N

N

Magnetostratigraphy of the Hominin Sites and Paleolakes
Drilling Project (HSPDP) Baringo-Tugen Hills-Barsemoi core
(Kenya)

Mark Sier, Guillaume Dupont-Nivet, Cor Langereis, Alan Deino, John Kingston,
Andrew Cohen

» To cite this version:

Mark Sier, Guillaume Dupont-Nivet, Cor Langereis, Alan Deino, John Kingston, et al.. Magnetostratigraphy
of the Hominin Sites and Paleolakes Drilling Project (HSPDP) Baringo-Tugen Hills-Barsemoi core (Kenya).
Palaeogeography, Palaeoclimatology, Palaeoecology, 2021, 570, pp.110190. <10.1016/j.palae0.2020.110190).
{insu-03093656)

HAL Id: insu-03093656
https://insu.hal.science/insu-03093656v1

Submitted on 4 Jan 2021

HAL is a multi-disciplinary open access archive L’archive ouverte pluridisciplinaire HAL, est des-
for the deposit and dissemination of scientific re- tinée au dépoét et a la diffusion de documents scien-
search documents, whether they are published or not. tifiques de niveau recherche, publiés ou non, émanant
The documents may come from teaching and research  des établissements d’enseignement et de recherche
institutions in France or abroad, or from public or pri- francais ou étrangers, des laboratoires publics ou
vate research centers. privés.

Au‘to'flizition
HAL Authorization


https://insu.hal.science/insu-03093656v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr

Journal Pre-proof "

PALAEO == 3
Magnetostratigraphy of the Hominin Sites and Paleolakes Drilling 9
Project (HSPDP) Baringo-Tugen Hills-Barsemoi core (Kenya) Q
Mark J. Sier, Guillaume Dupont-Nivet, Cor Langereis, Alan L.
Deino, John D. Kingston, Andrew S. Cohen
PII: S0031-0182(20)30638-6
DOI: https://doi.org/10.1016/j.palaco.2020.110190
Reference: PALAEO 110190
To appear in: Palaeogeography, Palaeoclimatology, Palaeoecology
Received date: 11 February 2019
Revised date: 30 November 2020
Accepted date: 18 December 2020

Please cite this article as: M.J. Sier, G. Dupont-Nivet, C. Langereis, et al.,
Magnetostratigraphy of the Hominin Sites and Paleolakes Drilling Project (HSPDP)
Baringo-Tugen Hills-Barsemoi core (Kenya), Palaeogeography, Palaeoclimatology,
Palaeoecology (2020), https://doi.org/10.1016/j.palaeo.2020.110190

This is a PDF file of an article that has undergone enhancements after acceptance, such
as the addition of a cover page and metadata, and formatting for readability, but it is
not yet the definitive version of record. This version will undergo additional copyediting,
typesetting and review before it is published in its final form, but we are providing this
version to give early visibility of the article. Please note that, during the production
process, errors may be discovered which could affect the content, and all legal disclaimers
that apply to the journal pertain.

© 2020 Published by Elsevier.


https://doi.org/10.1016/j.palaeo.2020.110190
https://doi.org/10.1016/j.palaeo.2020.110190

Magnetostratigraphy of the Hominin Sites
and Paleolakes Drilling Project (HSPDP)
Baringo-Tugen Hills-Barsemoi core (Kenya)

Mark J. Sier'**” marksier@gmail.com, Guillaume Dupont-Nivet*®, Cor Langereis?, Alan
L. Deino®, John D. Kingston’, Andrew S. Cohen®

'CENIEH, Paseo Sierra de Atapuerca 3, 09002 Burgos, Spain

?Paleomagnetic Laboratory Fort Hoofddijk, Faculty of Geosciences, Utrecht University, 3584
CD, Utrecht, The Netherlands

*Department of Earth Sciences, University of Oxford, South Park: Road, OX1 3AN Oxford,
United Kingdom

“Geosciences Rennes UMR-CNRS 6118, Bat.15 CS 74205, 263 Ave1ue du General Leclerc
Campus de Beaulieu, 35042 Rennes Cedex France

*Potsdam University, Department of Earth and Environment 'l Sc 2nces, Karl-Liebknecht
Strasse 24-25; 14476 Potsdam-Golm; Germany

®Berkeley Geochronology Center, Berkeley, CA 94709 'S~

'Department of Anthropology, University of Michigar, Ann Arbor, M1 48109, USA
8Department of Geosciences, University of Arizona, T'.csu> AZ 85721, USA
“Corresponding author.

Abstract

The principal objective of the Homini,: Sites and Paleolakes Drilling project (HSPDP)
is to study the relationship betweer c'imate and environmental change and the
implications on human evoliticn in eastern Africa. For this purpose, HSPDP has
recovered a 228 meter core 1 uie Chemeron Formation of the Baringo Basin (Kenya).
The Chemeron Forma*.u spans approximately 3.7 Myr, from around 1.6 to 5.3 Ma, and
has yielded many ve.teu, date fossils, including fossil hominins. The magnetostratigraphy
of the Baringo core cuitributes to the chronological framework. A total of 567
individual paleomagnetic samples were collected from 543 levels at regular intervals
throughout the core and 264 were processed using thermal and alternative field stepwise
demagnetizations. In most samples, distinct Low-Temperature (LT; 20-150°C) and
High-Temperature (HT; 150-550°C) Characteristic Remanent Magnetization (ChRM)
could be determined. Typical demagnetization behaviors and some rock magnetic
experiments suggest titanomagnetite acts as the main carrier of the HT ChRM with
pervasive secondary overprints in normal polarity expressed by the LT component.

