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Abstract

The Karthala massif, which covers the entire central and southern part of the
island of Grande Comore, is made up of massive basalt flows, both vesicular
and non-vesicular, pahoehoe and aa-type lavas and oceanite boulders. Petro-
graphic observations of massive basalt flows show porphyritic and vacuolar
microlitic textures marked by successive crystallization of opaque minerals,
olivines, clinopyroxenes, orthopyroxenes and plagioclases in little or no
mesostasis. This crystallization sequence is characteristic of a high-pressure
geodynamic environment. The chemical variation of major and trace elements
shows that the basalts studied are characterized by an under-saturation in sil-
ica (47.44%) and an enrichment in alkalis (1.95%) and titanium (2.33%). The
rare-earth spectra of these basalts show a subparallel pattern, suggesting the
same source. In the rare earth and multi-element diagram, the Karthala basalts
show an alkaline nature, characterized by enrichment in light rare earths
(LREE) and large ion lithophile elements (LILE) and depletion in heavy rare
earths (HREE) and high field strength elements (HFSE). They also show pos-
itive Nb and Ta anomalies, typical of oceanic island basalts (OIBs) emplaced
by mantle plume dynamics. These geochemical characteristics are compatible
with an enriched, deep-seated garnet lherzolite-type source.

Keywords

Grande Comore, Karthala Massif, Mantle Plume, Hot Spot,
Oceanic Island Basalts

1. Introduction

The Karthala massif on the island of Grande Comore is an active volcano whose
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origin, nature of source and geodynamic context of rock emplacement remain
subjects of debate. In this context, the authors [1]-[5] suggest a mantle source of
the hot-spot type, attributing the volcanism of the Comoros to a mantle plume
and emphasizing the interaction between the lithosphere and the fluids of this
plume. [6] interpret the Comoros volcano as a hot spot located on an intraplate
fracture zone, a passive margin, or the northern limit of a zone of diffuse defor-
mation. In contrast, [6] and [7] question the contribution of a hot-spot and pro-
pose in this case the presence of lithospheric fracture. [8] support the idea of lith-
ospheric deformation in the context of the East African Rift. Controversy persists
as to the crustal nature of the Comoros Basin, based on petrological and magnetic
studies. Indeed, [9] and [10] and, suggest that the Mozambique Channel between
Africa and Madagascar constitutes a geosyncline resting on a Precambrian gra-
nitic ridge. [10] and [11] support this hypothesis on the basis of sandstone en-
claves in the lavas of the Comoros Islands. However, [12] identified magnetic
anomalies in the western Somali basin, suggesting that the crust of this basin is
oceanic.

This simple bibliographical review shows the importance of this study, whose
aim is to provide new lithological, petrographic and geochemical data for a better
understanding of the geology of the Karthala massif, to better elucidate the nature
and depth of the magmatic source and to propose a geodynamic scenario for the

emplacement of the rocks.

2. Geological Context
2.1. Regional Geological Context

The Comoros archipelago is located in the Indian Ocean, more precisely in the
Mozambique Channel, halfway between Madagascar and Africa [10]. From north
to south and west to east, it comprises four (04) islands (Figure 1): Grande

Comore; Mohéli; Anjouan and Mayotte (Figure 1).
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Figure 1. Location map of the comoros archipelago [10], modified.
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The Comoros archipelago was formed in the Cenozoic, following the detach-
ment of Africa in the Lower Jurassic [13]. These islands were formed as a result of
age-dependent progressive volcanism from the ESE to the WNW of the archipel-
ago [3] [7] [14]. These authors deduce that the oldest volcanism began in the Cre-
taceous-Miocene, after volcanism had migrated westwards to form the four is-
lands. Thus, Maoré (Mayotte) existed in the Mio-Pliocene, Anjouan and Mohéli
in the Pliocene [13] and Grande Comore or Ngazidja in the Quaternary [13].

The Mozambique Channel, which lies between the relatively steep and narrow
continental slopes of the African continent and the island of Madagascar, began
its formation during the break-up of Gondwana and continues to the actual [10]
and [15]:

- The movement of Madagascar in relation to Africa, which was guided by a
dextral transform fault of submarine relief: the Davie Range [12].

- The Davie Range (2000 km wide) illustrates the movement between Madagas-
car and Africa from the Middle-Upper Jurassic to the Aptian [16].

