
Introduction  
 

The East African Rift System is a 3 700 km long system from 

Ethiopia to Mozambique through Kenya and Tanzania, 

containing several volcanoes with diverse rock types and 

heterogeneous compositions. Our study area lies along the 

Gregory Rift (Eastern Branch of the East African Rift System), 

where the volcanism started 30 million years ago at the northern 

part, in Ethiopia; and 6 million years ago at the study area, in 

North Tanzania (Dawson, 2008).  

One of the volcanic areas of North-Tanzania is the Crater 

Highlands, built by various volcanoes mostly with basaltic 

compositions, such as Ngorongoro, Lemagurut, Oldeani, Olmoti, 

Embagai, and Ogol (Mollel, 2007). In general, these volcanoes 

produce basaltic rocks with clinopyroxene, feldspar, and oxide 
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phases, with, in some cases, olivine, mica, and apatite. Both 

alkali and plagioclase feldspars are present as primary magmatic 

minerals (Mollel, 2007). Beside basalts, trachyte, foidite, 

phonolite and rhyolite also occurs at these volcanoes (Mana et 

al., 2012), however we focused on basalts in this study. 

In addition to common alkali-rich basalts, unique rock types 

such as carbonatites also occur in the North Tanzanian Volcanic 

Province. A unique and widely known carbonatite volcano  

is Oldoinyo Lengai, the Earth’s only active natrocarbonatite 

producer. The volcano’s body is built mainly of nephelinite  

and phonolite, containing clinopyroxene (aegirine-augite), 

nepheline, garnet, apatite, combeite, wollastonite, and diverse 

oxide phases (Dawson, 2008) and is highly peralkaline. 

Petrology and spatial correlation of Black Belly tuff 
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Abstract  
 

Most of the tuff cones in the North Tanzanian region have not been studied in depth. Therefore, the range of known 

rock types is limited, and the relationships between these cones are unknown. Our study focused on the Black Belly 

tuff cone located close to Oldoinyo Lengai. Petrographically, the studied Black Belly samples are alkaline basalts with 

microcrystalline groundmass and phenocrysts. The groundmass consists of plagioclase, clinopyroxene, Ti-magnetite, 

apatite, and the phenocrysts are predominantly clinopyroxene, altered (to calcite and serpentinite) olivine, and 

carbonate minerals. While Oldoinyo Lengai and Black Belly rocks are not similar or directly related, the mineralogy 

and mineral chemistry of the studied Black Belly samples are similar to those representing the Crater Highlands’ 

volcanoes. Based on their compositions, the Black Belly clinopyroxenes define one end-member, and Oldoinyo Lengai 

clinopyroxenes represent the other end-member, while the Crater Highlands’ samples are of a transitional composition. 

The compositions of the other minerals (olivine, feldspar, and magnetite) confirm this theory. According to mineral 

chemical data, the Black Belly samples crystallised in several steps under high pressures (5.6 to 6.6 kbar) and 

temperatures (750 to 900°C) from an alkali basaltic melt. Considering the new chemical and thermobarometry mineral 

data presented here and the structural evolution of the region, Black Belly cannot be petrologically part of Oldoinyo 

Lengai. Instead, it defines an end-member of a series, with Oldoinyo Lengai representing the other extreme and the 

Crater Highlands volcanoes in a transitional position.  
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Oldoinyo Lengai eruptions, besides its well-known 

natrocarbonatite and peralkaline extrusive rocks, have also 

brought unusual alkaline plutonic rocks, such as ijolites and 

olivine melilitites, to the surface as xenoliths (Keller et al.,  

2006; Dawson, 2008). These rocks are characterised by a  

mineral assemblage of olivine, clinopyroxene (aegirine-augite), 

nepheline, melilite, wollastonite, mica, and garnet. While most 

constituents are primary magmatic phases, the origin of the 

olivine is controversial (in all rock types), as it may be either a 

primary magmatic phase (Keller et al., 2006; Giuliani, 2018; 

Baudouin and Parat, 2020; Halász et al., 2023) or a mantle-

sourced derived xenocryst (Dawson and Smith, 1988, 1992a; 

Dawson et al., 1995; Sekisova et al., 2015).  

Alongside the basaltic and carbonatite-producing volcanoes, 

many parasitic cones occur across the entire volcanic province. 

Oldoinyo Lengai’s parasitic cones commonly produced olivine 

melilitites (Keller et al., 2006). It has been suggested that all 

melilititic tuff cones close to Oldoinyo Lengai are probably 

related to the central volcano (Dawson et al., 1985; Peterson and 

Kjarsgaard, 1995; Johnson et al., 1997). One such cone is Black 

Belly, a flat tuff ring located on the northwestern flank of 

Oldoinyo Lengai (Keller et al., 2006). The current study focuses 

on this area, where previously examined rocks essentially 

comprise olivine melilitites (Keller et al., 2006). However, our 

studied samples from Black Belly are basalts, something which 

was not described from the area before.  

The fact that Black Belly lies on the flank of Oldoinyo 

Lengai and that they have similar rock types (olivine-melilitites) 

raise the question about the relation of the two, so we chose to 

compare our studied samples with Oldoinyo Lengai samples. 

The newly found basaltic rocks made it important to choose 

some basaltic volcanoes as a comparison too, so beside 

Oldoinyo Lengai we also compared the studied Black Belly 

samples with the Crater Highlands basalts.  

