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ARTICLE INFO ABSTRACT

ﬁenggd& ] The Olduvai Gorge Coring Project drilled a total of 611.72 m of core (575.48 m recovered) of mostly fluvio-

Ar/>"Ar dating lacustrine and fan-delta volcaniclastic Pleistocene strata at three sites in the Olduvai Basin, Tanzania, in 2014.
Magﬂemm?}tigraphy We have developed a chronostratigraphic framework for three of the cores based on “OAr/®Ar dating of core and
;Zilel;o::atlgraphy outcrop volcanic and volcaniclastic units, core paleomagnetic stratigraphy, and tephrochemical correlation be-

tween cores and from core to outcrop. This framework is then used to constrain Bayesian stratigraphic age
models which permit age estimates for desired core levels with realistic confidence intervals. The age models
reveal that the deepest core level reached at 245 mbs is ~2.24 Ma, ~210 kyr older than the oldest strata exposed
at Olduvai Gorge. Strata net accretion rates in this early phase of basin history were relatively rapid (57-69 cm/
kyr), but decreased within ~250 kyr to ~15 cm/kyr in Lower Bed I. Rates rebounded partially in Upper Bed I,
but subsequently declined to <10 cm/kyr by Middle to Upper Pleistocene. The age models also provide new
estimates for the basal contacts of upper Olduvai Gorge stratigraphic units that have been previously difficult to
calibrate: Bed III at 1.14 + 0.05 (95% confidence interval), Bed IV at 0.93 + 0.08, Masek at 0.82 + 0.06, and
Ndutu at 0.50 + 0.04 Ma. Finally, based on recently acquired seismic imaging identifying basement another 135
m beneath the bottom of the deepest core, extrapolation of net accretion rates suggests that sedimentation began
at this site in the Olduvai Basin at ~2.5 Ma.

East Africa

1. Introduction

The Olduvai Gorge Coring Project (OGCP) was initiated in 2014 to
investigate the stratigraphy and paleoclimate of the Olduvai Basin,
Tanzania, through recovery of deep drill cores into the basinal depo-
center near sites of paleoanthropological interest. The project is staffed
by an international, multidisciplinary consortium of anthropologists and
earth scientists, under the leadership of Drs. Nicholas Toth, Kathy

* Corresponding author.

Schick, Jackson Njau and Ian Stanistreet. A total of 575.48 m of 6 cm
core was recovered from four holes (77.16, 236.55, 121.19, and 146.9 m
from cores 1A (lat. 2.9860°S, long. 35.3428°E), 2A (lat. 2.9786°S, long.
35.32375°E), 3A, and 3B (lat. 2.944867°S, long. 35.380967°E),
respectively) (Fig. 1).

The fossils and artifacts of Olduvai Gorge are world renowned.
Paleontological interest in the area was initiated in 1913 with the dis-
covery of a prehistoric human skeleton (OH 1) in the Main Gorge (Reck,
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1914), with excavations beginning in 1931 under the direction of Louis
and Mary Leakey. In parallel with the continuing paleontological and
archeological interest in this region, the geological setting has been
intensively investigated and is reasonably well understood; the seminal
work on the geologic history and stratigraphy of the Olduvai Basin is
Hay (1976), while Stollhofen and Stanistreet (2012) undertook a
structural re-evaluation of basin evolution. Stratigraphy of the gorge and
surrounding regions are complex, however, and many subsequent
studies have contributed to our understanding of the geologic record,
and particularly, given the context of this research, to the chro-
nostratigraphy through application of radiometric dating (Evernden and
Curtis, 1965; Curtis and Hay, 1972; Hay, 1992; Walter et al., 1991;
Manega, 1994; Blumenschine et al., 2003; Deino, 2012; Dominguez-
Rodrigo et al., 2013; Diez-Martin et al., 2015), magnetostratigraphy
(Grommé and Hay, 1963, 1967, 1971; Grommeé et al., 1970; Hay, 1976;
Tamrat et al., 1995), and tephrostratigraphy (McHenry, 2005; McHenry
et al., 2008; Stollhofen et al., 2008; McHenry, 2012; McHenry et al.,
2016; Habermann et al., 2016; McHenry and Stanistreet, 2018).

Olduvai Gorge is an east-northeast to west-southwest Upper Pleis-
tocene to Holocene fluvial incision into Pleistocene sedimentary and
volcanic rocks (Fig. 1). These beds were deposited in an enclosed saline-
alkaline lake basin westward of major faults of the eastern branch of the
East African Rift and volcanoes of the Ngorongoro Volcanic Highlands
(NVH) in northern Tanzania (Hay, 1976; Hay and Kyser, 2001). The
basin is underlain by metamorphic rocks of the Archean Tanzanian
Craton and the late Proterozoic Pan-African Mozambique Belt, uncon-
formably overlain by a series of fluviolacustrine deposits and interca-
lated lavas, ignimbrites, fallout tuffs, and volcaniclastic sediments. The
oldest exposed strata in the basin are ~2.0 Ma ignimbrites sourced from
Ngorongoro Caldera in the NVH.

The stratigraphic nomenclature of the exposed Pleistocene basin-fill
deposits was established by Hay (1976) after Reck (1914, 1951), with
modifications by McHenry (2012), Habermann et al. (2016), McHenry
and Stanistreet et al. (2018), Stanistreet et al. (2018) and Stanistreet
etal. (2020a). As well as lithostratigraphy, the latter authors introduce a
sequence stratigraphic approach, whereby basinwide erosion surfaces,
caused by lake-level falls, can be used as time-correlative surfaces. This
was an approach that was used intuitively by Hay (1976) in his defini-
tion of most boundaries (Bed II/Bed III; Bed III/Bed IV; Bed IV/Masek;
Masek/Ndutu), all based upon major disconformities. Such boundaries
are used in the correlative figures drawn in this manuscript. According
to Hay (1976), the oldest strata above a basal welded pyroclastic flow
(Naabi Ignimbrite) was divided into Bed I (up through Tuff IF, ~2.0-1.8
Ma; Deino, 2012), and younger units whose precise ages are under study
(Beds II, III, IV, Masek, and Ndutu). Current nomenclature incorporates
the CFCT and Naabi Ignimbrite into the underlying Ngorongoro For-
mation (Stanistreet et al., 2020a).

Here we present stratigraphic age models for three of the OGCP
cores. Our procedure for building these models is firstly to date core tuffs
and lavas by the *Ar/*°Ar method, secondly to use tephrochemical
correlation to tie new and previously published outcrop radiometric
ages into the cores, and thirdly to delineate a paleomagnetic reversal
stratigraphy directly from core material. We then use the resulting
chronostratigraphic framework as input to Bayesian stratigraphic age
modelling, which yields estimates of absolute ages and realistic un-
certainties for all covered depths at 20 cm resolution.

2. Methods
2.1. Core depth scales

Core depth scales were generated using the drilling and core meta-
data, and are equivalent to the IODP CSF-B depth scale (IODP-MI, 2011;
Arculus et al., 2015). Depths indicate distance from the ground surface
to the location within the recovered core, applying a linear compression
scaling algorithm if recovery for a core is above 100%. The drilling and
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core metadata are publicly available at dx.doi.org/10.17605/0SF.
I0/3SKMA.

2.2. ©Ar/%°Ar dating

We report here “°Ar/3%Ar dating for OGCP core tuff layers, a trachyte
lava, and a basalt to trachybasaltic lava flow (Habermann et al., 2016;
Stanistreet et al., 2020b), as well as seven new ages from outcrop ex-
posures of tuffs that are relevant to development of the core chro-
nostratigraphy. The dating methodology employed here has been
described previously (Deino, 2012), thus our discussion will concentrate
on the core processing and data reduction protocol.

