorting (good to poor), clast shapes (very low to high
angularity) and componentry, we distinguish five pyroclastic
lithofacies in the Catanda outcrops (Fig. 6 and Table 1).

Lavas

Carbonatite lavas outcrop in distal regions of the SE part of the
Catanda graben (Fig. 3). They exhibit a very distinctive mor-
phology and texture compared to pyroclastic lithofacies,
forming homogeneous and coherent bodies with no discern-
ible internal structures. These bodies are up to 7 m thick
(Fig. 5e) and are typically interbedded with pyroclastic strata.
Lava flows lack scoria horizons and contain irregular second-
ary joints. They range in colour from dark grey to brown and
generally exhibit finely porphyritic textures. Rock fragments

! Pelletal lapilli are defined as spherical to elliptical lapilli commonly with
a crystal fragment or a lithic clast in the centre, mantled by fine-grained
micro-phenocrystal material that sometimes defines smooth concentric
layers (Mitchell 1997).
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are widespread (3—5 %) in practically all lava flows, and these
range in diameter from 5 to 50 cm. The composition of these
rock fragments is mainly granitic (Fig. 5f), but some mafic and
plutonic carbonatite clasts can also be found. Although the
lavas contain granitic clasts, these are more abundant in the
pyroclastic rocks, in which they form discrete layers.

Volcanic stratigraphy

We describe six stratigraphic columns (Fig. 7) constructed in
different parts of the Catanda graben (Fig. 3).

Huilala (A)

The Huilala section (Fig. 7a) is approximately 27 m thick and
was measured on the northern slope of Huilala hill, located in
the SW area of the Catanda graben (Fig. 3). Four lapilli tuff
horizons in part covered by epiclastic materials form the lower
part of the section (0—17 m). These horizons are moderately
sorted to well sorted and range in thickness from 1 to 4 m.
They consist of carbonate ash supporting angularly and irreg-
ularly shaped centimetre-scale juvenile-free crystals of titanif-
erous magnetite and phlogopite as well as lithic grains coming
from the Archean granites such as quartz, microcline and
plagioclase. In addition, disseminated granitic blocks up to
20 cm in diameter are scattered in these horizons. In general,
structures such as cross-bedding are not present in these beds,
although cryptic layering is locally developed in the lower
levels. At Huilala, the following pyroclastic lithofacies are
observed: 3, 4 and 5 (Table 1).

@ Springer

Lavas form dark grey coherent aphanitic bodies in the
upper part of the section (17-27 m; see Fig. 7) generat-
ing a topographic high. Lava outcrops are isolated and
discontinuous, so the presence of several flows cannot be
ruled out. It is not possible to distinguish flow-related
structures, but horizontal as well as minor vertical
cooling joints are common (Fig. 5e). Granitic fragments
up to 30 cm long are incorporated into the lava as well
as fragments of aphanitic whitish rocks up to few
centimetres in diameter, which likely represent highly
altered volcanic material.

Ungongué (B)

Ungongué is an elongated hill located in front of Huilala,
in the SW part of the Catanda arca (Fig. 3). The
Ungongué section is approximately 51 m thick and was
measured on the southern slope of the hill. The section
consisted of intercalated lavas and pyroclastic layers,
partly covered by epiclastic deposits (Fig. 7b). The py-
roclastic rocks can be classified as lapilli tuffs, contain-
ing some granitic and mafic (aphyric) lithic blocks up to
15 cm diameter at all levels. Interstitial spaces (unfilled
porosity) from 0.2 to 0.5 mm diameter can be distin-
guished, particularly in the upper pyroclastic layers. At
Ungongué, only one pyroclastic lithofacies is observed
(Table 1, number 5).