- The separation of Madagascar from east Africa is associated with the opening
of the Somali and Mozambique basins by N-S oceanic accretion along the mid-

ocean ridge [17].

2.2. Local Geological Context

The island of Grande Comore has been subdivided into three (03) massifs based
on geomorphological considerations [18]: Grille in the north, Karthala in the cen-
ter and Badjini in the extreme south (Figure 2).

However, it should be noted that Grande Comore is made up of two (02) large
shield volcanoes: the Grill massif to the north and the Karthala massif (the center
and south of the island) [19]. The latter, the site of our study area, is a large active
volcano with a poly-lobed summit caldera whose morphology is marked by the
presence of two craters: the Chungmu Chahalé crater in the center and the
Chagnoumeni crater in the north, a few hundred metres from the Itsandra gate.
Major volcanic eruptions have produced lava flows that have emerged either from
the summit crater or, more often, from lateral fissures marked by a large number
of small adventitious strombolian cones [13].

The formations of the Karthala massif have been subdivided by [18] into three
(03) volcanic units according to the presence or absence of surface flow structures
(see Figure 3 below).

- A first unit corresponding to the ancient Karthala (K5 and K6), which corre-
sponds to the ancient Badjini massif. This unit is highly altered, lacking any
flow surface structure, and develops layers of ferralitic alterites of decimetric
to metric thickness;

- A second unit characterized by little altered formations constituting the recent
Karthala (K4a and K4b), formed of pahoehoe and aa-type flows, aphyric bas-
alts and olivine megacrysts;

- And a third unit made up of the younger formations that make up actual
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Figure 2. Geomorphological map of Grande Comore [18], modified.
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Figure 3. Volcano-tectonic map of the Karthala massif [18], modified, showing the location
of sampling points.
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Karthala (K1, K2 and K3), devoid of vegetation and with the marked surface

characteristics of well-preserved flows.

3. Methodology

The methodology used throughout this work consisted firstly of fieldwork based
on the identification of the various lithologies and systematic sampling of the dif-
ferent volcanic facies of the Karthala massif. Following this fieldwork, nineteen
(19) rock samples were collected, thirteen (13) of which were selected for geo-
chemical analysis. Of these samples, ten (10) are basalts, one (1) is an ankaramite
and two (2) are oceanites.

After sampling, the thin sections required for petrological studies were pre-
pared at the thin section laboratory of the Houphouét-Boigny University in Ivory
Coast. Petrographic studies were then carried out using a camera-equipped opti-
cal microscope at the Geology Department, the National Superior School of Mines
and Geology (ENSMG) and the Fundamental Institute of Black Africa (IFAN) of
the Cheikh Anta Diop University of Dakar (UCAD). Finally, geochemical analyses
of total rock (major and trace elements) were carried out in Canada by the
ACTLABS laboratory. Major elements were analyzed by the FUS-ICP method and
trace elements by the FUS-ICP and FUS-MS methods.

4. Results
4.1. Lithological and Petrographic Studies

Lithological and petrographic studies were carried out mainly on the three vol-
canic units of the Karthala massif (ancient, recent and actual), the sampling points
of which are located on the volcanotectonic map of Grande Comore (Figure 3).

The lithological study shows that the Karthala massif is characterized by an
eruptive dynamism that gives rise to flows of different shapes divided into three
units:

- First unit: porphyritic vesicular basalt flows;

- The second unit is made up of non-vesicular porphyritic basalt flows, ankara-
mites and pahoehoe-type flows;

- And third unit made up of porphyritic vesicular basalt flows, oceanites and aa-
type flows.

Porphyritic vesicular basalts have been subdivided into two types according to
the abundance and nature of the phenocrysts: vesicular basalts with clinopyroxene
and orthopyroxene phenocrysts and vesicular basalts with olivine phenocrysts.

- Clinopyroxene and orthopyroxene phenocrystalline vesicular basalts outcrop
at the Karthala summit at the northern entrance to Itsandra gate, 1.18 km from
the large Chungu Chahalé crater. The rocks are heaped into angular blocks of
decimetric to metric size, showing a light-grey hue in fresh fracture. It should
be noted, however, that these porphyritic basalts look aphyritic at the outcrop
scale (Figure 4(a)).

