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ABSTRACT

The southern part of the eastern branch of the East African Rift is characterized by extensive vol-

canic activity since the late Miocene. In the Crater Highlands, part of the North Tanzanian

Divergence zone, effusive and pyroclastic rocks reflect nephelinitic and basaltic compositions that
formed between 4�6 and 0�8 Ma. The former are best represented by the Sadiman volcano (4�6–

4�0 Ma) and the latter occur in the giant Ngorongoro crater (2�3–2�0 Ma), the Lemagarut volcano

(2�4–2�2 Ma) and as a small volcanic field in the Laetoli area (2�3 Ma), where basaltic rocks known as

Ogol lavas were erupted through fissures and several cinder cones. Compositionally, they are alka-

line basalts with 46�0–47�9 wt% SiO2, 3�0–4�3 wt% of Na2O þ K2O, Mg# of 61 to 55, and high Cr and

Ni content (450–975 and 165–222 ppm respectively). Detailed textural and compositional analysis
of the major minerals (olivine, clinopyroxene, plagioclase and spinel-group minerals) reveals the

heterogeneity of the rocks. The primary mineral assemblage that crystallized from the Ogol mag-

mas comprises macro- and microcrysts of olivine (Fo89�5–84�2), Cr-bearing diopside to augite, mag-

nesiochromite–chromitess, magnetite–ulvöspinelss, andesine–oligoclasess and fluorapatite, with

glass of phonolitic composition in the groundmass. All samples contain appreciable proportions of

xenocrystic minerals of macro- and microcryst size, with large variations in both concentration

and mineral populations between samples. Xenocrysts include olivine with reverse zonation
(Fo84�1–72�5), rounded and embayed clinopyroxene cores of variable composition, anhedral Cr-free

magnetite–ulvöspinelss and embayed oligoclase. These xenocrysts as well as variations in major

and trace element contents, 87Sr/86Sr(i) (0�70377–0�70470) and 143Nd/144Nd(i) (0�51246–0�51261)

ratios provide evidence of multi-stage magma mixing and mingling between Ogol and adjacent

Lemagarut volcano basaltic melts with only very minor contamination by Precambrian granite–

gneisses. Elevated alkalinity of Ogol lavas, which positively correlates with isotope ratios, and the
presence of xenocrystic green core clinopyroxene, perovskite, schorlomite and titanite indicate

additional mixing and mingling with evolved nephelinitic magmas and/or assimilation of nepheli-

nitic Laetolil tuffs or foidolitic rocks related to the Sadiman volcano. Owing to their heterogeneity,

estimates on the crystallization conditions for the Ogol rocks are difficult. Nevertheless, clinopyrox-

ene–liquid thermobarometry indicates crystallization temperatures of around 1150–1220 �C and

records upper-crustal depths of 3–12 km (1–4 kbar). Despite the fact that Ogol basalts are hybrid

rocks that formed under open-system conditions with well-documented mixing and mingling
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processes, they seem to be the best examples closest to primary basaltic melts within the Crater

Highlands.
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INTRODUCTION

Petrological studies during recent decades have pro-
vided plenty of evidence of magma hybridization in dif-

ferent tectonic environments, making this process very

important in the observed compositional variability of

igneous rocks (Sparks & Marshall, 1986; Blundy &

Sparks, 1992; Perugini & Poli, 2012; Kokfelt et al., 2015;

Morgavi et al., 2019, and references therein). Chemical
mixing (or magma mixing) and mechanical mixing

(mingling) are typical of magmatic provinces compris-

ing numerous juxtaposed volcanic centers that oper-

ated within a relatively short time span (Clarke & Le

Bas, 1990; Simonetti & Bell, 1993; Simonetti et al., 1996;

Reubi et al., 2002; Mangler et al., 2020; Sundermeyer
et al., 2020). In continental rifts developed in ancient

cratonic zones, this process can be combined with sig-

nificant assimilation of crustal material (e.g. Vladimirov

et al., 2017).

The eastern branch of the East African Rift (EAR)

opened along the border of the Tanzanian craton. It is

known as a region of intense volcanism developed
from late Miocene to Recent (see the recent reviews by

Rooney, 2017, 2020a, 2020b, 2020c, 2020d). The volcan-

ic rocks in this area include large volumes of plateau

basalts and phonolites, compositionally variable strato-

volcanoes (basalts to nephelinites, phonolites and tra-

chytes, sometimes carbonatites), and numerous small
explosion craters and cones that form monogenetic vol-

canic fields of variable composition.

Particularly interesting are volcanic complexes in the

so-called North Tanzanian Divergence zone (NTD; Fig.

1; Baker et al., 1972) where volcanic activity started at

around 6 Ma and continues to the present day at the ac-

tive Oldoinyo Lengai volcano (Dawson, 2008; Mana
et al., 2015). The main source of magmatism in the NTD

is probably the metasomatized subcontinental litho-

spheric mantle (Mana et al., 2015), but the composition

of potential primary melts remains unclear. Recent

nephelinite–phonolite volcanic activity in the Lake

Natron–Engaruka area may be related to primary
olivine melilitite magma (Keller et al., 2006), but the al-

kali basalt–trachybasalt–trachyandesite–trachyte series

documented from the Lemagarut, Ngorongoro and

Oldeani volcanoes cannot be easily explained by frac-

tionation of such parental melts.

Nearly all magma derivatives within the NTD exhibit

geochemical and isotope signatures that indicate vari-
able amounts of (1) mixing between mantle-derived

melts from different sources (HIMU and EM1), and (2)

crustal contamination (e.g. Bell & Dawson, 1995; Paslick

et al., 1995; Bell & Tilton, 2001; Mollel, 2007; Dawson,

2008; Nonnote, 2007; Mana et al., 2015). Only few publi-

cations (e.g. Paslick et al., 1996) provide textural and

mineralogical evidence to support such models,

although the identification of different mineral popula-

tions (autocrysts–antecrysts–xenocrysts), their compos-

itional zonation and their composition are extremely
important for sound genetic interpretations of magma

hybridization (mixing and mingling) processes, particu-

larly in small-volume foidites and basanites (Duda &

Schmincke, 1985), basalts (Dobosi, 1989; Dobosi &

Fodor, 1992; Jankovics et al., 2016), nephelinites

(Simonetti et al., 1996) and lamprophyres (Ubide et al.,
2014).

The object of this study is a suite of the mafic Ogol

lavas erupted within the Laetoli area of the Crater

Highlands (northern Tanzania). Apart from multiphase

volcanic edifices, these smaller cinder cone melts

bypassed shallow magma reservoirs, thus sampling

more primitive inputs that offer a window into the roots
of the magma plumbing system (e.g. Carmichael et al.,

2006; Corsaro et al., 2009; Petrone, 2010; Mangler et al.,

2020). Mineralogy and geochemistry (including radio-

genic Sr and Nd isotopes) of Ogol lavas are used to con-

strain their origin, depth of melting and source region

character. We integrate these results with evolutionary
paths of basalt–trachyte series in adjacent volcanoes

and finally evaluate the role of possible magma mixing

or mingling and crustal contamination.

GEOLOGICAL SETTING

Regional geology
The Crater Highlands and adjacent Gregory Rift are

parts of the EAR, extending from the Afar triple junction
southwards to the Mozambique margin along the west-

ern and eastern borders of the Tanzanian Craton,

including numerous complexes in Ethiopia, Kenya and

Tanzania. The NTD zone at the southern end of the

southerly propagating eastern branch of the EAR is the

focus of intense interaction of tectonic and magmatic

processes along the margin of the Neoarchean
Tanzanian Craton and the Proterozoic Mozambique belt

(Smith, 1994; Plasman et al., 2019; Rooney, 2020a,

2020b, 2020c, 2020d) (Fig. 1). Intense volcanic manifes-

tations within the north–south-trending Gregory Rift ter-

minated at the craton margin and southward strain

propagation expressed in numerous faults and linea-
ments (Le Gall et al., 2008). The eastward trend of the

NTD zone is marked by the Essimingor–Meru–

Kilimanjaro edifices, and further traced by the Chuilu

Hills. The western upland zone is formed by volcanic
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centers of the Crater Highlands. Geochronological and
petrographic data provide no clear evidence for a regu-

lar distribution of volcanic centers within the NTD zone.

However, a recent study (Mana et al., 2015) provides

evidence of consistent younging of NTD magmatism

along two main trends: one from west to east

(Essimingor to Kilimanjaro) and another from SW to NE
(Sadiman to Gelai).

The earliest manifestation of volcanic activity is rep-

resented by an alkali picrite–nephelinite–phonolite ser-

ies from Essimingor volcano dated to 5�91 6 0�02 Ma

(Mana et al., 2012). Further alkaline magma eruptions

throughout the NTD zone formed Sadiman, Mosonik,
Engelosin, Tarosero and other minor centers ranging in

age from 4�6 to 2�3 Ma (Dawson, 2008). Silica under-

saturated alkaline magma eruptions were replaced and

superimposed by Lemagarut, Ngorongoro, Monduli,

Olduvai, Olmoti and Oldeani volcanoes, calderas and

minor centers in which basalts and basanites are the

predominant rock types. Vast basalt lava beds spread
along the southern end of Gregory Rift in the Engaruka–

Manyara area.

Based on 40Ar/39Ar age determinations, basaltic

magmatism in the NTD zone lasted from 2�4 Ma to

1�6 Ma (Manega, 1993; Foster et al., 1997; Mollel, 2007).

Since 1�3 Ma renewal of magmatism was marked by
continuing activity in the axial part of the NTD, and its lat-

eral eastward spreading. Alkaline rocks ranging in com-

position from primitive olivine melilitite to highly evolved

phonolite, sporadically associated with carbonatite, form

the Embagai, Burko, Kerimasi, Meru and Oldoinyo Lengai
volcanoes and numerous minor craters and cones in the

Lake Natron–Engaruka area (Dawson, 2008; Mattsson

et al., 2013).

In multiphase volcanic centers, such as Kilimanjaro

and Ketumbeine, early mafic magmatism started at

2�2 Ma (simultaneously with Ngorongoro and other bas-
altic centers) followed by phonolitic eruptions dated to

1�3 and 0�5 Ma, respectively (Nonnotte et al., 2008;

Peirce & Mana, 2018).

Crater Highlands
The Crater Highlands comprise numerous eruptive cen-

ters in a 100 km long elevated area between lakes
Natron and Eyasi at the southern termination of the

eastern branch of the EAR (Fig. 2). Seismic tomography

reveals a thick mantle keel (exceeding 200 km) beneath

the craton (Ritsema et al., 1998; Adams et al., 2012),

considerably thicker than the lithosphere beneath the

Eastern Rift north of Lake Natron, which is less than

100 km thick (Birt et al., 1997). Although the contact be-
tween Archaean and Late Proterozoic crust is west of

the Crater Highlands (Plasman et al., 2019), outcrops of

gneissic–granitic basement indicate that Archaean litho-

sphere underlies much of this rift sector. Recent local

magnetotelluric and tomography studies (Plasman

et al., 2019) indicate the presence of a melt accumula-
tion zone at 40 km depth below the Crater Highlands,

potentially connected to the volcanic edifices at the

Fig. 1. Main structural and magmatic features in the North Tanzania Divergence zone (modified from Le Gall et al., 2008).
Volcanoes: Bu, Burko; Em, Embagai; Es, Essimingor; G, Gelai; K, Kerimasi; Ke, Ketumbeine; Ki, Kibo; Le, Lemagarut; Mo, Monduli;
Ma, Mawenzi; Me, Meru; Mo, Mosonik; Ng, Ngorongoro; Od, Oldeani; Og, Ogol; Om, Olmoti; Os, Oldoinyo Shira; Ol, Oldonyo
Lengai; S, Shira; Sa, Sadiman; Sh, Shombole; Ta, Tarosero. The red rectangle shows the Crater Highlands area and corresponds to
the digital elevaion model image in Fig. 2. Age data are from Mollel (2007), Dawson (2008, and references therein), Nonnotte et al.
(2008), Mana et al. (2012, 2015) and Peirce & Mana (2018).
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surface. The Eyasi fault system, which delimits the
westward distribution of magmatism in the upland

area, is interpreted as a narrow vertical conduit linking

the surface to a deeper conductive structure between

two large basement terrains (Plasman et al., 2019).