Ungongué lavas share many similarities with the Huilala
flows. Three lava flows can be distinguished in the lower part
and two thicker flows in the middle upper part of the
section. In the upper lava flows, we note a greater presence
of granitic and mafic aphyric rock fragments up to 20 cm in
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Fig. 4 a View of the Gojomba
carbonatitic edifice outcropping
in the Catanda graben, mainly
covered by epiclastic materials. b
General view of the Huilala and
Ungongué hills defining the
position of the ancient eruptive
centre (possible crater) in the
middle of the area. ¢ General view
of the Jango outcrops in which it
is possible to distinguish
carbonatite pyroclastic deposits

- ca;bdn’aﬂfé outcrops

and lavas (see person inside
square for scale). d Carbonatite
lava flow outcropping in the
lower part of the Jango section. e
Lapilli tuffs in the Chilembo area

Huilala

diameter. Considering their position in the stratigraphic se-
quence, dip angle and mineralogical and textural features, the
upper levels of the Ungongué lavas are correlated with the
upper lava flows of the Huilala section. On the basis of bed
correlations, dip direction and the position and morphological
features of the outcrops, they can be considered to belong to
the same monogenetic volcano, about 800 m in diameter, with
a proposed eruptive centre between Huilala and Ungongué

(Fig. 3).

Ungongué

Chilembo (C)

Chilembo is a rounded hill located in the southern part of the
Catanda area (Fig. 3). We measured a 41-m-thick section
(Fig. 7c) on the NW slope, where outcrops are more extensive
and not covered by colluvial epiclastic sediments. Carbonatite
lavas are not present in Chilembo: the section consists exclu-
sively of pyroclastic rocks. Pyroclastic beds are thinner (rang-
ing from 10 to 50 cm) than in the Huilala and Ungongué

@ Springer
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Fig. 5 a Laminated pyroclastic
layers in the Gojomba area (see
Fig. 3). b Cross-bedding in lapilli
tuffs from the upper part of
Umbeleo section. ¢ Reverse
grading in lapilli tuffs from the
Ihuculo section. The upper part of
the layer is enriched in quartz,
plagioclase and microcline
derived from the host granites. d
Pelletal lapilli tuff layer from the
Quimbala area (see Fig. 3). e
Coherent lava flow in the upper
part of the Huilala section. f Lithic
fragment (granite) incorporated
into the lavas of the Ungongué
area

sequences, and these are dominantly lapilli tuffs with
subordinate tuffs. Layering is extensive but particularly
well developed in the lower and middle levels of the
section. In the upper part, some tuff beds are enriched
in pelletal lapilli up to 1 cm in diameter with concentric
internal structures. At Chilembo lithofacies, 1, 3, 4 and
5 are observed (Table 1).

Jango (D)

The Jango edifice is an isolated carbonatite outcrop located in
the SE part of the graben, very close to Catanda village
(Fig. 3). The section is approximately 22 m thick (Fig. 7d).
Jango is the only locality at Catanda where lava flows pre-
dominate over pyroclastics rocks.

Pyroclastic rocks are concentrated in the middle of the
sequence, forming lapilli tuffs enriched in country rock
fragments and characterised by well-developed plane
parallel layering. The rocks are also permeated by 3-5-
cm-thick secondary cracks filled by sparitic calcite. At
Jango, the only pyroclastic lithofacies that is observed is
number 4 (Table 1).

@ Springer

Jango lava flows are present in the upper and lower
levels of the section, and they have a very different
appearance relative to the Huilala-Ungongué lavas. Jango
lavas are aphyric black rocks rich in vesicles up to 1 cm
in diameter, infilled by fibrous secondary minerals and
sparitic calcite (Fig. 8d). Country rock fragments of
granitic and mafic composition up to 15 cm in diameter
are abundant at both levels. As in the middle pyroclastic
level, secondary cracks infilled by sparitic calcite are
developed in the lavas, especially at upper levels in the
section.

Thuculo (E)

Thuculo is an elongated hill located in the central part of the
Catanda graben. A partially exposed 16-m section was mea-
sured on the western slope where some pyroclastic layers
outcrop between the colluvial epiclastic sediments (Fig. 7e).
Lava flows were not recorded.

Pyroclastic rocks are mostly lapilli tuffs containing
granitic and mafic volcanic fragments up to 15 cm in
the lower part of the section and smaller (between 2 and
5 cm) in the upper levels, defining crude normal grading.