Normal and reversed polarities were identified based on the secondary overprints LT



ChRM directions, either parallel or antiparallel to the HT ChRM directions respectively.
Our study identified four paleomagnetic reversals interpreted as the Matuyama-Gauss,
Gauss-Kaena, Kaena-Gauss and the Gauss-Mammoth transitions. These boundaries
provide chronostratigraphic tie-points that can be combined with those derived from
OArAr dating of tuffs (Deino et al., this issue) and together indicate that the HSPDP
Baringo core has an age range of ~3.3 Ma to ~2.6 Ma. The consistent paleomagnetic
and radioisotopic age constraints are incorporated into a Bayesian age model of the core

(Deino et al., this issue).
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1. Introduction

Many evolutionary changes in the human lineage are argued to have been strongly
influenced by changes in the climatic and environmental conditions (e.g. Behrensmeyer,
2006; Joordens et al., 2011; Vrba, 1995). Understanding the relationship between
paleoclimatic/paleoenvironmental variation and evolutionary change is one of the key
scientific questions in the field of human evolution. The Hominin Sites and Paleolakes
Drilling Project (HSPDP) addresses this question by reconstructing the paleoclimate
and paleoenvironment record at targeted sites in the East Africa Rift System
(Campisano et al., 2017; Cohen et al., 2016). These sites in I {enya and Ethiopia
correspond both in space and in time to important periods c7 2'ir avolutionary past. A
total of over 2 km of sediment cores has been recovered £, six paleolakes
(Campisano et al., 2017; Cohen et al., 2016). Precise «hruustratigraphic control of the
cores is essential for establishing potential links beweon paleoclimate,
paleoenvironment, and evolution.

The main aim of this paper is to preseni t'ie nagnetostratigraphic interpretation of
the 228 meter long Baringo-Tugen Hill.-Carscmoi (BTB13) core drilled in 2013. The
estimated age range targeted for the B1 . (3 core was 3.3 to 2.6 Ma (Cohen et al., 2016).
Within this time period many impori.t events and transitions occurred in terms of
human evolution and climate. At ~'4.2 Ma the earliest evidence for processing meat has
been identified in Dikika, Ethionia (McPherron et al., 2010), followed by the earliest
known stone tool technoloy, e Lomekwian, at around 3.3 Ma (Harmand et al., 2015).
Another major transitir oczJrs at around 2.6 Ma when the more widespread Oldowan
stone tool technol.y 7 1,.7!\es it appearance (Braun et al., 2019). Furthermore, the first
appearance of the ger'.s Homo at 2.8 Ma (Villmoare et al., 2015) and Paranthropus
(Walker et al., 1986) fall within the period covered by the BTB13 core. Around this
same period, Northern Hemisphere glaciations began to enhance global climatic
variations (Raymo, 1994). This combination of hominin evolutionary and climatic
events during an interval of strong Plio-Pleistocene climatic fluctuations provides an
excellent opportunity to test evolution models (e.g. deMenocal, 2004; Foley, 1994).

The main benefits for drilling cores are two-fold. On the one hand, drilled cores
enable the study of a long continuous sections, not constructed from correlated short
outcrop sections. A second important benefit is that the drilled sediments have been less

exposed to weathering. This improves not only the quality of the paleoclimatic record
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but also the paleomagnetic record as weathering may alter the preservation of primary
magnetization.

Reconstructing the stratigraphic positions of magnetic polarity reversals of known
age (i.e. magnetostratigraphy) in cores usually relies on the paleomagnetic inclination,
as the paleomagnetic declination cannot be established because of the rotational
movement of the core segments during the drilling process. A downward inclination, in
northern latitudes indicates a normal paleomagnetic direction whereas an upward
inclination indicates a reversed paleomagnetic direction. However, the HSPDP sites are
located at low latitudes, where the inclination of the Earth’s (paleo)magnetic field is
sub-horizontal, making it ineffective to use inclination for rec.structing the
magnetostratigraphy. For the HSPDP project we developec a s¢t of custom
paleomagnetic processing techniques (for details see Sir et al., 2017). The first method
uses the sedimentary fabric as expressed in the anisntro v of the magnetic susceptibility
(AMS), and the second uses the occurrence of seco.> 2,y viscous (paleo)magnetic
component oriented in the present-day field fr. - rientating primary paleomagnetic
directions. For this study, we use both met~1ds and our results match with the “°Ar/*Ar

ages from the same core (see Deino et al.. ¢his issue for discussion).

2. Geological setting

The drill site (latitude 0.'546°N, longitude 35.9375°E) is located in the Baringo
Basin/Tugen Hills, which < port of the Central Kenya Rift Valley, west of Lake
Baringo (Fig. 1). The basi.> contains the most complete late Neogene sequence of the
East African Rift'.'th ~ duration of 16 Myr (Behrensmeyer et al., 2002; Chapman and
Brook, 1978; Hill, 200°_) and a thickness of ~3 km (Gilbert et al., 2010). The sediments
are divided into a number of formations. The Chemeron Formation, which was first
formally described by McCall et al. (1967), ranges in age from 5.3 to 1.6 Ma (Deino et
al., 2006). It is exposed in the eastern foothills of a westward tilted horst block within
the basin. The formation consists of lacustrine and subaerial sedimentary strata and
relatively minor siliceous tuffs.