 
Sampling and methods  
 

Dozens of volcanic rock samples were collected from the Black 

Belly tuff cone field (Longitude: -2.623254, Latitude: 35.904846) 

by Tibor Guzmics and two representative samples were selected 

from a suite of mafic rocks.  

Petrographic observations were carried out in the 

Department of Mineralogy, Geochemistry and Petrology, 

University of Szeged, using Brunel-SP-300-P and Olympus BX 41 

optical microscopes. For the mineral chemistry, Energy Dispersive 

X-Ray Spectroscopy (EDS – with silicon drift detector – SDD) 

(Quantax75) combined with a microscope (TM4000Plus; 

Hitachi) was used for the ELTE Faculty of Science Research and 

Instrument Core Facility with instrument settings of 15 kV 

accelerating voltage, 833 pA beam current, and 15 seconds 

counting times. Natural standards were used for the instrument 

calibration, and complete ZAF corrections were applied. 

Cathodoluminescence (CL) microscopic observations were 

performed with a CL instrument (Reliotron VII) mounted on a 

microscope (BX43; Olympus). The operation parameters were 

7 kV and 0.7 mA.  

 

Geological background  
 

Our study area, Black Belly and the other associated areas – 

Oldoinyo Lengai and Crater Highlands – lie in the North 

Tanzanian Divergence (Figure 1). This region lies between the 

Tanzania craton and the Mozambique orogenic fold belt 

(Dawson, 2008). The Tanzania craton is a composite of Archean 

metasediments and is composed of greenstone belts (Pinna 

et al., 1995) intruded by granite plutons (Cahen et al., 1984).  

The lithologically very complex Mozambique belt formed as part 

of the Pan-African orogeny (Kennedy, 1964). The volcanism in 

the North Tanzanian Divergence most probably started in the 

Late Miocene or Early Pliocene (Dawson, 2008). 

Black Belly is a flat tuff ring located on the northwestern 

flank of Oldoinyo Lengai (Keller et al., 2006). It was considered 

a bedded pyroclastic sequence containing only olivine melilitites 

without lava flows (Keller et al., 2006); however, our samples 

are basalts, a rock type that has not been reported from the 

Black Belly yet. 

Olivine melilitites are common rocks not just at Black Belly 

but also at Oldoinyo Lengai (Velde and Yoder, 1977; Dawson 

et al., 1985; Keller and Krafft, 1990; Peterson and Kjarsgaard, 

1995; Dawson, 1998; Wiedenmann, 2004; Keller et al., 2006) and 

in the rift-valley tuff cone field located between Lake Natron and 

Engaruka area (Dawson and Powell, 1969; Dawson et al., 1985; 

Mattsson and Tripoli 2011; Mattsson et al., 2013; Peterson and 

Kjarsgaard, 1995; Johnson et al., 1997). Olivine melilitites are 

considered as candidates in the area for primary melt 

compositions and thereby the parental magma to the unique 

carbonatites of the region (Keller et al., 2006). These rocks are 

usually identified as moderately fractionated olivine melilititic 

bombs and blocks in bedded pyroclastics with phenocrysts (i.e., 

olivine, melilite, nepheline, clinopyroxene, garnet, perovskite, 

and spinel) and glass (Dawson et al., 1985).  

Because of the presence of basalt in Black Belly, the 

surrounding basaltic volcanoes are also included in our research. 

Crater Highlands region, besides its nephelinitic volcanism, 

includes mostly basaltic volcanoes: Ngorongoro, Lemagurut, 

Oldeani, Olmoti, Embagai, and Ogol (Dawson, 2008). These 

volcanoes usually produce rocks with the mineral assemblage 

of olivine, clinopyroxene, feldspar, amphibole, garnet, titanite, 

rarely sodalite, spinel, and minor mica, apatite, Fe-oxides. 

 
Petrography and mineral chemistry 
 

Both of our Black Belly samples are basalts with similar textures. 

They consist of clinopyroxene and olivine megacrysts and some 

carbonate crystals set in a microcrystalline groundmass 

predominantly composed of clinopyroxene, Ti-magnetite, and 

feldspar (Figure 2A to F).  

Olivine (0.5 to 1.2 mm) has two morphologies:  

euhedral, unzoned, fresh crystals of Fo73 (Figure 2A), and  •

euhedral, unzoned crystals with compositions of Fo74-85, and •

containing white and dark alteration rims (Figure 2B).  

The white rim is a carbonate zone consisting of calcite with 1.4 to 

2.0 wt.% MnO and 4.8 to 8.2 wt.% MgO (Figure 3 and Table 1), 

while the brown zone contains serpentine minerals (Figure 3 
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and Table 1). In some cases, the olivine contains Ti-magnetite 

as mineral inclusion. Spinel is absent as an inclusion (Figure 2A).  

