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Abstract

Major-, trace- and rare-earth-element data from ten natrocarbonatite lavas collected during the June 1993 extrusive
activity define two distinct groups. Although both groups are characterized by low Nb and Zr contents, and low Th/U
(~ 1.0); Ba/Sr > 1.0; (La/Sm),, > 40; high Ba, Mo, Sr, W contents; and LREE contents ~ 1000 to 2000 X chondrite, one
group has much higher Al,0;, Fe,O5, Nb, Pb, SiO,, Zr and total REEs contents. These differences are attributed to the
presence of silicate spheroids in natrocarbonatites that form within the latter group. Similarity in trace- and rare-earth-ele-
ment-normalized patterns for both groups of natrocarbonatite lavas suggest either a common source or generation from a
common parental melt. Models proposed for the origin of natrocarbonatites include immiscible separation from a
peralkaline, silicate magma, or late-stage fractionation from a parent olivine sdvite magma. Although natrocarbonatite melt
formation may be controlled by either of these differentiation processes, certain trace-element ratios for the 1993 lavas, such
as Ce/Pb (~9), and Th/Nb (~ 0.1) are similar to those estimated for primitive mantle, and their Sm /Nd ratios ( ~ 0.07)
are quite different to the average value of 0.15 for most carbonatites world-wide. The similarity in element ratios in many of
the older silicate lavas at Oldoinyo Lengai (e.g., Zr/Nb, La/Nb, Ba/Nb, Rb/Nb, and Ba/La) to those estimated for HIMU
and EM I suggest that source characteristics can be reflected in such melts. Even if the natrocarbonatites are formed by
liquid immiscibility, recent experiments have shown that partition coefficients for trace elements (e.g., Ba, Ce, Mo, Nb, Pb,
Th, U) between conjugate carbonate and silicate melts approach unity with increasing temperature. Alternatively, the
similarity in trace-element ratios between those for the silicate lavas from Oldoinyo Lengai and mantle components are
simply fortuitous.
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1. Introduction

A , Oldoinyo Lengai, situated in the Gregory Rift
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eruptions consisted dominantly of natrocarbonatite
(Na,0 ~ 30.0 wt.%), and these lava flows have
recorded the lowest viscosities and eruptive tempera-
tures of any terrestrial lava (Dawson et al., 1990;
Keller and Krafft, 1990). The volcano consists mainly
of nephelinitic and phonolitic tuffs and agglomerates
with rare interbedded flows of nephelinitic and
phonolitic lava. The genetic relationship between the
silicate lavas and the natrocarbonatites is still the
subject of much debate. It is widely agreed that the
natrocarbonatites from Oldoinyo Lengai are mantle-
derived melts (Bell and Blenkinsop, 1989; Wyllie et
al., 1990; Dawson et al., 1995), and that Nd, Pb, and
Sr isotopic data from most carbonatites are similar to
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oceanic island basalts (e.g., Bell et al., 1982; Nelson
et al., 1988; Bell and Blenkinsop, 1989). Models that
are now generally accepted for the origin of natro-
carbonatites include: (1) immiscible separation from
peralkaline, wollastonite-bearing nephelinitic magma
(Peterson, 1989a,b, 1990; Kjarsgaard et al., 1995) or
combeite-bearing nephelinitic magma (Keller and
Spettel, 1995), both supported by earlier work from
Koster van Groos and Wyllie (1968) and Freestone
and Hamilton (1980); and (2) late-stage fractionation
of an olivine sdvite parent magma (Twyman and
Gittins, 1987; Gittins, 1989).

Natrocarbonatite lava flows consist mainly of
phenocrysts of nyerereite (Nagg,K, 9),(Ca, Sr,
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Fig. 1. Geologic map of northeastern Tanzania—southwestern Kenya showing location of Oldoinyo Lengai (1) and other alkaline complexes
(solid circles) of the East African Rift. Kerimasi = 2; Shombole = 3. Black box within inset shows area covered by map. Dark gray
unit = basement; light gray unit = modern alluvium and /or detritus; heavy, black lines = major fault lineaments; dashed pattern = Neogene
tuffs; white area = Neogene lavas (map modified from Dawson, 1992).
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Ba),,5(CO;), and gregoryite Na,,,K,,(Ca, Sr,
Ba), ,,CO;, (Gittins and McKie, 1980; Dawson, 1989;
Keller and Krafft, 1989; Peterson, 1990; Koberski
and Keller, 1995). In both minerals, F~, Cl-,
(S0,)*~ and (PO,)*” can substitute for (CO,)*".
The groundmass mineralogy is complex and consists
of nyerereite, gregoryite, fluorite and sylvite, with
minor alabandite, apatite, barite, rare sellaite (MgF2 ),
witherite (BaCO,) and rarer phases such as oxides,
halides and carbonates (Keller and Krafft, 1990;
Dawson et al., 1995).