- Vesicular basalts with abundant phenocrysts of olivine and clinopyroxenes
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(Figure 4(b)), on the other hand, outcrop to the southeast in the Singani sec-
tor, 9.36 km from the caldera, and to the northwest in the village of Hasseindjé.
They cut into isolated, blunt, polygonal blocks and appear as compact, black-
ish-grey rocks.

Microscopically, both types of basalt show the same vacuolated porphyritic mi-
crolitic texture, composed of plagioclases, clinopyroxenes, orthopyroxenes or oli-
vines as the case may be, opaque minerals and vesicles bathed in little or no
mesostasis (Figure 4(c) and Figure 4(d)).

Plagioclases are very abundant (55% to 65%) and occur as microlites.

Clinopyroxenes (30% to 35%), sometimes macerated, occur as automorphic to
subautomorphic phenocrysts (0.4 to 1.2 mm) and small crystals.

Orthopyroxenes are rarely found (1% to 2%) as automorphic to subautomor-
phic phenocrysts (0.3 to 1 mm), only associated with clinopyroxene phenocrysts.

Olivines (10% to 15%) occur as automorphic to subautomorphic phenocrysts
(0.6 to 1.3 mm). Some individuals contain opaque mineral crystals.

The vesicles (3% to 6%) are generally rounded to subrounded and show no fill-
ing. Their walls are lined with plagioclase microlites.

Non-vesicular porphyritic basalts (Figure 4(e)) outcrop to the northwest of the
Karthala massif, around 6 km from the Bangaani sector and 13.8 km from the
Karthala summit. These basalts have a very limited thickness (20 m). Microscop-
ically, the rock shows a porphyritic microlitic texture with phenocrysts of clino-
pyroxenes and olivines containing crystals of opaque minerals (2% - 5%) and a
mesostasis containing micolites of plagioclase (60% - 65%) and clinopyroxenes
(Figure 4(f)).

Oceanites occur mainly in the vicinity of the large Chahalé crater, in the form
of scattered light-gray decimetric to millimetric blocks with abundant olivine phe-
nocrysts (Figure 4(g)). They are embedded in a platform composed of heteroge-
neous elements (volcanic ash, black sand, slag and lapillis) from the Karthala vol-
canic eruptions. Microscopically, the rock shows a porphyritic microlitic texture
composed of olivine phenocrysts (30% - 35%) and clinopyroxenes (5% - 7%), and
a mesostasis composed of plagioclase microlites (55% - 60%), clinopyroxenes and
opaque minerals (Figure 4(h)).

Ankaramites outcrop in the Ourovéni area in the extreme south of Grande
Comore, 19.7 km from the Karthala volcano, in the form of massive centimetric
to metric vesicular blocks. Petrographically, ankaramites have the same texture
and mineralogical composition as oceanites, but are distinguished from the latter
by the abundance of clinopyroxene phenocrysts (Figure 4(i) and Figure 4(j)).
Some clinopyroxene phenocrysts include olivine crystals (Figure 4(k)).

Pahoehoe-type flows or corded lavas appear as pleated rope clusters (Figure
4(1)). They are in the form of cow dung, with small folds wound around each other
on their surface to form entrainment folds.

Type aa flows have a rough, irregular surface with decimetric to metric sharp

blocks colonized by lichens and moss (Figure 4(m)). It should be noted, however,
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that we were unable to make thin slides of the pahoehoe and aa-type flows due to
their very brittle nature.

Basalt stalactites formed by dripping lava are very common in the study area
(Figure 4(n)).
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Figure 4. (a) Vesicular basalt showing an aphyric appearance at outcrop scale; (b) porphyritic vesicu-
lar basalt showing olivine (Ol) phenocrysts; (c) microscopic characteristics of aphyric vesicular basalt
showing clinopyroxene (Cpx) and orthopyroxene (Opx) phenocrysts; (d) microscopic characteristics
of porphyritic vesicular basalt showing clinopyroxene and olivine phenocrysts enclosing opaque min-
erals (Op); (e) and (f) macroscopic and microscopic characteristics of non-vesicular porphyritic bas-
alts showing phenocrysts of olivines enclosing opaque minerals; (g) and (h) macroscopic and micro-
scopic characters of oceanites illustrating a porphyritic microlitic texture with clinopyroxene and oli-
vine phenocrysts bathing in a very abundant mesostasis; (i)-(k) macroscopic and microscopic charac-
ters of ankaramite showing clinopyroxene and olivine phenocrysts. Some clinopyroxene phenocrysts
include olivine phenocrysts; (1) macroscopic characteristics of Pahoehoe-type flows in the form of
folded rope clusters; (m) macroscopic characteristics of aa-type flows showing decimetric to metric
sharp blocks colonized by lichens and moss and (n) basalt stalactites formed by lava dripping.