The earliest volcanic activity, beginning at

4�63 6 0�05 Ma (Mollel et al., 2011), produced large vol-
umes of interlayered phonolitic tuffs, tuff breccias and

nephelinitic lava flows erupted from Sadiman volcano

(Zaitsev et al., 2011, 2012). Superimposed tuffs west of

Sadiman, in particular the Laetolil Footprint Tuff, where

3�66 Ma Australopithecus afarensis footprints were dis-

covered (Leakey & Hay, 1979), may have been erupted

from Mosonik volcano (Zaitsev et al., 2015, 2019). Since
about 2�4 Ma, mafic magmatism predominates in the

Crater Highlands. Eruptions from the Lemagarut vol-

cano occurred between 2�40 6 0�01 and 2�22 6 0�10 Ma

and the giant Ngorongoro volcano was active between

2�25 6 0�02 and 2�01 6 0�02 Ma (Mollel et al., 2008, 2011),

erupting basalts, basanites and their evolved deriva-
tives (trachyandesite, trachydacite and trachyte). The

youngest manifestations of mafic magmatism are rep-

resented by the Oldeani volcano, which was active be-

tween 1�61 6 0�01 and 1�52 6 0�02 Ma (Mollel, 2007).

Ogol lavas
Basaltic lavas (local name Ogol lavas) erupted through

fissures and cinder cones ranging from 0�5 to 1�5 km in

diameter and from 50 to 150 m in height (Hay, 1987;

Supplementary Data Fig. S1; supplementary data are
available for downloading at http://www.petrology.

oxfordjournals.org). The major localities (as named on

Quarter degree sheet 52 Endulen; Pickering, 1964) are

Oldoinyo Mati (Ndonyamati), Oldoinyo Emusenge

(Norsigidok), Oldoinyo Ildolaunya (Ndolanya) and

Oldoinyo Naisiusiu hills (Fig. 3). Outcrops with well-

exposed lava flows are limited, but rounded lava blocks
up to 2�5 m in diameter are widespread (Supplementary

Data Fig. S1). The Ogol lavas are massive (common) to

vesicular (rare), fine- to medium-grained, and have

aphanitic (rare) to porphyritic (common) textures. The

proportions of phenocrysts (olivine and pyroxene) are

highly variable and range from c. 1 to 30 vol. %

(Supplementary Data Fig. S2). The Ogol lavas overlie
the Laetolil (4�36–3�66 Ma) and Ndolanya (3�58–2�66 Ma)

beds and are partly overlain by the 2�15–2�06 Ma

Naibadad beds (Hay, 1987; Deino, 2011) and by basalts

and basaltic andesites of the Lemagarut volcano. Mollel

(2007) reported two 40Ar/39Ar ages (2�31 6 0�01 and

2�27 6 0�05 Ma) collected from the NE-trending Ogol
lava flow west of Lemagarut volcano.

Despite their importance for the understanding of

basaltic volcanism in the Crater Highlands (Mollel,

2007) as well as in anthropological studies in Laetoli

(Adelsberger et al., 2011), the Ogol lavas are poorly

studied. They were originally described as vogesites
(Hay, 1987) and subsequently classified as basalts (Mg#

¼ 49–59) with olivine and augite as phenocrysts, and

plagioclase, augite and Ti-rich magnetite as ground-

mass phases (Mollel, 2007). Although study by Mollel

(2007) provided high-precision ages (see above), geo-

chemical and mineralogical data are limited and incom-

plete. A more extensive geochemical study was
published by Adelsberger et al. (2011). Based on whole-

rock data, the rocks were classified as basalts and

basanites with one sample each of tephrite and picroba-

salt. The basaltic and some of the basanitic samples are

relatively primitive (Mg# of 55–61) with appreciable Cr

(496–1091 ppm) and Ni (188–248 ppm).

SAMPLES AND METHODS

For this study we investigated 15 samples of Ogol lavas

and 12 samples of lavas from the western part of the

Lemagarut volcano (Fig. 3). Crystalline basement rocks

are not exposed in the Laetoli area, but at the Eyasi plat-
eau about 15 km south and SW from the Laetoli area.

We collected eight samples from basement rocks of the

Tanzania craton, comprising granite–gneisses, green

and melanocratic schists and garnet amphibolites with

an age of about 2�7 Ga (Supplementary Data Table S1;

Pickering, 1964; Fletcher et al., 2018).

Mineral identification was based on petrographic
and scanning electron microscopy studies of polished

thin sections [Leica DM 2500P microscope and Hitachi

S-3400N scanning electron microscope (SEM), St

Petersburg State University]. X-ray powder diffraction

(XRD) data for the 15 Ogol samples were collected

using a D2Phaser (Bruker) diffractometer, CoKa1þ2 radi-
ation with kCoKa1 ¼ 1�78900 Å and kCoKa2 ¼ 1�79283 Å,

2theta ¼ 5–85�, operated at 30 kV and 10 mA (St

Fig. 2. Major volcanoes and tuff deposits in the Crater
Highlands (shaded and coloured SRTM elevation model,
February 2000). Courtesy NASA/JPL-Caltech. The red rectangle
shows the studied area and corresponds to the geological map
on Fig. 3. Age data are from Mollel (2007), Dawson (2008) and
Deino (2011, 2012).
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Petersburg State University). Mineral identification was
performed by matching of powder XRD patterns with

the ICDD database records. Quantitative phase analysis

of four samples was carried out by full-profile Rietveld

refinement using a Bruker TOPAS v.5.0 software.

Mineral compositions (olivine, clinopyroxene, spinel

and plagioclase) were obtained by electron microprobe

analysis (wavelength-dispersive X-ray spectrometry
(WDS) mode) using a JEOL 8900 Superprobe (Tübingen

University) and Cameca SX-100 (Natural History

Museum, London) instruments operated at same ana-

lytical conditions (20 kV, 20 nA with a beam diameter of

1 lm for olivine, clinopyroxene and spinel, and 10 lm

for plagioclase); well-characterized natural and synthet-
ic compounds were used for calibration (see

Supplementary Data Table S2 for a compilation of the

WDS configurations, standards and detection limits).

The accuracy of the analyses were controlled by per-

manent test measurements on standard minerals with

known compositions. The k-ratios were generally in the
range 0�99< x<1�01. The standard deviation is used to

characterize the precision of the data as a ‘relative

error’, and is <1 % for major elements, and mostly <5 %

for minor elements (up to 20 % for elements close to de-

tection limits). Glass composition was obtained by

using a Hitachi S-3400N scanning electron microscope

(St Petersburg State University) equipped with an
Oxford Instruments X-Max 20 spectrometer [energy-

dispersive spectrometry (EDS); Table 5; 20 kV, 1�0 nA

and defocused beam 10–15 lm in diameter].

Energy-dispersive spectrometry was performed

using a Zeiss EVO LS15 SEM and a Zeiss Ultra plus field

emission SEM (The Natural History Museum, London).
Large area elemental maps were obtained with an

Oxford Instruments Aztec EDS system and an XMax

80 mm2 silicon drift detector. An accelerating voltage of

20 kV and a beam current of �6 nA resulted in an EDS

input count rate �260 000 counts per second. EDS

Fig. 3. Cropped Quarter Degree Sheet 52 Endulen (Pickering, 1964) showing geology of the Laetoli area (red rectangle in Fig. 2).
Major outcrops with Ogol basalts are shown by red dots (this study) and blue dots (Mollel, 2007; Adelsberger et al., 2011); green
dots are outcrops with Lemagarut basalts, Laetolil tuffs (ULT 7, Upper Laetoli Tuff 7 with Australopithecus afarensis footprints) and
tuffs with nephelinite xenoliths (likely to be derived from Sadiman).
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spectra were acquired with a dwell time of 2�5 ms and

stored as hyperspectral imaging datasets at a resolution

of 128� 92 pixels per field, corresponding to a pixel size

of �3 mm. Backscattered electron (BSE) images were

acquired at a resolution of 256� 192 pixels, correspond-
ing to a pixel size of �1�5 mm. Each thin section was ana-

lysed by 1102–1647 fields. Aztec software was used to

stitch the individual fields into one hyperspectral imag-

ing dataset with an EDS resolution up to 16 megapixels.

The distribution of elements is displayed as net inten-

sity maps where the background has been subtracted

and peaks with overlapping X-ray lines have been
deconvolved.

Whole-rock samples (lavas and basement rocks,

Table 1, Supplementary Data Table S1) were analysed

for major and trace elements by X-ray fluorescence

(XRF) and inductively coupled plasma mass-

spectrometry (ICP-MS) at the Karelian Research Centre
RAS (Petrozavodsk). Powders were fused into glass

disks using c. 3 g of sample mixed with lithium tetrabo-

rate (Li2B4O7). Glass disks were analyzed by XRF using

an ARL ADVANT"X X-ray sequential fluorescence spec-

trometer. The uncertainties were 0�7–5 % for elements

with concentrations of >0�5 wt% and up to 12 % for ele-
ments with concentrations of <0�5 wt%. The concentra-

tions of trace elements were determined by ICP-MS

using an X Series 2 instrument. Powdered samples

were digested in acid mixture in open vessels following

the standard procedure described by Svetov et al.

(2015). The accuracy of the analyses was monitored by

simultaneous digestion and analysis of USGS reference
materials BHVO-2 and BIR-1a, and in-house SGD-2a

(GSO 8670-2005) reference material (Vasil’eva &

Shabanova, 2017a, 2017b) (Supplementary Data Table

S1). The relative standard deviation (RSD) is generally

1–5 %, 7 % for Th and 11 % for Ta (Supplementary Data

Table S1). Loss on ignition (LOI) was determined
gravimetrically.

The Rb–Sr and Sm–Nd isotopic compositions of the

10 Ogol samples, three Lemagarut samples, and three

basement rock samples were analysed using a multi-

collector Triton mass spectrometer operated in static

mode (VSEGEI, St Petersburg). A powdered sample

was blended with weighed amounts of mixed
149Sm–150Nd and 87Rb–84Sr spike solutions. Then the

prepared sample was dissolved in a mixture of nitric

and hydrofluoric acids. Rb and Sr were separated for

isotope analysis using cation exchange chromatog-

raphy with AG50W-X8 resin. Sm and Nd were sepa-

rated for isotope analysis in two stages. The first stage
included the separation of all rare earth elements (REE)

from the bulk of the sample using cation exchange

chromatography with AG50W-X8 resin. The second

stage included extraction chromatography using a li-

quid HDEHP on Teflon carrier as a cation exchange me-

dium. A correction for Nd isotope fractionation was

introduced using the normalization of the measured val-
ues to 146Nd/144Nd¼0�7219. The normalized ratios were

adjusted to 143Nd/144Nd¼ 0�511860 in the La Jolla Nd

isotope standard. A correction for Sr isotope fraction-

ation was introduced using the normalization of the

measured values to 86Sr/88Sr¼0�1194. The normalized

ratios were adjusted to 87Sr/86Sr¼0�710250 in the SRM-

987 Sr isotope standard. The errors for the determined
Sm, Nd, Rb and Sr contents were 0�5 %. The Sm and Nd

blanks were 10 and 20 pg, respectively. The Rb and Sr

blanks were 30 pg each. The analysis of the BCR-1

standard yielded the following values (mean of 10

measurements): 6�45 ppm Sm, 28�4 ppm Nd,
147Sm/144Nd¼ 0�1382 6 3, and 143Nd/144Nd¼ 0�512656 6

8; 45�9 ppm Rb, 329 ppm Sr, 87Rb/86Sr¼ 0�4023 6 9,
87Sr/86Sr¼ 0�705013 6 16.

