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Oldoinyo Lengai has been a subject of international attention for geoscientists because of its uniqueness. The mountain is the
world’s only active natrocarbonatite volcano whose recent activities are well documented. However, little is known about its
eruptive history during the Holocene. One way of uncovering past volcanic activities is through chronostratigraphic studies. A
rare stratigraphic sequence in the Ootun area containing buried tephra beds and paleosols is presented in this article. The beds
suggest that the nearby active Oldoinyo Lengai volcano experienced the main plume volcanism during the late Holocene. This
work presents the lithology of the area, estimated deposition period, and elemental and mineralogical compositions of strata,
and establishing similarities between ash properties and information from previously reported chemistry and eruptions of the
Oldoinyo Lengai volcano. Energy dispersive X-ray fluorescence, X-ray diffractometry, and accelerated mass spectrometry
techniques were used for elemental, mineralogical, and radiocarbon dating analyses. A 1.3-m vertical soil profile revealed three
major strata: topsoil, tephra bed, and paleosols. The paleosols are presumed to have been topsoil of the Ootun area during the
Holocene. Subsurface tephra layers were found to contain similar properties to the volcanic material of the Oldoinyo Lengai.
Based on the experimental findings and literature data, the study reports the occurrence of two major plume eruption events
from the Oldoinyo Lengai, which happened around the minimum (oldest) age of 490 ± 10 BC and 771AD. This work is
essentially important in demonstrating the relevance of the region’s tephra chronostratigraphic studies by revealing the
prospect of collecting additional scientific data on past geological processes and paleoenvironmental conditions of northern
Tanzania.

1. Introduction

For thousands of years, explosive volcanism of Oldoinyo
Lengai blanketed a surface area of about 1200 km2 with
pyroclastic deposits that scatter across the central and west-
ern Ngorongoro and settle on the landscapes (Figure 1),
thereby modifying the chemistry of the soil and possibly veg-

etation cover [1, 2]. Materials from Oldoinyo Lengai, mainly
pyroclastic deposits, have been reported to have settled
down as far as 100 km west of the mountain covering the
areas from Ootun to Olduvai Gorge (Figure 1) and some
parts of eastern Serengeti plains [1]. As a result, the soil geo-
chemistry of the region has primarily been influenced by the
eruptive history of the Oldoinyo Lengai. The primary drive
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for ash transfer is associated with violent Plinian eruptions
and the strength of the current and historical East-West
winds that help take coarse to fine material with them [2].

A general term for airborne pyroclastic materials is
tephra [3]. These are large quantities of particles produced
by explosive volcanic eruptions, and once they are in the
atmosphere, they combine with the surrounding air to form
an eruption column or volcanic plume [4]. Tephra materials
are divided into four categories based on their size, coarse
ash, fine ash, lapilli, and volcanic bombs or blocks [5].

Tephra fallout may be syn-eruption or inter-eruption.
The former is the time period during an eruption and imme-
diately thereafter when activity ceases, in which there is a
considerable sediment delivery. The latter marks the point
at which the geomorphic system has stabilized. The syn-
eruption deposits are basically instantly deposited sediments
that were created at rapid rates. They typically exhibit little
lithologic variety and are abundant in pyroclastic materials
with sand- and ash-size grains. On the other hand, inter-
eruption volcaniclastic deposits often exhibit significant lith-
ological diversity, and gravel-bedload facies are quite preva-
lent [6].

Tephra fallout is frequently used in research, and its sig-
nificance is mainly restricted to proximal and medial dis-
tances from the source [5]. Its applications include, among
other things, the reconstruction of past eruptive events to
constrain important eruption parameters and tephrochro-
nology studies [7–9]. Besides tephrochronology, volcano
geology is a powerful tool to follow [6, 9, 10]. Chrono-
stratigraphy is well known for its power to uncover strati-
graphic sequences by digging pits of varying depths and
assigning radiometric or non-radiometric ages in layers
[11, 12].

Paleosols have been used by researchers in chrono-
stratigraphic studies when the tephra bed is unqualified for
the requirement of radiometric tests. They are ancient soils
that formed on ancient landscapes [13]. Most paleosols in
the sedimentary record have been covered by lava, volcanic
ash, landslides, flood debris, or landslides [13]. While certain
paleosols are mostly found on the earth’s surface, they are no
longer forming in the same manner as they did in the past
under different climatic and vegetative environments [13].
The carbon-14 age of the paleosol immediately below the

tephra bed represents the minimum deposition age of the
tephra [14]. The carbon-14 dates of the paleosols in chrono-
stratigraphic studies have been reported elsewhere [15–18].