Bull Volcanol (2014) 76:818

Page 7 of 15, 818

Table 1 Summarised description

and interpretation of pyroclastic Pyr.oclastics Description Explosivity
lithofacies in the Catanda area. facies
See images in Fig. 6
1. Medium- Description: brown tuff consisting of a majority of ash components High
coarse tuff (1/4 to 1 mm) and a very small proportion of granitic fragments
Structure: not bedded
Grain size: 80-90 % ash; 10-20 % lapilli
Sorting: well sorted
Clast shape: rounded, low angularity
Lithic fragments: =5 area %
2. Pelletal lapilli-  Description: matrix-supported lapilli tuff comprising pelletal grains (<I cm).  Moderate—
rich tuff Cement consists of secondary interstitial calcite. Pelletal lapilli cores high
are composed of different minerals such as quartz, plagioclase, feldspar,
augite, calcite or apatite
Structure: not bedded
Grain size: 60-70 % ash; 3040 % lapilli
Sorting: moderately sorted
Clast shape: rounded, very low angularity
Lithic fragments: =25 area %
3. Lapilli tuff Description: matrix-supported lapilli tuff formed by angular and irregular Moderate
rock fragments of quartz, feldspar, plagioclase, magnetite and phlogopite.
Cement is composed of secondary interstitial calcite
Structure: not bedded
Grain size: 3040 % ash; 60-70 % lapilli
Sorting: moderately sorted
Clast shape: moderate angularity
Lithic fragments: ~50 area %
4. Bedded Description: bedded lapilli tuff composed of rounded granitic rock Variable
lapilli tuff fragments, magnetite, phlogopite and pyroxene. Interstitial calcite,
mantle xenoliths (=5 vol%)
Structure: thin bedded (1-3 cm)
Grain size: 3040 % ash; 60-70 % lapilli
Sorting: well sorted
Clast shape: moderate angularity
Lithic fragments: =60 area %
5. Block-rich la-  Description: lapilli tuff with significant granitic and mafic blocks up to Low

pilli tuff

10 cm in diameter. Secondary sparitic calcite filling interstitial spaces

Structure: not bedded
Grain size: 3040 % ash; 50-55 % lapilli; 10-15 % blocks
Sorting: poorly sorted

Clast shape: moderate—high angularity
Lithic fragments: ~60 area %

Layering is widely present in almost all beds, especially
in the upper levels, where it is possible to distinguish
inverse grading. At Thuculo, lithofacies 2, 3, 4 and 5 are
observed (Table 1).

Umbeleo (F)

Umbeleo is a small rounded hill located in the central
eastern part of the graben. Colluvial sediments cover
most of the outcrop; however, some pyroclastic levels
can be distinguished especially in the upper part of the

section (Fig. 7f). No lavas were observed. Pyroclastic
rocks are dominated by lapilli tuffs rich in country rock
lithics. One of the most distinctive features is the pres-
ence of cross-bedding (Fig. 5b), as well as inverse grad-
ing (Fig. 5¢). The tuffs contain thin layers (up to 1-2 cm
thick), in which small lithic fragments define cross-
bedding. Fluvial sedimentary structures such as channels
or erosion surfaces are not distinguished in these beds,
which suggests that the cross-bedding is more likely
related to pyroclastic surges. At Umbeleo, all five
lithofacies are observed (Table 1).
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a

Fig. 6 Images of pyroclastic facies described in Table 1. a Brown
carbonatitic tuff. b Pelletal lapilli tuff. ¢ Lapilli tuff composed of angular
and irregular rock fragments. d Bedded lapilli tuff composed of angular

Petrography
Pyroclastic rocks

In general, the mineral assemblage of pyroclastic rocks is
uniform across exposures in Catanda. Under the micro-
scope, the pyroclastic rocks consist of juvenile
carbonatite fragments (5-10 %), free crystals derived
from the carbonatite magma (10-15 %), lithic rock frag-
ments (5-10 %) and related free crystals (15-20 %), a
fine-grained (tuffaceous) calcite matrix (20-25 %) and
cement formed by sparitic calcite (15-20 %). These
components are now described in turn.