4.2. Geochemical Study

The geochemical study will be carried out according to the three units already

identified on the Karthala massif, 7.e ancient, recent and actual Karthala. A total
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of 13 rock samples were selected for geochemical analysis, with concentrations of
major and trace elements shown in Table 1. Of these samples, 2 belong to ancient
Karthala, including 1 porphyritic vesicular basalt and 1 porphyritic non-vesicular
basalt, 5 to recent Karthala, including 1 porphyritic vesicular basalt, 1 porphyritic
non-vesicular basalt, 1 ankaramite and 2 oceanites, and 6 to actual Karthala, in-
cluding 4 porphyritic vesicular basalts and 2 porphyritic non-vesicular basalts. It
should be noted, however, that all these samples have very low losses on ignition
(LOI) ranging from 0.16% to 0.91%, suggesting that chemical elements such as
LILE and HFSE are very little affected by post-magmatic phenomena such as met-
amorphism, hydrothermalism, seawater, tectonics and oxidation. Therefore, the
geochemical characters of all rock samples will be examined in this section. In
addition, REEs are normalized to the NWA974 chondrites of [20], while incom-
patible trace elements are normalized to the primitive mantle of [21].

4.2.1. Major and Trace Elements

Plotting the geochemical data of the Karthala massif rocks on the Zr/TiO, versus
Nb/Y diagrams of [22] and Zr/Ti versus Nb/Y diagram of [22] modified by [23]
shows that all samples have an alkaline basalt composition (Figure 5(a) and Fig-
ure 5(b)). However, the ancient Karthala basalts have higher contents of major
elements such as SiO, (48% - 48.7% vs. 46.4% - 47.9%), TiO; (2.6% vs. 1.6% -
2.5%), Na,O (3.1% vs. 1.8% - 3.1%) and K,O (1.2 vs. 0.6% - 1.1%) and incompat-
ible trace elements such as Y (25.8% - 26.1% vs. 16.5% - 23.9%) and Yb (2% vs.
1%, 3% - 1.8%) but lower values in Mg# (50.2% - 52.1% vs. 53.6% - 72.8%) and
compatible trace elements such as Ni (90 - 140 ppm vs. 140 - 550 ppm), Cr (70 -
130 ppm vs. 150 - 930 ppm) and Co (42 - 44 ppm vs. 47% - 68%) than basalts,
ankaramite and oceanites from recent Karthala (Figure 6). These geochemical
characteristics suggest that the magma of ancient Karthala is more evolved than
that of recent Karthala. In addition, the basalts of actual Karthala have more var-
iable chemical compositions (SiO, = 46.1% - 48.5%; TiO, = 1.9% - 2.7%; ALO; =
10.7% - 14.9%; Na,O = 2.4% - 3.4%; K,O = 0.9% - 1.3%; Ni = 70 - 550 ppm; Cr =
30 - 740 ppm; Co = 39 - 68 ppm; La = 27.7 - 40 ppm; Y = 18.9 - 27.3 ppm and Yb
= 1.5 - 2.3 ppm) that overlap those of ancient and recent Karthala (Figure 6).
Finally, the chemical compositions of Karthala massif rocks (ancient, recent and
actual) show with Mg# (Mg# = ((MgO/40)/(MgO/40) + (Fe,01/72)) x 100) used
as an index of magmatic differentiation good negative correlations for SiO,, TiO,,
ALO;, Na,0, K;0, P,0s, La, Y and Yb and good positive correlations for Ni, Cr
and Co (Figure 6). These geochemical trends are consistent with the successive

crystallization of olivines, pyroxenes, plagioclases and ferrotitanium oxides.