The 228 meter long core was recovered at a distance of about 20 meters from cliff
exposures (Campisano et al., 2017). The cored strata are correlated to dated outcrops
ranging from ~2.6 to 3.3 Ma (Cohen et al., 2016; Deino et al., this issue). The upper part
contains five cyclic deep-lake diatomites correlated in outcrop to Diatomite 5 to



Diatomite 1 from youngest to oldest (Deino et al., 2006; Kingston et al., 2007). The
lower part of the core consists of fluviolacustrine deposits and floodplain paleosols
(Scott et al., this issue). Full stratigraphic descriptions are reported in Scott et al. (this

issue).

3. Methods

3.1 Sampling of BTB13 core

Paleomagnetic samples were collected directly after the splitting of the core at the US
National Lacustrine Core Facility (LacCore) at the University of Minnesota (USA). The
vertically drilled 228 meters long BTB13 core (for drilling deta.ls see Cohen et al.,
2016) was sampled at 543 levels for a total of 567 palec mag 1etic samples in regular
intervals throughout the core, with an average spati»! re2olution of around 0.41 cm. The
sample stratigraphic position was measured with < & & ¢cm precision. The orientation
with respect to the top of the core was then marr.ad on each sample. Samples were
collected using several methods. Most sam; les were extracted using an drill press
equipped with a water-cooled diamon.‘-ccated 2.5 cm diameter bit. Levels too soft for
drilling were sampled by gently puching custom-made quartz containers, with standard
paleomagnetic sampling dimensirns ‘25 mm diameter, 22 mm length), into the
sediment. Levels that were toc mre.ue for drilling but not soft enough for insertion of
the quartz cup containers we e carefully carved out in blocks of 2x2 cm. Some levels
also had small unoriented saniples collected for rock magnetic experiments. With these
various techniques. al lith»logies encountered in the core could be sampled. Only
intervals where the coir » was broken up as a result of the drilling process were avoided.
After labelling, the samples were wrapped in laboratory-grade air-tight cellophane and

stored at temperatures below 5° Celsius.

3.2 Rock magnetism

In order to help identify the magnetic mineralogy, several rock magnetic
measurements were undertaken. To quantify the characteristic behavior of the magnetic
mineralogy of the individual samples during heating and cooling, thermomagnetic

curves were measured in air on a modified horizontal translation-type Curie balance



with a sensitivity of about 5 x 10° Am? (Mullender et al., 1993) at the Paleomagnetic
Laboratory Fort Hoofddijk, Utrecht University, the Netherlands. Four samples were
powdered with a mortar, and weights were measured on a laboratory scale. The powder
was put in a small container on a quartz rod, and the container was closed with quartz
wool. The magnetic field was cycled between a minimum of 100 mT and a maximum of
300 mT. Heating and cooling cycles (with rates of 6° and 10°C/min) were run using
cycles 20-300, 200—400, 300-700 °C (Fig. 2a).

Hysteresis curves of 50 samples (see Supplemental Table S1) were measured on
a vibrating sample magnetometer (VSM, MicroMag Model 3900; Princeton
Measurements). The hysteresis parameters (the saturation rer..cnence Mg, saturation
magnetization M, the remanent coercive force Hc-and he crdin ary coercive force Hc)
give information about the domain state or paleomagne ic suibility of magnetic minerals
in the samples (Dunlop et al., 2002a). A correction for >aramagnetic contribution was
applied to the hysteresis curves and the hysteresis por2.neters were determined. The
ration of the hysteresis parameters (Ms/ M) V.e» 2 plotted against (Hc/ H) in a Day plot
(Day et al., 1977) and using the approach ¢* Duiitop (2002a,b), were interpreted in
terms of (mixtures of) superparamagr: tic SP), single domain (SD), pseudo single
domain (PSD) and multi domain (7 1D: Fig 3b).

Furthermore, 26 samples /-1, ?0) were subjected to an IRM acquisition (using a
2G pulse magnetizer, 2G Ente’ pi.~es) up to 1T, then given an IRM of 0.3T in the
antiparallel direction to sepw.-ate 1igher from lower coercivities, and then a stepwise
thermal (TH) demagnetiratio.. of these separated components of the natural remanent
magnetization (NRM’ in 12 temperature steps in order to further help mineral

identification by mean. of unblocking temperatures (Heller, 1977).

3.3 Demagnetization and ChRM directions

Stepwise progressive TH demagnetization of the NRM was performed for 262
samples up to a maximum of 600° Celsius, in 12 or 14 temperature steps using an ASC
thermal demagnetizer (residual field < 20 nT) at the Fort Hoofddijk Paleomagnetic
Laboratory (Utrecht University, the Netherlands) and the Centro Nacional de
Investigacion sobre la Evolucion Humana (CENIEH) in Burgos (Spain). After each step
the remaining NRM was measured with a 2G DC-SQUID cryogenic magnetometer.

NRM intensities were typically several orders of magnitude higher than the instrument



sensitivity (~3x10™> Am?). During the demagnetization process, the specimens were
kept in a shielded environment. No notable differences of results between the two
laboratories have been observed. Stepwise progressive Alternating Field (AF)
demagnetization was done for two pilot samples up to a maximum of 100 mT, in 16
alternating field steps using the integrated AF demagnetizer of the DC-SQUID
magnetometer of the CENIEH. However, these resulted in unclear component
separation compared to thermal demagnetizations such that thermal demagnetization
was exclusively used for further samples. After a pilot study of 100 samples carefully
demagnetized with numerous temperature steps, further selected samples were
processed with optimal demagnetization steps.