WHOLE-ROCK GEOCHEMISTRY

Whole-rock geochemical data for 13 Ogol samples are
given in Table 1. The studied samples have relatively

low SiO2 (46�0–47�9 wt%) and Na2O þ K2O (3�0–4�3 wt%)

contents, and are rich in MgO (8�8–11�7 wt%), CaO

(10�0–12�3 wt%) and Fe2O3total (13�2–15�5 wt%), with

Mg# values [calculated as 100Mg/(Mgþ 0�9Fetotal)] rang-

ing from 61 to 55. In a total alkali vs SiO2 (TAS) diagram

(Le Bas et al., 1986) most Ogol samples plot in the alka-
line basalt field (Fig. 4a). For further comparison and

discussion, we use published (Mollel, 2007; Nonnotte,

2007; Mollel et al., 2008; Adelsberger et al., 2011) and

our unpublished data from adjacent Lemagarut volcano

and Ngorongoro caldera that are relevant to evaluating

2�4–2�2 Ma magmatism in the Crater Highlands. Data
from the nearby located but older nephelinitic Sadiman

volcano (Zaitsev et al., 2012) are also considered as

they are important for later discussion on mineralogy of

the basalts (see below).

The Ogol basalts are not compositionally uniform;

in particular, a suite of three samples is high in TiO2

(4�1–4�2 wt%) and low in MgO (7�6–8�0 wt%)
(Adelsberger et al., 2011). Another high-Ti rock was

described as picrobasalt with low Si (40�3 wt% SiO2)

and Mg (3�4 wt% MgO) and unusually high P (2�1 wt%

P2O5) contents (Adelsberger et al., 2011). High-Ti

basalts occur only at Ngorongoro (up to 4�1 wt%

TiO2), but were not found at Laetoli or Lemagarut dur-
ing this and previous studies (Nonnotte, 2007; Mollel,

2007; Mollel et al. 2008; authors’ unpublished data). If

these samples were collected from boulder-sized

blocks, which are extremely abundant at Laetoli, they

are most probably related to eruptions of the giant

Ngorongoro volcano.

Overall, there are negative correlations between the
contents of MgO and SiO2, Al2O3, Na2O, K2O and P2O5

(Fig. 4b and c) and less evident positive correlations of

MgO with Fe2O3 and CaO. The contents of compatible

elements, such as Cr and Ni, are variable and high, with

297–1091 ppm and 77–248 ppm, respectively (Fig. 4d).

The lowest Cr (297–338 ppm) and Ni (77–95 ppm) con-
tents are observed in high Ti and low Mg–Si basalt

(Adelsberger et al., 2011).
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The Ogol lavas are broadly enriched in incompatible

trace elements with respect to the primitive mantle and

are characterized by slightly positive Ba and Pb anoma-

lies and negative U, K and P anomalies (Fig. 5a); some

samples display marked positive Zr and Hf anomalies.

The contents of REE range from 206 to 276 ppm (Table 1)

and there is a tendency of increasing REE content with

decreasing MgO. Chondrite-normalized REE patterns are

Fig. 4. Compositional variations for the Ogol basalts. (a) Total alkali vs SiO2 diagram (TAS; Le Bas et al., 1986). The dashed line
divides alkaline and tholeiitic basalts. Compositions of basaltic series from the Lemagarut and Ngorongoro volcanoes and nephe-
linites from the Sadiman volcano are shown for comparison. (b–f) Major and compatible element variations (for the Ogol basalts
only). Three samples of high-Ti basalts are probably not related to the Ogol basalts (see the section ‘Whole-rock geochemistry’).
Published data are from Mollel (2007), Nonnotte (2007), Adelsberger et al. (2011), Mollel et al. (2011) and Zaitsev et al. (2012).
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enriched in light REE (LREE) with (La/Yb)N ratios of 17�8–

25�0 and (La/Lu)N ratios of 20�5–27�2 (Fig. 5b).

Considerable scatter in the major and trace element

data of the studied samples argue against simple
closed-system fractional crystallization or mixing be-

tween two hypothetic endmembers. The reasons for

that will be understandable based on the following

detailed petrographic descriptions and mineral chem-

ical investigations.

PETROGRAPHY AND MINERAL CHEMISTRY

The studied Ogol samples are characterized by variable

structures, textures and proportions of mineral crystals

(Supplementary Data Fig. S2). In this study we prefer

not to use the term ‘pheno- and microphenocrysts’,

because, as recent studies showed, crystals in

volcanic rocks commonly represent very complex min-
eral assemblages. They consist of autocrysts (or phe-

nocrysts sensu stricto), primary minerals that are

cogenetic with their host rock; antecrysts (crystals that

crystallized from the same magmatic system, but have

been recycled one or several times before inclusion in

the specific sample); microlites (crystallized during
degassing of magma on eruption); and xenocrysts that

were entrained from other contaminant components

(e.g. Jerram & Martin, 2008; Ubide et al., 2014; Shane

et al., 2019). Therefore, the terms macro- and micro-

crysts will be used for petrographic description of the

Ogol basalts.

The mineral contents are highly variable, with clino-
pyroxene (48–56 wt%), plagioclase (17–23 wt%) and

olivine (9–13 wt%) as the dominant minerals and minor

spinel-group minerals (6–8 wt%) and apatite (1–2�5 wt%)

as determined via Rietveld refinement of the powder X-

ray diffraction data (Rp, difference between observed

and calculated patterns, is 3�6–3�9 %). The only macro-
crysts (>500mm) are olivine and clinopyroxene, with

the latter being commonly more abundant (Fig. 6). They

are generally 1–3 mm in size (rarely up to 5 mm on the

Fig. 5. Primitive mantle- and chondrite-normalized plots for selected Ogol basalt samples. Data for ocean island basalts, and nor-
malizing values for primary mantle and chondrite are from Sun & McDonough (1989). For Pb and Ce recommended normalizing
values of 0�071 ppm and 0�0079 ppm respectively were used.
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longer axis), few of them reaching megacrystic size of

9 mm�3 mm (olivine) and 9 mm� 8 mm (clinopyrox-

ene). Microcrysts (100–500mm) include olivine, clinopyr-
oxene and rare plagioclase and spinel (not spinel sensu

stricto, but spinel as a mineral group). Groundmass

minerals (<100mm) are olivine (rare), clinopyroxene,

plagioclase and spinel. Textural data suggest the

presence of several populations of olivine, clinopyrox-

ene and spinel. Macrocrysts, microcrysts and ground-

mass crystals are characterized by different

morphologies, zonation patterns, internal structures

and compositions.
Large area EDS elemental mapping of thin sections

and blocks showed that apatite is relatively abundant in

the groundmass, and rare pyrrhotite and chalcopyrite

occur as inclusions in clinopyroxene. Previously, these

minerals have not been found in the Ogol basalts

(Mollel, 2007; Adelsberger et al., 2011). Ilmenite was

mentioned by Adelsberger et al. (2011) as a ground-
mass mineral; however, it was not identified by

reflected light microscopy, SEM–EDS and XRD studies

in our samples as a primary mineral (only ilmenite ex-

solution lamellae in magnetite were observed in one

sample). As Adelsberger et al. (2011) did not describe

(abundant) spinel-group minerals in Ogol basalts, we
suggest that they may have mixed up ilmenite with

spinel.

The majority of the studied samples show variable

degrees of alteration and the most altered samples

(A16-24 and A16-25) derive from Oldoinyo Ildolanya

hill. Olivine is partly to fully replaced by fine-grained
brown hydrous Mg–Fe-rich silicate (not precisely identi-

fied); calcite is a common secondary mineral and fills

vesicles and forms veins and veinlets. SEM–EDS stud-

ies also indicate the presence of a montmorillonite,

sodalite, Na–K feldspar and Na (6 K) zeolite. This min-

eral assemblage is considered to be a result of glass al-

teration. Further secondary minerals include Sr-bearing
baryte (veinlets and small nests), and rare Ba-bearing

celestine, Ba–Mn hydroxide and dolomite (Fig. 6b).

Exceptions are two samples from the Oldoinyo

Emusenge hill (A16-05 and A16-06) that show only little

alteration (Fig. 6a).

Olivine
Most olivine macrocrysts (and some of the larger micro-
crysts) are ‘hopper crystals’ (Fig. 7) but they also occur

as euhedral to subhedral crystals, partly showing initial

stages of skeletal growth at crystal edges (Fig. 7b and

e). Few grains are subhedral to anhedral (Fig. 7g and f)

and their morphology suggests that they represent frag-

ments of broken crystals, showing a kink-banded tex-

ture. The overall compositional range (311 analyses
from 10 samples) is Fo89�5 to Fo72�5 (Table 2, Fig. 8) and

based on their internal structures and compositions, we

distinguish five olivine populations:

with normal zonation (Mg-rich core with Fe-rich rim,

abundant macrocrysts and rare microcrysts);

with reverse zonation (Fe-rich core with Mg-rich rim,

abundant macrocrysts and rare microcrysts);

with repetitive zonation (Fe-rich core, Mg-rich mantle

and Fe-rich rim, rare macrocrysts);
with no zonation (abundant microcrysts and ground-

mass crystals);

Fig. 6. Net intensity EDS composite elemental maps combined
with BSE images of the Ogol basalts. (a) Sample A16-06, field
of view 9�48 mm�9�22 mm; blue, olivine; beige, clinopyrox-
ene; light green, magnesiochromite; pink in groundmass, mag-
netite; yellow, calcite; black, holes; (b) sample A16-26, field of
view 9�48 mm�10�20 mm; blue, olivine; orange–brown, olivine
alteration; beige to light violet–beige, clinopyroxene; orange–
brown in groundmass, magnetite; yellow, calcite; turquoise,
baryte; black, holes. Original resolution is 6778�6662 pixels
(A16-06) and 6230�6677 pixels (A16-26).

10 Journal of Petrology, 2021, Vol. 62, No. 8

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/62/8/egab035/6257444 by guest on 21 O

ctober 2021



Fig. 7. Olivine morphology and zonation (BSE images). (a) Hopper olivine with normal zonation, A19-06; (b) euhedral to subhedral
olivine with normal zonation; Mchr, magnesiochromite, A16-05; (c) hopper olivine with reverse zonation, A16-05; (d) hopper olivine
with reverse zonation, A19-07; (e) euhedral olivine with repetitive zonation, A19-01; (f) hopper olivine with repetitive zonation, A19-
01; (g) olivine with normal zonation, fragment of olivine with reverse zonation and angular microcrysts (A19-07); (h) fragment of
unzoned olivine, A19-08. Numbers are Fo values (mol%); c, core; r, rim.
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with no zonation (rare crystal fragments of various size

with kink-banded texture).

The proportion between normally and reversely

zoned crystals is highly variable. In samples from

Oldoinyo Emusenge (A16-05 and A16-06) reversely

zoned olivine is extremely rare, in other samples nor-
mally zoned and reversely zoned olivine occurs in simi-

lar amounts, and in sample A19-64 reversely zoned

olivine dominates. Olivine grains showing repetitive

zonation are extremely rare, with only two crystals

observed in one sample (A19-01). Subhedral to anhe-

dral grains (unzoned or with partial rim) are less com-
mon, but abundant in a sample from Oldoinyo

Naisiusiu (A19-08).