The juvenile carbonatite fragments mostly consist of spher-
ical grains up to 1 cm in diameter. They can present a con-
centric pelletal structure sometimes developed around precur-
sor grains that include sparitic calcite, titaniferous magnetite
(Fig. 8a, b) or augite, as well as crystals from the Archean
granites, in particular quartz (Fig. 8c). In the Ipunda area,
several pyroclastic levels, interbedded with lava flows, com-
prise spherical juvenile fragments that contain euhedral tabu-
lar calcite crystals defining a well-developed trachytoid tex-
ture (Fig. 8d). Discrete vesicles commonly coalesced and up
to 2 mm in diameter are also common inside these spherical
grains (Fig. 8¢). Similar trachytoid textures in spherical lapilli
have been described in the Rockeskyll complex (Keller 1981;
Riley et al. 1996).

Free crystals derived from the carbonatite magma are
mostly formed by calcite as well as fluorapatite occurring

@ Springer

rock fragments. e Bedded lapilli tuff consisting of small lapilli. f Block-
rich lapilli tuff in which is possible to distinguish a ~9-cm granitic
fragment

as subhedral and prismatic crystals up to 0.5 mm long.
Other accessory minerals such as euhedral titaniferous
magnetite grains, pyrochlore, baddeleyite (Peres and
Gomes 1969), strongly zoned augite and phlogopite also
occur.

Country rock lithics are also common in pyroclastic
rocks. Petrographically, these are dominated by grains
derived from Archean granites (~75 % of the lithic
population), mainly quartz and microcline. Amphibolite
and pyroxenite fragments are present in lower quantities
(~25 % of the lithic population) as well as rare rounded
grains of glimmerite (micaceous xenoliths related to
mantle metasomatism; Fig. 8f) also described in other
carbonatite localities such as Polino (Stoppa and Lupini
1993).

Grain shapes are generally angular or moderately angular
except in the tuff and pelletal lapilli-rich facies in which clasts
are round to sub-angular (Table 1).

Cement is widely present in the entire pyroclastic facies
infilling cracks and interstitial space. It is mainly made of
sparitic calcite crystals up to 0.5 cm.

Lavas

In the Catanda region, four different types of carbonatite
lavas located in different eruptive centres can be distin-
guished based on their mineralogical and textural fea-
tures (Table 2 and Fig. 9).



Bull Volcanol (2014) 76:818

Page 9 of 15, 818

a - Huilala b - Ungongué C - Chilembo
R A 50 4754 acar 40 JE=50 0 Acss
25 = . e | AC36 I Ser ]
] PN O 3
0 L ; <] Acs3
] 45477 | Acze 35 fooooeo] Acs2
20+ 1: 1 2 ACSL
] ¢ . @] Ac3s T :AC-SD
°°c“§::| AC34 a0d . . : 30 1% ;c:c:g
151 . 1o acs iy 28 Q-
oo AC33 e VvV ]
10 7] % =
T ) ,. . v
E ] o Acl2 = Troaiiovga] Ao | =
a v 30 s 20 =
g 5+ AC-31 E
1
o .
= |
£
]
=
s 0

AC-21

L

Tufff
tuff
Lava

Lapilli |

| Ac19

€ =8
2 3

Lapilli |
tuff

f - Umbeleo
30 LQ“‘“ ===

14m

€ - lhuculo

| AC-39

Lapili
tuff
Tufff

Lapill
tuff
Lava

Carbonatitic Lava Layering

51 Block-rich lapill tuff Cross-bedding

== Pelletal Lapilli
1 Lapilli tuff

Secondary cracks

\
o < | u

Rock fragments

[

Covered outcrop Ac01  Sample
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Huilala-Ungongué