The demagnetization results were interpreted in terins o components to identify
the ChRM directions using Paleomagnetism.org, an onl ne rwulti-platform open source
environment for paleomagnetic data analysis (Koymar.. et al., 2016) providing a suite
of techniques to statistically interpret the results (C.~er et al., 1980; Deenen et al., 2011;
Fisher, 1953; Kirschvink, 1980; Zijderveld, 1507). A minimum of four consecutive

steps was considered to define ChRM direc-ions.

3.4 Anisotropy of magnetic susceptibility (AMS)

The Anisotropy of Magneti-. + seeptibility (AMS) was measured for 210 samples
(see Supplemental Table S2) v.iu: an MFK1-FA Kappa Bridge before demagnetization.
AMS is useful for determiniq a dominant orientation of magnetic minerals within a
sample. In sedimentary rncks .AMS can be used to determine the tectonic and/or
sedimentary fabric po entilly preserved in the rocks (e.g. Hrouda, 1982). An ellipsoid
describes the AMS gec metrically with defined minimum (Kmin), intermediate (Kin;), and
maximum (Kmax) axes. During deposition and compaction, sedimentary rocks generally
acquire an oblate “sedimentary fabric”, which can be recognized by having Kmin
directions clustering perpendicular to the bedding plane. The other axes generally are
(sub) parallel to the bedding plane with no preferred orientation unless affected by

tectonic or depositional processes.



3.5 Reorientation of ChRM directions

Due to the rotational movement of the drilling, the azimuthal orientation of the
HSPDP cores are lost. Additionally, the low latitudes of core locations hampered the
use of the inclination of the paleomagnetic direction as a proxy for paleomagnetic
polarity. To overcome this challenge, we have used two independent methods to re-
orientate the BTB13 and other HSPDP cores. First, the AMS principle tensor directions
preserve the orientation of the sedimentary fabric and thus enables the bedding dip to be
estimated (see Sier et. al., 2017 for more details). To be effective, a bedding dip of at
least 15 degrees is required and the dip direction should be known. This can be achieved
by drilling dipping strata or by drilling at an angle or both. '* the dip direction is
unknown or has large variations in direction, this methor ~a.:~ut be used for identifying
magnetic polarity zones. The second method uses as £ .27’ cation of the north, the
possible occurrence of a secondary present-day ov::rp. ‘'nu on top of the ChRM direction
(Fuller, 1969). This method requires the occurrenc2 o. this secondary overprint, the
preservation of the original ChRM, and that L 920  omponents can be distinguished from

another. In practice, not all samples me~.: *he.~ preconditions (see below).

4. Results

4.1 Anisotropy of n:ag.~etic susceptibility (AMS)

A total of 240 'S measurements of the BTB13 core paleomagnetic samples
were processed (Supy'erental Table S2), of which 32 outliers were ignored because of
indications of measuiement errors during the measurement process (L, F, P values of
1,000). The remaining 208 are plotted in Figure 4. The stereographic projection show a
typical distribution for a sedimentary fabric. The ki, axes cluster around the vertical,
and the K max and Kiy; distributed along the horizontal. The anisotropy (P) of most
samples is fully expressed by foliations (F) in the 0—2% range. This foliation is
generally higher (average 1.4 %) and more variable from 5.25 to 130 meters below
surface (mbs) compared to below 130 mbs (average 0.6 %), with notable peaks above
2% and up to 7% at 180 mbs, 120 mbs, 110 mbs, and 90 mbs. From 25 mbs to 50 mbs,

there is a progressive increase in Kni, inclinations from ca. 45° to 80°, which



corresponds to a shallowing of bedding dip from 45° to 10°. Generally, high Kqin
inclinations between 50 mbs and 210 mbs, indicate continuance of a consistent dip.
Exceptions are short intervals at 145 mbs, 160 mbs, and 195 mbs. Below ca. 210 mbs,
lower Knin inclinations point towards increased bedding dip. Note that occasional
spuriously low Knin inclinations cannot relate to bedding dip changes, but rather to
variable rock magnetic properties caused by lithological variations or strata disturbed by
faulting.

The results of the AMS reveal the sections of the core with flat-lying bedding
orientations are not suitable to infer normal and reversed polarities. The cause of this is
firstly that the orientation of the magnetic directions will be I.,Jistinguishable from the
bedding dip. In addition, the declination of the Kn, cannot be t sed to estimate the dip
direction as previously done to recover the orientation ¢ f the WKT14 core (Sier et al.,
2017) and ultimately recover the paleomagnetic polari,’ Even in the more steeply
dipping portions (5.25-50 mbs and below 210 mbs,, ~omparing Kpi, inclinations with
ChRM declinations yields unfortunately very vo ‘iable declinations with no consistent
pattern from which to infer paleomagnetic ; olaiity (Supplemental Table S2). This may
be attributed to variability in the AMES results, but also the variability in the ChRM

directions that may include mixed primary and secondary directions (see below).

4.2 Demagnetization kosults

A total of 543 BTR15 core levels have been sampled for paleomagnetic analyses
of which 264 samples wei > thermally or alternating field demagnetized, 257 samples
were of sufficient quai:ty to yield interpretable directions (see Supplemental Table S3).
The Zijderveld diagrams (Fig. 5) show a low-temperature (LT) component from 20°C to
150-200°C occasional extending to 250°C. The high-temperature (HT) component
follows the LT from 175-250°C to 550-600°C. For a large majority of the samples,
demagnetization was completed above 550°C with a maximum of 600°C, but in some
cases, samples were fully demagnetized by 350°C. The relationship between the LT
and HT can be divided into two groups. One group has parallel LT-HT components
whereas a second group has LT components, which are antiparallel or at a high angle to
the HT component. This distribution is typical of an LT component representing a

modern secondary overprint exclusively in a normal polarity orientation and a HT



component with a primary magnetization of normal or reversed polarities. This was
often observed in previous paleomagnetic studies in the volcanic-rich East African Rift
(e.g. Deino et al., 2002; Dupont-Nivet et al., 2008).