Normally zoned olivine has a core composition with

Fo89�5 to Fo84�2 with NiO between 0�44 and 0�20 wt%.

Both Fo and Ni contents decrease towards the rim with

Fo85�9–80�7 and 0�31–0�17 wt% NiO (Fig. 8). In reversely

zoned olivine, the cores are variable in composition
(Fo72�5–84�1; 0�05–0�31 wt% NiO) and their rims are al-

ways higher in Fo (Fo80�2–86�0) and NiO (0�18–0�32 wt%)

(Fig. 8). A single olivine megacryst (sample A19-08) is

compositionally similar to the cores in reversely zoned

olivine, but it is normally zoned with a Fo- and Ni-rich

core (Fo79�2–77�6, 0�22–0�17 wt% NiO) and a Fo- and Ni-
depleted rim (Fo77�3–76�4; 0�15–0�14 wt% NiO). Microcryst

and groundmass olivine has a composition similar to

that of the rim on olivine crystals with both zonation

types. Aphanitic samples (A19-04a, b and c) contain

zoned microcrysts (which are very close to 500mm in

size) with core enriched in both Fo and NiO (e.g. Fo86�6–

85�4 and 0�36–0�33 wt% NiO). These values are similar to
those for olivine cores in porphyritic basalt varieties.

Two macrocrysts with repetitive zonation contain Fe-

enriched core and rim with similar composition (Fo79�2–

80�7, 0�07–0�10 wt% NiO) and mantle that is slightly

enriched in Mg (Fo82�0–83�5, 0�18–0�23 wt% NiO).

Subhedral to anhedral olivine fragments (with kink-
banded texture) are generally rare, but abundant in one

sample (A19-08; Fig. 7h). The composition of these frag-

ments is highly variable (Fo86�3–75�4; 0�32–0�10 wt% NiO;

Fig. 8). In addition, minor Ca, Mn and traces of Cr were

detected (Table 2) with generally high Ca and low Mn in

high-Fo olivine and low Ca and high Mn in low-Fo

olivine.

Clinopyroxene
Clinopyroxene occurs as euhedral to subhedral macro-

crysts, microcrysts and groundmass crystals, with a sin-
gle megacryst (Fig. 9, Supplementary Data Fig. S2).

Compared with olivine, clinopyroxene occurs more

often as fragments of broken crystals. Most clinopyrox-

ene crystals are colourless, with a few crystals contain-

ing greenish cores. In some samples microcrysts define

a trachytoid texture and rarely they occur as glomeroc-
rysts. Based on variable shapes, zonation patterns, in-

ternal structures (Fig. 9), and compositions (Table 3;

Figs. 10–12), we distinguish six populations of clinopyr-

oxene. In total 342 spot analyses were obtained from 12

samples. Most analyses indicate diopsidic to augitic

compositions, with rare hedenbergite and aegirine–

augite compositions in greenish cores.
Population I (common) is represented by cores of eu-

hedral to subhedral macro- and microcrysts (Fig. 9a, b,

and d), typically not in optical continuity with the mantle

or rim zones. These cores are characterized by a vari-

able morphology (round, oval, embayed) and some-

times show strong resorption at their boundary with the

mantle or rim. Their Mg# values [calculated as 100Mg/
(Mg þ Fe2þ)] and contents of Cr, Al and Ti point to three

varieties (Ia, Ib and Ic; Table 3). Variety Ia is augite

(Di60–68Hed12–16others19–25) with Mg# between 85 and

80, low Cr (always below detection limit) and high Al

(3�2–3�8 wt% Al2O3) and Ti (1�3–1�7 wt% TiO2). Variety Ib

(Di51–63Hed14–20others22–33) has Mg# of 81–73, contains
higher Cr (0�05–0�4 wt% Cr2O3) and high but variable Al

and Ti (2�3–4�7 wt% Al2O3 and 0�6–1�6 wt% TiO2). Variety

Ic (Di68–76Hed6–11others16–21), with high Mg# values of

94–87, is rather Cr-rich (0�4–1�4 wt% Cr2O3) but depleted

in Al and Ti (0�3–0�5 wt% TiO2 and 0�8–1�8 wt% Al2O3).

Varieties Ia and Ic contain similar amounts of Na2O
(0�5–0�6 and 0�4–0�7 wt% respectively), whereas variety

Ib is slightly enriched in Na (typically 0�7–1�0 wt% Na2O,

with two spot analysis of 0�5 wt%).

Population II (less common, but abundant in some

samples) occurs as rounded and embayed cores in

macrocrysts (Fig. 9c). A prominent feature is their large

size, typically 1–4 mm and up to 9 mm� 8 mm, and their
irregular extinction. Unlike population I, these crystals

do not have a mantle zone. Augite (Di60–75Hed8–14

others16–29) has a relatively high Mg# (90–83) and con-

tains elevated Cr (0�3–0�7 wt% Cr2O3). Other minor com-

ponents are Al (1�3–2�9 wt% Al2O3), Ti (0�4–1�0 wt% TiO2)

and Na (0�5–0�7 wt% Na2O) (Table 3).
Population III (common) is augite (Di54–74Hed10–21

others13–30) with a characteristic spongy texture (Fig. 9d

and e) that occurs as cores in euhedral to subhedral

macro- and microcrysts or as mantle around augite I. In

the latter case it forms either complete or discontinuous

mantle zone. The mineral has a variable Mg# (86–74),

contains relatively little Cr (0�1–0�4 wt% Cr2O3 with one
spot analysis of 0�8 wt%) and variable amounts of Al

(1�6–4�0 wt% Al2O3), Ti (0�5–1�9 wt% TiO2) and Na (0�3–

0�9 wt% Na2O) (Table 3).

Despite the observed compositional differences be-

tween augite I, II and III, there is a common feature for

these three populations—a negative correlation be-
tween values of Mg# and content of Al and Ti (Figs 11

and 12). The behavior of Cr is different: augite with Mg#

between 85 and 73 contains Cr at approximately similar

and relatively low level, whereas high-Mg# augite (94–

85) shows a positive correlation between Mg# and Cr.

Population IV (generally rare, but common in some

samples) occurs as greenish cores in euhedral to sub-
hedral microcrysts and rarely macrocrysts, typically not

in optical continuity with the rim of the crystals (Fig. 9f
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and g). Some of these cores contain inclusions of Ti-

rich garnet (schorlomite), titanite and/or apatite (Fig. 9f).

Clinopyroxene IV is compositionally very diverse

(Di18–76Hed10–62Aeg3–20others2–23); minerals are charac-
terized by a highly variable Mg# values (86–26) and Al,

Ti and Na contents (0�4–5�1 wt% Al2O3, 0�3–2�2 wt% TiO2

and 0�8–3�8 wt% Na2O) (Table 3). The Cr contents are

below the detection limit with the exception of one crys-

tal (Fig. 9g) that contains 0�17–0�24 wt% Cr2O3. Also, this

crystal contains a mantle zone whereas others do not.
Population V (common) occurs as two varieties. One

occurs as mantles around cores of populations I, III and

rarely IV (Fig. 9a, b, d, e, and g) and generally shows os-

cillatory zoning, with rare continuous growth zonation.

Another represents euhedral to subhedral macrocrysts

(rare), microcrysts (common) and groundmass (com-

mon) crystals with oscillatory-type or rarely sector-type
zoning (Fig. 9h and i). This augite (Di56–76Hed6–21

others12–30) has high Mg# values with a range from 93

to 73 and high Cr contents (up to 1�4 wt% Cr2O3), which

decrease towards the rims (Table 3, Fig. 10). In contrast,

Al and Ti increase from the inner mantle–core (1�2 wt%

Al2O3 and 0�4 wt% TiO2) towards the outer mantle–rim
(5�7 wt% Al2O3 and 3�6 wt% TiO2). These compositional

variations are related to the size of the crystals: macro-

crysts have a core with higher Mg# values and lower

Al–Ti contents compared with microcrysts and ground-

mass crystals, which have lower Mg# and higher Al–Ti

contents. Variable Na (0�2–0�7 wt% Na2O) correlates
positively with Cr (Supplementary Data Fig. S3), sug-

gesting a minor kosmochlor NaCr(Si2O6) component

(up to 4 mol%). However, molar Na/Cr ratio is always

�1 (up to 9�2), suggesting that some of the Na is incor-

porated as aegirine and/or jadeite components

(Supplementary Data Fig. S3).

Population VI (common) is augite (Di49–69Hed12–26

others14–29), which forms thin rims around almost

all macrocrysts, microcrysts and groundmass crystals

Fig. 8. Olivine composition, Fo (mol%) vs NiO (wt%) in the Ogol basalts. RSDNi varies between 2 and 7 % dependent on the Ni
content.
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Fig. 9. Clinopyroxene morphology and zonation (BSE images). I–VI, clinopyroxene population; (a, e) sample A19-64, (b) A19-01,
(c) A19-08, (d) A19-02, (f) A19-04a, (g) A16-06, (h) A19-06, (i) A16-05, (j) A19-04b. Crt, schorlomite.
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(Fig. 9). The latter (particularly those <50mm) can be

completely composed of this population. This augite

has variable Mg# values (85–69), contains low Cr (com-

monly below detection limit), and is characterized by

high and variable contents of Al (1�7–6�1 wt% Al2O3),
1�3–3�6 wt% TiO2 (Table 3, Figs 10–12) and variable Na

(0�3–0�7 wt% Na2O) with no obvious relationship be-

tween Na and Cr (Supplementary Data Fig. S3).

Spinel
Spinel-group minerals, or simply spinel, compose an

essential part of the groundmass. They are rarely pre-
sent as microcrysts and also occur as inclusions in oliv-

ine and augite macrocrysts. The crystals are different in

morphology, size and internal zonation, and compos-

itional data show the presence of two distinct solid

solution series (magnesiochromite–chromitess and

magnetite–ulvöspinelss) (Table 4, Figs 13 and 14).

Euhedral spinel inclusions (up to 180mm� 90 mm in

size) in olivine macrocrysts with normal zonation and

microcrysts (up to 160mm�110 mm in size) are consid-
ered to be the earliest opaque phases to crystallize (Fig.

13a). They are Ti-poor (1�7–3�3 wt% TiO2) and Al-rich

(6�3–8�9 wt% Al2O3) magnesiochromite–chromitess.

From core to rim contents of Mg and Cr decrease,

whereas Al and Ti increase (Fig. 14). Spinel inclusions

(up to 30 mm in size) in olivine with reverse zonation are

characterized by high and variable Ti (12�1–21�7 wt%
TiO2) and low Cr (3�5–8�5 wt% Cr2O3) contents (Fig. 14),

although having similar Mg and Al (5�4–7�8 wt% MgO

and 7�9–9�6 wt% Al2O3) to euhedral chromite (see

above).