All OGCP cores were logged at 1 cm accuracy, as summarized by
Stanistreet et al., 2020a. Their stratigraphic nomenclature is adopted
here as well. Tuffaceous zones in the OGCP cores were identified
megascopically and by smear-slide examination immediately after core
splitting during the Initial Core Description at the National Lacustrine
Core Facility (LacCore) at the University of Minnesota (Twin Cities).
Samples (n = 73) were processed for “°Ar/>°Ar dating at the Berkeley
Geochronology Center (BGC); of these, 61 yielded viable mineral sepa-
rates that were irradiated and dated. In addition, three samples of a
basalt to trachybasaltic lava were sampled at the base, interior, and top
of the flow for dating purposes.

Sample processing of tuff consisted of gentle hand-crushing in a
ceramic mortar, wet-rinsing in distilled water through a new 90- or 400-
pm sieve bag, drying, and examination of the mineralogical character-
istics of the coarser fraction under a binocular microscope. A trachyte
lava from the base of Core 3A, containing K-feldspar phenocrysts, was
comminuted by hand crushing in a metal mortar. Feldspars were
concentrated with a Frantz magnetic separator (if necessary), hand-
picked, washed in 5% HF and distilled water, and hand-picked again
to obtain the clearest, most inclusion-free material.

Sample processing for the basalt to trachybasaltic Bed I lava flow
consisted of hand-crushing in a metallic mortar, sieving to 40-60 mesh
(250-400 pm), removal of highly magnetic and weakly magnetic frac-
tions with a Frantz isodynamic separator, hand-picking to remove
phenocrysts and altered material, and ultrasonic baths in distilled water.

The mineral and rock separates were irradiated in the Cd-lined
CLICIT position of the Oregon State University TRIGA reactor in 11
batches (Table S1). Sanidine from the Fish Canyon Tuff of Colorado
served as an irradiation fluence monitor mineral for three irradiations
(orbitally referenced age of 28.201 + 0.023 16 Ma; Kuiper et al., 2008),
whereas all other irradiations used sanidine phenocrysts from the Alder
Creek Rhyolite of California (orbitally referenced age = 1.1848 +
0.0006 Ma (Niespolo et al., 2017). Reactor-induced isotopic production
ratios for these irradiations were: (36Ar/37Ar)Cﬁl = 2.65 + 0.02 x 10’4,
(BAr/YAr)c, = 1.96 + 0.08 x 107>, °Ar/*An)c, = 6.95 + 0.09 x
1074, 7 Ar/* Ak = 2.24 + 0.16 x 107*, (*BAr/*Ar)x = 1.220 + 0.003
x 1072, (PAr/*Ar)g = 2.5 + 0.9 x 10~*. Atmospheric “°Ar/%6Ar =
298.56 + 0.31 (Lee et al., 2006) and decay constants follow Min et al.
(2000). Previously published “°Ar/3°Ar ages referenced herein (Deino
et al., 2006) are recalculated for consistency using the decay constants
and Fish Canyon sanidine age stated above.

Following a period of at least several weeks of radiological ‘cooling’
after irradiation, the feldspars were analyzed individually by the
40Ar/3°Ar technique using single-crystal incremental heating (SCIH).
Here, individual phenocrysts are incrementally heated and measured for
argon isotopes on a noble-gas mass spectrometer in 3-9 steps (depend-
ing on grain size and gas yield) at progressively increasing power to
fusion. The matrix material from the alkaline flow was analyzed as a
small bulk analysis (weight ~ 10-20 mg), also by the incremental
heating technique (4-8 steps). Isotope measurements were conducted on
a Nu Instruments Noblesse noble-gas mass spectrometer employing
simultaneous multi-isotope measurement on ion-counting electron
multiplier detectors (Deino et al., 2019a, 2019b).

The incremental release experiments are examined for intervals of
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Fig. 1. Location map and setting of the OGCP in northern Tanzania.

calculated age consistency as a fraction of 3°Ar released. The ‘plateau’
algorithm follows Fleck et al., (1977), but uses an acceptable MSWD as a
statistical criterion (‘mean squared weighted deviation’), with a
threshold probability >95% that the observed scatter is caused by
analytical error alone and that geological scatter is not demonstrated.
As found previously at Olduvai Gorge and elsewhere in East Africa
(e.g., Deino, 2012; Deino et al., 2018; Deino et al., 2019a, 2019b),

anomalously old single-crystal “?Ar/3?Ar age outliers are fairly common
in tuffaceous samples, and derive from a variety of sources. These
include antecrysts acquired shortly before or during eruption and
incompletely outgassed, excess “CAr trapped in primary phenocrysts
likewise incompletely outgassed, xenocrysts plucked from a volcano’s
surface during eruption or acquired during fluvial transport, and
incipient alteration of feldspars (particularly their glass inclusions). The
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Fig. 2. Representative “°Ar/3?Ar incremental heating release spectra for 11 individual K-feldspar grains (panels A-K, sample lab ID #27011, aliquots 1 through 11)
from core sample ‘OGCP-2A-28Y-2 000-010’. Double-barbed arrow indicates the range of heating steps (black boxes) included in the apparent age plateau, with the
plateau age given (+ 1o uncertainty). Integrated age (recombined total-gas age) is given at the bottom of each panel.

influence of anomalously old grains on the age population must be
mitigated to derive a geologically accurate eruption age. To improve the
population sample size in conducting the outlier-elimination procedure
described here, all steps belonging to a plateau are used, across all grains
of a given sample. Firstly, distinctly older xenocrysts were excluded from
the age population based on analysis of the magnitude of age gaps
separating older ages from younger (Deino et al., 2018). We employ here
an age gap criterion = 7, which efficiently identifies age gaps obvious to
a human observer, yet has minimal effect on distributions that lack a
visually pronounced modal gap or a prominent shoulder on the older
side of the primary distribution. The gap-identification algorithm is
followed by outlier deletion based on the normalized median absolute
deviation (‘nMAD’ = 3).

2.3. Tephrocorrelation

Chemical characterization of glass and phenocrysts in core tuff layers
has revealed an extensive suite of likely correlations from core to
outcrop (McHenry et al., 2020). Correlations are based on EMP analysis
of glass shards (where preserved) and phenocryst compositions (feld-
spar, pyroxene, hornblende, titanomagnetite, ilmenite and aenigmatite,
where available). These links are relevant to building an age model of
the cores, as eruptive units dated in outcrop can provide additional core
chronostratigraphic control elements.

2.4. Paleomagnetic methods

A total of 840 discrete samples were taken from OGCP Cores 2A (500
total) and 3B (340 total) to undertake magnetostratigraphic studies.
Approximately 240 of the 2A samples and 295 of the 3B samples were
analyzed using a 2-G® Enterprises small-access cryogenic magnetom-
eter with an in-line alternating field (AF) demagnetization coil in the

Paleomagnetics Laboratory at the Graduate School of Oceanography at
the University of Rhode Island. The initial natural remanent magneti-
zation (NRM) was measured and the samples subjected to 15 AF
demagnetization and measurement steps starting at 2.5 mT and ending
at 75.0 mT in order to remove any unstable, viscous remanent magne-
tizations. However, it was observed that the AF demagnetization often
produced ambiguous data. For this reason, an additional 260 discrete
samples from 2A and 45 discrete samples from 3B were analyzed using
thermal demagnetization after measuring the NRM to remove unstable
viscous remanent magnetizations. Thermal demagnetization was done
with an ASC thermal demagnetizer using 12 steps between 100 and
650 °C. Following measurement, the characteristic remanent magneti-
zation (ChRM) declination and inclination values (Kirschvink, 1980)
were calculated using the Demagnetization Analysis in the Excel (DAIE)
tool (Sagnotti, 2013). In order to calculate the ChRM, we selected be-
tween 4 and 8 demagnetization steps between 5 and 80 mT for AF
demagnetization data and between 3 and 8 demagnetization steps be-
tween 250 and 600 °C, and a least-squares fit was made to the selected
data points. The fit was not anchored to the origin of the Zijderveld plot
(Zijderveld, 1967) since the ChRMs generally trended towards the origin
without forcing, and we felt the unanchored option gave a better rep-
resentation of the data quality demonstrated by the maximum angular
deviation (MAD) calculated within the DAIE tool. The criteria for a
“quality” ChRM value were that it was calculated from at least three
consecutive demagnetization steps and that the MAD values were less
than 15 (e.g., Tauxe and Badgley, 1988). Data were classified as good,
okay, and bad on the basis of the stability of the results on the Zijderveld
plot and the MAD values. Good and okay data were used for interpreting
the magnetostratigraphy. For Core 2A the results were primarily from
samples that were thermally demagnetized, whereas for Core 3B the
results were primarily from samples that were AF demagnetized.



