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A B S T R A C T   

The principal objective of the Hominin Sites and Paleolakes Drilling project (HSPDP) is to study the relationship 
between climate and environmental change and the implications on human evolution in eastern Africa. For this 
purpose, HSPDP has recovered a 228 m core in the Chemeron Formation of the Baringo Basin (Kenya). The 
Chemeron Formation spans approximately 3.7 Myr, from around 1.6 to 5.3 Ma, and has yielded many vertebrate 
fossils, including fossil hominins. The magnetostratigraphy of the Baringo core contributes 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 40Ar/39Ar dating of tuffs (Deino et al., 2020) and 
together indicate that the HSPDP Baringo core has an age range of ~3.3 Ma to ~2.6 Ma. The consistent paleo-
magnetic and radioisotopic age constraints are incorporated into a Bayesian age model of the core (Deino et al., 
2020).   

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/paleoenvir-
onmental 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 tar-
geted sites in the East Africa Rift System (Campisano et al., 2017; Cohen 
et al., 2016). These sites in Kenya and Ethiopia correspond both in space 
and in time to important periods of our evolutionary past. A total of over 
2 km of sediment cores has been recovered from six paleolakes (Cam-
pisano et al., 2017; Cohen et al., 2016). Precise chronostratigraphic 
control of the cores is essential for establishing potential links between 
paleoclimate, paleoenvironment, and evolution. 

The main aim of this paper is to present the magnetostratigraphic 
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interpretation of the 228 m long Baringo-Tugen Hills-Barsemoi (BTB13) 
core drilled in 2013. The estimated age range targeted for the BTB13 
core was 3.3 to 2.6 Ma (Cohen et al., 2016). Within this time period 
many important events and transitions occurred in terms of human 
evolution and climate. At ~3.4 Ma the earliest evidence for processing 
meat has been identified in Dikika, Ethiopia (McPherron et al., 2010), 
followed by the earliest known stone tool technology, the Lomekwian, at 
around 3.3 Ma (Harmand et al., 2015). Another major transition occurs 
at around 2.6 Ma when the more widespread Oldowan stone tool tech-
nology makes it appearance (Braun et al., 2019). Furthermore, the first 
appearance of the genus 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 com-
bination 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 con-
structed from correlated short outcrop sections. A second important 
benefit is that the drilled sediments have been less exposed to weath-
ering. This improves not only the quality of the paleoclimatic record 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, mak-
ing it ineffective to use inclination for reconstructing the magneto-
stratigraphy. For the HSPDP project we developed a set of custom 
paleomagnetic processing techniques (for details see Sier et al., 2017). 
The first method uses the sedimentary fabric as expressed in the 
anisotropy of the magnetic susceptibility (AMS), and the second uses the 
occurrence of secondary viscous (paleo)magnetic component oriented in 
the present-day field for orientating primary paleomagnetic directions. 
For this study, we use both methods and our results match with the 
40Ar/39Ar ages from the same core (see Deino et al., this issue for 
discussion). 

2. Geological setting 

The drill site (latitude 0.5546◦N, longitude 35.9375◦E) is located in 
the Baringo Basin/Tugen Hills, which is part of the Central Kenya Rift 
Valley, west of Lake Baringo (Fig. 1). The basin contains the most 
complete late Neogene sequence of the East African Rift with a duration 
of 16 Myr (Behrensmeyer et al., 2002; Chapman and Brook, 1978; Hill, 

Fig. 1. Map of the Baringo area with geological setting, top left insert shows topographic map of East Africa. Location of BTB13 site (latitude 0.5546 N, longitude 
35.9375E). Stratigraphy of this figure is described in Deino et al., 2006 and Kingston et al., 2007. 
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2002) 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 sili-
ceous tuffs. 

The 228 m long core was recovered at a distance of about 20 m 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., 2020). The upper part contains five cyclic deep-lake di-
atomites 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., 2020). Full stratigraphic descriptions are reported 
in Scott et al., 2020. 

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 m long BTB13 

Fig. 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) Thermal demagnetizations of Isothermal Remanent Magnetizations 
acquired by applying 1T in one direction and then 0.3T in the opposite direction. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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core (for drilling details see Cohen et al., 2016) was sampled at 543 
levels for a total of 567 paleomagnetic samples in regular intervals 
throughout the core, with an average spatial resolution of around 
0.41 cm. The sample stratigraphic position was measured with <0.5 cm 
precision. The orientation with respect to the top of the core was then 
marked on each sample. Samples were collected using several methods. 
Most samples were extracted using an drill press equipped with a water- 
cooled diamond-coated 2.5 cm diameter bit. Levels too soft for drilling 
were sampled by gently pushing custom-made quartz containers, with 
standard paleomagnetic sampling dimensions (25 mm diameter, 22 mm 
length), into the sediment. Levels that were too fragile for drilling but 
not soft enough for insertion of the quartz cup containers were carefully 
carved out in blocks of 2 × 2 cm. Some levels also had small unoriented 
samples collected for rock magnetic experiments. With these various 
techniques, all lithologies encountered in the core could be sampled. 
Only intervals where the core 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 × 10− 9 Am2 (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 satu-
ration remanence Msr, saturation magnetization Ms, the remanent co-
ercive force Hcr and he ordinary coercive force Hc) give information 
about the domain state or paleomagnetic stability of magnetic minerals 
in the samples (Dunlop, 2002a). A correction for paramagnetic contri-
bution was applied to the hysteresis curves and the hysteresis parame-
ters were determined. The ration of the hysteresis parameters (Msr/ Ms) 
were plotted against (Hcr/ Hc) in a Day plot (Day et al., 1977) and using 
the approach of Dunlop (2002a, 2002b), were interpreted in terms of 
(mixtures of) superparamagnetic (SP), single domain (SD), pseudo single 
domain (PSD) and multi domain (MD: Fig. 3b). 