4.2.2. REE and Other Trace Elements

Early Karthala alkaline basalts with ZREE ranging between 960 and 1011 ppm
have highly enriched LREEs of 216 to 236 times chondrites and highly depleted
HREEs of 12.6 to 12.9 times chondrites with highly fractionated spectra
(LaN/YbN = 16.1 - 17.2) and very weak negative europium anomalies (Eu/Eu* =
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Table 1. Geochemical analyses of major and trace elements in basalts, oceanites and ankaramites from the Karthala massif, Abbre-
viations: Bnvp: Porphyritic non-vesicular basalt; Bvp: Porphyritic vesicular basalt, An: Ankaramite, Oc: Oceanite.

Massif Old karthala recent Karthala actual Karthala
sample A19 A22 Al8 A20 A21 A5 All A2 Al5 Al6 Al17 Al2 Al4
Lithology Bvp Bnvp Bvp Bnvp  An Oc Oc Bvp Bvp Bvp Bvp Bnvp Bnvp
Si0O2 48.66 48.05 46.71 47.9 4645 464  46.79 48.51 47.78 48.08 46.14 46.96 4841
AlLOs 14.69 14.15 11.49 14.53 9.56 11.57 11.99 14.68 12.92 14.33 10.69 14.47 14.93
Fe,0s3(T) 12.75 12.58 13.22 12,56 12.16 12.34 12.81 13.19 12.12 12.94 12.9 13.37  13.04

MnO 0.179 0.178 0.177 0.177 0.177 0.18 0.183 0.185 0.173 0.186 0.184 0.189 0.182
MgO 6.44 6.85 12.71 726 1627 1241 1235 6.07 8.13 6.97 15.87 6.85 5.38
CaO 11.61 1126 10.88 11.24 11.27 11.01 11.14 11.62 13.48 11.34 9.38 11.31  10.62
Na.O 3.1 3.1 2.57 3.09 1.84 234 2.62 3.24 2.67 3.17 2.44 3.2 3.38
K:O0 1.17 1.17 0.98 1.13 0.61 1.01 0.96 1.3 0.93 1.26 0.98 1.33 1.27
TiO: 2.587 2,597 2278 2499 1.638 2.034 2.083 2619 2161 2.515 1.932  2.627 2.72
P20s 0.36 0.38 0.37 0.36 0.22 0.3 0.29 0.39 0.31 0.37 0.29 0.42 0.41
LOI 0.71 0.49 0.44 0.16 0.54  0.37 0.71 0.91 0.66 0.74 0.67 0.59 0.67

Total 100.84 99.83 100.95 100.59 99.66 99.96 100.51 100.89 100.01 100.42 100.14 100.14 99.67

Mg# 50.23 52.11 65.76  53.59 72.78 66.77 65.83 47.9 57.27 51.84 71.08 50.58 45.19
Ni 90 140 360 140 550 390 380 80 150 130 550 130 70
Cr 70 130 640 150 930 550 550 50 480 130 740 150 30
Co 42 44 54 47 68 59 59 45 44 46 68 46 39
Sc 31 28 31 27 37 31 32 28 39 29 28 25 23
Cs 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3
Rb 24 25 21 25 13 21 20 27 21 26 21 30 28
Ba 330 352 291 347 202 289 288 370 289 360 284 393 380
Th 3.84 4.17 3.34 4.02 223 323 3.25 4.05 3.36 3.87 3.07 4.65 4.45
U 0.98 1.03 0.77 0.98 0.55 0.84 0.79 1.02 0.85 0.95 0.75 1.18 1.09
v 290 284 240 280 225 252 259 297 276 291 226 295 286
Nb 40.9 45.5 36.8 41.1 24.8 34 34.6 44.5 35.2 43.2 32.8 48.6 45.9
Ta 2.56 2.89 2.17 2.68 1.53  2.16 2.19 2.87 2.26 2.76 2.05 3.06 2.9
La 34.1 37.3 29.5 34.7 204 298 29.8 37 29.1 35.2 27.7 40 38
Ce 67.7 72.5 59.3 67.6 406  57.7 58.4 70.8 56 69.7 53.6 78.1 72.2
Pb 3 4 4 4 4 9 4 4 4 4 4 4 9
Pr 7.98 8.53 7.06 7.94 4.54  6.66 6.89 8.45 6.52 8.08 6.3 8.78 8.55
Sr 501 515 422 544 308 436 456 526 420 512 392 553 532
Nd 33.2 34.5 27.5 31.8 198  27.6 27.8 343 28.2 334 27 35.9 34.5
Zr 189 196 166 183 110 150 152 199 150 194 150 201 199
Sm 7.13 7.28 5.81 6.67 428 5.71 5.81 7.35 5.96 6.64 5.18 7.53 7.32
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Continued