A.L. Deino et al. Palaeogeography, Palaeoclimatology, Palaeoecology 571 (2021) 109990

10;-I---I---I---I---I---I---I---I---I---I---I---I---I---I---I---I---I;

0.01 5

Ca/K

>
e S

1A
0.001 1 .

] Tuff IF
: Ng'eju Tuff
] Tuff IE
1 —_——— Tuff IB

40

OH) & <0k

: e CFCT Tuff o
] Naabi Ig. r30 S
] fd_ Orkeri Tuff ~
] Q
': Z g
1 =
7 - - r10

1.8017 + 0.0018 Ma (Tuff IF)

neentbiaannnnnnn MMM AN NN NN NSNS SN SSRESSEEEsEEESsEEEEEEEEEEEE

.......

1.8199 + 0.0019 Ma (Tuff IE)

Lo g N

..... e s nsaam e e ———

. A . 1.8479 = 0.0027 Ma (Tuff IB) Y

2.0027 + 0.0057 Ma (CFCT Tuff) fpemy Tooes'

........................... Pl DT T repepe——

Relative Probability

- i » o

2.0330 + 0.0013 Ma (Naabi Ig.) £ w *..

N w H O (2] ~N ©
3

s -

1C 2.0471 % 0.0028 Ma (Orkeri Tuff) /.
1.78 1.84 1.90 1.96
Age (Ma)

Fig. 3. Aggregated “°Ar/®°Ar sample ages from core and outcrop for seven volcanic units. A) Ca/K atomic ratio derived as a by-product of the *°Ar/3°Ar analysis. B)
Rank order plot of the individual units. Uncertainties in the age-axis are 1o standard error. Dark purple markers identify sample ages omitted from the population for
the purpose of calculating a best representative age. C) Age-probability density spectra of each unit. Solid line indicates the probability spectrum of the analyses
included in the indicated weighted mean age. Dashed curve represents the age-probability spectrum of all ages of a particular unit. (For interpretation of the ref-
erences to colour in this fig. legend, the reader is referred to the web version of this article.)

'2.02 2.08



A.L. Deino et al.

Palaeogeography, Palaeoclimatology, Palaeoecology 571 (2021) 109990

Table 1

Mean “°Ar/3°Ar dating results for volcanic units from combined core and outcrop experiments.
Stratigraphic Ca/K Ca/K n n MSWD' Age + Age
Unit (median) + MAD* included total (Ma) 1c MSE'
HGCPT, Bed II' 0.56 0.75 2 2 0.2 1.879 0.021
Tuff IF, Bed I 0.134 0.050 9 10 0.3 1.8017 0.0018
Ng’eju Tuff, Bed I 0.17 0.17 7 7 3.1 1.8260 0.0066
Tuff IE, Bed I 0.193 0.012 7 7 2.4 1.8199 0.0019
Tuff IB, Bed I 0.034 0.014 10 10 2.2 1.8479 0.0027
Basalt, Bed I 2.6 1.2 5 5 3.1 1.900 0.015
CFCT Tuff 0.0107 0.0017 3 4 4.5 2.0027 0.0057
Naabi Ignimbrite 0.0092 0.0060 5 6 0.9 2.0330 0.0013
Orkeri Tuff 0.138 - 1 2 1.0 2.0471 0.0028
2A-150 0.19 0.17 2 2 1.8 2.0803 0.0041

" MAD: Median absolute deviation multiplied by 1.4826; an estimator of population standard deviation.

f MSWD: Mean Sqaured Weighted Deviation.

1 MSE: Modified standard error; the standard error expanded by root MSWD if MSWD>1.
Y »High Calcium Plagioclase Tuff;” age is too old probably due to detrital contamination.

§ Tuff from 147.8-152.7 in Core 2A.

2.5. Bayesian stratigraphic age modeling

Bayesian stratigraphic age analysis is used to construct an age-depth
model for OGCP core using ChronJ (modification date ‘2018-04-09’;
Keller, 2018; Deino et al., 2019a, 2019b). The prior constraint under-
lying this analysis is that ages must decrease monotonically strati-
graphically upward. The chronostratigraphic data set comprises
radiometrically determined tephra-eruption and paleomagnetic-reversal
ages, and where appropriate a surface point.

The depositional age of the modern surface is estimated to be 50 +
50 ka in the models for Cores 2A and 3A. We acknowledge that this
number is difficult to quantify and could be in error by some magnitude.
At the site of Core 2A the surface is underlain by a meter of so of clayey
to sandy soil and regolith, then probable Ndutu Beds, while at 3A the site
is immediately underlain by Ndutu sandstone. Thus, apart from a thin
veneer of soil at 3A that is negligible in the modeling, the surface strata
are in both cases Ndutu Beds. The Ndutu Beds are not well dated,
although the situation is improving. In this study, we present a precise
40Ar/39Ar age for a tuff sample from 7.01 mbs slightly above the base of
the Ndutu in Core 3A of 0.4788 4 0.0043 Ma (see below). Also, work in
progress on outcrop exposures of the Ndutu Beds has resulted in a pre-
liminary “°Ar/3°Ar age of ~200 ka on a tuff in the Upper Ndutu Beds a
few meters beneath the modern surface in the eastern part of the gorge
(Deino, pers. comm.). Aspartic acid racemization dating of bone has
provided an age of 39 ka on the base of the Naisuisui Beds, which overlie
the Ndutu Beds in the gorge, and of 33 and 56 ka for Upper Ndutu Beds
(Hay, 1976; Bada, 1985). These ages are consistent with the estimate
given above for the uppermost Ndutu surface.

It should be noted that, in contrast to some other Bayesian age-depth
models (Blaauw and Christen, 2011; Ramsey, 2008), the approach used
here makes no prior assertions regarding the constancy, smoothness, or
“memory” of sedimentation rate.

3. Results
3.1. “Ar/*Ar dating

Full *°Ar/?°Ar analytical data is provided in Table S2 for feldspar
from core samples, in Table S3 for feldspar from the First Fault locality at
Orkeri, in Table S4 for feldspar from Olduvai Gorge outcrops, and in
Table S5 for basalt matrix incremental heating. A total of 4334 SCIH
steps on 861 feldspar phenocrysts from 69 samples were analyzed
(Table S2); 161 of these grains were rejected as candidates for complete
step-heating analysis, after evaluation of one or two low-power steps,
due to obviously old xenocrystic ages or high Ca/K content (indicative of
plagioclase and an anticipated low-precision result), whereas the

remainder were carried to completion (example spectra are provided in
Fig. 2).

A dominant proportion of the grains carried to completion in the
SCIH experiments yielded apparent-age plateaus (623 out of 700 grains,
Table S2). Plateau identification results are provided in Table S6 for
feldspar, and Table S7 for basalt matrix. The apparent-age plateaus are
plotted as age-probability density functions for each sample in Figs. Sla-
c for feldspar from core, in Fig. S2 for the three samples from the Orkeri
outcrop locality, and Fig. S4 for the Naabi Ignimbrite from Loc. 67. The
age distributions are trimmed to remove xenocrysts and outliers as
described in Methods. While most samples exhibit quasi symmetric,
unimodal distributions, a significant proportion (about 8-10 of the
samples) exhibit marked skewness toward older ages prior to population
trimming.