The Huilala-Ungongué lavas outcrop in the SE part of the
Catanda graben in three different nearby hills: Huilala to the
north, Ungongué to the south and Pelanja to the east (Fig. 3).
The lavas are dark grey with a finely porphyritic texture
(Fig. 9a) and have a relatively low percentage of carbonates
(approximately 30 vol%). Phenocrysts make up 25-30 % of
the samples by surface area. Within the phenocryst popula-
tion, we observe 30-35 % typically euhedral zoned apatite up
to 1 mm across; 25-30 % strongly zoned grains of titaniferous
magnetite up to 0.5 mm in diameter with inclusions of pyrite
and pyrrhotite; 10-15 % subhedral phlogopite up to 2 mm
long; 10-15 % strongly zoned euhedral augite up to 1 mm
long; and 0-5 % altered subhedral grains of olivine up to
1 mm (c.f. Peres et al. 1968). The groundmass mainly consists
of fine-grained calcite and accessory minerals such as apatite,
titaniferous magnetite, pyrochlore, baddeleyite, zirconolite,
perovskite, monticellite and cuspidine. Brucite is also present,
typically forming alteration halos around primary grains of
periclase that are sometimes still preserved (Fig. 10a). Sparitic
secondary calcite is also present infilling vesicles (=5 vol%)

up to 3 mm in diameter. Granitic fragments and minerals
derived from the Archean granites, such as quartz, microcline
and plagioclase, are also recognisable in these lavas
representing approximately 5 vol%.

Utihohala

The Utihohala lavas form an isolated flow restricted to a
topographic low (Fig. 3). These samples typically have a
finely porphyritic texture, with 10-15 % phenocrysts in a
carbonate-rich groundmass. Within the phenocryst popula-
tion, we note 55-60 % euhedral apatite up to 0.5 mm; 15—
20 % subhedral phlogopite up to 3 mm; 5-10 % euhedral
amphibole up to 1 mm; and 5-10 % zoned augite up to 1 mm
in size. The groundmass is calcite-rich but also contains
accessory minerals such as apatite (Fig. 9b) and titaniferous
magnetite as well as other minor phases such as pyrochlore,
baddeleyite, barite and monticellite. Occasional euhedral
grains of alabandite about 5 pm in diameter are also present
(Fig. 10b). Perovskite, cuspidine and the brucite halos de-
scribed for the Huilala-Ungongué lavas are not present in
Utihohala lavas. Rock fragments up to 4 cm in diameter and

@ Springer
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Fig. 8 Plane-polarised light
photomicrographs of pyroclastic
rocks. a Titaniferous magnetite
(ti-mgt) cores to juvenile
fragments. The fop right fragment
shows a pelletal texture. b Apatite
(ap) inclusion inside titaniferous
magnetite (f-mgf) grain forming
the core of a juvenile fragment. ¢
Lapilli tuff from the Lombanda
area. Juvenile fragments (ash- and
lapilli-sized) contain magma-
derived minerals such as calcite
(cal), augite (aug), phlogopite
(phl) as well as quartz (gtz)
xenocrysts derived from the
granite host rocks. The cement
between the pyroclasts consists of
sparitic calcite (cal). d Elliptical,
non-vesicular juvenile lapillus
comprising tabular calcite (cal)
crystals showing a trachytoid
texture. A coarse-grained
carbonatitic inclusion, probably
of plutonic origin, is also found

inside the lapillus. The cement
around the lapillus is sparitic
calcite (cal). e Elliptical vesicular
juvenile lapilli from the Ipunda
area formed by calcite (cal) and
other accessory minerals such as
titaniferous magnetite (ti-mgf).
Vesicles are infilled by sparitic
calcite. f Rounded glimmerite
fragment principally formed by
phlogopite (phl) from a lapilli tuff
sample

mineral grains from the Archean granites such as quartz and
microcline are also present in these lavas representing around
3 vol%.