In this study, chrono-stratigraphy was used in the Ootun
area where the established soil profile was made and the
carbon-14 of the paleosol [1, 19], Energy Dispersive X-ray
fluorescence (XRF) and X-ray diffractometry (XRD) of sub-
surface tephra beds were studied. The carbon-14 age of the
paleosol immediately below the subsurface tephra bed repre-
sents the minimum (oldest) age of deposition of the subsur-
face tephra bed, and the chemical and mineralogical facies
[20] were described and used to correlate the source of the
subsurface tephra bed. Volcanic rocks make great chronom-
eters. Consequently, volcanic rocks with a large areal disper-
sion can offer superior chrono-correlation horizons [6]. This
information helps address the timing of explosive volcanism
and source volcano and is essential to address important
information that allows the understanding of past volcanic
events and the history of the Tanzanian Gregory Rift
volcanoes.

2. Geological Settings

The study area includes the Ootun and Oldoinyo Lengai
areas located at Lake Natron-Engaruka Monogenic Volcanic
fields (LNE-MVF) that host about 150 scoria cones [21].
There is currently not enough data to establish a refined or
high-resolution chronology of volcanism, though they are
estimated to range between Pleistocene and Holocene [22,
23]. The area is within Northern Tanzania’s East African
Rift zone (Figure 1), which experiences active tectonic plate
movements associated with the volcanic activities of the
mountains in the region [24]. The study area is subdivided
into two parts; the Lake Natron Basin, which hosts Oldoinyo
Lengai, and the Ootun area on the West (Figures 1–3). The
Ootun area hosts several tephra piles of sizes ranging from
1 to 5m high, up to 40m wide, and is generally flat with
short savannah grasslands (Figure 4). The two parts are sep-
arated by the Natron escarpment (the Gregory rift scarp),
the Western part being relatively higher in altitude
(Figure 2).

Oldoinyo Lengai was first shown on a map dated 14th
March 1855, compiled by two missionaries, Erhardt and

Figure 1: A map of Eastern branch of the East African Rift system (the Gregory Rift System) showing the study site (a rectangle) and
associated areas in the eastern, central, and western parts of Ngorongoro. The East African Rift System, commonly known as the Afro-
Arabian Rift Valley, is one of the largest rift systems on Earth’s surface, stretching from Jordan in southwestern Asia south across eastern
Africa to Mozambique. The system is approximately 6,400-km long and 48 to 64-km wide on average.
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Figure 2: A map of part of the Northern Tanzanian sector of the Gregory rift produced from the Shuttle Radar Topography Mission
(SRTM) digital elevation dataset using Surfer software version 16. The map shows the altitude relationships of different areas associated
with the study site (in a rectangle). The map covers all of the northern parts of the Ngorongoro Conservation Area.
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Figure 3: A 3D model of the study site (shown in a rectangle in Figures 1 and 2) was generated from the SRTM digital elevation dataset
using Surfer software version 16. The model presents a typical topographic view that defines different morphological patterns of the
study site.
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Rebmann, based at Kisaludini near Mombasa [25]. However,
the first account of the age estimations and timings of volca-
nic activities came from stratigraphic investigations at Oldu-
vai Gorge, about 75 km west of Oldoinyo Lengai [1].
Olduvai Gorge is one of the most important sites in the
world as one of the sources of archeological information
regarding human evolution [26–28]. Stratigraphic studies
at Olduvai Gorge uncovered the widely known stratigraphic
sequence that contains four beds, namely, Masek, Ndutu,
Naisiusiu, and Namorod [1]. Of particular interest to this
article are the Ndutu, Naisiusiu, and Namorod beds which
were reported to contain ash layers presumably originating
from Oldoinyo Lengai [1]. The 40Ar/39Ar dating of the
Ndutu layers estimates the age of the material to be 450 to
220 ka [29], while that of Naisiusiu beds has 22 to 15 ka
14C ages obtained from pedogenic calcium carbonate. Both
Ndutu and Naisiusiu beds had been correlated to the yellow
tuff of Unit I of the Oldoinyo Lengai cone [23, 25]. It has fur-
ther been reported that the volcanic activity of the Oldoinyo
Lengai continued 15 ka years ago [2]. The radiocarbon age
of Naisiusiu and a terrestrial gastropod fossil under the ash
layer at Namorod bed is dated at 1,250 years BP. Hay [1]
supports this assumption. The Namorod bed is correlated
to the black tuff of unit III of the Odonyo Lengai cone
[25]. The account of the appearance of Oldoinyo Lengai
ash at Olduvai Gorge is essentially significant in this study
as it portrays the scope of material disperse and potential
future boundaries for tephra stratigraphic studies in the
region.