4.3 Rock magnetic results

Rock magnetic properties were explored to help identify the nature of the
observed LT and HT components so that their secondary and primary origins can be
better assessed. Previous paleomagnetic studies from the surrounding outcrop section of
the same stratigraphy have indicated a dominance of Ti-rich titanomagnetite in the
magnetic carriers (Deino et al., 2006). This is often the case 1., the rift valley, which is
dominated by volcanic environments and often leads to we'l pri served primary
magnetizations. Pervasive secondary overprints carried 9y I ss stable Ti-rich magnetite
in larger multi-domain grains are usually observed wiu. normal polarity present-day
field orientation (e.g. Dupont-Nivet et al., 2008; Jo."1.ns et al., 2011; Sier et al., 2017).
However, the properties may be different in th.c >ore material, which may be less
affected by post-depositional alteration cornarcu to outcrops.

NRM intensities are generally "igk (Supplemental Table S2) suggesting, along
with high bulk susceptibility value: (Suppiemental Table S3), that magnetite-like
(ferromagnetic) minerals are impr,n .t contributors to the magnetization.

Curie Balance thermom.ayeuc runs (Fig. 2a) show a loss of magnetization
mostly between 200°C and >10“C with the destruction of the magnetic phase and no
creation of new magnetic bha.es. This is generally consistent with the thermomagnetic
behavior of magnetite but sontrary to the expected behavior for iron sulfides that would
transform into magneu ‘e in that temperature range.

The IRM acquisition and thermal demagnetizations (Fig. 2b) show two groups
of higher and lower coercivities respectively, which demagnetize following the two
components LT (0-150°C) and HT (150-550°C) similar to most of the thermal
demagnetizations of the core (see above). In both high and low coercivity groups, the
LT component shows a marked decrease ca. 125-150°C and the HT component is
mostly decreasing steadily from 150°C to 550°C. Sometimes a marked decrease around
500-600°C can be observed in the high coercivity group.

Hysteresis curves (Fig. 3a) can be separated into two groups. One group
(BTB13-1A- 43Q-1-102 and BTB13-7Q-2-58 in Fig. 3a) shows no indication for high

10



coercivity minerals. The second group show wasp-waisted hysteresis curves (BTB13-
1A-50Q-3-2/68Q-2-14) indicating the presence of higher coercive minerals or a mixture
of lower and higher coercivities (Tauxe et al., 1996). These behaviors correspond well
with the results of the IRM demagnetization presented above. Saturation generally
reached near 200 mT may correspond to magnetite or an iron sulfide such as greigite
but indicate no influence of the high coercivity goethite or hematite minerals in those
samples (e.g. Roberts et al., 2011; Vasiliev et al., 2007). H. values are around 10 to 20
mT with Hc, values between 25 and 60 mT. These values are not diagnostic and may
correspond to magnetic minerals such as (titano)magnetite, fine-grained maghemite or
iron sulphide such as greigite, and pyrrhotite (Ozdemir and L ulop, 1997; Peters and
Dekkers, 2003). The Day plot, a plot of ratios Mg/Ms and | ./F ., shows that nearly all
values fall within the SD domain with a group near or cn the SP boundary (Fig. 3b).
These SP values may correspond to very fine-grained 1,>agnetic minerals from detrital
sediment material and/or be produced in situ by pos:-dzpositional processes such as
diagenesis and pedogenesis (Dunlop, 2002a, ~uv"2b).

In summary, the rock magnetic proy2rties of investigated samples, along with
the demagnetizations and AMS result: ar. not distinguishable from properties of
nearby outcrop results that have be~n previously shown to be dominated by magnetite
with variable Ti content and grair-s .= wypical of volcanic-rich sediments of the East
African rift. The dominance of a :~w coercivity component demagnetizing mainly in the
200-550°C range is consistc 1t wiih the presence of titanomagnetite with significant Ti
content. The phase of hicher ..oercivity demagnetizing below 200°C is consistent with
goethite, however it i< not suggested by hysteresis curves and may instead relate to high
Ti titanomagnetite. Thy higher coercivity fraction demagnetized between 500-600°C
remains enigmatic. It may relate to very fine-grained hematite that does not appear on
the hysteresis dominated by magnetite. Rock magnetic data of the BTB13 core
investigated here are not distinguishable from a dominant titanomagnetite behavior that
was identified in the outcrop as being the primary carrier of magnetization (Deino et al.,
2002, 2006). This supports the assumption that the LT component may be interpreted as
a secondary normal overprint on a primary HT component as observed in previous

outcrop paleomagnetic results.
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4.4 Identification of the ChRM directions and polarities

As mentioned above (Section 4.1), re-orientation of samples by means of AMS
(Sier et al., 2017) proved inefficient because of mostly horizontal bedding orientation
throughout the core. Changes in dip of the bedding was also observed during the
sampling when stratification was expressed in the sediment, showing relatively steep
bedding in the upper 20 to 30 meters to nearly flat lying in the middle part with
occasional steep intervals, especially in the lowermost 20 to 30 meters of the core.
However, these observations only provide an approximate and patchy record of bedding
dip. These variations were not related to the placement of th~. core split at different
orientations but to actual changes in the bedding orientatior. Thi: is confirmed by the
AMS measurements of 210 samples throughout the core ‘=e. Supplemental Table S2),
indicating a significant flattening of the bedding belovs L2 .ibs and occasional local
variations at 145 mbs, 160 mbs, 195 mbs, and gen¢.rai.*/ velow 210 mbs.