Ipunda

The Ipunda lavas contain 75-80 % tabular phenocrysts defin-
ing a trachytoid texture (Fig. 9¢) similar to that described in
the teardrop lapilli of Kirchberg, Germany (Keller 1989) and
in Tinderet Hills, Kenya (Deans and Roberts 1984; Zaitsev
et al. 2013). Within the phenocryst population, calcite domi-
nates and the other phases are 5-10 % euhedral apatite up to
1 mm long, 5-10 % strongly zoned euhedral titaniferous
magnetite up to 2 mm (Fig. 10c), as well as ~5 % euhedral
zoned augite grains up to 0.5 mm long. In the groundmass,
calcite dominates and accessory minerals such as pyrochlore
and baddeleyite as well as phlogopite are present in very
minor proportions (less than 5 %) relative to the other lavas
described above. Sparitic calcite is very abundant infilling

@ Springer

vesicles and secondary cracks. Lithic fragments are very
scarce in this type of lavas and represent less than 1 vol%.

Jango

The Jango lava flows are dark brown in colour and exhibit
abundant (15-20 %) vesicles typically infilled by secondary
sparitic calcite. Overall carbonate content is approximately
70 vol% and is higher than in the other lavas, in particular
those at Huilala-Ungongué (in which is approximately
30 vol%). The texture is finely porphyritic with 20-25 %
phenocrysts in a fine calcitic groundmass. Within the pheno-
cryst population, there are 65—70 % euhedral grains of apatite
up to 1 mm in diameter; 10-15 % phlogopite up to 2 mm; and
10-15 % strongly zoned crystals of titaniferous magnetite up
to 2 mm in diameter with well-developed atoll textures. The
groundmass mostly consists of fine-grained calcite with
sparitic zones infilling small cracks (Fig. 9d). The most com-
mon groundmass accessory minerals are apatite, titaniferous
magnetite, pyrochlore, baddeleyite and a predominance of
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Fig. 9 Plane-polarised light
photomicrographs of lavas. a
Huilala-Ungongué carbonatitic
lava in which it is possible to
distinguish abundant silicate
minerals such as phlogopite (phl)
and augite (aug). b Utithohala
lava with apatite (ap) phenocrysts
and calcite groundmass. ¢ Typical
trachytoid texture of the Ipunda
carbonatite lavas formed by
aggregates of tabular calcite (cal)
crystals and secondary goethite
(gth) filling vesicles and
interstices between grains. d
Appearance of Jango lavas with
abundant vesicles infilled by
sparitic calcite (cal). Apatite (ap)
and titaniferous magnetite (#i-mgt)
are also present in the groundmass

monticellite (Fig. 10d), as described in other extrusive
carbonatites such as that of Polino, Italy (Stoppa and Lupini
1993). Some typical accessory minerals present in the Huilala-
Ungongué lavas such as perovskite, cuspidine and periclase
are not observed in the Jango lavas. Granite fragments are
very scarce in the Jango lavas (less than 1 vol%).

Fig. 10 Backscattered scanning
electron microscope (SEM)
images of the lavas. a Huilala-
Ungongué lavas are very rich in
accessory minerals such as apatite
(ap), cuspidine (cus) and
pyrochlore (pcl) as well as brucite
(bru) that forms typical black
drops likely produced by the
alteration of periclase (per). b
Alabandite crystal set within
primary calcite from a Utithohala
lava sample. ¢ Tabular calcite
(cal) crystals and titaniferous
magnetite (ti-mgf) phenocryst in
Ipunda lava sample. d
Monticellite (mtc) grain with
calcite (cal) matrix and
titaniferous magnetite (ti-mgt)
phenocrysts in Jango carbonatite
lava sample

@ Springer

Discussion

Carbonatites exposed in the Catanda area consist of pyroclas-
tic rocks and lava flows. They form a cluster of small discrete
volcanic edifices. Here, we discuss the nature of the eruptive
processes responsible for the emplacement of pyroclastic
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rocks and infer the approximate positions of eruptive centres
in the Catanda area. We also interpret the mineralogy, texture
and origin of the lava flows that are localised in the Catanda
graben.