New major-, trace- and rare-earth-element data
are presented from ten natrocarbonatite samples col-
lected during the 1993 eruption. Included among the
samples are three from the silicate spheroid-bearing
Chaos Crags flow. The objectives of this study are
to: (a) Present trace-element data from the 1993
natrocarbonatite lava flows; (b) compare the chemi-
cal composition of the June 1993 lavas to those from
older eruptions (e.g., Dawson et al., 1995; Keller and
Spettel, 1995); (c) determine whether the silicate
spheroid-bearing carbonatites are similar to those
from the coeval, ‘normal’ natrocarbonatite lava
flows; and (d) compare trace-elemental ratios be-
tween the 1993 natrocarbonatites and older peralka-
line silicate lavas to those estimated for certain man-
tle components (e.g., HIMU and EM I) in order to
evaluate, if possible, the nature of their source re-
gion.

2. General geology and volcanic activity

The reader is referred to Dawson (1989), and Bell
and Keller (1995) for reviews of the geology and
historical volcanic activity of Oldoinyo Lengai.
Oldoinyo Lengai is a steep, almost perfect pyroclas-
tic cone which stands approximately 2000 m above
the floor of the Rift Valley. It has a basal diameter of
approximately 12 km, and an approximate volume of
60 km® The summit consists of two craters; an
older, southern crater filled with sparse vegetation
and wind-blown ash, and separated from the north-
ern, active crater by a transverse E-W summit ridge.
Oldoinyo Lengai consists of six stratigraphic units
and from youngest to oldest, these are as follow
(Dawson, 1989):

(1) palagonized tuffs and agglomerates of phono-

litic and nephelinitic composition, with rare interbed-
ded nephelinite and phonolite lavas. This unit makes
up > 90% of the volume of the volcano and was
erupted from the now-extinct southern crater;

(2) mica and pyroxene tuffs forming cones and
craters on the lower western and eastern slopes;

(3) tuffs of black nephelinite (up to 200 m thick)
located on the western and northern slopes;

(4) minor lava flows of nephelinite found in the
summit area and cones on the lower northern slopes;

(5) variegated carbonatite ashes in the summit
area and active crater (also on western and northern
slopes); and

(6) post-1950 natrocarbonatite lavas and carbon-
atite—silicate ashes.

During this century, the eruption of mixed carbon-
ate—silicate ash have been preceded by periods of
natrocarbonatitic effusive activity (Dawson et al.,
1995).

2.1. Eruption of natrocarbonatite lavas

Natrocarbonatite lavas erupted during an effusive
stage that started in 1960 (Dawson, 1962), and in
August 1966 the volcano entered into an explosive
stage that continued until July 1967. The ash erup-
tion of 1966-67, which consisted of mixed
silicate / carbonatite explosive activity, was dispersed
for up to 190 km (Dawson et al., 1995). The main
driving force behind the 1966 eruption was attributed
to the explosive release of CO, during decarbonation
reactions between natrocarbonatite magma and sili-
cate phases during mixing of co-existing carbonatite
and silicate magma in the sub-volcanic magma
chamber (Dawson et al., 1992). Evidence for such
reactions are provided by combeite /Na-melilite re-
action rims around clinopyroxene and wollastonite
crystals and abundant, discrete grains of combeite
and melilite in the ash (Dawson et al., 1992). The
volcano lay dormant until 1983, when the northern
crater erupted very mobile carbonatite lavas (Daw-
son et al., 1990). In June 1988, renewed volcanic
activity showed flow morphology and lava chemistry
similar to that of the 1960 eruptions, and recorded
flow temperatures of 491-519°C (544°C in a lava
lake, Keller and Krafft, 1989, 1990). Later that same
year, slightly higher extrusion temperatures of 585 +
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10°C were recorded (Dawson et al., 1990). In
September 1992, thin pahoehoe (20-50 mm) and aa
(up to 0.25 m) lava flows covered the floor of the
active northern crater (Church and Jones, 1995). A
10-m-high vent located at the SW part of the crater
was extruding highly fluid lava at estimated rates of
1-2 m* /s (Church and Jones, 1995).