Large (0.5 to 1.5 mm) clinopyroxene phenocrysts are 

euhedral, brownish-green, and zoned (Figure 2C). Geochemically 

distinct lighter and darker zones alternate within the grains 

(Figure 2D and 4A to C). There is evidence of a resorption, 

suggested by the corroded zone edges (see Figure 4A and B 

with yellow arrow). These two zones can be distinguished on 

the element maps (Figure 4C); however, based on the chemical 

composition (Table 2), both zones are diopside, one of the 

zones has a slightly more FeOT and Na2O rich component (mg# 

62 to 75) (Table 2 clinopyroxene 3 and 4). All clinopyroxene 

contains mineral inclusions of Ti-magnetite, alkali-feldspar  

(Ab72-76, An2-3, Or22–25; Table 3), carbonate (Figure 2C and  

Table 1), and melt inclusions (Figure 2E and F). The carbonate 

minerals are calcite and Mg-rich calcite (Table 1) with similar 

optical properties.  

Some rounded carbonate grains show white-greyish 

zonation (Figure 5C and D), which is reflected in the chemistry 

(Table 1). In all the measured grains, the dolomite-rich zone 

(darker gray in Figure 5), and the calcite-rich zone (lighter grey 

on the figure) show irregular zonation. This kind of zonation 

only occurs in the largest (~200 μm) carbonate crystals and does 

not extend to the carbonate inclusions in the clinopyroxenes.  

Raman spectroscopy, scanning electron microscopy (SEM) 

analysis, and CL were used to study the groundmass minerals, 

as they could not be identified by optical microscopy (Figure 5A 

and B). The groundmass clinopyroxenes are diopside (Table 2). 

The main constituent of the groundmass is a columnar mineral 

 

Figure 1. (A) Location of Black Belly area, between Lake Natron and Oldoinyo Lengai volcano. The red star shows the exact place of origin of the 

studied samples. Inset: picture shows a closer view of the origin of the samples. (B) Geological and satellite map of the Black Belly area and Crater 

Highlands region.  

 

 

 

Figure 2. Representative images of the sample studied [(A) to (D) Plane 

polarised light (PPL) images, (E) and (F) are backscattered electron (BSE) 

images]. Euhedral (A) and (B) xenomorphic, corroded olivine; 

clinopyroxene with calcite and magnetite inclusions (C) zoned 

clinopyroxene (D) crystallised melt inclusion in clinopyroxene, dominated 

by K-feldspar (E) and crystallised melt inclusion in magnetite enclosed in 

clinopyroxene (F). Ol=olivine; Cpx=clinopyroxene; Cal=calcite; Mag= 

magnetite; Afs=alkali-feldspar; Bt=biotite; Srp=serpentine. Mineral 

abbreviations are following Whitney, and Evans (2010). 
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identified as plagioclase feldspar (Ab42–51, An46–54, and Or2–3) 

(Table 3). The groundmass also includes tiny, pseudomorphic 

calcite [replacing probably olivine], Ti-magnetite (Table 3),  

and apatite.  

 

Cathodoluminescence spectroscopy  

 

The carbonate zone around the olivine phenocrysts shows CL 

activity (Figure 3) at 625 to  650 nm. These wavelengths lie with 

the orange colour range, which usually indicates Mn2+ between 

570 to 640 nm in carbonate minerals (Walker et al., 1989; Machel 

et al., 1991; Calderon et al., 1996). The olivine has a slight Mn 

enrichment of 1.4 to 2.0 wt.% at the CL active sites, confirming 

Mn substitution (Table 1).  

The calcite inclusions in the clinopyroxene (Figure 5C and 

D) are CL active at 615 to 645 nm, also caused by Mn2+. The Mg-

rich calcite phenocrysts (MnO ~4, MgO 28 to 30) has a more 

intensive spectrum and colour than the Mg-poor calcite (MnO 

0.004 to 1.7, MgO 1.6 to 2.2), which is explained by its higher 

Mn content. The Mg-rich calcite zone of the rounded and zoned 

carbonate crystals (Figure 5C and D) also has a higher Mn 

content than its calcite zone, with a peak at 600 to 650 nm, 

 

Figure 3. Textural and compositional features of a xenomorphic olivine grain and its alteration rims. Upper row from left to right: petrographic image 

in plane polarised light (PPL), Cathodoluminescence (CL) activity image, and backscattered electron (BSE) image. Blue arrow=original olivine; pink 

arrow=carbonate zone; and yellow arrow=serpentine zone. Lower row from left to right: maps of the same olivine for elements Ca, Fe, Mg.  

 

 

 

Figure 4. Backscattered electron (BSE) image of the clinopyroxene zonation, yellow arrow showing the “original” core (A) and (B). Composition map 

of a clinopyroxene (C) first row from left to right: BSE image of a clinopyroxene, Al content map; on the second and third rows Fe, Mg, Ti and Ca 

content of the clinopyroxene are shown.  
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similar to the previously described carbonate minerals. To clarify 

the similarities between the different types of carbonates, all 

carbonate CL activity is summarised in Table 4.  

Plagioclase feldspar, the main constituent of the 

groundmass, shows slight activity as a light-bluish colour (Figure 

5D), with two well-defined peaks at 450 to 500 nm and 700 to 

750 nm. This is the typical colour for such plagioclase (Table 3). 

A smaller peak appears at ~550 nm. The bluish light associated 

with the peak at 450 to  500 nm is common for igneous feldspars 

(Götze et al., 2000). These properties, typical of feldspars, are 

caused by an electron-hole recombination structural defect at 

various hole centers by Ti4+ activation or Al3+ for Si4+ substitution 

in the crystal lattice (Mariano et al., 1973; Mariano and Ring, 

1975; Marfunin, 1979; Götze et al., 2000). The resulting slight  

CL activity may suggest that the feldspar formed at a lower 

temperature inside the feldspar stability field (Kastner, 1971; 

Escobar and Mariano, 1976; Kastner and Silver, 1979).  