Carbonatitic pyroclastic rocks

Our study of the Catanda carbonatitic sequences reveals an
overall abundance of pyroclastic rocks in comparison to lava
flows. Therefore, eruptive processes involved in the emplace-
ment of the Catanda carbonatites were dominated by explo-
sive activity. In general, the Catanda pyroclastic rocks can be
classified as lapilli tuffs, although some interbedded layers of
tuff can also be found. These finer-grained layers might rep-
resent more explosive phases, more distal deposition or dif-
ferent transport processes. The carbonatitic pyroclastic rocks
described here share similar features with those from other
localities such as the Italian extrusive carbonatites of San
Venanzo and Polino (Stoppa and Lupini 1993; Stoppa 1996;
Stoppa and Schiazza 2013), as well as the Kaiserstuhl volca-
no, Germany (Keller 1989), where pyroclastic rocks and lava
flows occur in close association.

Position of eruptive centres and type of volcanoes

Using geophysical methods, Silva and Pereira (1973) distin-
guished seven different eruptive centres in the Catanda area.
However, it was not possible to describe volcanic structures
such as dykes to verify the position of eruptive centres. In this
study, considering the location and orientation of lava flows
and pyroclastic rocks, seven specific locations can be consid-
ered as possible eruptive centres (shown in Fig. 3 with circled
stars). Given the number of proposed eruptive centres, the
shallow dips of pyroclastic horizons and the relatively thin
sequences, we conclude that the Catanda carbonatitic area
consisted of a number of small (monogenetic) volcanic edi-
fices, as opposed to one dominant centre. These edifices were
probably maars or tuff rings, similar to those described in
other extrusive carbonatite localities such as Polino (Stoppa
and Lupini 1993), Kaiserstuhl (Keller 1981, 1989) and Mt.
Vulture (Stoppa and Principe 1998). This is supported by the
typically low outward dips of strata; the thin pyroclastic
sequences; the abundance of lithic fragments; and occasional
low-angle cross-bedding attributed to deposition from pyro-
clastic surges, which are typical of maar tephra rings (White
and Ross 2011 and references therein).

Origin of pelletal lapilli

Pelletal lapilli occur in several different pyroclastic deposits of
the Catanda area. The cores of these lapilli are composed of
quartz and microcline derived from the granite host rocks and
less frequently accessory minerals derived from the

carbonatite magma, including titaniferous magnetite and apa-
tite. In other carbonatite localities where pelletal lapilli are
described (Stoppa and Lavecchia 1992; Stoppa and Principe
1998), their cores are normally composed of minerals of a
mantle origin and rock fragments that point to a significant
depth for the formation of pelletal lapilli (Lloyd and Stoppa
2003). Here, the predominance of cores composed of shallow
lithics indicates a near-surface depth for the formation of
pelletal lapilli.

Spherical lapilli can form experimentally as a result of
phreatomagmatic processes or by blowing compressed air
through ultramafic magma (Zimanowski et al. 1997), so they
do not represent a specific fragmentation mechanism. Gernon
et al. (2012) attributed the formation of pelletal lapilli in
kimberlites to a process known as “fluidised spray granula-
tion”, which involves the coating of pyroclasts by a spray of
melt droplets in diatremes. Unravelling the detailed processes
of formation of pelletal lapilli and the relative importance of
magmatic and phreatomagmatic fragmentation at Catanda
requires further examination.

Lavas
Origin

The rocks we interpret as lavas are distinct from the observed
pyroclastic lithofacies, and several features cannot easily be
explained by welding or agglutination of pyroclastic deposits.
The lavas exhibit very distinctive morphology and texture,
forming coherent bodies with no discernible internal structure.
In places, they contain abundant circular vesicles. Although
they contain small quantities of granite clasts and disseminat-
ed crystal fragments (i.e. quartz, microcline, plagioclase),
these are much more abundant in the pyroclastic lithofacies
where they are organised into discrete layers. Layering of
crystals and lithic clasts is expected to be preserved after
welding (see Brown et al. 2008) but is not observed at
Catanda. Further, welding is expected to produce sintered melt
fragments and gradational contacts with volcaniclastic
lithofacies (Brown et al. 2008), neither of which are observed
at Catanda. Therefore, we argue that the lavas are not welded
pyroclastic rocks but true lavas that erupted as liquids, flowed
and subsequently became solid, such as those of the Kalyango
flow in Fort Portal (Uganda) (Eby et al. 2009).