Generally, 40Ar/39Ar, 40K/40Ar, and 14C radiometric
techniques have been the key techniques for past studies in
addressing the age or eruptive history of the Oldoinyo Len-
gai volcano and surroundings [1, 2, 30, 31]. From these tech-
niques, researchers came up with different age estimations
from samples collected around the area. It is estimated that
from 800,000 to 600,000 years ago, the Oldoinyo Lengai vol-
canic activities were well in progress [2]. A phonolite rock
taken “near Oldoinyo Lengai,” for example, was reported
to have an age of around 150 ka years of 40K/40Ar radiomet-

ric studies, and no other details were provided [2, 30]. On
the other hand, radiocarbon analysis was reported from soil
samples aged about 350014C BP underlying ash on the east-
ern part of the mountain [1]. Different radiocarbon ages of
about 2,050 to 1,300 years were also reported from soil layers
below the ash deposits 16 km north of the volcano [1, 19].
The most recent radiocarbon ages were those reported by
Keller et al. [31] on the fallout material at the 1200 meters
altitude on the volcano’s eastern flank, aged about 3,000 to
2,500 BP. A list of radiometric ages of Oldoinyo Lengai is
presented in Table 1.

Oldoinyo Lengai is one of the youngest stratovolcanos in
East Africa, whose volcanism was well followed up during
the past century [25, 32]. For recent activities of Oldoinyo
Lengai, Dawson et al. [25] is the most recommended refer-
ence. Two main types of activities by the volcano have been
reported. These are lava flows and ash-emitting, mostly
Plinian-type explosive eruptions. The lava flow was wit-
nessed from 1904 to the end of 1916 [25]. Ash eruptions
were recorded in 1917, 1926, and 1940 followed by lava
extrusion from 1958 to 1966. The Ash eruption phase reap-
peared from 1966 to 1967 and 1983. In 1983 another ash
eruption was recorded [25]. Later on, lava flow with light
ash eruption episodes from 2007 to 2008, 2010, and the lat-
est 2013 were also registered [25]. While it is essential to
have accurate data on the volcano behavior, including the
frequency and magnitude of both ash eruption and lava
extrusions throughout the history of the volcano whenever
possible, there is currently no accurate and consistent infor-
mation on the volcano, making it difficult to predict future
volcanic activities for hazards and environmental manage-
ment purposes.

3. Materials and Methods

3.1. Study Site. The sampling site was selected based on the
topography, distance from Oldoinyo Lengai, and history of
the wind direction. The Ootun area is about 35 km west of
Oldoinyo Lengai (Figures 5 and 6). It is a lowland ideal for
accommodating and preserving sediments. The western
and southern parts of the Ootun area are highlands of vary-
ing heights (1700–3400m). During a clear sky, Oldoinyo
Lengai is visible from the Ootun area which is about
35 km. The site is covered with piles of ash material pre-
sumed to be old tephra material (Figure 4). Currently, the
wind direction is East to West making it ideal for ash mate-
rial to land in the area during eruption periods of the Oldoi-
nyo Lengai.

3.2. Sampling. A total of four points located 500m apart
were selected for sampling in the Ootun area. Given that
the subsurface tephra bed covers a large area, a 1.5 km total
sampling distance (500m x 3) (Figure 6) ensures that the
stratigraphic depth and number of layers were uniform
and fairly looked almost identical. Additionally, the accuracy
of the results is improved by a large number of samples and
sampling points. Pits were dug to about 1.3 to 1.5m to
expose all layers above the paleosols (Figure 7) [12]. Each
pit is considered as a profile (1, 2, 3, and 4 in Figure 6).

Figure 4: A photo of the Ootun area depicting the landscape
featuring several tephra piles presumed to be ash fallouts (Tephra
piles) from Oldoinyo Lengai. Their shapes suggest they were once
in motion due to the influence of wind, as regular fallouts could
not create such a well-placed pattern but as a result of post-
deposition reworking (2°46′44″S 35°36′16″E). Insert: A closer
view of the tephra pile surface.
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The paleosols’ thicknesses were not fully recovered as it was
the interest of this study to reveal layers above the paleosols.
A spade (for tephra pile material) and a clean metal pipe 30-
cm long and 5-cm diameter (for the lower compacted layers)
were used for sampling. A total of six samples were collected
from each of the four pits, where two samples were taken
from the layers of Ootun sand piles (OTS), buried ash
(BASH), and organic buried ash (OBA) (Table 2). OTS sam-
pling was done at two points, namely, the surface (S) and
60 cm deep in the tephra pile (B). The arrows in

Figure 7(b) indicate the color transition from brownish to
dark brown due to infiltration of soil solution and oxic-
anoxic transition from top to bottom. The bottom dash line
looks compact on the top. The core sampling position of the
paleosols (OBA) was also selected to ensure the top part was
engaged for better ash radiocarbon interpretation (2°46′44”S
35°36′16”E). Furthermore, a total of eight samples of ash
material (OLA series) were collected from four different
locations (two from each) at the foot of Oldoinyo Lengai,
which is situated about 35 km East of the Ootun area
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Figure 5: Top: A map of the study site generated from the SRTM digital elevation dataset using Surfer software version 16. The map shows
topographic and distance relationships between the Ootun area where tephra piles and subsurface tephra beds are located and Oldoinyo
Lengai, a suspected tephra source. Bottom: A cross-section of points A-A″ from a topographic map showing side view elevations of the
study area.