 

Table 2. Composition of clinopyroxene grains. The Fe3+ was calculated by the mass ratio of FeO and Fe2O3.  

 

                                 Clinopyroxene  

 

                                  Phenocrysts                                                                       Groundmass  

 

                                   1                     2                     3                     4                     1                    2                     3                     4 

SiO2                                               47.03               47.25                47.29                42.88                46.73              44.79                46.87                49.42 

TiO2                                                 2.79                 2.96                 2.74                 4.24                 3.01                3.89                 2.87                 1.97 

Al2O3                                               6.48                 6.29                 6.21                 9.22                 6.54                7.18                 6.49                 4.39 

FeOT                                                7.97                 7.64                 7.88                11.21                 8.47                9.17                 8.08                 7.31 

Cr2O3                                               0.17                 0.24                 0.13                 0.08                 0.05                0.14                 0.11                 0.15 

MnO                             0.23                 0.09                 0.00                 0.20                 0.26                0.04                 0.14                 0.07 

MgO                           12.08               12.26                12.62                 9.94                11.74              11.97                11.90                13.28 

NiO                              0.00                 0.00                 0.04                 0.05                 0.07                0.00                 0.00                 0.09 

CaO                            22.19               22.24                22.23                20.72                22.29              21.51                22.46                22.48 

Na2O                            0.59                 0.61                 0.73                 0.95                 0.72                0.62                 0.58                 0.58 

Total                           99.53               99.58                99.87                99.49                99.88              99.31                99.50                99.74 

                                                                                                                                                                                                 

FeO                              6.02                 6.17                 7.06                10.80                 8.24                8.92                 7.87                 7.13 

Fe2O3                                              2.17                 1.64                 0.91                 0.45                 0.26                0.27                 0.23                 0.20 

 

Cations for 6 Oxygen      

Si                                 1.76                 1.77                 1.77                 1.65                 1.76                1.71                 1.77                 1.85 

Ti                                 0.08                 0.08                 0.08                 0.12                 0.09                0.11                 0.08                 0.06 

Al                                 0.29                 0.28                 0.27                 0.42                 0.29                0.32                 0.29                 0.19 

FeII                                                    0.19                 0.19                 0.22                 0.35                 0.26                0.28                 0.25                 0.22 

FeIII                                                   0.06                 0.05                 0.03                 0.01                 0.01                0.01                 0.01                 0.01 

Cr                                0.01                 0.01                 0.00                 0.00                 0.00                0.00                 0.00                 0.00 

Mn                               0.01                 0.00                 0.00                 0.01                 0.01                0.00                 0.00                 0.00 

Mg                               0.68                 0.69                 0.71                 0.57                 0.66                0.68                 0.67                 0.74 

Ni                                0.00                 0.00                 0.00                 0.00                 0.00                0.00                 0.00                 0.00 

Ca                                0.89                 0.89                 0.89                 0.85                 0.90                0.88                 0.91                 0.90 

Na                                0.04                 0.04                 0.05                 0.07                 0.05                0.05                 0.04                 0.04 

Sum                              4                     4                     4                     4                     4                    4                     4                     4 

 

End-members in mol%     

Jadeite                         11.79               12.10                11.29                15.72                12.10              12.10                12.26                 9.12 

Fe-Al Tschermak           14.52               13.35                13.44                19.37                13.68              15.87                13.32                 8.81 

Aegirine                        0.00                 0.00                 0.00                 0.00                 0.00                0.00                 0.00                 0.00 

Fe-Fe Tschermak             0.00                 0.00                 0.00                 0.00                 0.00                0.00                 0.00                 0.00 

Diopside                      62.69               62.99                63.57                48.38                59.25              59.09                59.71                68.82 

Hedenbergite                 4.66                 5.42                 3.45                 3.91                 6.91                1.19                 7.41                 5.83 

Wollastonite                   0.00                 0.00                 0.00                 0.00                 0.00                0.00                 0.00                 0.00 

Enstatite-ferrosilite           6.33                 6.14                 8.25                12.63                 8.06              11.74                 7.30                 7.41 

Sum                          100                  100                  100                  100                  100                 100                  100                  100 
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Table 3. Composition of Ti-magnetite and feldspars (alkali-feldspar and plagioclase). The Fe3+ was calculated by the mass ratio of FeO and Fe2O3.  