For re-orienting the samples, we therefore *ise. only the normal overprints. As
mentioned above (Section 4.3) two groups of d:m agnetization diagrams can be
identified. We first have interpreted the y.9u showing antiparallel LT and HT
directions as having a primary reversea ! - T direction. Directions were calculated from
LT as well as HT components using .*ne fits. To re-orient those samples, the HT
directions were simply rotated the 7zmouunt necessary to rotate the LT component
towards the north (e.g. LT wiw» 27u° needs to be rotated 90°, the corresponding HT
direction has also 90° addc. s2e also Supplemental Table S3). In a few samples, a
reversed direction is clean - iadicated by a high angle between the HT component and
the LT component. Horever, HT and LT are not antiparallel because of an LT
component less strona'y expressed and overlapping with the HT component. For these
few samples a great circle was fit to the points over the overlapping components. The
direction of the LT component was assigned to the point on the great circle closest to
the antiparallel of the HT component direction, similar to the great circle method
developed by McFadden and McElhinny (1988) for overlapping directions (see
Supplemental Table 4). These methods enabled identification and subsequent re-
orientation of reversed polarity samples.

Identifying normal polarity directions by this method is generally more
challenging than identifying reversed polarity direction, because normal overprints are

not always expressed (i.e. originally reversed samples without a normal overprint
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cannot be distinguished from originally normal directions with or without a normal
overprint). Nevertheless, we initially interpreted all samples with parallel LT and HT
directions as of normal polarity and re-oriented them by rotating the LT towards the
North. When plotted stratigraphically (Fig. 6), this resulted in zones of exclusively
normal polarity direction and zones with mixed normal and reversed polarity directions.
This shows that originally reversed directions have been interpreted as normal
directions that are now mixed within reversed polarity zones. Based on this dataset our
best approximation for identifying polarity reversals was to position them at the
boundary between exclusively normal zones and mixed reversed and normal zones. The
first identified reversed sample after an exclusively normal zo.>2 therefore defines the
boundary. Based on this method, we identified four reversi!s p)zcisely at 19.79 £ 0.1
mbs, 125.86 £ 0.3 mbs, 154.64 £ 0.145 mbs and 199.6Z5 +1.245 mbs, respectively,
defining two normal and three reversed zones (Fig. R). (However, it is possible that the
boundary is located slightly into the normal zone be~ause of potential unidentified
reversed directions in this normal zone. Althcuyu™ a few reversed samples may have
been missed over the reversals, we argue th t laige errors in the positioning of
paleomagnetic reversals are unlikely ¢ ‘ver, that the core has been sampled at high
resolution. For that matter, in the c:itical intervals around potential reversals, a second
set of closely spaced samples wer: +.>a'yzed to define the reversal interval as tightly as

possible.

5. Discussion

Re-orientatir.~ 0. ro*atory drilled cores near the equator for magnetostratigraphic
purposes is a major ch7.llenge. Cores drilled at higher latitudes have their
magnetostratigraphy determined on the basis of changes in paleomagnetic inclination. A
change from a downwards to upwards inclination (and vice versa) indicates a reversal.
However, near the equator the inclination of the Earth’s magnetic field is near zero and
changes in inclinations are most likely the results of secular variation. As a result, the
determination of the magnetic polarity in cores near the equator on the basis of
inclination is not possible. For the HSPDP project we have used two methods to
circumvent this issue (for more details see Sier et al, 2017). The first method based on
AMS requires a constant bedding dip throughout the core of at least 15° in order to

separate the bedding signal from the intrinsic noise in the AMS data. A significant
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eastward dip of the strata was present near outcrops at the BTB13 drill site (Deino et al.,
2006). For this reason, the BTB13 core was drilled straight down, unlike the Turkana
core, as no added angle was thought to be needed for the AMS reorientation method
(see also Sier et al., 2017). However, during the splitting and sampling of the core it was
observed that the bedding dip had some variation (Cohen et al., 2016) and it was
confirmed by the AMS data to be mostly flat lying below 50 mbs (Fig. 4 and
Supplemental Table S2). As a result, the reorientation of the BTB13 core by means of
the AMS reorientation method was not successful as it failed to identify zones of
magnetic polarity. The procedure was unsuccessful even in portions of the core with
sufficient dip to apply this method, especially in the upper 5C Meters. This is explained
by the variability in the quality of the AMS directions that nay relate to variations in
lithology and rock magnetic properties. It is also relatec to tiie high variability in ChRM
directions due to the presence of overlapping secondar, averprints sometimes fully
erasing the primary component. This underlines tha: th«s method requires high quality
ChRM and AMS data in addition to a good cru 0l of bedding orientations.