Fig. 10. Relationships between Mg# [100Mg/(Mg þ Fe2þ), calculated from atomic per cent] and Cr2O3 (wt%) in clinopyroxene.
Arrow ‘crystallization sequence’ shows compositional changes in population V (core to rim) and from population V to VI. RSDCr

varies between 1 and 7 % dependent on the Cr content.
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Strongly zoned euhedral to subhedral spinel-group

minerals occur as rare microcrysts (up to

230mm�100mm) and groundmass crystals (Fig. 13b

and c). They consist of a chromite core rimmed by ‘tita-

nomagnetite’ (magnetite–ulvöspinelss). Chromite is a
low-Ti variety (2�0–3�8 wt% TiO2) with elevated Al (6�5–

10�4 wt% Al2O3) and Mg (3�6–9�6 wt% MgO). The bound-

ary between chromite and magnetite–ulvöspinelss is

gradational with considerable compositional changes

over a distance of 5–10 mm (Fig. 14). Magnetite–ulvöspi-

nelss is Ti-rich (11�2–26�7 wt% TiO2), Cr-poor (1�5–
15�7 wt% Cr2O3) and contains less Al (1�1–4�6 wt%

Al2O3) and Mg (2�0–4�0 wt% MgO) compared with the

core chromite (Fig. 14). One of the studied samples

(A19-64) contains texturally and compositionally similar

zoned microcrysts with chromite cores and magnetite–

ulvöspinelss rims, but the latter contains ilmenite

exsolution lamellae (Fig. 13d). All magnetite–ulvöspi-

nelss in this sample, occurring as either rim on chromite

or as euhedral to subhedral crystals in groundmass,

contains exsolved ilmenite lamellae. Cr-bearing mag-

netite–ulvöspinelss (2�2–10�4 wt% Cr2O3, 14�2–19�9 wt%
TiO2, Fig. 14) occurs as inclusions in clinopyroxene (typ-

ically in varieties II, III, V and VI). Groundmass spinel

with grain sizes between 1 and 50mm (rarely up to

100mm) occurs as euhedral to subhedral crystals (Fig.

13e). Compositionally it is magnetite–ulvöspinelss with

low Cr (0�2–3�8 wt% Cr2O3), and high Ti (18�2–25�6 wt%
TiO2; Fig. 14). A few crystal cores are relatively enriched

in Cr (4�1–9�9 and 16�1–17�9 wt% Cr2O3).

All studied samples contain additional anhedral and

rather homogeneous spinel (up to 330mm� 260mm;

Fig. 13f) with Mg, Al and Ti (2�3–4�1 wt% MgO, 1�7–

4�0 wt% Al2O3 and 14�5–21�8 wt% TiO2) at levels similar

Fig. 11. Relationships between Mg# [100Mg/(Mg þ Fe2þ), calculated from atomic per cent] and Al2O3 (wt%) in clinopyroxene.
Arrow ‘crystallization sequence’ shows compositional changes in population V (core to rim) and from population V to VI. (For sam-
ple numbers see Fig. 10.) RSDAl varies between 1 and 5 % dependent on the Al content.
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to groundmass magnetite–ulvöspinel (Fig. 15). How

ever, these grains are very low in Cr (mostly below the
detection limit; Fig. 14) and compositionally different

grains are present within a single specimen; for ex-

ample, sample A19-08 contains crystals (150–300mm in

size) with very different Ti content (14�5–14�7, 17�0–17�1
and 20�0–20�8 wt% TiO2).

Plagioclase
Plagioclase occurs as subhedral tabular laths to

anhedral crystals (mostly 20–70mm in size, and rarely

up to 200mm in length; Fig. 15a) that form polycrystal-

line aggregates (Supplementary Data Fig. S4).

Plagioclase is andesine–oligoclase solid solution
(An0�28–0�37Ab0�58–0�66Or0�04–0�06) with predominance of

andesine compositions (Table 5); both minerals contain

minor Sr (0�4–0�6 wt% SrO) and Ba (0�2–0�4 wt% BaO). A

single microcryst contains a strongly corroded core
with labradorite composition (An0�66Ab0�33Or0�01), rimed

by Ca-enriched andesine (An0�42Ab0�55Or0�03). In addition

to microcrysts, sample A19-08 contains relatively large

embayed plagioclase grains (250mm� 180mm to

520mm�490mm; Fig. 15b) of oligoclase composition

(An0�20–0�29Ab0�67–0�71Or0�04–0�09).

Apatite
Apatite is a common accessory mineral in all studied

samples and occurs as needle- or spindle-like crystals

up to 120mm in length and 10 mm in thickness (Fig. 15c

and d; Supplementary Data Fig. S5). Because of the
small crystal size WDS analysis was not possible, and

SEM–EDS analysis shows that the mineral is close to an

Fig. 12. Relationships between Mg# [100Mg/(Mg þ Fe2þ), calculated from atomic per cent] and TiO2 (wt%) in clinopyroxene. Arrow
‘crystallization sequence’ shows compositional changes in population V (core to rim) and from population V to VI. (For samples
numbers see Fig. 10.) RSDTi varies between 1 and 5 % dependent on the Ti content.
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ideal fluorapatite with minor Si (c. 1�0 wt% SiO2). No

peaks from other cations have been found on ED

spectra.

Other minerals
A sample from the Oldoinyo Naisiusiu hill (A19-08) con-

tains rare, but relatively large crystals of perovskite (up

to 160mm�210 mm in size) (Fig. 15e), a mineral which is

not a typical phase in basaltic rocks. It is always sur-
rounded by a 10–50mm thick rim of ilmenite. The latter,

in turn, contains numerous tiny inclusions of REE-rich

mineral(s). Perovskite shows variable Nb contents (0�5–

2�1 wt% Nb2O5) and is enriched in LREE (La2O3 þ Ce2O3

þ Nd2O3 ¼ 2�3–4�1 wt%, SEM–EDS analysis). Ilmenite is

Mg-rich and Nb-bearing with 4�5–4�9 wt% MgO and 0�4–

0�7 wt% Nb2O5 (SEM–EDS analysis). REE minerals can-
not be precisely identified and quantitatively analyzed

owing their small size (�5 mm in size), but SEM–EDS

spectra suggest that they represent Ca–REE silicates

and rarely REE phosphates.

In addition, the sample contains green clinopyroxene

(population IV; Cr-free diopside with 0�9–1�3 wt% Na2O,
3–6�5 mol% aegirine end-member) with inclusions of

Fig. 13. Morphology and zonation of spinel-group minerals (BSE images). (a) Euhedral magnesiochromite (Mchr) at contact be-
tween olivine macrocryst and groundmass, A16-05; (b) euhedral magnesiochromite in olivine macrocryst and zoned chromite
(Chr)–magnetite–ulvöspinelss (Ti-mag) at contact between olivine macrocryst and groundmass, A19-06; (c) zoned chromite (Chr)–
magnetite–ulvöspinel (Ti-mag) microcryst, A19-04b; (d) zoned chromite (Chr)–magnetite (Mag) microcryst with ilmenite exsolution
(Ilm) in magnetite, A19-64; (e) euhedral to subhedral magnetite–ulvöspinelss (white) in groundmass, A16-05; (f) anhedral magnet-
ite–ulvöspinelss microcryst, A19-04a.
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Fig. 14. Compositional variations of spinel-group minerals.
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schorlomite (12�6–16�7 wt% TiO2), titanite (close to an

ideal formula) and fluorapatite (Fig. 15f). These were

also observed as rare minerals in some of the other

samples.

Glass
Glass is an essential component in the studied samples

(Supplementary Data Fig. S4). Fresh, unaltered glass is,
however, rare (Fig. 15d), but well preserved in two sam-

ples from Oldoinyo Emusenge hill (A16-05 and A16-06).

The glass contains 58�7–60�2 wt% SiO2, 18�9–19�4 wt%

Al2O3 and 13�3–14�6 wt% Na2O þ K2O (Table 5) and cor-

responds to a phonolite in a TAS classification diagram

(Fig. 4a). It is strongly depleted in Mg (0�5–0�7 wt%
MgO) and Ca (0�4–0�9 wt% CaO) and slightly enriched in

Fe (4�4–4�7 wt% Fe2O3total). SEM–EDS analysis shows

presence of P (up to 0�5 wt% P2O5), Cl (up to 0�4 wt%)

and S (up to 0�2 wt% SO3). The analytical totals are typ-

ically between 95 and 98 wt% (Table 5) and this can be

an indication of presence of other volatile components

(e.g. H2O). During alteration the glass was transformed
to a fine-grained assemblage of montmorillonite, K–Na

feldspar, Na 6 K zeolite and sodalite (Fig. 15g and h).

Sr–Nd isotopes
Limited published Sr and Nd isotopic compositions for

the Ogol basalts are controversial. Whereas the data pre-

sented by Mollel (2007) are relatively uniform (87Sr/86Sr

¼ 0�70371–0�70381 and 143Nd/144Nd ¼ 0�51255–0�51261),

the data from Adelsberger et al. (2011) show wide varia-
tions (87Sr/86Sr ¼ 0�70350–0�70577 and 143Nd/144Nd ¼
0�51221–0�51257). The highest Sr (0�70577) and lowest

Nd isotope (0�51221) ratios were found in sample OL-22E

(Adelsberger et al., 2011), which is compositionally dif-

ferent from all other Ogol basalts (picrobasalt with low

Si, Mg, Cr and Ni contents and high Ti and P contents;

see above) and is probably not directly related to them.
In the present study we analysed 10 samples of the Ogol

basalts for their Sr and Nd isotopic composition; comple-

mented by three lava samples from the Lemagarut vol-

cano and three samples of basement rocks (Table 6). All

measured 87Sr/86Sr and 143Nd/144Nd ratios were cor-

rected for an age of 2�3 Ma (Mollel, 2007) using the meas-
ured 87Rb/86Sr ratios.

Our new data (Fig. 16) confirm variable isotopic

compositions for the studied basalts (87Sr/86Srinitial ¼
0�70377–0�70470 and 143Nd/144Ndinitial ¼ 0�51246–

0�51261). The data show a negative correlation between
87Sr/86Srinitial and 143Nd/144Ndinitial ratios, with a sample

from Oldoinyo Emusenge hill (A16-05) showing lowest
87Sr/86Srinitial and highest 143Nd/144Ndinitial and a sample

from Oldoinyo Mati hill (A19-02) having the highest
87Sr/86Srinitial and lowest 143Nd/144Ndinitial ratios.

Sr–Nd isotopic data for basalts to trachyandesites

from the contemporaneously erupting Lemagarut vol-

cano partly overlap with those for the Ogol basalts,
forming a continuous field (Table 6; Fig. 16). One sam-

ple of Lemagarut trachyandesite (Mollel, 2007), has a

low 143Nd/144Nd ratio of 0�51219, which is different from

all other samples. The reason for the low 143Nd/144Nd

ratio is unknown, but can potentially be explained by al-

teration. Significant changes in Nd isotopic composi-

tions were observed for nephelinitic rocks from the

nearby Sadiman volcano, where highly altered nepheli-
nitic tuffs have much lower 143Nd/144Nd ratios com-

pared with fresh, unaltered tuffs and lavas (Zaitsev

et al., 2019).

In contrast to Ogol and Lemagarut, basaltic rocks

from the Ngorongoro volcano are characterized by ir-

regular distribution of measured 87Sr/86Sr and
143Nd/144Nd ratios (Fig. 16). The majority of samples
from Ngorongoro show similar to Ogol and Lamagarut

ranges for Sr and Nd isotopic compositions (87Sr/86Sr ¼
0�70405–0�70533 and 143Nd/144Nd ¼ 0�51227–0�51277),

and three samples have extremely high 87Sr/86Sr ratios

Fig. 15. Macrocrysts, microcrysts and groundmass minerals
(BSE images). (a) Andesine (Pl) microcrysts, A19-06; (b) oligo-
clase (Pl) macrocryst; A19-08, (c) fluorapatite (Ap) in ground-
mass, A19-07; (d) glass (Gl) with apatite microlites (gray), A16-
06; (e) perovskite (Prv) microcryst with ilmenite (Ilm) reaction
rim; white inclusions in ilmenite are REE-rich minerals; (f)
schorlomite (Grn), titanite (Ttn) and apatite (Ap) in green clino-
pyroxene (population IV), A19-08; (g, h) glass alteration to
montmorillonite (Mnt), K–Na feldspar (Afs), Na zeolite (not
shown) and sodalite (Sdl), A16-26; Fo, olivine; Aug, clinopyrox-
ene; Ti-mag, magnetite–ulvöspinelss; Cal, calcite.
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of 0�70634, 0�70801 and 0�71317 (Nonnotte, 2007; Mollel

et al., 2008).