 

                  Magnetite                                                                                                  Feldspar 

 

                  In clinopyroxene              In olivine                        Groundmass                 Alkali-feldspar in             Plagioclase in  

                                                                                                                                   clinopyroxene                  groundmass 

 

                     1                  2                 1                 2                 1                 2                 1                 2                 1                 2 

SiO2                           3.80              1.33              1.23              1.10              0.94              1.26            63.42            62.38            55.45            54.05 

TiO2                        19.92            18.22            17.47            17.52            21.77            27.39              0.13              0.08              0.38              0.28 

Al2O3                         5.63              4.94              5.57              5.57              4.31              1.38            20.95            18.91            27.41            28.10 

FeOT                       66.15            70.61            66.56            65.70            68.02            66.63              0.37              0.36              0.71              0.88 

Cr2O3                        0.36              0.26              4.41              4.59              0.22              0.14              0.04              0.00              0.01              0.00 

MnO               0.67              0.73              0.59              0.68              1.00              1.05              0.01              0.00              0.01              0.02 

MgO               1.01              3.19              3.65              3.70              2.86              0.72              0.05              0.09              0.00              0.12 

NiO                 0.00              0.09              0.00              0.26              0.00              0.25              0.02              0.00              0.00              0.24 

SrO                 0.19              0.00              0.17              0.00              0.21              0.26              0.00              0.00              0.00              0.00 

CaO                0.50              0.20              0.06              0.06              0.20              0.34              2.60              1.06              9.44            10.09 

Na2O               0.44              0.27              0.29              0.39              0.31              0.37              7.33              3.17              5.43              4.76 

K2O                 0.14              0.05              0.00              0.00              0.00              0.05              3.82            10.07              0.51              0.47 

SO3                            0.00              0.00              0.00              0.00              0.03              0.00              0.02              0.05              0.00              0.06 

Total              98.81            99.89          100.00            99.57            99.87            99.84            98.76            96.17            99.35            99.07 

 

FeO               46.98            43.51            42.41            42.11            46.77            54.11              -                  -                  -                  - 

Fe2O3                     21.30            30.13            26.85            26.22            23.62            13.91              -                  -                  -                  - 

 

                    Cations for 4 Oxygen                                                                                   Cations for 8 Oxygen  

Si                    0.00              0.00              0.00              0.00              0.00              0.00              2.87              2.95              2.53              2.48 

Ti                   0.57              0.49              0.46              0.47              0.59              0.77              -                  -                  -                  - 

Al                   0.25              0.21              0.23              0.23              0.18              0.06              1.12              1.05              1.47              1.52 

FeII                             1.49              1.30              1.25              1.25              1.40              1.70              0.01              0.01              0.03              0.03 

FeIII                            0.61              0.81              0.71              0.70              0.64              0.39              0.00              0.00              0.00              0.00 

Cr                   0.01              0.01              0.12              0.13              0.01              0.00              -                  -                  -                  - 

Mn                  0.02              0.02              0.02              0.02              0.03              0.03              -                  -                  -                  - 

Mg                  0.06              0.17              0.19              0.20              0.15              0.04              -                  -                  -                  - 

Sr                    -                  -                  -                  -                  -                  -                  0.00              0.00              0.00              0.00 

Ca                   -                  -                  -                  -                  -                  -                  0.13              0.05              0.46              0.50 

Na                   -                  -                  -                  -                  -                  -                  0.64              0.29              0.48              0.42 

K                    -                  -                  -                  -                  -                  -                  0.22              0.61              0.03              0.03 

Sum                3.00              3.00              3.00              3.00              3.00              3.00              5.00              4.97              4.99              4.98 

 

 
Table 4. Summary for the Cathodolumninescence (CL) active carbonate minerals based on Energy Dispersive X-Ray Spectroscopy (EDS). 

 

                               In clinopyroxene                                             In olivine                     Phenocrysts  

 

                               Mg-rich calcite              Calcite                        Calcite                         Dolo-calcite                   Calcite  

 

CL wave length (nm)    615 to 645                                                         625 to 650                     600–650  

 

Composition in w%      Min             Max            Min             Max            Min            Max            Min             Max            Min            Max 

 

CaO                          56.44           56.78           87.16           94.16           83.28           87.62           57.11           62.17           92.24           93.61 

MgO                          30.69           31.03            0.49            3.05            4.75            8.23           28.04           35.74            1.58            2.17 

MnO                           4.20            5.80            0.00            2.52            1.35            1.98            1.00            4.18            0.10            0.20 

FeO                            2.21            2.24            0.11            0.93            1.66            2.12            0.01            1.24            0.07            0.22 
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Discussion  
Mineral comparison and correlation between Black 

Belly, Oldoinyo Lengai and Crater Highlands  

 

The similarity between Black Belly rocks and Oldoinyo Lengai 

olivine melilitites could suggest a possible relationship between 

the two and imply that Black Belly is a parasitic cone to 

Oldoinyo Lengai. To explore whether the Black Belly samples 

are genetically related to other eruptive products of Oldoinyo 

Lengai, we first compared the studied phenocrysts with similar 

phenocrysts from the plutonic and volcanic rocks of Oldoinyo 

Lengai and its cones. However, the fact that Black Belly is 

located on the flank of Oldoinyo Lengai and so erupted through 

Oldoinyo Lengai’s rocks could also explain the similarity.  

As we found basalts beside the well-known olivine-

melilitites of Black Belly, we also extended the comparison to 

the surrounding volcanoes of the Crater Highlands.  