Table 1: Radiometric ages around the Oldoinyo Lengai.

Material Method Reported ages Source

Tuff K/Ar 600 ka [1]

Whole rock K/Ar 0:15 ± 0:02ma [33]

Organic matter Carbon-14 3,000 and 2,500 years B.P. [31]

Calcium carbonate-bearing soil Carbon-14 2,050 and 1,300 years B.P. [19]

Calcareous soil deposits Carbon-14 3,500 ± 100 14C years B.P. [1]

Tuff K/Ar 1.37ma [34]

Alkali feldspar 40Ar/39Ar 338 ka [2]

Phlogopite 40Ar/39Ar 353 ka [2]

Phlogopite 40Ar/39Ar 460 ka [2]

Phlogopite 40Ar/39Ar 763 ka [2]
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(Figures 6 and 7(d)). As a whole, 32 samples were collected
(Table 2).

3.3. Lithostratigraphic and Mineralogical Studies. The colors
and texture of the materials in the soil profile were described
in relation to strata arrangement. The strata characteristics
were described considering the law of superposition, where
the youngest strata are always placed at the top, assuming
no disturbances to the system occurred [35].

Two samples, namely, BASH and OBA, from subsurface
tephra and paleosol strata, respectively, from the second
profile (Figure 6 and 7(c)), were analyzed by XRD machine
model BTX II to acquire spectra and mineralogical composi-
tions for characterization and correlation purposes. The
analysis was performed at the Department of Geology, Uni-
versity of Dar es Salaam.

3.4. Age Determination of Tephra Layers. Age determination
for the subsurface tephra layer was determined indirectly by
analyzing 14C of the underlying paleosols strata as described
in Keller et al. [16]. Tephra layers were not suitable for direct
determination of age using 14C, 40Ar/39Ar, 40K/40Ar, or
luminescence techniques as they contained insufficient car-
bon content which then will not work over 30 ka (for 14C).
The material showed signs of weathering making them
unable to retain argon gas, hence unfit for Ar-Ar and K-Ar
radiometric methods [36–38]. Furthermore, K-Ar is a fairly
challenging and time-consuming task and is unlikely to
work below 50 ka. Insufficient quartz crystals in tephra layers
could make the material unable to trap sufficient electrons in
quartz structures, rendering them unsuitable for lumines-
cence dating techniques [37].

Paleosol samples were first visually inspected for size,
homogeneity, debris, inclusions, clasts, grain size, organic
constituents, and potential contaminants. It was then dis-
persed in de-ionized water, homogenized through stirring
and sonication, and then sieved through a 180μm sieve.
The material sieved was used for the analysis. The material
was bathed in 1.25N HCl at 90 °C for a minimum of 1.5
hours to ensure removal of carbonates, followed by serial
de-ionized water rinses at 70 °C until neutrality was reached.
Any debris or micro-rootlets were discarded during these
rinses. After drying in an oven at 100 °C for 12-24 hours,

HCl was applied to representative subsamples under the
microscope to validate the absence of carbonates. A micro-
scopic examination was performed to assess its characteris-
tics and determine the appropriate subsamples for
accelerated mass spectrometer (AMS) dating. The AMS
measurement was done using NEC 250 keV Single Stage
AMS on a humic acid fraction of the sample, converted to
graphite form. Calibration of radiocarbon age to calendar
years was done according to Ramsey [39] by applying the
SHCAL13 database [40]. Conversion of 14C ages and sigma
were rounded to ten years as per the 1977 International
Radiocarbon Conference and consistent with past laboratory
analytic radiocarbon dates. The analysis was performed at
the Beta Analytic Testing Laboratory at 4985 S.W. 74th

Court, Miami, Florida 33155 (USA).

3.5. Determination of Chemical Composition. All tephra
samples from the Ootun area and Oldoinyo Lengai ash were
examined by removing debris before being dried at 105 °C
for two hours and homogenized. Representative samples of
about 200 g were pulverized to 75μm before determining
chemical composition by XRF machine as described in Lowe
[9]. A Niton XRF machine Model XL3t was used for elemen-
tal determination of the samples. The machine was equipped
with gold and silver anodes and a high-performance semi-
conductor detector. The maximum scan was at 50 kV and
40μA for all samples. To improve the sensitivity for light
elements, an external helium system was connected to the
machine during analyses. The determination was done in
laboratory benchtop settings. Certified reference standard
DC73026 from China National Analysis Centre for Iron
and Steel (Beijing) was used for calibration. The analyses
were performed at the Geological Survey of Tanzania
(GST) Laboratory.