Importantly, the Sr and Nd isotopic data for the Ogol

basalts, as well as the basaltic rocks from Lamagarut

and Ngorongoro, correlate with their major element

whole-rock data (Fig. 17). The 87Sr/86Sr ratios correlate

positively with SiO2, Al2O3, Na2O and K2O, and nega-
tively with MgO, TiO2, Fe2O3 and CaO, whereas
143Nd/144Nd ratios show the opposite relationship.

DISCUSSION

Primary and xenocrystic minerals
The textural and compositional differences between the

various populations of olivine, clinopyroxene, spinel

group minerals and plagioclase in the studied samples

(see above) suggest that macrocrysts, microcrysts and

groundmass minerals represent primary minerals

(autocrysts and microlites), which crystallized from a
particular melt batch erupted as lava, but also comprise

variable amounts of xenocrysts.

As primary minerals we consider the following:

1. olivine macrocrysts with normal zonation and gener-

ally unzoned microcrysts (Fig. 7a and b);

2. clinopyroxene cores and mantles with characteristic

oscillatory-type, rarely sector-type or continuous

growth zonation (population V) and augite rims

(population VI; Fig. 9);
3. magnesiochromite–chromite as inclusions in

olivine with normal zonation and microcrysts, mag-

netite–ulvöspinelss rims around those and discrete

magnetite–ulvöspinelss crystals in groundmass (Fig.

13a–e);

4. (4) microcrysts and groundmass andesine–oligocla-
sess and fluorapatite (Fig. 15a and c).

Crystals of all other minerals populations are consid-

ered to represent xenocrystic material of different ori-
gin, although some of them can represent antecrysts:

1. olivine crystals (and subhedral to anhedral frag-

ments thereof) that show reverse and repetitive
zonations (Fig. 7c–f) and their Cr-bearing magnetite–

ulvöspinelss inclusions;

2. rounded and embayed clinopyroxene cores (popula-

tions I–IV) and subhedral fragments thereof (Fig. 9a–g),

including perovskite, rimmed by ilmenite and schorlo-

mite 6 apatite and titanite (Figs 9f and 15e, f) that

occur as inclusions in population IV (green cores);
3. anhedral, low-Cr magnetite–ulvöspinelss (Fig. 13f)

and embayed oligoclase macro- and microcrysts

(Fig. 15b).

The presence of abundant and texturally or composition-

ally diverse xenocrystic minerals suggest an open-system

Table 5: Selected analyses of plagioclase and glass

plagioclase glass
Sample: 16-05 16-26 16-05
Analysis: 2 6 12 1 3 5 1 11 15

SiO2 60�01 59�90 61�23 59�49 60�69 61�81 57�56 58�96 58�72
TiO2 0�47 1�11 0�85
Al2O3 24�81 24�56 23�53 25�31 24�27 24�00 19�06 18�54 18�76
Fe2O3 0�56 0�80 0�77 0�57 0�51 0�57 4�29 4�58 4�30
CaO 7�25 6�87 6�01 7�72 6�53 5�76 0�87 0�44 0�84
MgO 0�04 0�05 0�04 0�06 0�03 0�02 0�71 0�49 0�52
MnO 0�02 0�02 0�02 0�08 0�09 0�07
Na2O 6�55 6�97 7�47 6�76 7�17 7�52 8�75 7�47 7�55
K2O 0�74 0�83 0�97 0�70 0�90 1�12 5�52 5�53 5�47
SrO 0�51 0�65 0�45 0�50 0�49 0�45
BaO 0�19 0�23 0�23 0�27 0�26 0�45 0�03 0�03 0�05
P2O5 0�49 0�51 0�40
SO3 0�16
Cl 0�27 0�28 0�35
–O¼Cl2 0�06 0�06 0�08
Total 100�66 100�87 100�71 101�38 100�87 101�71 98�03 97�96 97�96
Si 2�674 2�672 2�727 2�642 2�700 2�727
Al 1�303 1�291 1�235 1�325 1�273 1�248
Fe3þ 0�019 0�027 0�026 0�019 0�017 0�019
Total 3�996 3�990 3�988 3�986 3�989 3�993
Ca 0�346 0�328 0�287 0�367 0�311 0�272
Na 0�566 0�603 0�645 0�582 0�618 0�643
K 0�042 0�047 0�055 0�040 0�051 0�063
Mn 0�000 0�001 0�000 0�000 0�001 0�001
Mg 0�003 0�003 0�003 0�004 0�002 0�002
Sr 0�013 0�017 0�012 0�013 0�013 0�011
Ba 0�003 0�004 0�004 0�005 0�005 0�008
Total 0�973 1�003 1�006 1�011 1�001 1�000

P, S and Cl were not analysed in plagioclase. WDS (plagioclase, JEOL 8900 Superprobe) and EDS (glass, Hitachi S-3400N)
analyses.
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and multi-stage crystallization history for the Ogol basalts,

providing evidence for several stages of mixing and min-
gling during their evolution, and these are considered in the

following.

Origin of xenocrystic minerals
Importantly, primary olivine with normal zonation

and xenocrystic olivine with reverse zonation occur in
the same sample, and rim compositions for both popu-

lations are very similar (Fig. 8). This indicates that xeno-

crystic olivine cores (in reversely zoned crystals) were

entrained in the magma before eruption with a resi-

dence time long enough for partial equilibration and

overgrowth. An olivine megacryst with Fe-rich core and
normal zonation (see above) was also probably

entrained before eruption, because the crystal rim has a

different composition from rims on normally zoned Fe-

poor olivine in the same sample. Olivine with repetitive

zonation (Fe-rich core–Fe-depleted mantle–Fe-rich rim;

Fig. 7e and f), although being extremely rare, is an ex-

ample of multi-stage growth in melt (or melts) with vari-
able Mg#. Unzoned subhedral fragments, with or

without kink-banded texture, point to entrainment close

to the surface, only shortly before lava eruption and

with no time for equilibration with the surrounding melt

and rim overgrow.

All studied olivine crystals, including kink-banded
crystals, show higher contents of Ca and Mn (0�17–

0�42 wt% CaO and 0�12–0�38 wt% MnO) compared with

mantle olivine (Fo�90), which has typically up to 0�1 wt%

and rarely up to 0�2 wt% oxides (e.g. Simkin & Smith,
1970; Dawson, 2002; Koornneef et al., 2009). Therefore,

we assume that the Ogol lavas contain basaltic olivine

only and none of the xenocrysts derive from mantle

lithologies. Rare kink-banded crystals can derive

from deformed cumulate ultramafic to mafic rocks

formed at crustal level, or they may be kinked during

emplacement of the basaltic magma (e.g. Li et al., 2012;
Bradshaw et al., 2018).

Two possible scenarios can explain the occurrence

of both low- and high-Fe olivine: (1) mixing of relatively

primitive magma with evolved magma batches related

to the differentiation of the primary Ogol magmas; (2)

mixing with evolved melts derived from the Lemagarut
volcanic system, which was active at the same time as

the Ogol magmas erupted. The second scenario is sup-

ported by the occurrence of embayed oligoclase crys-

tals in the Ogol basalts (Fig. 15b), as their morphology

and composition suggest that they represent xeno-

crysts. Lavas of basaltic trachyandesite with plagioclase

as phenocrysts have been observed in the Laetoli area
(samples A16-21 and A16-28, Supplementary Data

Table S1) and on the western lower slope of the

Lemagarut volcano; our unpublished data show that

these plagioclase phenocrysts are compositionally simi-

lar to embayed oligoclase crystals found in the Ogol

basalts.

Fig. 16. Sr and Nd initial ratios (2�3 Ma) for the Ogol basalts, Lemagarut, Ngorongoro and Sadiman volcanoes, Laetoli tuffs and
green schist from the Tanzania Craton. Data are from this study and Paslick et al. (1995, 1996), Mollel (2007), Nonnotte (2007),
Adelsberger et al. (2011) and Zaitsev et al. (2012, 2019). Dashed lines show mixing isotope models between Ogol basalt (A16-05),
granite–gneiss (A16-12) and garnet amphibolite (A16-16c). Mantle end-members (HIMU and EM1) are from Hart et al. (1992) and
Bell & Tilton (2001). Kenya plume is from Aulbach et al. (2011), AP, Afar plume (Rogers et al., 2000); KP, Kenya plume (Rogers et al.,
2000). The 2r values of the measured 87Sr/86Sr and 143Nd/144Nd values are 0�000009–0�000019 and 0�000002–0�000006 respectively
(Table 6).
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Green core clinopyroxenes (population IV) with

inclusions of schorlomite, titanite and apatite (Figs 9f

and 15f), as well as discrete perovskite crystals (Fig.

15e) provide strong evidence for the additional contri-
bution of evolved nephelinite- or foidolite-type contami-

nants—either by mixing between the basaltic Ogol

melts and mantle-derived nephelinitic melts or by

assimilation or fragmentation of already crystallized foi-

dolitic rocks at depth.

However, no nephelinitic rocks with an age of c.

2�3 Ma are known in the Crater Highlands and adjacent
Olduvai Gorge areas, and here alkaline nephelinite to

phonolite magmatism (Sadiman volcano, Laetolil tuffs,

Engelosin cone, Mollel, 2007; Zaitsev et al., 2012, 2019)

Fig. 17. Relationships between Sr and Nd initial isotope ratios and major elements for the Ogol basalts and Lemagarut,
Ngorongoro and Sadiman volcanoes. Data are from this study and Mollel (2007), Nonnotte (2007), Adelsberger et al. (2011) and
Zaitsev et al. (2012).
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is older (>3 Ma). We can only speculate that

nephelinite-type magmas were still present at depth

after 3�0 Ma and mixed with Ogol melts at mantle or

crustal levels. This assumption is somewhat supported

by alkaline volcanoes in the Gregory Rift, which were
active at 2�3 Ma; for example, Tarosero volcano (Mana

et al., 2015; Braunger et al., 2021). At Crater Highlands

alkaline magmatism was reactivated around 1�2 Ma

(Fig. 1) with the Embagai volcano being active at 1�2–

0�8 Ma (Fig. 2).

Alternatively, the minerals can simply derive from

small-scale assimilation of unexposed cumulitic meltei-
gite–ijolite (foidolitic) rocks and/or nephelinites related

to the Sadiman volcano (Zaitsev et al., 2012) or even

from the Laetolil melilite nephelinite tuffs (Zaitsev et al.,

2019) by ascending basaltic melts. Perovskite and

schorlomite are relatively common minerals in

Sadiman and in the Laetolil tuffs. However, these rocks
contain perovskite as euhedral crystals (this suggests

equilibrium with the host melt) or as relics in titanite

(high silica activity; see fig. 7b of Zaitsev et al., 2012)

and an ilmenite replacement rim was never observed.

Perovskite þ ilmenite assemblages are known from

kimberlites, but the minerals show opposite relation-
ships, with primary ilmenite and a perovskite reaction

rim around it (e.g. Mitchell, 1972). Formation of ilmenite

on perovskite could be an indication of relatively high

iron and low silica activity compared with conditions

needed for titanite formation. Perovskite is also known

from alkaline rocks at the extinct nephelinitic Mosonik

and Kerimasi volcanoes (Church, 1995; Paslick et al.,
1996) and from recent olivine melilitites and nephelin-

ites at Oldoinyo Lengai (Keller et al., 2006; Dawson,

2008).