 

Mineral comparisons 

Clinopyroxene  

 

In the studied samples, clinopyroxene occurs as a phenocryst 

and groundmass mineral with a diopsidic composition and slight 

growth zonation. Oldoinyo Lengai plutonic rocks (i.e., ijolite, 

pyroxenite, jacupirangite, and olivine-mica ijolite) usually 

contain clinopyroxenes in which diopside and aegirine-augite 

zones shows irregular zonation, while the volcanic rocks (i.e., 

phonolite and nephelinite) mostly contain aegirine-augite. This 

zonation is a common phenomenon in most Oldoinyo Lengai 

rock types (plutonic, parasitic, and volcanic), and it is thought 

to be the result of magma mixing (Dawson and Smith, 1992; 

Dawson et al., 1995; Dawson et al., 2008; Carmody, 2012; 

Sekisova et al., 2015; Halász et al., 2023) before or during the 

crystallisation of clinopyroxenes. It is important to note that the 

clinopyroxenes in our samples are not compositionally similar 

to previously analysed Oldoinyo Lengai clinopyroxenes 

(diopside, aegirine-augitic clinopyroxenes from both plutonic, 

and volcanic rocks) (Figure 6). Instead, they are similar to the 

diopside-hedenbergites from the Crater Highlands volcanoes, 

including Ogol, Embagai, Lemagurut, and Oldeani (Mollel, 2007; 

Mollel et al., 2008; Mollel et al., 2011; Greenwood, 2014).  

Among all Crater Highlands volcanoes, Olmoti is the only one 

with clinopyroxenes slightly enriched in the aegirine-augitic 

component; their enrichment pattern is different from Oldoinyo 

 

Figure 5. Groundmass minerals of the studied samples: Ti-magnetite and 

plagioclase (A) and other constituents – plagioclase, magnetite, apatite, 

clinopyroxene, and olivine pseudomorph, indicated by yellow arrow –  

(B) Petrographic plane polarised light (PPL) and Cathodoluminescence (CL) 

images of the phases: Carbonate crystals (C) and (D); calcite inclusions in 

clinopyroxene (E) and (F). Mineral abbreviations are following Whitney, 

and Evans (2010).  

 

Figure 6. Comparison of clinopyroxene compositions of Oldoinyo Lengai and Crater Highlands rocks (A) and an inset (B). All the black squares are 

stands for Black Belly samples; circles for the Crater Highlands volcanoes, whereas the Oldoinyo Lengai compositions are given as fields (Mollel, 2007; 

Mollel et al., 2008; Mollel et al., 2011; Greenwood, 2014) similar to our studied samples). 
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Lengai aegirine-augitic clinopyroxenes as it s accmponied by a 

higher hedenbergite component (see yellow circles on Figure 6). 

All the other volcanoes show a diopside-hedenbergite 

composition (Figure 6).  

Clinopyroxenes of Black Belly are more similar to Crater 

Highlands’ clinopyroxenes, but also not far from Oldoinyo 

Lengai clinopyroxenes (Figure 6 and Table 2). To better 

understand any possible relationships, the clinopyroxenes of the 

region were further examined, and their chemistries were 

compared. We chose to use Al2O3–TiO2, Na2O+CaO–TiO2, SiO2–

MgO, Na2O–Al2O3, Na2O–TiO2, and CaO–TiO2 diagrams for the 

comparisons (Figure 7A to G).  

The Black Belly clinopyroxene phenocrysts are the most Al-

rich end-member, while Oldoinyo Lengai clinopyroxenes are the 

least Al-rich; Black Belly groundmass crystals are intermediate 

to these compositions and plot closer to the typical Crater 

Highlands pyroxenes (Figure 7A). The exceptionally high Al2O3 

content (phenocrysts 3.1 to 10.8 wt.% and groundmass 3.0  

to 7.2 wt.%) of the Black Belly clinopyroxenes allows us  

to use the AlIV–AlVI+Fe3+ diagram (Figure 7B) to explore the 

 

Figure 7. Diagrams for clinopyroxenes based on these pairs: Al2O3 – TiO2 (A), AlIV – AlVI+Fe3+ (B), Na2O + CaO – TiO2 (C), SiO2 – MgO  

(D), Na2O – Al2O3 (E), Na2O – TiO2 (F), CaO – TiO2 (G). Data of the diagrams is from this study, Dawson and Smith 1992; Dawson et al., 1995; Klaudius 

and Keller 2006; Mollel, 2007; Mollel et al., 2008; Mollel et al., 2011; Greenwood, 2014; Sekisova et al., 2015; Halász et al., 2023. The red line shows 

the Oldoinyo Lengai trend; the green line shows the Black Belly trend.  



PETROLOGY AND SPATIAL CORRELATION OF BLACK BELLY TUFF CONE BASALTS, TANZANIA 

10 SOUTH AFRICAN JOURNAL OF GEOLOGY

thermobarometric environment of crystal growth. Al in the 

tetrahedral position is significantly higher for the Black Belly 

clinopyroxenes compared to the Oldoinyo Lengai and Crater 

Highlands clinopyroxenes. The presence of Al instead of  

Si in the tetrahedron indicates Tschermak substitution 

(AlIVAlVISi−1
IVMg−1

VI), which is temperature and pressure sensitive 

(AlIV is temperature while AlVI is pressure sensitive; Newton 

et al., 1977). We thus suggest that Black Belly clinopyroxenes 

crystallised at higher P and T compared to Crater Highlands and 

Oldoinyo Lengai clinopyroxenes.  

 

Olivine  

 

The two textural subtypes of olivine (euhedral and anhedral 

forsterite) overlap on the Ca-Fo diagram (Figure 8).  