Mineralogy

Four different types of lavas can be distinguished based on
mineralogical and textural features. The Utihohala, Ipunda
and Jango lavas (Fig. 9b—d) contain more than 50 % carbon-
ate, so they should be classified as carbonatite lavas (Bell
1989). On the other hand, the Huilala-Ungongué lavas contain
only around 30 vol% carbonate, due to the presence of
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accessory minerals, especially silicate phenocrysts (augite and
phlogopite) as well as cuspidine in the groundmass. Consid-
ering the abundance of these silicates, the Huilala-Ungongué
flows are classified as silicocarbonatite lavas.

The Huilala-Ungongué flows are the most complex lavas
according to mineral association, which is quite similar to that
described in other localities such as Fort Portal (Von Knorring
and Du Bois 1961; Nixon and Hornung 1973; Barker and
Nixon 1989; Eby et al. 2009), where periclase is also noted in
the base of the Kalyango flow. One significant difference at
Catanda is the absence of melilite, which is described in a
number of extrusive carbonatite localities (Hay 1978; Stoppa
1996).

The other Catanda lavas have a simple mineral association,
with the exception of some variations including the occasional
presence of alabandite in Utihohala flows, which is present in
natrocarbonatitic lavas of the Oldoinyo Lengai volcano
(Peterson 1990; Dawson et al. 1995).

Trachytoid textures

The well-developed trachytoid textures observed in lavas and
juvenile lapilli from the Ipunda area were likely generated by
accumulation of tabular calcite crystals in the magma reser-
voir. Similar textures were reported by Hayward and Jones
(1991) in Middle Proterozoic extrusive calciocarbonatites
from Qasiarsuk, South Greenland, as well as in the
carbonatitic tephra from the Kerimasi volcano, Tanzania
(Hay 1983; Zaitsev 2010); at both localities, tabular calcite
crystals are interpreted as calcite pseudomorphs, which orig-
inated from primary natrocarbonatite minerals. Deans and
Roberts (1984) described similar textures in pyroclastic rocks
and lavas from the Tinderet foothills in Kenya, also proposing
a pseudomorphic origin. However, Mariano and Roeder
(1983) argue in favour of a primary magmatic origin for
tabular calcite crystals. Dawson (1993), Zaitsev and Keller
(2006) and Keller and Zaitsev (2006) studied “in situ”
weathering and alteration processes of the Oldoinyo
natrocarbonatites, where they describe polycrystalline calcite
as a secondary product of the natrocarbonatitic mineral asso-
ciation. Nevertheless, the discussion about the origin of the
trachytoid textures is still opened, and Zaitsev et al. (2013)
proposed a natrocarbonatitic melt origin for the formation of
carbonatite lavas at the Tinderet foothills.

Conclusions
Our conclusions are summarised as follows:
1. In the Catanda graben, a group of small monogenetic

carbonatitic volcanic edifices are exposed; these consist
mainly of pyroclastic rocks and minor lava flows.

@ Springer

2. The dominance of pyroclastic rocks indicates an impor-
tant role for explosive volcanism in the area.

3. Pyroclastic rocks are mainly lapilli tuffs and minor tuffs
occasionally comprising pelletal lapilli. Five different py-
roclastic lithofacies have been distinguished in the area.

4. The cores to pelletal lapilli are mainly composed of shal-
low lithic grains indicating a near-surface depth of
formation.

5. The eruptive products related to effusive pulses (lavas) are
only located in the external parts of the graben, likely
localised along major faults.

6. Based on mineralogical and textural features, four differ-
ent types of lavas can be distinguished: Huilala-
Ungongué (silicocarbonatites) as well Utihohala, Ipunda
and Jango (carbonatites).

7. We have identified seven possible eruptive centres in the
Catanda area. The volcanoes were likely tuff rings or
maars.
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