One of the studied green core crystals (Fig. 9g) is dif-

ferent from the others as it shows a distinct patchy zon-

ation. It contains 0�17–0�24 wt% Cr2O3, and is mantled
by augite population V. It should be noted that all other

green cores are rimmed by augite VI only and some

crystals even do not have the rim. This suggests that

entrainment of this crystal happened at a different

depth level and time, but the detailed origin of this crys-

tal remains unclear. Augite population Ia (Fig. 9a) could

be also related to a nephelinite-type contaminant be-
cause of the lack of Cr. It is always mantled by augite V;

these crystals had a long residence time in the melt and

therefore another, probably deeper, mixing event com-

pared with clinopyroxene IV, is considered.

Rounded and embayed clinopyroxene cores (popula-

tions Ib and Ic) are mantled by primary augite V fol-
lowed by a rim of augite VI, whereas clinopyroxene II

cores are rimmed by augite VI but lack a mantle of aug-

ite V. This may suggest different residence times in

melt(s). Compositionally, they are also different, but

plotting all together they show gradational changes.

From augite Ic, via augite II, to augite Ib we observe

decreasing Mg# (94–73) and Cr2O3 (from 1�4 to to
0�05 wt%), accompanied by increasing Al2O3 (from 0�8
to 4�7 wt%) and TiO2 (from 0�3 to 1�6 wt%) content (Figs

10–12). These variations suggest crystallization of min-

erals from melts with different compositions. All cores

of augite Ib and Ic, and even megacrystic augite II, are

relatively homogeneous (Fig. 9) with small compos-

itional variations within a single crystal. We suggest
that they crystallized in closed-system intermediate

magma chambers under equilibrium conditions. The

compositional variations in augite Ib, Ic and II are simi-

lar with those of primary augite V (Figs 10–12). This indi-

cates basaltic melt compositions that may derive from

the Lemagarut magmatic system and were mixed with

Ogol melts.
Alternatively, high-Mg# and high-Cr augite Ic may

derive from mantle rocks. Although mantle xenoliths

are not known from basaltic or nephelinitic rocks of the

Crater Highlands, they occur, for example, at Lashaine

volcano within the Gregory Rift, at Labait volcano

located on the eastern edge of the Tanzanian Craton
and other localities. Clinopyroxene from Lashaine

(Dawson, 2002) is enriched in Cr and Na (1�7–3�1 wt%

Cr2O3 and 1�2–2�5 wt% Na2O) compared with that from

Ogol, but clinopyroxene occurring in glassy melt pock-

ets, veinlets and veins shows similar levels of Cr and Na

(0�2–1�8 wt% Cr2O3 and 0�3–0�8 wt% Na2O) to augite Ic.
However, as no ‘true’ mantle minerals (e.g. low-Ca–Mn

and high-Fo olivine, high-Cr–Na clinopyroxene and/or

orthopyroxene) were found in the Ogol basalts we sug-

gest that a basaltic contaminant component is more

likely for augite Ic.

Spongy clinopyroxene cores and mantles (popula-

tion III) are compositionally similar to augite popula-
tions Ib and II and even partly overlap with augite Ic

(Fig. 9d and e) and are always overgrown by augite V,

indicating relatively long residence time in the melts.

The large compositional variations for augite III (Figs

10–12) are interpreted to represent magmatic differenti-

ation. Spongy- or sieve-textured minerals, mainly
plagioclase and pyroxene, are known in various volcan-

ic rocks and two models were suggested to explain the

origin of the texture (e.g. Nelson & Montana, 1992;

Stewart & Pearce, 2004; Shane et al., 2019). The forma-

tion of spongy-textured crystals can be related to

magma mixing processes or may be due to rapid de-

compression during melt ascent.

Characteristics of primary minerals
Primary orthomagmatic macrocrysts of olivine and

clinopyroxene (population V) are Mg-rich (Fo89�5 and

Mg# of 94, respectively) and crystallized from rather

primitive melts with Mg# of 72�5–70�5 [assuming crys-
tal/melt equilibrium with KdFe/Mg(ol/liq) ¼ 0�30–0�35, de-

pending on pressure; Ulmer, 1989]. Primary olivine with

lower Mg contents (down to Fo84�2) reflect magmatic

differentiation or magma mixing processes, or combi-

nations thereof.

Similarly, the compositional variation of augite V is
explained, characterized by well-developed zonation with

a decrease of Mg# and Cr from core to rim (in the case of
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mantle from inner to outer parts) and a simultaneous in-

crease in Al and Ti (Figs 11 and 12). Augite VI that occurs

as rims around macro- and microcrysts and as ground-

mass crystals, formed somewhat later but from the same

evolving magma. Based on its textural context and
evolved composition (low Mg# and high content of Al

and Ti), we suggest that augite VI crystallized immediate-

ly before and during eruptions of melts.

Two compositionally distinct spinel group minerals

crystallized during magmatic differentiation. The

change from magnesiochromite–chromitess to magnet-

ite–ulvöspinelss not only indicates changes in melt com-
position, but also is related to changes in physical-

chemical conditions, such as temperature and oxygen

fugacity (Hill & Roeder, 1974).

Ogol primary melt composition
The relatively high concentrations of Cr and Ni in the

studied samples allow them to be considered as candi-

dates for primary magma compositions, not only for

the Ogol rocks, but also for the Lemagarut and even

Ngorongoro volcanoes (see above). The Ogol basalts

are relatively primitive (Table 1), but show continuous

variations in contents of major and trace elements (Fig.
4). With 11�5 wt% MgO (Mg# ¼ 61), 975 pm Cr and

222 ppm Ni, a sample from Oldoinyo Emusenge hill

(A16-05; Fig. 6a) could approximate the composition of

a primary magma in equilibrium with its mantle source.

Out of all studied samples, A16-05 contains the most

Mg-rich olivine (Fo89�5–87�5) and clinopyroxene V (Mg# of
94–85) and magnesiochromite. Also, it is characterized

by the lowest 87Sr/86Sri (0�703768) and highest
143Nd/144Ndi (0�512614) ratios compared with the Ogol

as well as Lemagarut basalts. However, even this sam-

ple contains a few high-Fe olivines as well as xenocrys-

tic augite (populations Ib, Ic, II and IV). Therefore, we

suggest that its composition is close to but does not
exactly correspond to a primary melt composition. The

presence of relatively Fe-rich and Ni-poor olivine causes

a decrease of Mg and Ni and an increase of Fe com-

pared with an initial composition (Supplementary Data

Fig. S6). Likewise, abundant augite xenocrysts mainly

influence Mg, Fe and Cr content of the whole-rock. The
lack of trace element data for primary and xenocrystic

minerals does not allow a more detailed discussion on

possible changes, particularly for trace elements, of ini-

tial composition of melts.

Despite the modification of the studied samples by

variable amounts of xenocrystic minerals (see above),

their minor and trace element distribution is similar to
that of ocean island basalt (OIB) (Fig. 5), except for Ba

and Cs. The relative depletion of the Ogol basalts in K

could reflect partial melting in the presence of a K-bear-

ing phase (amphibole and/or phlogopite) as suggested

for other volcanic rocks in the NTD zone (e.g. Mana

et al., 2015). Both minerals are known in mantle xeno-
liths from Eledoi and Pello Hill, where they form meta-

somatic veins (Dawson & Smith, 1988), and giant

mantle-derived amphibole and mica megacrysts (up to

12 cm in size) occur at Deeti cone (Johnson et al., 1997;

Zaitsev et al., 2013). The high values of [(Tb/Yb)CN ¼
2�48–2�83] observed in the Ogol basalts indicate melting

of enriched lithosphere in the presence of residual gar-
net (Wang et al., 2002), as previously suggested for

Ngorongoro basaltic rocks (Mollel et al., 2008) and

Turkana lavas (Furman et al., 2006). Such a mantle

source for the basalts is also supported by relatively

high Ce/Pb ratios of 17�3–24�9.

Crystallization depth and temperature of the
Ogol basalts
Based on the clinopyroxene-only barometer of Nimis &

Ulmer (1998), there is no clear evidence for a deep

(mantle) origin of the various xenocrysts (populations I–

IV). Also, pressure estimates for xenocrysts and ortho-
magmatic clinopyroxene (populations V and VI) are ra-

ther similar, although with many of them illustrating

negative, and thus, geologically meaningless crystal-

lization depths (Supplementary Data Fig. S7).

Apparently, such pressure estimates are not suitable in

this case. It is known that melt composition influences

clinopyroxene composition as well. Therefore, we used
augite populations V and VI to constrain the crystalliza-

tion pressure and temperature by applying the clinopyr-

oxene–liquid barometer of Neave & Putirka (2017)

combined with the thermometer equation (33) of

Putirka (2008).

As a proxy for the liquid composition in equilibrium
with augite, we used whole-rock compositions, being

aware that (1) the whole-rock composition cannot repre-

sent the coexisting liquid for both augite populations V

and VI, as these crystallized over certain intervals and

partly during different stages, and that (2) mineral re-

moval as well as accumulation or xenocryst entrain-

ment result in discrepancies between equilibrium melts
and the whole-rock compositions. Correction of the

whole-rock composition by removing xenocrysts was

rejected because the amount of xenocrysts cannot be

determined exactly. We still applied the thermobarome-

ter, as the required liquid components of the pressure

equation solely involve the Al, Na, K and Si concentra-
tion (Neave & Putirka, 2017). The aluminum and alkali

element budget of the whole-rock compositions is

mainly controlled by plagioclase, and the relatively high

SiO2 concentration of the basalts (�45 wt%) acts as a

buffer, hence diminishing the effect of olivine, clinopyr-

oxene or spinel contamination. It should be noted that

the temperature equation (33) of Putirka (2008) depends
on further liquid components (Ca, Mg, Fe, Ti concentra-

tion), on which xenocryst contamination, however, has

little effect (Supplementary Data Fig. S8). To obtain reli-

able results, two important criteria for the pressure cal-

culations have to be satisfied (e.g. Putirka et al., 1996;

Putirka, 2008; Neave & Putirka, 2017). First, the Fe and
Mg concentrations of clinopyroxene and the coexisting

liquid must be in accordance with the assumed Fe–Mg
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exchange coefficient of KD[Fe–Mg]cpx–liq ¼ 0�27 6 0�3
(Fig. 18a). Equally important is that the observed augite

composition conforms with the predicted values (Fig.

18b), for which we used 65 % as the range cutoff. If

these requirements are not fulfilled, clearly meaning-
less pressure variations down to –25 kbar are calculated

(Fig. 18c). Data that meet these requirements (Fig. 18c),

however, suggest formation pressures for augite V typ-

ically between 1 and 4 kbar (uncertainty of 61�4 kbar) at

a temperature of �1150–1220 �C (uncertainty of 645 �C).

The calculated pressures indicate upper-crustal crystal-

lization depths for augite V of c. 3–12 km, which is con-
sistent with several basaltic magmas at other localities

(e.g. Eimeishan; Icelandic rift zone; Tao et al., 2015;

Neave & Putirka, 2017). Groundmass augite VI does not

meet the equilibrium constraints, which is related to the

relatively evolved composition of late-stage augite VI

compared with early magmatic augite V (Fig. 18a). The
groundmass assemblage of augite VI, olivine and mag-

netite–ulvöspinelss, however, would be suitable for cal-

culating equilibrium temperature, silica activity and

oxygen fugacity using the QUIlF software package

(Andersen et al., 1993). Whereas late-stage augite and

magnetite–ulvöspinelss are in textural equilibrium, there
is, however, no clear evidence that olivine crystallized

contemporaneously. Indeed, the high uncertainty

(>100 �C) of the calculated temperature and oxygen fu-

gacity (above 3 log units), as well as the failure to calcu-

late the silica activity (iteration limit) clearly points

towards chemical disequilibrium between olivine on

the one hand, and augite VI þ magnetite–ulvöspinelss

on the other hand (Supplementary Data Table S3).