The compositions representing Black Belly, Oldoinyo 

Lengai, and the Crater Highlands cover a wide range and each 

volcano plots separately on Fo-Ca and Fo-Mn diagrams; most 

likely reflecting compositional differences between the melts 

from which they crystallised (Dawson and Smith, 1992; Dawson 

et al., 1995; Sekisova et al., 2015; Halász et al., 2023; Mollel, 

2007; Mollel et al., 2008; Mollel et al., 2011; Greenwood, 2014) 

(Figure 8).  

 

Feldspar 

 

There are two types of feldspars in the studied samples:  

K-bearing alkali feldspar (anorthoclase) occurs as inclusions in the 

clinopyroxene, and plagioclase feldspar (andesine, labradorite) 

can be found in the groundmass. Feldspar is not a common 

constituent in Oldoinyo Lengai eruptives: primary feldspar is 

rare in tuff cone rocks (Keller et al., 2006), and it usually occurs 

in parasitic cone lavas as K-feldspar. In contrast, plagioclase 

feldspar is a common constituent in the Crater Highlands rocks, 

and alkali-feldspar also occurs as phenocrysts and in the 

groundmass (Mollel, 2007; Mollel et al., 2008; Mollel et al., 2011; 

Greenwood, 2014). The composition of Crater Highlands’ 

feldspars ranges from sanidine to labradorite (Figure 9). The 

widely accepted origin of feldspars of the region is primary 

magmatic origin; however, an alternative source for feldspars in 

the region is suggested. If feldspar and K-rich zeolite minerals 

(e.g., phillipsite) appear together, it could indicate the significant 

role of fenitisation (McHenry, 2010; Greenwood, 2014), although 

the absence of zeolite minerals in the studied samples excludes 

a late metasomatic origin for the feldspars. Compared with 

the Crater Highlands feldspars, our studied feldspars are 

similar in composition to Olmoti, Oldeani, and Lemagurut 

feldspars, including both groundmass plagioclase and alkali- 

feldspar inclusions (Figure 9). Our feldspars cover a narrower 

compositional range (Figure 9), as all the alkali-feldspar 

grains are anorthoclase, and all the plagioclase feldspar is 

andesine-labradorite.  

 

Magnetite 

 

Black Belly magnetite can be divided into two groups: the 

magnetite occurring as inclusions in clinopyroxene has a lower 

TiO2 content and greater FeOT content than the groundmass 

magnetite. The magnetite grains from Black Belly differ from  

the Oldoinyo Lengai magnetite grains; however, they are similar 

to the Crater Highlands magnetite compositions (Figure 10).  

A difference is also evident in the MnO and MgO content:  

 

Figure 8. Olivine compositions of Black Belly, Oldoinyo Lengai and Crater Highlands on Fo-Ca and Fo-Mn diagrams. Based on the accuracy of the 

Energy Dispersive X-Ray spectroscopy (EDS) method, possibly there is a slight difference between real and measured data. 
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the inclusion magnetite is richer in MgO but poorer in MnO than 

the groundmass magnetite.  

The magnetite grains help us to understand the geodynamical 

properties of the Black Belly samples. Based on the Mn/Mg ratio 

(Figure 10), the exact minimum crystallisation temperature of the 

magnetite grains can be determined by the method of Evans et al. 

(2016). Magnetite inclusions in clinopyroxene phenocrysts 

crystallised at >850°C and at ~750°C for the groundmass 

magnetite. The Mg-content (atomic Mg/[Mg+Fe2+]) supports the 

same temperatures (Evans et al., 2016). 

 

 

Crystallisation history and geodynamic consequences  

Crystallisation of the main constituents: Phenocrysts and 

groundmass 

 

Based on mineral chemistry and appearance, the Black Belly 

clinopyroxene phenocrysts represent an early high-P and -T 

crystallisation stage. Textural evidence for the corrosion of  

the clinopyroxene edges (Figure 4A and B) indicates that the 

clinopyroxene phenocrysts likely formed in several stages, with 

repeated mixing of two slightly different melts (Figure 4A and B).  

Alkali-feldspar (anorthoclase) is exclusively present as 

crystallised melt inclusions in the clinopyroxene phenocrysts.  

 

Figure 9. Feldspars of the studied samples and Crater Highlands rocks.  

 

 

 

Figure 10. FeOT–TiO2 and MgO–MnO diagrams of magnetites, from this study, Dawson and Smith 1992; Dawson et al., 1995; Mollel 2007; Sekisova 

et al., 2015; Halász et al., 2023.  
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The presence of K-rich minerals (mica and alkali feldspar) in the 

crystallised melt inclusions of the clinopyroxene and alkali-feldspar 

inclusions suggests a K-rich primary magma for the phenocrysts.  

Olivine phenocrysts in the studied samples and from the 

region (Figure 8) have lower mg# (74 to 85) and higher Ca 

(4 000 to 6 200 ppm) than those derived from lithospheric mantle 

sources (mg# ≥90 and Ca <1 000 ppm) (Li et al., 2011). The 

origin of northern Tanzania olivines is controversial. The widely 

accepted model for Oldoinyo Lengai olivines is a mantle origin 

(Dawson and Smith, 1988, 1992a; Dawson et al., 1995; Sekisova 

et al., 2015). However, it has been suggested that olivine is an 

early magmatic liquidus phase (Keller et al., 2006; Giuliani, 2018; 

Baudouin and Parat, 2020; Halász et al., 2023). The higher Fo 

content and lower Ca content of mantle olivine (Li et al., 2011) 

compared to the studied olivines suggest that the olivine was 

formed during primary magmatic crystallisation at an early stage. 