The second method, based on the dirz~tioir a secondary paleomagnetic
component, however, was successfull - applied to the BTB13 core. This method was
shown to be applicable because of *he occurrence of a secondary low-temperature
component normal overprinting @ m ;h-temperature component with primary normal or
reverse directions. This patterr o.served in the BTB13 core Zijderveld diagrams (see
Fig. 5) could be confirmed & / siriilar paleomagnetic components in outcrops of the
same stratigraphic interv~ls (1>eino et al., 2002, 2006). Furthermore, the rock magnetic
behaviors explored in the \ ore samples were shown to be very similar to the outcrop
indicating magnetite wth variable Ti content as the main carrier of the LT and HT
components. This validated this assumption of a normal LT overprint on a primary HT
ChRM. When present, the two (unoriented) directions could be separated in the
majority of the samples. However, in some samples, two directions resulting from
overlapping directions were present but lacked a clear separation of components. We
managed to obtain and separate LT and HT directions in these samples by using an
adapted great circle analysis (see Section 4.4 and Fig. 5). ChRM directions from HT
components were re-orientated by rotating the LT declinations towards the north
assuming they are normal overprints. Plotting the resulting directions clearly identify

five paleomagnetic polarity zones with reversed zones showing mixed reversed and
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normal (Fig. 6). To estimate the reversal position, we used the first reversed sample
after an exclusively normal zone. To confirm reversals,we we decreased samples
spacing in critical intervals.

With the help of the radiometric ages obtained from the same core (see Deino et
al., this issue), we could identify the paleomagnetic reversals at the zone boundaries. A
unique correlation to known reversals could be readily achieved based on the other 29
control points that were used to develop a Bayesian chronostratigraphic model for the
BTB13 core. These include “°Ar/*°Ar dating of tuffs obtained directly from samples
from the core, but also by correlating dated outcrops tuffs to the core based on
geochemical correlation identification (Garello et al., this issuc). In addition, extra
control points were obtained from ages of Diatomites 1 thr ugt 5 based on outcrop
calibration by “°Ar/*®Ar-dating of intercalated tuffs (De no ¢* al., 2006; Kingston et al.,
2007).

The top reversal can be directly correlated to *he nearest outcrop (~20 m) where
the Matuyama-Gauss reversal has been identi‘ic i within Diatomite 4 and several core to
outcrop correlations of “°Ar/*°Ar dates (Dei10 1 al., 2006; ~2.61 Ma or the point
marked ‘A’ on figure 6 in Deino et al.. thi., issue). Finding the Matuyama-Gauss
reversal within the same diatomite ‘n the 5TB13 core supports the validity of our
paleomagnetic methods. The thre: r. ‘e1sals observed below the Matuyama-Gauss are
interpreted to correlate to the Gau~s-Kaena, Kaena-Gauss and Gauss-Mammoth.
Reversal ages are based on ‘e geomagnetic polarity time scale (GPTS 2012; Gradstein
et al., 2012) except for the Miuyama-Gauss transition that has been shown to be
slightly older (Deino 't al. 2006). Instead, an age of 2.608 Ma was used based on the
median of the GPTS1. marine stack (Lisiecki and Raymo, 2005), and evidence from the
Boring Volcanic field (Hagstrum et al., 2017). For a detailed discussion on that matter
see Deino et al. (this issue). The top of the Mammoth chron boundary estimated at 199
+ 0.245 mbs is also well constrained near ~184-202 mbs to within ~3.18-3.22 Ma (see
age control points G on figure 6 of Deino et al., this issue), by core and outcrop
OArAr ages. However, between 101 mbs and 184 mbs (C and F on fig. 6 of Deino et
al., this issue) the age model is constrained mainly by paleomagnetic reversals and
relatively imprecise “°Ar/**Ar ages from the core. In this section, our methods to
determine the reversal positions (see Section 4.4 above) allows for the upper reversal of

the reversed Kaena subchron to be higher than indicated, and the lower reversal to be
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lower. Interestingly, placing the lower 3.116 Ma Kaena reversal (APTS12 age) lower in
the core than indicated (154.6 mbs) would fit better with provided “°Ar/**Ar age near
that interval (159.4 mbs; 3.089 £ 0.026 Ma). In any case, sediment accumulation rates
in the interval including the Kaena (B-G; ~2.72 to 3.22 Ma, Deino et al., this issue) do
not vary drastically, suggesting the age model is robust.

Throughout the core, the resulting age model reveals three main intervals of
accumulation rates, from relatively fast rates from 3.2—-2.9 Ma to a slower accumulation
rates down from 2.9-2.7 Ma and higher rates from 2.7-2.6 Ma (Deino et al., this issue).
Within the control points and in accordance to these accumulation rates, alternatives to
the proposed correlations of observed polarity reversals are v..*ually impossible. Within
the upper part of the Gauss we have identified two isolatec reve rsed samples at 66.52
mbs (2.70 Ma) and 91.52 mbs (2.82 Ma), which could idic ite paleomagnetic
excursions, but this remains speculative as we are dean.q with single samples and no

excursion has been previously identified in the consideed time interval.

6. Conclusions

We have analysed a total of 264 |.~"eomagnetic samples and our results identify
four paleomagnetic reversals. The Mtuyama-Gauss (2.602 + 0.013 Ma), the upper
Kaena (3.032 + 0.015 Ma), the low:zr naena (3.116 + 0.015 Ma), and the upper
Mammoth (3.207 + 0.015 Ma) These four reversals serve as important inputs for the
multidisciplinary high-resclu..nn Bayesian chronostratigraphic model of the BTB13
core (Deino et al., this issu™) Our rock-magnetic results indicate that the magnetic
properties of the rr.Mai 2n* magnetizations in the core are similar as in the outcrop with a
normal polarity seconc ary low-temperature component overprinting a primary normal
and reverse high-temperature component carried mostly by titanomagnetite. For
recovering the polarity zones of the BTB13 core, we have used two independent
methods; the first makes use of the preserved AMS sedimentary fabric, whereas the
second makes use of either parallel or antiparallel secondary overprints. Because of the
near flat-lying orientation of strata in most of the BTB13 core, and the variability in
AMS and ChRM direction, the AMS sedimentary fabric method could not be applied
successfully to this specific core. However, the secondary overprint method gave clear

magnetozones with opposite directions, thus enabling us to identify four reversals.
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The following are the supplementary data related to this article.