4. Results

4.1. Lithostratigraphic and Mineralogical Studies. The mini-
mum depth of the vertical soil profile was about 1.3m, of
which three distinct strata were identified. A 30 cm brownish
soil layer (OABA) followed by a second blackish tephra layer
(BASH) at about 30 to 68 cm below the surface was revealed
from the top. The overall soil profile compactness increases

Figure 6: A map showing the sample locations (1, 2, 3, and 4) in relation to geographical features.
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Figure 7: Continued.
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with depth until the last paleosol layer, sharply decreasing.
The blackish tephra layer was the most compacted and was
the layer of interest in which further mineralogical studies
were carried out using an XRD machine. The profile color
changes from brownish at the top to darkish at the bottom
(Figure 7).

According to XRD analysis, the blackish tephra layer
(BASH) mineral assemblage is mainly nepheline (41.5%),
muscovite (26.9%), potassium feldspar (microcline)
(19.2%), and small amounts of aegirine (3.5%), pargasite
(4.7%), and siderite (3.1%) (Figure 8). The last blackish layer

was characterized by very fine particles of clay presumed to
be a paleosol (OBA). The XRD scan results for the sample
from these strata consist predominantly of nepheline
(23.4%), calcite (17.5%), ilite (15.6%), muscovite (14.4%),
and biotite (9.7%), as indicated in the spectra in Figure 8.

4.2. Age Determination of Tephra Layers. The radiometric
age of the subsurface tephra layer was determined indirectly
by estimating the age of the underlying paleosols. The sam-
ple’s age from the topmost part of the paleosol has been used
to define the timing of the tephra deposition. The

BASH

OBA

(c)

Oldoinyo lengai

Ash

(d)

Figure 7: The soil stratigraphy in the Ootun area. (a) Stratigraphic distances in centimeters (b) A profile showing the tephra pile (OTS),
topsoil (organic after buried ash, OABA), subsurface lower and upper tephra bed (BASH), and paleosol (OBA); (c) core sampling of the
last two layers, BASH and OBA, and (d) one of the ash sample locations at Oldoinyo Lengai (2°45′31″S 35°54′51″E).

Table 2: Sampling budget.

Serial no. Sample type Sample name Location Sample no. Mass (g)

1 Ash OTS series Ootun area 8 1000

2 Subsurface tephra BASH series Ootun area 8 1000

3 Subsurface Paleosol OBA series Ootun area 8 1000

4 Ash OLA series Oldoinyo Lengai 8 1000

Total samples 32
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Figure 8: XRD results for samples BASH and OBA.

800 700 600

Calibrated data (Cal BC)

500 400 300 200

OBA
Alkali soluble organics2510 ± 30 BP 

900
1950

2100

2400

Ra
di

oc
ar

bo
n 

de
te

rm
in

at
io

n 
(B

P)

2550

2700

2850

2250

Figure 9: A radiocarbon calibration curve for paleosol sample (OBA) from OxCal software. The y-axis shows the radiocarbon ages
expressed in years “before present (BP),” while the x-axis shows corresponding calendar years. The blue-colored graph is the calibrated
line based on known values of 14C ages, including tree rings. The graph is presented in two lines for one standard deviation. The
distribution curve on the y-axis represents the 14C concentrations in the sample, while the gray curve on the x-axis shows the
corresponding probabilities of ages for the sample.
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radiocarbon age calibration to calendar years adopted a
higher probability density range method and was calculated
using OxCal software (Figure 9), and the results are summa-
rized in Table 3.

4.3. Chemical Composition. The chemical composition of
samples from tephra piles (OTS series) was found to have
concentrations of silicon dioxide ranging from 43.71 to
48.88%, aluminum oxide ranging from 9.14 to 10.74%, iron
oxide ranging from 6.17 to 9.13%, and calcium oxide
ranging from 10.07 to 13.75%. Other oxides such as potas-
sium and titanium show slightly lower values of 1.14% to
2.11% and 2.24 to 2.99%, respectively. Lower values of
some trace elements have also been detected (Table 4).
Slightly elevated values of major oxide concentrations in
samples taken from the top of the tephra pile (OTS “S”
series) are observed in SiO2 and Na2O. On the other hand,
Fe2O3, CaO, and MgO values for the same samples are
relatively low compared to the samples taken 60 cm deep
from the same tephra piles.