Overall, 68 new “°Ar/3°Ar Ar ages were obtained from core and
outcrop samples: seven from outcrop, 57 from core tuff layers (seven
from Core 1A, 32 from Core 2A, and 18 from Core 3A), four from lava
(three samples of a single flow in Core 2A, and one from trachyte in Core
3A) (Table S8). Sample weighted-mean ages after application of the
outlier-deletion protocol described above are given in Table S9.

3.1.1. Volcanic unit mean ages

Several of the tuffs and the basalts dated directly from core material
have also been correlated to outcrop (Table S8) based on tephra
geochemistry (McHenry et al., 2020) or unique lithology combined with
stratigraphic position (Bed I Basalt). Seven of these units have both new
and published *°Ar/3°Ar ages from outcrop that supplement core dating
results (Table S9). Fig. 3 is an age-probability density plot of the avail-
able ages aggregated from core and outcrop on a per-unit basis.
Applying the same gap-finding routine and outlier deletion methodol-
ogy described above to these data results in the single oldest age being
omitted from Tuff IF, the Coarse Feldspar Crystal Tuff (CFCT), the Naabi
Ignimbrite, and the Orkeri Tuff. The resulting distributions are quasi
unimodal with reasonable populations (n from 5 to 10), with the
exception of the CFCT Tuff with just three ages, and the Orkeri Tuff with
one (Table 1). The weighted-mean ages of these tuffs provide statisti-
cally leveraged values that can be substituted for direct-core dating re-
sults in the subsequent age modeling of the cores. The case of the Orkeri
Tuff deserves special mention; only two ages are available, one from the
core and one from the Orkeri locality (2.073 + 0.001 and 2.047 + 0.003
Ma, respectively). Both results are fairly precise, but are statistically
distinct at the 95% confidence level. We employ the outcrop age for the
Orkeri Tuff in the age modeling (2.047 + 0.003 Ma) instead of the direct
core age, because four of the six samples below the Orkeri Tuff in Core
2A (sample OGDP-2A-44Y-2 015-025, Table S8) yield younger ages
(2.068-2.060 Ma) than the core Orkeri Tuff, and we note in section 3.3
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Fig. 4. Characteristic remanent magnetization (ChRM) inclination and declination data for Core 2A. The geocentric axial dipole (GAD) predicted inclination (—6°)
for the core site is indicated by the dashed vertical line. The solid horizontal lines represent deviations in declination values in excess of 150° between adjacent
samples within a single core. These deviations are interpreted as the normal (black) and reversed (white) boundaries illustrated in the associated polarity fig. and
provide the basis for the interpretations presented in this paper. Geomagnetic feature names are from Singer (2014) and references therein.
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Table 2 Table 2 (continued)
Chronostratigraphic data sets for Cores 1A, 2A, and 3A. Age Error in Core Error in
Age Error in Core Error in Age
Age + o std. Depth Core
+ o std. Depth Core er. Depth
er. Depth Event Name Data (Ma) (Ma) (mbs)  (+
Event Name Data (Ma) (Ma) (mbs) (* type* mbs)’
type” mbs) Reunion Pmag 2.200 0.005 21850 1.50
Core 1A unnamed/Halawa Pmag 2.236/ 0.005 242.00 1.00
HCPT” Mean 1.879 0.021 51.55 0.03 2.421
ArAr Core 3A
1A-19Q-1 082-082 ArAr 1.772 0.028 51.87 0.00 Surface (Top of Surface 0.05 0.05 0.00 0.00
1A-19Q-2 085-092"  ArAr 2.031 0.034 52.98 0.04 Ndutu Beds)
1A-21Q-2 081-088 ArAr 1.781 0.012 59.37 0.04 3A-04Y-1 088-095 ArAr 0.4788 0.0043 7.02 0.20
Ng’eju Tuff Mean 1.8260 0.0066 61.60 0.03 Brunhes base/ Pmag 0.772/ 0.008/ 255" 0.10
ArAr Jaramillo base 1.071 0.004
1A-22Q-2 063-069 ArAr 1.823 0.027 62.10 0.10 HCPT” Mean 1.8790 0.0210 52.40 0.98
Tuff IE Mean 1.8199 0.0019 62.40 0.01 ArAr
ArAr Olduvai top Pmag 1.770 0.004 57.0 0.50
Tuff IC Mean 1.8481 0.0075 65.05 0.02 Tuff IF Mean 1.8017 0.0018 57.63 0.23
ArAr ArAr
Tuff IB Mean 1.8479 0.0027 65.65 0.06 Ng’eju Tuff Mean 1.8260 0.0066 60.43 0.05
ArAr ArAr
1A-25Q-1 100-112 ArAr 1.8344 0.0050 70.11 0.07 Tuff IE Mean 1.8199 0.0019 62.99 2.31
Core 2A ArAr
Surface (Top of Surface 0.05 0.05 1.20 0.01 3A-26Y-2 146-149 ArAr 1.8296 0.0062 66.06 0.01
Ndutu Beds) 3A-28Y-2 107-111 ArAr 1.8346 0.0062 71.72 0.01
Brunhes base Pmag 0.772 0.008 12.00 0.50 Tuff IC Mean 1.8481 0.0075 72.00 0.03
Jaramillo base Pmag 1.071 0.004 26.00 0.50 ArAr
Gardar Pmag 1.459 0.009 39.00 2.00 3A-30Y-1 052-054 ArAr 1.9920 0.1077 75.64 0.01
Gilsa Pmag 1.587 0.008 60.00 0.50 3A-30Y-1 083-086 ArAr 1.8870 0.0225 75.95 0.02
Olduvai top Pmag 1.770 0.004 64.00 0.50 Basalt scoria (Bed I) Mean 1.900 0.015 90.48 1.60
Tuff IF Mean 1.8017 0.0018 66.00 0.30 ArAr
ArAr 3A-41Y-1 043-044 ArAr 2.0301 0.0030 105.54  0.10
Ng’eju Tuff Mean 1.8260 0.0066 69.88 0.23 3A-41Y-1 070-080 ArAr 2.0277 0.0030 105.85 0.15
ArAr 3A-42Y-1 080-089 ArAr 2.0271 0.0031 108.99  0.05
Tuff IB” Mean 1.8479 0.0027 71.99 0.10 3A-44Y-1 098-108 ArAr 2.0183 0.0030 112.13  0.61
ArAr 3A-50Y-2 039-047 ArAr 2.0708 0.0040 130.93  0.04
2A-31Y-2 133-135 ArAr 1.8277 0.0083 74.86 0.01 3A-51Y-1 035-042 ArAr 21121 0.0035 13249 0.12
DI A 1SR S 7 00 e e e e e g T
2A-32Y-2 134-135 ArAr 1.834 0.023 77.84 0.01 Omitted from preferred Bayesian stratigraphic age model.
2A-33Y-1 079-080 ArAr 1.830 0.032 78.80 0.01 T Error in core depth is taken as half the total span of core encompassing the
2A-34Y-2 082-084"  ArAr 1.9821 0.0090 83.28  0.01 event or possible location of the event.
2A-36Y-2113-116" ArAr 2.000 0.011 89.64 0.02 f Equivalent to position in Core 3B of 25.82 mbs.
Basalt Mean 1.900 0.015 9320 290 Y Equivalent to position in Core 3B of 57.56 mbs.
ArAr
Olduvai base Pmag 1.9340 0.0080 96.10 0.00
unconformity
CFCT Mean 2.0027 0.0057 97.18  0.98 that significant proportion of the core samples are too old relative to
ArAr stratigraphic age constraints provided by lower core samples.
Naabi Ignimbrite Mean 2.0330 0.0013 105.33  1.02
ArAr
Orkeri Tuff Mean 2.0471 0.0028 109.35 1.05
ArAr 3.2. Paleomagnetic reversal stratigraphy
2A-47Y-1 027-037 ArAr 2.0626 0.0032 117.32 0.05
2A-48Y-2 035-044 ArAr 2.0831 0.0017 121.85 012 The inclination and declination results obtained from the thermally
2A-50Y-2 075-089 ArAr 2.0599 0.0018 12832 0.07 . .. .
9A-51Y-2 060-067 ArAr 2.0675 0.0052 13111 012 demagnetized samples from Core 2A are shown in Fig. 4. The polarity
2A-52Y-2 017-028" ArAr 2.0953 0.0013 133.70 0.13 designation (black/white column) of the samples and the magneto-
2A-53Y-1 134-139 ArAr 2.0675 0.0043 136.37  0.05 stratigraphic interpretation are also shown. The thermally demagne-
2A-54Y-1096-104 ~ ArAr 2.0799 0.0050 139.00  0.06 tized samples were used as the basis of this analysis because they
2A-55Y-2 113-126 ArAr 2.0995 0.0036 143.71 0.18 . . . .
2A150 Mean 20803 0.0041 15025 245 provided more consistent and higher quality results than the AF-
ArAr demagnetized samples. Unfortunately, the facies associated with deep-
2A-61Y-1 048-061 ArAr 2.0937 0.0030 156.50  0.05 water lacustrine intervals did not generally yield good paleomagnetic
2A-63Y-2109-113"  ArAr 21371 0.0016 164.61  0.01 results irrespective of demagnetization method. Other facies types
2A-64Y-2027-034  ArAr 21227 0.0044 166.73  0.03 generally yielded good results. The paleomagnetic polarity transitions
Huckleberry Ridge Pmag 2.070 0.005 172.00 0.50 . e 1k . . .
Feni top Pmag 2115 0.005 175.00  0.50 are identified in Fig. 4 and are summarized in Table 2.
2A-68Y-1 100-108"  ArAr 21632 0.0022 178.08  0.04 The paleomagnetic results obtained from Core 3B are shown in
2A-72Y-2 028-036 ArAr 2.1480 0.0043 190.78  0.01 Fig. 5. These results were obtained primarily from AF demagnetized
1;:";:’35; 084-096 im:rg iii; 8285138 igigg ggg samples. We only identified two polarity transitions from this section,
- - | T, . . . . : 3
2A75v.2 198 133" ArAr 21754 0.0017 20076 0.03 the bas.e of the Jaramillo Eve1.1t and the top of the Qlduval Event E.lS
2A-76Y-2 016-021 ArAr 2.1671 0.0019 20272 0.02 shown in Table 2. More work is needed to further refine the magnetic