Eu 2.11 2.2 1.85 2.13 1.39 1.74 1.85 2.26 1.85 2.1 1.66 2.31 2.18
Gd 6.39 6.67 5.46 6.09 3.9 4.79 4.99 6.6 5.13 6.4 4.7 6.67 6.57
Dy 5.29 5.16 4.37 4.77 34 4.13 4.06 5.37 4.65 5.02 3.68 5.59 5.71
Ho 0.98 0.97 0.78 0.91 0.62 0.79 0.75 0.99 0.85 0.95 0.69 1 1.01
Er 2.52 2.49 2.02 2.37 1.65 2.01 2.02 2.58 2.21 2.52 1.86 2.63 2.67

Y 26.1 25.8 21 23.9 16.5 20.4 20.9 25.5 22.2 24.8 18.9 26.1 27.3

Yb 2 2.04 1.59 1.83 1.28 1.6 1.63 1.97 1.71 1.81 1.51 1.99 2.31
Lu 0.301 0.309 0.231 0.279 0.188 0.237 0.25 0.319 0.254 0.275 0.234 0.301 0.345

Sn 1 1 1 1 1 <1 1 1 1 1 <1 1 1
Sb <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Tb 0.99 1.02 0.81 0.91 0.65 0.78 0.77 0.99 0.82 0.96 0.71 1.03 1.05
w <0.5 1.1 <0.5 0.6 <0.5 <0.5 0.5 0.7 <0.5 0.8 <0.5 0.7 0.8
Ta 2.56 2.89 2.17 2.68 1.53 2.16 2.19 2.87 2.26 2.73 2.05 3.06 2.9
Mo <2 2 <2 <2 <2 <2 <2 2 <2 2 <2 2 2

Hf 4.6 5.1 4 4.3 2.8 3.8 3.8 5.1 3.9 4.8 3.7 4.7 4.6
YREE 960 1011 816 938 581 799 809 1006 808 961 749 1061 1026
Lan/Ybn 16.08 17.24 17.50 17.88 15.03 17.56 17.24 17.71 16.05 18.34 17.30 18.95 1551
Lax/Smn 3.42 3.66 3.63 3.72 3.41 3.73 3.67 3.60 3.49 3.79 3.82 3.80 3.71
Gdn/Ybn 3.05 3.12 3.28 3.18 291 2.86 2.92 3.20 2.86 3.38 2.97 3.20 2.72
Lan/Ndn 2.24 2.35 2.34 2.38 2.24 2.35 2.33 2.35 2.25 2.29 2.23 2.43 2.40
Smn/Gdn 1.54 1.51 1.47 1.51 1.51 1.65 1.61 1.54 1.60 1.43 1.52 1.56 1.54
Dy~/Lun 2.09 1.99 2.25 2.03 2.15 2.07 1.93 2 2.18 2.17 1.87 2.21 1.97
Eu/Eu* 0.83 0.84 0.87 0.88 0.90 0.87 0.90 0.86 0.88 0.86 0.89 0.86 0.83

0.83 - 0.84) (Figure 7(a)). Alkaline basalts from recent Karthala (ZREE = 816 -
938 ppm) also show very marked REE enrichment and fractionation (187 to 220
times chondrites in LREE and LaN/YbN = 17.5 - 17.9) with similarly low euro-
pium anomalies (Eu/Eu* = 0.87 - 0.88) (Figure 7(a)). It should be noted, however,
that recent Karthala alkaline basalts are less enriched in REE, with slightly steeper
spectra and less pronounced negative europium anomalies than ancient Karthala
alkaline basalts (Figure 7(a)). Recent Karthala ankaramite (ZREE = 581 ppm)
shows a highly fractionated REE spectrum marked by a strong LREE enrichment
of 129 times the chondrites and a clear HREE depletion of 8 times the chondrites
with a very steep spectrum (LaN/YbN = 15) and a very weak negative europium
anomaly (Eu/Eu* = 0.9) (Figure 7(a)). Recent Karthala oceanites (SREE = 799 -
809 ppm) also show very marked enrichment (189 times chondrites in LREE) and
fractionation of REE spectra (LaN/YbN = 17.2 - 17.6) and very slight negative
europium anomalies (Eu/Eu* = 0.87 - 0.9) (Figure 7(a)). Compared with the