Hence, we consider the calculated results as not

reliable.

Evidence for magma hybridization in the Ogol
basalts
The variability of the Ogol basalts in mineralogy, whole-

rock compositions, incompatible trace element ratios

(e.g. Ce/Pb, La/Sm) and Sr–Nd isotopic ratios reflects

the contribution of different components, two of which

(basaltic and nephelinitic) are suggested above.

Furthermore, assimilation of crustal rocks composing
the Tanzanian Craton may contribute as considered for

other volcanic rocks in the Gregory Rift and Crater

Highlands (e.g. Mollel et al., 2008; Mana et al., 2015).

Archean basement exposed in the southwestern part

of the NTD zone close to Laetoli, allows us to consider

granite–gneisses and associated garnet amphibolites

(Supplementary Data Table S1) as possible contami-
nants. Garnet amphibolite is unlikely to explain the

observed 87Sr/86Sr and 143Nd/144Nd variations, as up to

25 % assimilation would be needed to cover this range

and such a voluminous addition would be reflected in

the whole-rock composition of the Ogol basalts (Fig.

16). Assimilation of granite–gneisses would require
only <3 % bulk assimilation but the mixing line between

Ogol basalts and granite–gneiss is shifted to higher

Fig. 18. Clinopyroxene–liquid thermobarometry for the Ogol
basalts according to Neave & Putirka (2017), paired with the
temperature equation (33) of Putirka (2008). The whole-rock
composition was used as a proxy for the liquid coexisting with
clinopyroxene. (a) Rhodes diagram (XMg clinopyroxene vs XMg

liquid) for the studied basalts. XMg is 100Mg/(Mg þ Fetot),
molar. The curves illustrate the equilibrium interval between
clinopyroxene and liquid by assuming an exchange coefficient
KD(Fe–Mg)

cpx–liq of 0�27 6 0�3. (b) Observed clinopyroxene com-
positions vs predicted clinopyroxene compositions including
diopside–hedenbergite (DiHd), enstatite–ferrosilite (EnFs) and
Ti-Tschermak’s clinopyroxene (CaTi; Putirka, 2008). The
accepted range of equilibrium is indicated by the dashed lines
(65 %, absolute). The predicted DiHd component sometimes
exceeds 1�0 (up to 2�3), with the corresponding pressure calcu-
lations giving extraordinary low values less than –5 kbar. (c)
Pressure–temperature correlation of the applied thermobarom-
eter. The results that fulfil the equilibrium constraints are
highlighted.
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143Nd/144Nd values. An alternative explanation for the

observed variations is the addition of a nephelinite-type

component, for which data from the Sadiman volcano

were used (sample Sad-10; Zaitsev et al., 2012). A plot

of (La/Sm)N against 87Sr/86Sr and 143Nd/144Nd ratios
with data from assimilation and fractional crystallization

(AFC) modeling between Ogol basalt, Tanzanian Craton

granite–gneiss and Sadiman nephelinite suggests in-

volvement of up to 5 % of nephelinitic component (Fig.

19). The combination of contamination with granite–

gneisses and mixing with nephelinitic melts or contam-

ination by unexposed Sadiman plutonic foidolitic rocks
can explain the observed geochemical characteristics.

Involvement of nephelinite-type component is further

supported by relatively high alkalinity ratios [molar (Na

þ K)/Al] of 0�98–1�07 of phonolitic glass and xenocrystic

green core clinopyroxene (population IV) with perovsk-

ite and schorlomite (see above). At the same time,
abundant xenocrysts (high-Fe olivine, diverse clinopyr-

oxene cores and mantles, embayed plagioclase) sug-

gest that mixing with other basaltic magmas is a further

important process in evolution of the Ogol basalts.

Much of the compositional variation of the Ogol

basalts (Fig. 4) can be explained by crystal fractionation
processes and subsequent mixing between different

melt batches related to fractionation of primary Ogol

magma only. However, whole-rock data show that

major and trace elements correlate with variable Sr and

Nd isotope ratios (Figs 16 and 17). This is strong evi-

dence against closed-system evolution of Ogol melts,

because Sr and Nd isotopic ratios would not change
during fractional crystallization under closed-system

conditions. Although we cannot completely exclude

that fractionation of primary Ogol magmas took place,

our mineralogical and geochemical data suggest that

magma mixing and mingling with melts related to the

Lemagarut volcanic system is a more likely process.
Rocks composing the Lemagarut volcano vary from

relatively primitive basaltic rocks (Mg# ¼ 58–56 and

537–495 ppm Cr) to highly evolved trachyandesite (Mg#

¼ 27–30 and 15–3�4 ppm Cr) (Mollel, 2007). Our data

show that the former contain olivine with compositions

similar to Ogol phenocrysts with reverse zonation and

the latter is rich in oligoclase–andesiness phenocrysts.
Diagrams showing relationships between major ele-

ments and isotopic ratios (Figs 16 and 17) support mix-

ing between Ogol- and Lemagarut-derived melts.

The detailed relationships between Ogol and

Lemagarut may be more complex. Although Hay (1987)

assumed that Ogol lavas erupted from a series of indi-
vidual vents, Mollel et al. (2011) provided some argu-

ments in favor of a close genetic relation of Ogol and

Lemagarut eruptions and suggested that Ogol basalts

may represent distal flows from the Lemagarut volcano.

Limited mineralogical data for the Lemagarut rocks

(Mollel et al., 2011) do not allow us to discuss possible

genetic relations with Ogol rocks. At this stage we can
only speculate that the volcanic series of Ogol and

Lemagarut may record a uniform evolutionary history

reflected by the composition of a single parental melt
and the onset of cotectic crystallization of olivine, pyrox-

ene, magnetite and plagioclase. Linear correlations in

major element abundances in Ogol and Lemagarut

lavas are unlikely to reflect crystallization along a liquid

line of descent. Simple AFC modelling indicates that

Lemagarut derivatives could be the result of fraction-
ation of 50–60 % Ogol melt with addition of 5 % crustal

material. A detailed study of the Lemagarut volcano is

needed to prove or disprove this idea.

CONCLUSIONS

The textural, mineralogical and geochemical heterogen-

eity of the Ogol basalts suggests that they formed under

open-system conditions with magma hybridization as a
major process. The formation and evolution of the Ogol

basalts (Fig. 20) includes the following.

1. The formation of a primary Ogol melts occurred dur-
ing partial melting of amphibole- (and phlogopite?)

and garnet-bearing lithospheric material, as

Fig. 19. Nd and Sr initial isotope rations vs (La/Sm)N. Dashed
lines show variations of the Ogol primitive basalt (A16-05) dur-
ing fractional crystallization with crustal contamination of
Precambrian granite–gneiss (A16-12), garnet amphibolite (A16-
15c) or mixing with nephelinitic melt [sample Sad-10 from
Zaitsev et al., 2012; 87Rb/86Sr ¼ 0�1071, 87Sr/86Sr ¼
0�705008(14) and 147Sm/144Nd ¼ 0�0903, 143Nd/144Nd ¼
0�512511(3)]. The numbers show per cent of assimilation or
mixing. AFC model; R¼0�8 (ratio of mass assimilation rate to
the fractional crystallization rate).
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suggested for some other volcanic complexes in the

NTD (Mana et al., 2015).
2. Although small degrees of fractional crystallization

may explain the compositional variations of the

studied samples, the presence of abundant xeno-

crysts (Fe-rich olivine with reverse zonation, clino-

pyroxene with variable composition, plagioclase)

and variable Sr and Nd initial isotopic ratios suggest
that magma mixing and mingling with other partly

crystallized melts was important.

3. There is no clear evidence for a deep (mantle) origin

of the various clinopyroxene xenocrysts. Early ortho-

magmatic augite (population V) crystallized at a tem-

perature of �1150–1220 �C, and an upper-crustal

depth of 3–12 km (1–4 kbar). Late-stage augite (popu-
lation VI) and magnetite–ulvöspinelss are in textural

equilibrium, whereas thermodynamic calculations

indicate that groundmass olivine did not form

contemporaneously.

4. (4) In particular, magma mixing and mingling be-

tween Ogol and Lemagarut melts can explain the
observed mineralogical and chemical variations of

the Ogol basalts. Magma mixing was not a single-

stage process but happened at different depths with

variable crystal residence times in melts during as-

cent to the surface.
5. Magma mixing and mingling with mantle-derived

nephelinitic magma and/or contamination with foi-

dolitic rocks crystallized beneath the Sadiman vol-

cano or even from the melilite nephelinitic Laetolil

tuffs did occur as indicated by the presence of green

clinopyroxene, perovskite, schorlomite and titanite,
but was a relatively minor process.

6. Small-scale contamination of the Ogol melts by crust-

al granite–gneises may have occurred. However, this

assumption is based on geochemical modeling only,

and no mineralogical evidence for this was found.

7. The Ogol basalts (particularly those from Oldoinyo

Emusenge) seem to be the best examples of near-
primary basaltic melts within the Crater Highlands

region. They could also be considered as parental to

the Lemagarut volcano, but more data are needed to

solve this question.
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Nikogosian, I. K. & Mason, P. R. D. (2009). Nature and timing
of multiple metasomatic events in the sub-cratonic litho-
sphere beneath Labait, Tanzania. Lithos 112S, 896–912.

Leakey, M. D. & Hay, R. L. (1979). Pliocene footprints in the
Laetolil Beds at Laetoli, northern Tanzania. Nature 278,
317–323.

Le Bas, M. J. L., Le Maitre, R. W., Streckeisen, A., Zanettin, B. &
IUGS Subcommission on the Systematics of Igneous Rocks
(1986). A chemical classification of volcanic rocks based on
the total alkali–silica diagram. Journal of Petrology 27,
745–750.

Le Gall, B., Nonnotte, P., Rolet, J., Benoit, M., Guillou, H.,
Mousseau-Nonnotte, M., Albaric, J. & Deverchère, J. (2008).
Rift propagation at craton margin. Distribution of faulting
and volcanism in the North Tanzanian Divergence (East
Africa) during Neogene times. Tectonophysics 448, 1–19.

Li, C., Thakurta, J. & Ripley, E. M. (2012). Low-Ca contents and
kink-banded textures are not unique to mantle olivine: evi-
dence from the Duke Island Complex, Alaska. Mineralogy
and Petrology 104, 147–153.

Mana, S., Furman, T., Carr, M. J., Mollel, G. F., Mortlock, R. A.,
Feigenson, M. D., Turrin, B. D. & Swisher, I. I C. C. (2012).
Geochronology and geochemistry of the Essimingor vol-
cano: melting of metasomatized lithospheric mantle be-
neath the North Tanzanian Divergence zone (East African
Rift). Lithos 155, 310–325.

Mana, S., Furman, T., Turrin, B. D., Feigenson, M. D. & Swisher,
C. C. (2015). Magmatic activity across the East African North
Tanzanian Divergence Zone. Journal of the Geological
Society, London 172, 368–389.

Manega, P. C. (1993). Geochronology, geochemistry and iso-
tope study of the Plio-Pleistocene hominid sites and the
Ngorongoro Volcanic Highlands in Northern Tanzania. PhD
thesis, Boulder: University of Colorado.

Mangler, M. F., Petrone, C. M., Hill, S., Delgado-Granados, H. &
Prytulak, J. (2020). A pyroxenic view on magma hybridiza-
tion and crystallization at Popocatépetl volcano, Mexico.
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