record of Core 3B. Tephrocorrelation and lithostratigraphic correlation
were used to tie the record of Core 3A to Core 3B and integrate the
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Fig. 5. Characteristic remanent magnetization (ChRM)
inclination data for Core 3B. The geocentric axial dipole

[}
-60 | | -3|0 | | (I) | | 3|0 | | 6|0 (GAD) predicted inclination (—6°) for the core site is
0 - indicated by the solid vertical line. The black, grey, and red
3 squares indicate “good”, “okay”, and “bad” data respec-
m tively. Although the red squares were classified as “bad”,
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magnetic results from Core 3B with the dating studies done on Core 3A
(Table 2).

3.3. Bayesian stratigraphic age modeling

Table 2 shows the final set of chronostratigraphic data supporting
Bayesian age models for the OGCP cores, consisting of four data types:
(@D “OAr/3°Ar ages obtained directly from individual core samples; (2)
40Ar/3°Ar overall mean ages of correlated outcrop and core volcanic
units; (3) paleomagnetic reversal boundaries; and (4) modern surface

points. Sufficient data are available for 1A, 2A, and 3A to construct age
models. The model for 1A extends from ~70-52 mbs, and for 3A from
~134-0 mbs. 2A is divided into two separate models due to the presence
of a major unconformity at the Bed I Basalt/CFCT contact (Stanistreet
et al., 2020a, 2020b, 2020c): one for the bottom two-thirds from
~242-96 mbs, and another for the upper strata from 96 to 0 mbs. We
discuss model development for Core 2A first because it offers the most
complete section, followed by discussion of Cores 1A and 3A.

The development of an age model for the strata below the sub-basalt
unconformity in Core 2A is illustrated in Fig. 6. Panel ‘A’ shows the
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Core 2A (below CFCT/basalt unconformity)
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Fig. 6. Development of a Bayesian stratigraphic age model for Core 2A below the unconformity at the base of the basalt at 96 mbs. Model A incorporates all available
chronostratigraphic control points. Model B is generated from the data set after removal of the anomalous ‘Huckleberry Ridge’ paleomagnetic normal event (yellow
arrow #1). Model G, the preferred model for this lower part of Core 2A, results from removal of six “°Ar/3°Ar sample ages that are anomalously old (yellow arrows
#2-7) (Table S10). Model D is a speculative model resulting from re-interpretation of the lowermost paleomagnetic event as an older excursion (yellow arrow #8).
(For interpretation of the references to colour in this fig. legend, the reader is referred to the web version of this article.)

result obtained using all the data available for this interval (Table S10A).
While most of the data support the overall model result, it is clear that
several chronostratigraphic control points are incongruous. For
example, the datum based on the Huckleberry Ridge paleomagnetic
excursion at 2.070 Ma (identified by arrow #1 in Fig. 6) is too young by
~60 kyr when considered in the context of the new core radiometric
ages, and the identification of the Feni top paleomagnetic excursion just
three meters below. There are several possible explanations for the
anomalous ‘Huckleberry Ridge’ normal: 1) the published age (Singer,
2014) is too young, 2) it is a modern overprint, or 3) it belongs to an
unrecognized excursion.

We omit this point in the next iteration of the age model (Fig. 6b;
Table S10B). This, and the previous model, reveals a series of potential
age anomalies, manifested by sharp bends induced by relatively old,
precise ages, flanked by younger ages. We believe these older ages are
influenced by the presence of excess “CAr, with perhaps a reworking
component. Excess ‘°Ar has been noted previously in Ngorongoro
eruptive units (i.e., the CFCT; Deino, 2012), and may be an episodic
manifestation in this volcanic system, in contrast to the Olmoti-derived
products of mid to upper Bed I. We identify anomalously old sample
results as those “°Ar/®°Ar ages whose 95% confidence intervals are older
and do not overlap with the 95% confidence interval of the age model at
the stratigraphic height of the sample (Table S8, Table S10B). This
identifies six suspect results (arrows 2-7 of Fig. 6b).

Fig. 6¢ shows a model with these points removed; as anticipated, the
major kinks in accumulation rate are smoothed. Model C is essentially
the same as B in the initial ~30 m and final 40 m, but is younger than B
through the middle portion of the model, with a maximum difference of

10

25 kyr at 178 mbs (median overall difference is 6 kyr). This model (C) is
taken as the preferred result for Core 2A below the CFCT/basalt un-
conformity (Table S10C).

The oldest chronostratigraphic datum in 2A (the paleomagnetic
excursion at 242 mbs) is just 3.2 m above the bottom of the core.
Extrapolating age model C to this end point using the last two paleo-
magnetic excursions yields an age of 2.24 Ma for the base of the lacus-
trine beds at the bottom of the core. These are the oldest deposits so far
recognized in the Olduvai Beds, about 210 kyr older than the 2.033 Ma
Naabi Ignimbrite exposed in outcrop at Olduvai Gorge, and about 190
kyr older than the 2.0471 Ma Orkeri Tuff exposed along the First Fault.