Generally, there is an agreement on the chemical compo-
sition of samples from subsurface tephra (BASH) and Oldoi-
nyo Lengai ash (OLA). They fall under the same range for all
major oxides except for MgO. The elevated MgO data in
BASH (underground tephra bed) samples was unknown,
despite the fact that sampling, sample preparation, and anal-
ysis precautions were all the same. However, because Oldoi-
nyo Lengai is a stratovolcano and its ash composition can
change over time (between basalt and rhyolite) [2], it is sug-
gested that during the formation of the tephra bed, the com-
position of MgO was different (Table 4).

5. Discussion

Tephra’s dispersion and deposition over the western side of
Gregory Rift volcanos is not new. An account of the tephra
layers traced to Gregory Rift volcanoes at the Olduvai Gorge
is of high value to this study [1]. During the study, a site sur-
vey witnessed several tephra piles across the western part of
Oldoinyo Lengai to the Olduvai Gorge area (Figure 2). How-
ever, the tephra piles were modified into barchans and
reduced by wind action as they move westwards for thou-
sands of years [41], and only a few have remained, including
the barchan, famed “Shifting Sand” (which is a tourist
attraction) approximately 2.5 km from Olduvai Gorge
(Figures 2 and 10). These tephra piles and surface ash fall-
outs may have resulted from several past depositions at vary-
ing times and in varying amounts. An excellent example of
such deposits resulted from a recent eruption of Oldoinyo
Lengai in 2007-2008 reported by Sherrold et al. [2], where
the eruption caused massive ash fallout on the western part
of Oldoinyo Lengai.

While volcanic eruptions typically last a short time in a
volcano’s overall history, the volume of loose pyroclastic
product, when coupled with aeolian processes, can cause
continuous and prolonged reworking of volcanic products.
These wind-driven processes have a considerable impact
on geomorphology and prolong the impact of eruptions on
the ecosystem communities nearby [43].

The Ootun sand dunes are characterized by vegetation
(vegetative sand dunes) (Figure 4), while those from the
Olduvai Gorge have been constantly moving westwards
(migrating sand dunes) (Figure 10) by the wind action, but
they all have a common volcanic origin. They are black

Table 3: Summary of the results for 14C age of the paleosol samples determined by AMS. Calibration of radiocarbon age to calendar years
was done using OxCal software.

Laboratory number Sample name Probability (%)
Uncalibrated

radiocarbon age
Calibrated radiocarbon

measurement
Conventional

radiocarbon age

Beta-570767 OBA

95.4 2715-2379 cal BP 766-430 cal BC

2510 ± 30 BP
24.9 2702-2631 cal BP 753-682 cal BC

24.3 2542-2465 cal BP 593-516 cal BC

18.9 2618-2560 cal BP 669-611 cal BC

Beta-570767a OBA(a)

95.5 2715-2379 cal BP 766-436 cal BC

2510 ± 30 BP
24.6 2702-2631 cal BP 753-502 cal BC

24.6 2542-2565 cal BP 593-616 cal BC

18.2 2618-2553 cal BP 669-511 cal BC

Beta-570767b OBA(b)

95.7 2715-2888 cal BP 766-477 cal BC

2510 ± 30 BP
24.0 2702-2630 cal BP 753-671 cal BC

24.3 2542-2465 cal BP 593-516 cal BC

18.7 2618-2551 cal BP 669-642 cal BC

Beta-570767c OBA(c)

95.6 2715-2398 cal BP 766-453 cal BC

2510 ± 30 BP
24.4 2702-2601 cal BP 753-672 cal BC

24.1 2542-2461 cal BP 593-512 cal BC

19.1 2618-2572 cal BP 669-633 cal BC
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and magnetic in nature because they contain a more than
80% augite mineral [41] which imparts the material with
magnetic properties [44]. While the black magnetic sand
dunes are very uncommon, they are difficult to compare
(chemically and geographically) with other desert and
semi-arid sand dunes in Africa (e.g., Namibia, Egypt, Mali,
and Morocco), and the Arabian Peninsula (e.g., Saudi Ara-
bia, Yemen, and Oman) and with dunes in different conti-
nents (e.g., Italy, Australia, and the USA). This is because
the former originates from a unique volcanic eruption, while
the latter is not. However, there are a few examples of mag-
netic ash dune fields which are similar to those found in the
Ngorongoro area. The Great Sand Dunes National Park
which is found in Rio Grande rift, Colorado, USA, is one
of them [45].

Most of the cones from the Gregory Rift are stratovol-
canoes, and their ash fallouts vary from time to time [2,
46]. The fallouts from different eruptions may physically
mix up. Examining the chemistry and petrology of surface
ash fallouts to ascertain volcanic eruption periods and corre-
lation studies becomes complicated because their chemical
and petrographic results are difficult to interpret but worth
indicative data. Due to this fact, the study has concentrated
on the undisturbed tephra layers buried underground.