alkaline basalts and ankaramite of recent Karthala, these oceanites have REEs
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intermediate between the two (Figure 7(a)). Finally, alkaline basalts from actual
Karthala (XREE = 749 - 1061 ppm) are slightly more enriched in REE (compared
with chondrites 175 to 253 times in LREE and 10 to 14 times in HREE) with spec-
tral fractionation (LaN/YbN = 15.5 - 19) and negative europium anomalies
(Eu/Eu* = 0.83 - 0.89) similar to alkaline basalts from ancient and recent Karthala
(Figure 7(a)).

On the expanded incompatible trace element diagrams normalized to the prim-
itive mantle (Figure 7(b)), all samples from ancient, recent and actual Karthala
show positive anomalies in Rb, Ba, Ta, Nb and Nd, and negative anomalies in Th,
U, Sr and Zr. Pb, on the other hand, shows negative anomalies, with the exception
of three samples with positive anomalies (samples: océanite A5 from recent Kar-
thala; ankaramite A21 from recent Karthala and alkaline basalt A14 from actual
Karthala).

4.2.3. Nature and Depth of Magmatic Source

In this section, we will use all the samples from the Karthala massif, which are
supposed to be representative of magmatic liquids. In the Sm/Yb (ppm) vs. La/Yb
(ppm) diagram by [24] (Figure 8(a)), Karthala massif lavas lie in the enriched
mantle domain and correlate perfectly with asthenospheric mantle melting curves
in garnet lherzolite facies. This result is confirmed by the TiO,/Yb (ppm) versus
Nb/Yb (ppm) diagram [25] (Figure 8(b)) proposed for estimating the source
depth of lavas from oceanic domains not influenced by subduction. In the latter
diagram, which confirms the alkaline nature of the rocks, we observe that all lavas
lie within the garnet stability field, suggesting that the source of the magma would

be very deep garnet lherzolite. The result is also consistent with the very strong
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depletion of HREEs. However, the heterogeneity of the chemical composition of
the magmas that generated the alkaline rocks of ancient, recent and actual Kar-
thala can be explained by a single mantle source, but resulting either from variable
rates of partial melting, or from the recycling of subducted oceanic crust residues
into the deep mantle [26]. The variable degree of partial melting has been shown
to be a function of the LREE/HREE ratio, which can be >1 or <1. Thus, a low
partial melting rate gives a LREE/HREE ratio >1, while a high partial melting rate
gives a LREE/HREE ratio <1. All the samples from the Karthala massif (ancient,
recent and actual) have LREE/HREE (La/Lu) ratios >1. This implies a low partial
melting rate for the magmas from which these rocks originate, and this result was
confirmed by the Sm/Yb (ppm) vs La/Yb (ppm) diagram [24] (Figure 8(a)), which
places the rocks from the Karthala massif between 1% and 0.1% partial melting
rate. However, the almost identical LREE/HREE ratios between ancient, recent
and actual Karthala rocks do not reflect variations in partial melting rates. The
differences in chemical composition between ancient, recent and present-day
Karthala alkaline rocks are therefore likely to have resulted from the recycling of
subducted oceanic crustal residues into the deep mantle, and the interpretation
lies in the presence of positive Nb and negative Pb anomalies in the alkaline rocks
of the Karthala massif. The distance of the Comoros Islands from the mid-ocean
ridge suggests an interaction between the mantle plume and a thick oceanic lith-
osphere, which could also explain the variability in the chemical composition of
the Karthala basalts [27].

4.2.4. Geodynamic Context

To constrain geodynamic environments, we have used discrimination diagrams
involving immobile elements such as HFSEs and REEs. Examples include the
TiO,/Yb (ppm) versus Nb/Yb (ppm) (Figure 8(b)) or Th/Yb versus Nb/Yb dia-
grams by [25] (Figure 9(a)) and the Nb/Y versus Zr/Y diagram by [28] (Figure
9(b)), where the Karthala Massif lavas are located in the Ocean Island Basalt (OIB)
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field. Furthermore, in [28] diagram (Figure 9(b)), all samples from the Karthala
massif lie above the AND line, indicating that the source is related to a mantle
plume from the enriched lower mantle and the rocks were emplaced at a hot-spot.
The oceanic island context (OIB) for the alkaline rocks of the Karthala massif is
also in agreement with the highly enriched LREE spectra and the positive Nb and

Ta and negative Pb anomalies (with the exception of three samples).
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depth of the source of the Karthala massif magmas. PM = Primitive Mantle; N-MORB = Normal Mid-Ocean Ridge Basalt; E-MORB =
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5. Discussion

The Karthala massif, which covers two-thirds of Grande Comore Island, is com-
posed mainly of vesicular and non-vesicular massive basalt flows, oceanites, an-
karamite and pahoehoe and aa-type lavas.