Finally, we note an alternative model based on re-assignment of the
normal paleomagnetic event identified at the bottom of Core 2A,
attributed in model C to an unnamed excursion at 2.236 Ma, to the older
Halawa excursion at 2.421 Ma (both being astrochronological ages from
Laj and Channell, 2007) (arrow #8). A model based on this interpreta-
tion is shown in Fig. 6d. While possible, this model exhibits an abrupt
shallowing of accumulation rates (~13 cm/kyr) from ~215 mbs to the
bottom of the core, whereas model C shows an accumulation rate
consistent with the overall core rate (63 cm/kyr). This change in sedi-
mentation rate is not supported on lithologic grounds; the primarily fine-
grained lacustrine interval from 153 to 173 mbs (the upper Naibor Soit
Formation), similar lithologically to the lower interval from 213 to 244
mbs (lower Naibor Soit Formation), exhibits the typically high sedi-
mentation rate (~61 cm/kyr) characteristic of Core 2A below the un-
conformity. We favor the simpler model and accept C as the best
approximation of the sediment accumulation curve for the lower part of
Core 2A.
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Fig. 7. Development of a Bayesian stratigraphic age model for Core 2A above the CFCT/basalt unconformity at 96 mbs. Model A incorporates all available chro-
nostratigraphic control points. Model B is generated from the data set after removal of a postulated Tuff IB correlation that is at odds with direct core dating results
(yellow arrow #1), and two core ages that are anomalously old likely due to detrital contamination (yellow arrows #2 and 3). Model B is then the preferred result for
the upper part of Core 2A. (For interpretation of the references to colour in this fig. legend, the reader is referred to the web version of this article.)

Fig. 7 shows the development of a Bayesian stratigraphic age model
for Core 2A above the CFCT/basalt unconformity. The initial model (A
in Fig. 7; Table S11A) is based on four mean unit *°Ar/*°Ar ages (the
basalt flow at 90-96 mbs, Tuff IB, Ng’eju Tuff, and Tuff IF; Table 1),
seven individual core sample “°Ar/3°Ar ages, six paleomagnetic
boundaries or excursions (Olduvai base, Olduvai top, Gilsa, Gardar,
Jaramillo base, and the Brunhes base), and a surface point. There are,
however, three components of the chronostratigraphic data set that are
anomalous when taken in the context of the overall section. Firstly, the
two individual core sample ages of 1.982 + 0.009 and 2.000 + 0.011 Ma
at 83.28 and 89.64 mbs, respectively, are older than the underlying
basalt (1.956 + 0.031 Ma) and the base of the Olduvai event (1.934 +
0.008 Ma; Simon et al., 2018), which coincides with the sub-Bed I basalt
unconformity at 96 mbs. These older feldspars are likely attributable to
reworking of older Ngorongoro Volcano ejecta, as is commonly
encountered when attempting to date lower Bed I volcaniclastic deposits

11

(Deino, 2012). These two samples (2A-34Y-2 082-084 and 2A-36Y-2
113-116) are omitted from the next iteration of the age model. Also, a
6 cm thick layer in Core 2A at 71.99 mbs has tephra geochemistry
similar to Tuff IB (McHenry et al., 2020) and is included in this initial
model, but the mean age of confirmed outcrop samples of Tuff IB
(1.8479 + 0.0027; Table 1) is older than five underlying, directly dated
core samples from 78.80-74.68 mbs (age range 1.8297 to 1.8414 Ma). It
should be noted these samples are as much as seven meters below the
proposed Tuff IB tuff, adding a maximum of 18 kyr to the discordancy
based on this iteration of the model. As the age of Tuff IB is well-
constrained by multiple consistent outcrop ages (Table 1), we suspect
the proposed correlation is incorrect. A final model, B, is calculated
omitting the Tuff IB correlation, and the two detritally contaminated
samples (Fig. 7b; Table S11B). This is the preferred Bayesian age model
for Core 2A above the CFCT/Basalt unconformity.

The development of an age model for Core 1A is fairly simple, as we
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Fig. 8. Development of a Bayesian stratigraphic age model for Core 1A from 50 to 70 mbs. Model A incorporates all available chronostratigraphic control points. The
preferred result, Model B, results from removal of two “°Ar/3°Ar data points interpreted as anomalously old due to detrital contamination (yellow arrows #1 and #2).
(For interpretation of the references to colour in this fig. legend, the reader is referred to the web version of this article.)

consider here a relatively short portion of the core (50-70 mbs) for
which we have chronostratigraphic control (10 points comprised of in-
dividual *°Ar/3°Ar core ages, and mean unit “°Ar/3?Ar ages). A model
incorporating all data is shown in Fig. 8a (Table S12A). Two control
points are anomalously old; the mean age for the High Calcium
Plagioclase Tuff (HCPT; McHenry et al., 2020) at 51.55 mbs is ~100 kyr
too old, reflecting dominance of the K-feldspar population by old detrital
grains; likewise the “°Ar/3°Ar age from a core sample from 51.87 mbs
also reflects detrital contamination. Removal of these points from the set
yields the preferred age model shown in Fig. 8b (Table S12C).

Model development for Core 3A is shown in Fig. 9. This core extends
from 134 mbs at ~2.1 Ma, to the modern surface, and is calibrated with
a total of 20 chronostratigraphic control points from all four categories.
Note that this includes a datum for the lower Bed I basalt flow sequence
dated in Core 2A and in outcrop, based on identification of three closely
spaced scoria-bearing horizons in Core 3A at ~90 mbs (Stanistreet et al.,
2020a, 2020Db). A stratigraphic model with all control points is shown in
Fig. 9a (Table S13A). As was the case with Core 2A, the age for the HCPT
is anomalously old due to detrital contamination (yellow arrow #1).
Another tuff at level 75.64 mbs (3A-30Y-1 052-054; yellow arrow #2),
is also too old, as its 95% confidence level does not overlap with the 95%
confidence level of the Bayesian model at this stratigraphic level
(Table S8, Table S13A). Removal of these two points yields model B
(Table S13B). This includes a control point based on identification of the
base of the Brunhes paleomagnetic boundary at 25.82 mbs (yellow
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arrow #3). While this is a valid model that fits the available chro-
nostratigraphic data, we feel re-interpretation of this transition as the
base of the Jaramillo (model C) provides a better fit to the overall
geological data for three reasons: 1) this change removes an inflection to
the accumulation curve forced by the relatively young age of the
Brunhes at point #3, making the curve a better match for the strati-
graphic age model for Core 2A which records both the Brunhes and
Jaramillo lower bounds (upper, Fig. 7); 2) the depth of the Jaramillo
base in Core 2A is 26.0 mbs, and in Core 3A we are proposing a nearly
identical 25.8 mbs; 3) the lithostratigraphic sequences of cores 2A and
3A are very similar in the upper parts; the sharp junction between Bed IV
claystones and coarse detrital facies (‘Masek Beds’) occurs at ~14.5 mbs
in 2A and 12.2 mbs in 3A, and we infer that this is roughly isochronous
between the two cores. We take model C as the preferred Bayesian
stratigraphic age model for Core 3A (Table S13C).

4. Discussion
4.1. Comparative chronologies of Cores 2A and 3A

A comparison of the age models between Cores 2A and 3A reveal
details of the northeast-southwest stratigraphic relationships
throughout the Olduvai Basin-fill (Fig. 10). Structurally, both coring
sites lie in the same fault block (between the Fifth and FLK faults), and
lie along the same general southwest-northeast trend of the East African
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Fig. 9. Development of a Bayesian stratigraphic age
model for Core 3A. Model A incorporates all available
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ated from this data set after removal of two *°Ar/3°Ar
data points interpreted as anomalously old due to
detrital contamination (yellow arrows #1 and 2).
Model C is based on re-interpretation of a reverse-to-
normal upward paleomagnetic transition at 25.82
mbs as the base of the Jaramillo (yellow arrow #3),
rather than the base of the Brunhes. This result (C) is
the preferred Bayesian stratigraphic age model for
Core 3A. (For interpretation of the references to
colour in this fig. legend, the reader is referred to the

web version of this article.)
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rift system in this region, and the adjacent NVH to the southeast (Fig. 1).
3A lies 7.3 km northeast of 2A, and is ~5 km closer to the Olmoti vol-
canic source, whereas 2A and 3A are both directly downslope and
virtually equidistant from Ngorongoro Caldera (Fig. 1).