In June 1993, volcanic activity changed signifi-
cantly with the extrusion of two of the volumetri-
cally largest lava flows of the volcano’s modern
eruptive history — the massive southern and the
Chaos Crags lava flows (Dawson et al., 1994). The
Chaos Crags lava flow is crystal-rich (~ 80% by
volume), has a viscosity similar to that of a rhyolite
and contains immiscible silicate spheroids of ijolitic
composition, which themselves contain carbonatite
segregations (Dawson et al., 1994). These natrocar-
bonatite mineral grains and aggregates within the
silicate spheroids occur either in glass inclusions
within nepheline and pyroxene phenocrysts, or within
the fine-grained silicate groundmass of the spheroids.
These textures were interpreted as indicating multi-
ple episodes of separation of carbonatite from the
silicate magma (Dawson et al., 1994). Microprobe
analyses of the silicate phases within the spheroids
indicate the following minerals (Church and Jones,
1995; Dawson et al., 1996): (a) augite crystals that
are mainly reversely zoned; (b) nepheline grains,
some with increasing Fe contents from core-to-rim;
(c) garnet phenocrysts that are outwardly zoned to-
wards the rims with more Fe and less Ti; and (d)
wollastonite crystals that are nearly pure CaSiO;.
The formation of these spheroid-bearing lava flows
was considered by Dawson et al. (1994) to be due to
the mixing of a nyerereite—gregoryite crystal mush
(remnant of an older, fractionated carbonatite
magma), and a newly-formed, carbonated ijolitic
magma, which formed immiscible silicate spheroids
within the crystal mush (Dawson et al., 1994). Com-
pared to the 1966—67 ash eruption, mineralogical
evidence for carbonatite /silicate reactions in the
1993 ashes and lavas is minimal, confined to the
formation of tilleyite at the margin of one clinopy-
roxene grain (Dawson et al., 1996). In an alternative
explanation, proposed by Church and Jones (1995),
these same spheroids were consideredconjugate sili-
cate liquids formed by liquid immiscibility after
extensive fractionation of a carbonate-rich silicate

magma. Petrographic examination of the 1993 natro-
carbonatite lavas used in this study reveals the crys-
tal-rich (gregoryite and nyerereite) nature of the
spheroid-bearing lava flows.

2.2. Silicate spheroids

The chemical, mineralogical and petrological na-
ture of the silicate spheroids have been extensively
investigated by Dawson et al. (Dawson et al., 1994;
Dawson et al., 1996) and Church and Jones (1995).
The rounded spheroids (up to 2 mm in size) consti-
tute 8 to 10 wt.% volume of the lavas and consist
dominantly of silicate material that includes single
euhedral crystals, or less commonly, aggregates of
nepheline, Ti-bearing andradite garnet, hedenbergitic
pyroxene, titanite, perovskite, or wollastonite that
form mutual inclusions (Dawson et al., 1994; Church
and Jones, 1995). The spheroids are rounded in
shape, which together with moulding of the spheroids
against the surrounding carbonatite phenocrysts, in-
dicate that the matrix of the spheroids was liquid
(and bounded by a high-tension surface) or plastic,
when first in contact with the enclosing natrocarbon-
ate melt (Dawson et al., 1996). Flattening of carbon-
atite phenocrysts against the spheroids, and absence
of penetration of the spheroids by the phenocrysts,
indicates that the spheroids had already cooled and
had become rigid by the time of final emplacement
(Dawson et al., 1996). The groundmass within the
spheroids, which usually forms 40-50% by volume
of the spheroid, is fine-grained and consists mainly
of much smaller grains of the same species as the
phenocrysts in addition to pyrrhotite, perovskite, Ti-
magnetite, melilite, and peralkaline silicate glass
(Dawson et al., 1996). The chemical composition of
the groundmass is similar to that of a wollastonite
nephelinite (Dawson et al., 1996).

3. Sample locations

Fresh samples of natrocarbonatite lava used in
this study were collected by C. Shrady from the
northern (active) crater floor of Oldoinyo Lengai on
June 29th, 1993. At that time, extrusive vent T,;
(Fig. 2) was ejecting lava high into the air. Fig. 2 is a
photograph of the crater taken on June 29th and
approximate sample locations are shown. A sketch
map of the crater floor drawn a few months later (see