Petrographic studies of the massive basalts, oceanites and ankaramites of the
Karthala massif show variable textures ranging from microlitic porphyry to mi-
crolitic vacuolar porphyry, and successive crystallization of opaque minerals, oli-
vines, clinopyroxenes, orthopyroxenes and plagioclases. This crystallization order
is comparable to that of the basalts and oceanites of Reunion Island [30]-[32], the
basalts of Sainte Helene [33] and the basalts of the Karthala massif [15], marked
by the early crystallization of spinels or chromites followed by olivines, clinopy-
roxenes and plagioclases. It should be noted, however, that the basalts in this study
and in Réunion are distinguished by the presence of orthopyroxenes, which crys-
tallize after clinopyroxenes. On the other hand, this crystallization order is differ-
ent from that of the basalts of the Bangaani sector (Karthala massif), marked by
the early crystallization of olivines followed by opaque minerals, clinopyroxenes
and plagioclases [34] or the basalts of the Azores, Tristan da Cunha and Gough
[35]: and Icelandic basalts [36], where opaque minerals crystallized last after oli-
vines, clinopyroxenes and plagioclases in succession.

The geochemical study confirms the alkaline nature of the basalts of the Kar-
thala massif and the non-primary nature of the magmas that produced the rocks
of ancient, recent and actual Karthala. This result confirms that of [1], who
showed that the Karthala lavas are non-primary due to their low Mg# values of
between 0.52 and 0.54, their low Ni contents (115 and 122 ppm) and their low
Ni/MgO ratios of between 16.9 and 18.1. Moreover, this geochemical study also
indicates a single source and variability in the chemical composition of the mag-
mas that generate the rocks of ancient, recent and present-day Karthala; variability
probably due either to different partial melting rates or to the great thickness of
the oceanic lithosphere [27]. This latter result contradicts that of [37], who had
suggested that the variability in the chemical composition of the basalts of the
Karthala massif is consistent with the mixing of plume and lithosphere-derived
melts. In addition, the magmatic source of the Karthala massif rocks is a very deep
garnet lherzolite located in the lower mantle. The magmas would be generated
from mantle plumes and then spread by a hot spot. This result is similar to that of
[38], who suggested that the source of the Karthala massif rocks lies at greater
depth and that the garnet content of the residue should be greater. On the other
hand, it contradicts that of [1], who showed that the basalts of the Karthala massif
originated from a slightly larger partial melting of garnet or spinel-bearing lher-
zolite at slightly shallower depths, and that of [16], which indicates an identical
degree of partial melting affecting a single source where phlogopite and garnet are

more or less residual.

6. Conclusions

The formations of the Karthala massif consist of massive vesicular and non-vesic-
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ular basalts, oceanites, ankaramites and pahoehoe and aa-type flow effusions up
to several kilometers in extent.

Petrographic studies of Karthala basalts, oceanites and ankaramites reveal por-
phyritic and vacuolated porphyritic microlitic textures marked by successive crys-
tallization of opaque minerals, olivines, clinopyroxenes, orthopyroxenes and pla-
gioclases in little or no mesostasis. It should be noted, however, that this is the
first time that an orthopyroxene mineral has been identified by this study in the
Karthala massif.

The geochemical study confirms the alkaline affinity of the rocks and shows a
very strong enrichment in LREE and a clear depletion in HREE marked by very
steep spectra and positive anomalies in Nb and Ta and negative in Pb. These geo-
chemical characteristics are compatible with a deep, enriched mantle source of
garnet lherzolite type located in the lower mantle. However, the magmas that give
rise to the alkaline rocks of ancient, recent and actual Karthala are thought to have
different chemical compositions and to have risen as mantle plumes in a hot-spot

intraplate context to generate oceanic island basalts (OIBs).
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