Olivine was probably one of the earliest phases to crystallise 

from an alkali basaltic melt. The presence of magnetite 

inclusions in the olivine and clinopyroxene phenocrysts 

indicates an approximate minimum crystallisation temperature 

of >850°C (Evans et al., 2016). There is a possibility that this 

temperature does not reflect tha original crystallisation but a 

later re-equilibration.  

Following the formation of phenocrysts, the groundmass 

crystallised during a cooling period at ~750°C (based on 

magnetite data). 

 

The role of carbonate minerals in petrogenesis  

 

All carbonate minerals in the studied samples have similar 

chemistries (Table 1), appearances, and CL activities (Table 4), 

suggesting a similar origin. Primary magmatic carbonates are 

rare in the area, following Greenwood (2014), an abundance of 

carbonates can be related to a saline crater lake, fumarole 

activity, and the alteration of carbonatite ash derived from the 

nearby volcanoes Oldoinyo Lengai and Kerimasi. Saline crater 

lakes are present in the area; Lake Embagai is located within the 

eastern part of the Embagai caldera at 2209 m (Dawson, 2008; 

Greenwood, 2014). Given that Black Belly and Embagai are 

located close to each other, and Kerimasi is close to Oldoinyo 

Lengai, the origin of their carbonate grains may be similar. 

Accordingly, we suggest the same source for the carbonate 

minerals as Greenwood (2014): the carbonates originated from 

carbonatite ash or formed due to postmagmatic activities, and 

some are secondary minerals due to the reactions of olivine.  

 

Geodynamic consequences  

 

The studied Black Belly samples are different from previously 

described Black Belly rocks (Keller et al., 2006) as the basalts 

are predominantly composed of clinopyroxene, feldspar, olivine, 

and magnetite, while melilite is entirely absent. This new result 

extends not only our petrographic knowledge of Black Belly 

but also our understanding of its geodynamic origin and context. 

Until now, as an exclusively olivine-melilitite bearing tuff cone, 

Black Belly has been genetically connected to Oldoinyo Lengai 

and regarded as a possible parasitic cone. However, knowing 

that basalts also occur at Black Belly, which do not occur in  

the Oldoinyo Lengai system, this relationship is improbable. We 

suggest that the similarity between Black Belly olivine-melilitites 

and Oldoinyo Lengai olivine melilitites is because of the fact 

that Black Belly is located on the flank of Oldoinyo Lengai and 

so erupted through it and so the olivine melilitites were brought 

up as xenoliths. 

We found two separate trends based on clinopyroxene 

study: the Black Belly and Oldoinyo Lengai trends (Figure 7). 

This further supports the hypothesis that the Black Belly 

magmatism is not related to Oldoinyo Lengai.  

Black Belly basalts and Crater Highlands basalts are similar 

in terms of their mineral assemblages, textures, and mineral 

chemistries, raising the possibility of a genetic relationship 

between the two areas. However, our detailed clinopyroxene 

study (Figure 7) showed slight differences between the 

compositions of the Crater Highlands and Black Belly 

clinopyroxenes. Crater Highlands clinopyroxenes do not fit  

the Black Belly trend; they usually plot between the Black Belly 

and Oldoinyo Lengai trends. Thus, they typify a transitional 

composition between the two end-members.  

While we have geophysical data from Black Belly and 

Oldoinyo Lengai area, we do not have it from Crater Highlands 

area. Based on earthquake studies (Reiss et al., 2021) a magma 

body is located beneath Oldoinyo Lengai at 10 to 15 km; while 

there is another one at 17 to 20 km depth in the area, where 

Black Belly is found (Reiss et al., 2021).  

Our study showed that Black Belly is not the parasite cone 

of Oldoinyo Lengai and the similarity between the olivine-

melilitites of both volcano could be because of Black Belly’s 

olivine-melilitites are xenoliths as Black Belly lies on the flank 

of Oldoinyo Lengai and therefore erupts through it. The 

presence of basaltic rocks at Black Belly suggests that Black 

Belly is a separate magmatic system, not part of Oldoinyo 

Lengai. Crater Highlands, Oldoinyo Lengai, and the Black Belly 

area are all parts of the North Tanzanian Volcanic Province and 

lie along the same fault branch (Figure 1). Although they are 

related to each other and parts of the same volcanic system, they 

are not directly linked to each other.  

 
Conclusion  
 

The Black Belly samples were formed in several stages from  

an alkali basaltic melt. The mineralogy of the studied samples 

(e.g., the absence of melilite and the composition of the 

clinopyroxene, feldspar, and magnetite) does not correlate  

with previously reported Black Belly rocks. We find no close 

similarity between the studied Black Belly rocks and those that 

comprise the nearby volcanic territories of Oldoinyo Lengai and 

the Crater Highlands. This observation suggests that Black Belly 

is not part of magmatic systems that support either Oldoinyo 

Lengai or the Crater Highlands.  

Based on our results, Black Belly should be considered an 

individual volcanic area and should not be seen as a solely 

olivine-melilitite site. Black Belly is a bedded pyroclastic 

sequence containing olivine melilitites and basalts, so it is a 

heterogeneous volcanic area.  
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