Supplemental Table S1: Hysteresis properties taken from paramagnetic corrected
hysteresis curves. Sample ID, Level: stratigraphic level in metres below surface (mbs),
relevant hysteresis parameters: saturation magnetization Mg, magnetization Ms,
remanent coercive force Hg;, coercive force Hc, and their ratios Mg/Ms H¢/H., Range:
PSD pseudo single domain.

Supplemental Table S2: AMS, Sample ID, Level: stratigraphic level in mbs, Km
(mean susceptibility), L (lineation), F (foliation), P (anisotropy degree), Pj (corrected
anisotropy degree following Jelinek, 1981), T (shape parameter; oblate shape for 0 < T
< 1, prolate shape for —1 < T < 0; Tarling and Hrouda, 1993) K'dec, Klinc, K2dec,
K2inc, K3dec, K3inc (declination and inclination of the me.“imam, intermediate and
minimum axes of the anisotropy tensor); K11, K22, K3. K'.2, K23, K13 (the six tensor
elements).

Supplemental Table S3: AF and TH palaeomagneu. results. Sample ID#: sample
identification; Level: stratigraphic level in me tre.s below surface (mbs); Dec HC/HT:
declination of high-coercivity componert (i 1)/ high-temperature component (HTC) in
(°); Inc HC/HT: inclination of HC/ H'y' in (°); Intensity of HC/HT in E*® A/m; MAD:
Maximum Angular Deviation; Min Step HC/HT: minimum demagnetization step in mT
(°) of HCC/HTC; Max Step HC/HT. . ~aximum demagnetization step in mT and (°) of
HCC/HTC; Dec LC/LT: declinatiun of low coercivity component/ low-temperature
component (LC/LT) in deqres, this is the component reoriented towards the north; Inc
LC/LT: inclination of LC." T In degrees; Min Step LT; Max Step LT; re-orientated Dec
HC/HT.

Supplemental Table ¢ 4: Great Circle (GC) palaecomagnetic results. Sample 1D#:
sample identification; Level: stratigraphic level in metres below surface (mbs); Dec GC:
declination of GC in degrees; Inc GC: inclination of GC in degrees; Intensity: intensity
of calculated GC in E*® A/m; MAD: Maximum Angular Deviation; Min Step GC:

minimum step of GC in mT and (°); Max Step GC: maximum step of GC in mT and (°)
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Figure 1: Map of “e 2ariago area with geological setting, top left insert shows
topographic map of Ea.t Africa. Location of BTB13 site (latitude 0.5546N, longitude
35.9375E). Stratigraphy of this figure is described in Deino at al., 2006 and Kingston et
al., 2007.

Figure 2: A) Thermomagnetic experiment showing the typical high-field magnetic
moment upon heating (red) and subsequent (blue) cooling in successive temperature
ranges measured on Curie balance. Sample BTB13-1A-49Q-3-14 has a depth of 142.99
mbs. B) Non normalized plotted TH IRM demagnetization. Magnetization versus

temperature.
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Figure 3: A) Hysteresis curves of samples BTB13-1A-50Q-3-2 (146.64 mbs), BTB13-
1A-68Q-3-2 (196.17 mbs) and BTB13-1A-43Q-1-102 (123.44 mbs), BTB13-1A-7Q-2-
58 (23.86 mbs). A) Day plot of Mg/Ms and H¢,/H. ratios. The solid and dashed lines
represent mixing curves of Dunlop (2002a,b), with SD = single domain, SP =
superparamagnetic, and MD = multidomain. The data points (green squares) are from
BTB13 core. SD range: Mg/Ms 0.5t0 1 H¢/H¢ and 1 to 2, PSD rage: Ms/M; 0.5 and
0.04 H¢/Hc: 2and 5, MD

range: Ms/M; 0 to 0.04 Hc/H¢: more than 5.

Figure 4: A) AMS results BTB13 samples with k1, k2 and ko ~xis. B) Only k3 axis of
BTB samples. C) P, the degree of AMS (k1/k3) plotted ag: inst Km, the mean
susceptibility. D) Shape parameter T plotted against P t e dt gree of AMS (k1/k3).

Figure made using Anisoft42 software.

Figure 5: Typical Zijderveld (1967) diagram zx imples of two samples (a, b) with
reversed ChRM (red arrow) after reorientat*on ui the low temperature overprint to
normal directions (blue arrow) and or. : example of a sample which shows a great circle
and for which the two directions ccild not pe fully separated (c, d) Closed/open circles

denote projection on a horizontal/ve.*ical plane.

Figure 6: Plotted LT/LC (lc v ternperature/ low coercivity) corrected ChRM directions
of the BTB13 core. Blac'” dov. are interpreted ChRM directions used for interpretation.
Grey dots are normal ~hkM directions within reversed zone and thus are excluded.
Black diamonds are a1 2ctions obtained by great circle analysis. See text for further

explanation. For more detail about lithology see Cohen et al., 2016.

Highlights

e A 228 mdrill core (BTB13) was recovered from a Pliocene sedimentary sequence in the
Central Kenya Rift near fossil rich outcrops.

e Paleomagnetic study of the core identified four paleomagnetic reversals.

e Ages of the reversals are consistent with 40Ar/39Ar dating of tephra s from the same core.

24