The early part of Core 2A has no temporal equivalent in Core 3A. This
unique opportunity to examine the early basin history reveals the pre-
dominance of mainly lacustrine strata, with fluvio-deltaic deposition of
the Naibor Soit Formation (Stanistreet et al., 2020a) between 156 and
245 mbs, interrupted by several thick sequences of Ngorongoro-derived
pyroclastic deposits from 177 to 201 mbs (the ‘lower pulse’ of the
Ngorongoro Formation from 2.16-2.12 Ma).

Despite their similar physiographic relationship to the Ngorongoro
Caldera in the NVH highlands, cores 2A and 3A show significant dif-
ferences in the accumulation of lacustrine versus pyroclastic fan depo-
sition in early core histories. These relationships are discussed in detail
in Stanistreet et al. (2020a), who identify site 2A as situated higher on a
Ngorongoro fan-delta extending northwestward from the Ngorongoro
volcanic edifice, whereas site 3A is situated in a more distal, lake-
dominated environment. Above the level of the lower pulse of the
Ngorongoro Formation, cores 2A and 3A contain equivalent aged strata,
in both cores almost exclusively consisting of volcanic materials of the
Ngorongoro Formation (‘upper pulse,” from ~2.11-2.00 Ma, between
the black dotted lines of Fig. 10). While the base of the upper pulse was
not reached in core 3A (i.e., the anticipated Naibor Soit Formation was
not reached beneath the trachyte flow at the base of 3A), an isochronous
line linking 3A and 2A at 2.11 Ma (black dotted line in Fig. 10) shows
that the contemporaneous Ngorongoro Formation sequence in 2A is
much thicker (62 m) than in 3A (22 m), supporting the notion that the
axis of the Ngorongoro pyroclastic fan was deflected northeastward
within the deepest depository.

The age models for 2A and 3A are well constrained by *“°Ar/*°Ar
control points near the upper boundary of the Ngorongoro Formation,
and give nearly the same age for the boundary, 2.01 and 2.00 Ma,
respectively. Despite their virtual age equivalence at this contact, the
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subsequent histories of these cores are markedly different. An uncon-
formity of ~11 kyr exists between the CFCT tuff at the top of the
Ngorongoro Formation in Core 2A and emplacement of the basaltic lava
flows of Bed I. Core 3A reveals mainly lacustrine strata of Lower Bed I in
the interval below the position of the basalt, again indicating that the
sediment surface recorded in core 3A was topographically low at
2.01-2.00 Ma, relative to the higher fan surface topography recorded in
Core 2A.

The core positions of the top of the interval of Bed I Basalt flows and
ash falls are nearly identical in 2A and 3A, at 90 and 91 mbs, respec-
tively. By this time, eruptive activity at Ngorongoro had terminated,
while the locus of activity in the NVH was due to the shift to Olmoti
Volcano during Upper Bed 1. The progradation of the Olmoti fan-delta
into the Olduvai Basin is documented in detail elsewhere (Hay, 1976;
McHenry, 2005; Stollhofen et al., 2008; Stollhofen and Stanistreet,
2012). Cores 1A, 3A and 3B are situated in the more proximal Olmoti
fan-delta position, while 2A is situated at the distal toe of the delta-fan as
it enters Paleolake Olduvai (Stanistreet et al., 2020a), and deposits from
this center contributed to unequal rates of accumulation between the
sites. The top of Bed I (Tuff IF at 1.8017 Ma) is 66 mbs in 2A and 57 mbs
in 3A, the difference of 9 m being largely attributable to a thick wedge of
Olmoti fan-delta deposits between 60 and 66 mbs in 3A.

By the end of Bed II, core depths are again nearly equal at 28-29 mbs
due to greater net accretion in Core 2A than 3A. All final age-
stratigraphic models for Bed II (Cores 1A, 2A, and 3A; Figs. 6-9) indi-
cate an early period of relatively slow accumulation, followed by higher
rates more typical of the core as a whole. Unfortunately, few chro-
nostratigraphic data points are available in Bed II to provide finer
resolution.

The Bayesian stratigraphic models for Cores 2A and 3A provide age
estimates for the basal contacts of the succeeding Olduvai Gorge strat-
igraphic units (Bed III, Bed IV, Masek, and Ndutu; lithologic boundaries
provided in Stanistreet et al., 2020a) (Table 3). The base of Bed III is
nearly level between Cores 2A and 3A, and is found in both cores a few
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Table 3
Stratigraphic boundary ages.
Stratigraphic Basal Model Model Accumulation
Contact Age Age
Unit Error Rate
(base unless noted) (mbs) (Ma) (+ 95% (cm/ka)*
CcDh

Core 2A

Ndutu (Top) 1.2 0.14 0.08 -

Ndutu (Base) 4.7 0.33 0.13 1.93

Masek 14.7 0.82 0.06 2.21

Bed IV 19.6 0.93 0.08 4.34

Bed III 29.0 1.14 0.07 4.50

Bed II 66.0 1.800 0.016 5.59*

Upper Bed I 90.2 1.90 0.033 23.85

Lower Bed I 96.0 1.937 0.018 14.64

Ngorongoro Fm (upper 156.4 2.093 0.006 39.57
pulse)

Naibor Soit Fm (upper) 177.2 2.124 0.010 68.84

Ngorongoro Fm (lower 201.0 2.162 0.009 61.70
pulse)

Naibor Soit Fm (lower) 245.2 2.24 - 56.84

Core 3A

Surface (Ndutu) 0.0 0.16 0.07 -

Ndutu 7.8 0.50 0.04 2.27

Masek 12.0 0.64 0.09 2.90

Bed IV 18.6 0.85 0.09 3.18

Bed III 28.6 1.14 0.06 3.76

Bed II 57.6 1.801 0.014 4.32

Upper Bed I 88.9 1.91 0.03 25.70

Lower Bed I 102.4 2.00 0.03 14.57

Ngorongoro Fm (upper 132.49 2.109 0.015 28.35
pulse)

" Calculated between the midpoints of stratigraphic units.
' Extrapolation of model to the bottom of 2A.

meters below the lower Jaramillo paleomagnetic transition. This pro-
vides convenient chronostratigraphic control, leading to identical model
ages in both cores for the base of Bed IIl of 1.14 Ma (Table 3). The base of
Bed IV is not as tightly controlled chronostratigraphically, and the ages
for 2A and 3A differ by 70 kyr at 0.93 and 0.86 Ma; however, the 2A
result is better constrained between the base of the Jaramillo and
Brunhes paleomagnetic chrons (95% confidence intervals are +0.08
and =+ 0.09 Ma for 2A and 3A, respectively). The base of the Masek beds
is well constrained temporally at 0.82 Ma by the base of the Brunhes
paleomagnetic transition just one meter above in Core 2A; however, the
base of the Brunhes was not identified in 3A, and the resulting model age
for the base of the Masek is ~120 kyr younger at 0.64 Ma. The age of the
base of the Ndutu in Core 3A is tightly controlled by direct “°Ar/>°Ar
dating of a tuff just above the contact, yielding a model age of 0.50 Ma,
while in Core 2A this contact is relatively poorly constrained and yields a
model age of 0.35 Ma. We also acknowledge the possibility that the
cores exhibit different stratigraphies involving upper and lower Ndutu
beds, and that this younger age in 2A is potentially real. Time-
transgressive contacts are certainly a likelihood for all of the basal
contacts of stratigraphic units above Bed II. Nevertheless, we list here
preferred ages based on the best constraints: the base of Bed Il is 1.14 +
0.05 (95% confidence interval; the mean of 2A and 3A), Bed IV is 0.93 +
0.08 (2A), Masek is 0.82 £ 0.06 (2A), and Ndutu is 0.50 £ 0.04 Ma (3A).