A stratigraphic overview of the soil profile in the Ootun
area provides valuable information about the eruptive his-
tory of the neighboring volcanoes. The volume and space
of the tephra piles occupy in the Ootun area before and after
the deposition provides evidence of how tall and fast
upthrust the volcanic plume worked. While the dune-shape
and southeast direction of the piles suggest that they were
once in motion, their current state is almost stationary and
inactive (stabilized dunes). This is evident by the growth of
vegetation on them.

Moreover, tephra layers as one of the stratigraphic units
in the Ootun area constitute a piece of key evidence that at a
particular time in history, violent volcanic eruptions associ-
ated with plumes occurred in the region. According to petro-
graphic studies of the subsurface tephra layer, nearly three
quotas of the material consist of primarily nepheline and
muscovite minerals. At the same time, the rest is a feldspar
with siderite aegirine and pargasite as minor mineral phases.
Several studies have reported the dominant mineral phases
in the Gregory east volcanos to be nephelinic with mica-

related minerals such as biotite, muscovite, olivine, and var-
ious feldspars [47–54]. The observed similarities of rock-
forming minerals in the subsurface tephra of the Ootun area
and those found from Gregory Rift volcanic eruptions are
striking and informative for tracing the source volcano of
Ootun subsurface tephra.

The thickness of the subsurface tephra layer provides a
clue as to the distance between the source volcano and these
materials. A tephra layer of more than 30-cm thick in the
Ootun area rules out the likelihood of originating from one
or more of the small volcanic cones in the Gregory Rift
region of northern Tanzania. The large volcanic cone with
a history of eruption is responsible for erupting these mate-
rials. The Ootun area is 30 to 45 km east of the Gregory Rift
volcanic cones, where these materials are presumed to have
originated. Perhaps the most important question is: Which
volcano was the source of them? A historical account that
addresses volcanism in the Gregory Rift eastern part is of
valuable contribution to answering this question. In addi-
tion, the deposition time of these layers may offer informa-
tion about the eruption periods of the possible source
volcano.

The Oldoinyo Lengai volcano is the only active peak in
the region that has continued its activities to varying magni-
tudes since 600 ka [1, 25]. Kerimasi mountain, located 12 km
southeast of Oldoinyo Lengai, was formed nearly the same
time as Oldoinyo Lengai. But according to 40K/40Ar radio-
metric dating studies of the mountain rocks, Kerimasi had
been reported to cease its volcanic activities about 400 ka
years ago [55, 56]. Results from 14C analysis of the paleosols
in the soil profile at the Ootun area indirectly estimate the
minimum (oldest) age of deposition of the tephra layers of
about 2510 ± 30 cal BP. During this period, more than three
eruption activities of the Oldoinyo Lengai had been reported
[1, 19]. Of far greater importance is the one reported by Kel-
ler et al. [31], which was the most recent mention of the
radiometric dating of the Oldoinyo Lengai volcano. It
reports the eruption of the Oldoinyo Lengai that occurred
between 3000 and 2500 cal BP using organic samples under-
lying tephra fallout on its eastern flanks. According to the
radiocarbon age of the tephra layer at the Ootun area of
about 2510 ± 30 cal BP revealed in this study, the deposition
time of tephra materials agrees with the Oldoinyo Lengai
eruption reported by Keller et al. [31]. The radiocarbon ages
reported in this study are considered reliable and accurate as
the 14C AMS method has adopted the most advanced prob-
abilistic calibration approach by OxCal software [39]. The
dating method used humic acid fraction for graphite forma-
tion to generate carbon dioxide gas injected in the AMS.
While contamination of humic acid fraction and the fresh
organic matter remains imminent in soil dating using the
radiocarbon method [57], making the material appear youn-
ger than it is, the dated soil layer was close to one meter
below the surface and under the most compacted tephra
layer, making it almost impossible for contamination of
any kind to occur (Figure 7). The paleosol samples were
taken right below the line separating the paleosols from the
subsurface tephra layer (Figure 7(c)) in order to ensure
proper interpretation of the carbon-14 results. The carbon-

Figure 10: The barchan famed “Shifting Sand” near Olduvai Gorge
area (2°56′32″S 35°18′42″E). The Shifting Sand is a tourist
attraction for many decades (source [42]).
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14 results of the paleosol samples give the minimum age of
the ash fallouts, which leads to tephra formation almost in
the same period of time.

The elemental composition of tephra pile samples from
the Ootun area (Table 4) demonstrates differences in com-
position between surface samples and samples taken 60-cm
deep. Elevated values of SiO2 and Na2O and lower concen-
trations of Fe2O3, CaO, and MgO for surface samples are
noticeable. This may be due to differences in concentrations
of ash fallouts at different times.