Net accretion rates for 2A and 3A are plotted against core depth and
age in Fig. 11. These plots reveal relatively high accumulation rates in
the deepest core depths of ~57-69 cm/kyr encompassing the lower
Naibor Soit, lower Ngorongoro, and upper Naibor Soit Formations.
However, by upper Ngorongoro Fm. time, rates begin a steep decline
ultimately reaching order-of-magnitude slower accumulation following
Upper Bed L. This decline was initiated over a short interval of only
~100 kyr between the midpoint of the upper Naibor Soit and upper
Ngorongoro Formations. By the time of Lower Bed I deposition, rates
had fallen to approximately one fourth of their highest value, in only
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~250 kyr. Upper Bed I saw an uptick in accumulation rates in both
cores, before falling sharply again for the remainder of the stratigraphic
sequence. It should be noted that the sharp rate transitions in Core 2A
occur during the time of greatest activity of Ngorongoro Volcano, a large
edifice with a present caldera diameter of 22 x 18 km. Volcano-tectonic
deformation associated with the build-up in activity of Ngorongoro may
feature in rapid changes in Olduvai Basin architecture at this time.
Actual sedimentation rates might be considerably higher if decom-
paction of strata and unconformity surfaces with variable degrees of
downcutting and sequence removal are considered.

Overall, the net strata accumulation rates for Cores 2A and 3A are 11
and 6 cm/kyr, the difference being attributable to the greater maximum
depth of 2A incorporating high accumulation rate sequences. By com-
parison, the 1 Ma Magadi and Koora basins 159 and 176 km to the
northeast within the rift valley have overall rates of 19 and 15 cm/kyr,
respectively (Owen et al., 2019; Deino et al., 2019a). Therefore, while
the long history of the Olduvai Basin includes an early phase of high
accumulation that greatly exceeds the average rates of nearby rift basins,
overall the Olduvai Basin has experienced generally waning sedimen-
tation over the past two million years, resulting in comparatively low
mean accumulation rates.

Results from the OGCP demonstrate that the Olduvai Basin sedi-
mentary and volcanic stratigraphy continues well below the present
limits of the gorge. Core 2A recovered an additional 140 m of strata
beneath the oldest exposures, reaching a model age of 2.24 Ma at 245
mbs. Seismic surveys of the basin suggest there may be another 135 m of
strata at 2A beneath deepest level drilled (Lu et al., 2019); extrapolating
Core 2A accumulation rates for the Naibor Soit and Ngorongoro For-
mations suggests that the oldest sedimentary strata in the Olduvai Beds
beneath this site may be ~2.5 Ma.

4.2. Magmatic and erosional history

The SCIH “°Ar/3°Ar analyses reported here, performed with the
primary goal of quantifying the eruptive age of tuffs and flows in the
OGCP cores, can also be applied to the broader purpose of examining the
regional volcanic and erosional history of the Olduvai Basin. As
described, many of the tuffs from the core bear xenocrystic feldspar,
older than the true eruption age, either derived from the magma itself, or
entrained during pyroclastic or fluvial transport to the site of deposition
in the OGCP cores. Excess “°Ar in primary feldspars is also prominent in
some of these tuffs. While this later anomalous-age component is not
particularly helpful in defining the prior volcanic history, the departure
from a primary age due to this source is usually small relative to the
broad age scope considered here.

Fig. 12 is an age-probability density plot of integrated ages derived
from the feldspar SCIH experiments from the cores. Integrated ages are
calculated by recombination of the isotope measurements for all steps
from a single grain, thus are similar to a total-fusion measurement. The
data have been filtered to exclude results with large age uncertainties (>
+ 0.1 Ma, e.g., from high-Ca plagioclase), to highlight details provided
by the more precise, lower Ca ages. The probability distribution is
dominated by two peaks: ‘C’ from ~2.2-1.9 Ma representing eruptive
activity from Ngorongoro Volcano, starting with the lowest tuff layers in
Core 2A (~201 mbs) up through the top of the CFCT (96 mbs); and ‘B’
from 1.9-1.7 Ma derived from the eruptive activity of Olmoti Volcano,
from sample 2A-33Y-1 079-080 up through Tuff IF (~79 to 66 mbs in
Core 2A). A much smaller peak (‘A’ at 0.49 Ma) is from a single tuff
encountered in Core 3A (sample 3A-04Y-1 088-095, 7.02 mbs) with an
age of 0.4788 + 0.0043 Ma, likely also sourced from the NVH. Small
peaks in the distribution on the old-age shoulder of the Ngorongoro
distribution (D at ~2.3-2.2 Ma) may represent pyroclastic activity from
Lemagrut (Fig. 1), as recorded at this approximate time at nearby Laetoli
as the Olgol Lava and at Naisuri Gorge as a thick tuff (Deino, 2011;
McHenry and Deino, 2020). A small peak at ~2.63 Ma (‘E’) could be
representative of the Upper Ndolanya Beds at Laetoli (Deino and
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Fig. 11. Net accretion rates for Cores 2A and 3A plotted against depth (A) and age (B). The depth plotted is the midpoints of the stratigraphic units as encountered in

the core, and the ages are the average of the top and bottom contacts of each unit.

Harrison, 2011); and at ~3.8-3.7 Ma (‘F’) may be tied to activity of
Sadiman which gave rise to the Upper Laetolil Beds (3.85-3.63 Ma;
Deino, 2011). It is perhaps surprising that older feldspars predating
Ngorongoro activity are not more common in the observed probability
distribution; this may reflect an absence of deep erosion of earlier strata
within the Olduvai Basin drainage.
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Another interesting aspect of this overall view of the feldspar
phenocryst composition of the dated samples is that it may provide in-
sights into the magmatic evolution of Ngorongoro Volcano. Distribution
C mainly comprises grains with Ca/K ratios from 0.01-0.1, which are
low K sanidine to anorthoclase. High-K sanidine, with Ca/K ratios less
than 0.01 are not erupted until the final phases of Ngorongoro activity
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(e.g., the Naabi Ignimbrite). This may reflect magma evolution processes
leading to the generation and eruption of more highly differentiated
magmas only toward the terminus of activity of this center.

5. Conclusions

We have employed “°Ar/3°Ar dating of tuffs and lavas, magneto-
stratigraphy, and tephrostratigraphy to obtain a suite of age-calibration
points from three of the OGCP cores collected from the Olduvai Basin in
2014 (1A, 2A, and 3A). In addition, we applied *°Ar/*°Ar dating to
select relevant outcrops in the Olduvai Basin to supplement core data.
We then used the resulting chronostratigraphic data set to constrain a
series of Bayesian stratigraphic age models for the cores.

These models yield age estimates for the upper Olduvai Gorge
stratigraphic units (Bed III, Bed IV, Masek, and Ndutu) that have been
difficult to date in the past due to the paucity of suitable material for
radiometric dating and the absence of detailed magnetostratigraphic
investigations. The preferred ages for the basal contact of these units
based on the best model constraints are: Bed III at 1.14 £ 0.05 (95%
confidence interval), Bed IV at 0.93 + 0.08, Masek at 0.82 + 0.06, and
Ndutu at 0.50 + 0.04 Ma.

The age models for Cores 2A and 3A reveal that accretion rates in the
oldest parts of the core sustained 57-69 cm/kyr from 2.24-2.09 Ma,
decreased rapidly thereafter, ultimately to <10 cm/kyr with accumu-
lation of the Ndutu Beds. The abrupt decrease in rates in the early record
of Core 2A may speculatively reflect volcanotectonic deformation
associated with the buildup and climactic eruptions of the nearby
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Ngorongoro Volcano in the Ngorongoro Volcanic Highlands. Downward
extrapolation of measured accumulation rates to depth to basement
determined by seismic studies suggests an age ~ 2.5 Ma for the oldest
Olduvai Beds strata in this area.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.palaeo.2020.109990.
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