Despite difficulties in interpreting chemical data of ash
fallout due to ash mixing from separate eruptions, the chem-
ical analyses of tephra piles at the Ootun area (Figure 4) and
Oldoinyo Lengai ash (Figure 7(d)) demonstrate a rational
agreement on elemental compositions (Table 4 and
Figure 11). Geochemical fingerprinting has widely been used
to trace sources of ash elsewhere [58–60]; however, a multi-
disciplinary approach greatly increases the likelihood of ash
originality. A CaO-SiO2-Fe2O3-ternary system (Figure 11)
that includes the results of the elemental composition of five
samples of tephra fallouts from the western flanks of the
Oldoinyo Lengai [2] shows a positive correlation to chemical
data from subsurface tephra samples of the Ootun area, sug-
gesting that they may be sharing the source volcano.

Based on the topographic layout of the Ootun area, Old-
oinyo Lengai, field stratigraphy, and laboratory findings, the
study hypothesizes the occurrence of two major tephra fall-
outs from two major plume volcanic events of Oldoinyo
Lengai; the first occurred around the minimum (oldest)
age of about 2510 ± 30 BP (490 ± 10 BC) that lead to BASH
tephra and another eruption after several unspecified years
later, probably around 1,250 years BP (771AD) for initial
tephra deposition (OTS) on top (Figure 7). The later erup-

tion may be the one that led to the previously mentioned
Namorod depositions at Olduvai Gorge, which was also
reported by 14C dates of soil layers below the ash deposits
16 km north of the Oldoinyo Lengai volcano [1]. The later
occurrence is evident due to tephra piles on the surface with
slightly different compositions from the subsurface tephra.
Moreover, the two tephra depositions (i.e., tephra piles and
subsurface tephra beds) are separated by a 30+ cm thick topsoil
that the sedimentation process had later formed from the sur-
rounding highlands. This process may have taken several hun-
dred years after the subsurface tephra deposition event.

Verifying the surface tephra piles’ age on the Ootun
area’s surface was difficult. This is because they were probably
a product of amixture of an undefined number of past ash fall-
outs from different volcanic eruptions which happened at dif-
ferent periods. The entire piles represent reworked ash
accumulated in various wind conditions over a longer time.
Their dune shapes underpin the hypothesis that they were
once in motion, thereby facilitating the mixing of ash fallouts
from different periods. Moreover, predicting the age of these
tephra piles for indicative age through the underlying topsoil
was also incredibly doubtful. This is because determining the
age of soil using the radiocarbon method is challenging for
topsoil due to the seasonal addition of new organic material
from plants [61]. Moreover, the apparent mobility of the
tephra piles during the distant past emanated from wind
action precludes the concept of using topsoil as an indirect
method of ascertaining their tentative depositional age.

6. Conclusions

The chronostratigraphic study of the Ootun area revealed a
rare stratigraphic sequence containing buried tephra beds

CaO

A

B

SiO2 Fe2O3

OTS, n = 8
BASH, n = 8

OLA, n = 8
Sherrod et al., 2013, n = 7

Figure 11: A CaO-SiO2-Fe2O3-ternary system for Ootun samples (OTS and BASH) and Oldoinyo Lengai Ash (OLA). The plot includes five
samples from Oldoinyo Lengai’s western flanks and two other samples ((a) and (b) in the plot) from other Gregory Rift volcanic cones
reported by Sherrod et al. [2].
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and paleosols. According to radiocarbon dating, the buried
tephra beds are estimated to have been deposited at a mini-
mum (oldest) age of about 2510 ± 30 cal BP (490 ± 10 BC).
Mineralogical and chemical compositions of ash material
from the region suggest that the ash material originates from
the major plume volcanism of Oldoinyo Lengai. The study
also suggests that the second major plume volcanism of the
Oldoinyo Lengai happened several hundred years later, per-
haps around the minimum (oldest) age of about 1,250 years
BP (771AD). The later eruption is suggested to have gener-
ated massive ash fallouts that produced tephra piles at the
Ootun area and perhaps that of the Namorod beds of the
Olduvai Gorge [1]. Verifying the age of tephra piles at Ootun
was difficult due to the possible mixing up of ash fallouts of
different eruptive periods. Chemical analyses showed com-
positional differences in ash material from other periods
reported by previous studies.

This study demonstrates the relevance of the region’s
tephra chronostratigraphic studies by revealing the prospect
of collecting additional scientific data on past geological pro-
cesses and paleoenvironmental conditions of northern Tan-
zania. To collect more data for reconstructing the region’s
past, more time-based eruption studies of the Oldoinyo Len-
gai are recommended to estimate eruption volumes and tim-
ings with a high degree of certainty.
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