Furthermore, 26 samples (Fig. 2b) were subjected to an IRM acqui-
sition (using a 2G pulse magnetizer, 2G Enterprises) up to 1 T, then given 
an IRM of 0.3 T in the antiparallel direction to separate higher from 
lower coercivities, and then a stepwise thermal (TH) demagnetization of 
these separated components of the natural remanent magnetization 
(NRM) in 12 temperature steps in order to further help mineral identi-
fication by means of unblocking temperatures (Heller, 1977). 

3.3. Demagnetization and ChRM directions 

Stepwise progressive TH demagnetization of the NRM was per-
formed 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 Investigación 
sobre la Evolución 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 (~3 × 10− 12 Am2). 
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 sam-
ples were processed with optimal demagnetization steps. 

The demagnetization results were interpreted in terms of compo-
nents to identify the ChRM directions using Paleomagnetism.org, an 
online multi-platform open source environment for paleomagnetic data 
analysis (Koymans et al., 2016) providing a suite of techniques to sta-
tistically interpret the results (Creer et al., 1980; Deenen et al., 2011; 
Fisher, 1953; Kirschvink, 1980; Zijderveld, 1967). A minimum of four 
consecutive steps was considered to define ChRM directions. 

3.4. Anisotropy of magnetic susceptibility (AMS) 

The Anisotropy of Magnetic Susceptibility (AMS) was measured for 
210 samples (see Supplemental Table S2) with an MFK1-FA Kappa 
Bridge before demagnetization. AMS is useful for determining a domi-
nant orientation of magnetic minerals within a sample. In sedimentary 
rocks AMS can be used to determine the tectonic and/or sedimentary 
fabric potentially preserved in the rocks (e.g. Hrouda, 1982). An ellip-
soid describes the AMS geometrically with defined minimum (kmin), 
intermediate (kint), 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 paleomag-
netic 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. If the dip direction is unknown 
or has large variations in direction, this method cannot be used for 
identifying magnetic polarity zones. The second method uses as an 
indication of the north, the possible occurrence of a secondary present- 
day overprint on top of the ChRM direction (Fuller, 1969). This method 
requires the occurrence of this secondary overprint, the preservation of 
the original ChRM, and that both components can be distinguished from 
one another. In practice, not all samples meet these preconditions (see 
below). 

4. Results 

4.1. Anisotropy of magnetic susceptibility (AMS) 

A total of 240 AMS measurements of the BTB13 core paleomagnetic 
samples were processed (Supplemental Table S2), of which 32 outliers 
were ignored because of indications of measurement errors during the 
measurement process (L, F, P values of 1000). The remaining 208 are 
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Fig. 3. A) Hysteresis curves before (light brown) and after (black) correction of paramagnetic contribution for 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). B) Day plot of Msr/Ms and Hcr/Hc ratios. Data points from the 
BTB13 core are indicated by green squares. The solid and dashed lines represent mixing curves of Dunlop (2002a, 2002b), with SD = single domain, SP = super-
paramagnetic, and MD =multidomain. The data points (green squares) are from the BTB13 core. SD range: Msr/Ms 0.5 to 1 and Hcr/Hc 1 to 2, PSD range: Msr/Ms 0.5 
to 0.04 and Hcr/Hc: 2 to 5, MD range: Msr/Ms 0 to 0.04 and Hcr/Hc > 5. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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plotted in Fig. 4. The stereographic projection show a typical distribu-
tion for a sedimentary fabric. The kmin axes cluster around the vertical, 
and the Kmax and Kint 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 m 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 Kmin inclinations from ca. 45◦ to 80◦, which corresponds to a 
shallowing of bedding dip from 45◦ to 10◦. Generally, high Kmin in-
clinations 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 Kmin inclinations point towards 
increased bedding dip. Note that occasional spuriously low Kmin in-
clinations 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 po-
larities. The cause of this is firstly that the orientation of the magnetic 
directions will be indistinguishable from the bedding dip. In addition, 
the declination of the Kmin cannot be used to estimate the dip direction 

as previously done to recover the orientation of the WKT14 core (Sier 
et al., 2017) and ultimately recover the paleomagnetic polarity. Even in 
the more steeply dipping portions (5.25–50 mbs and below 210 mbs), 
comparing Kmin inclinations with ChRM declinations yields unfortu-
nately very variable declinations with no consistent pattern from which 
to infer paleomagnetic polarity (Supplemental Table S2). This may be 
attributed to variability in the AMS results, but also the variability in the 
ChRM directions that may include mixed primary and secondary di-
rections (see below). 

4.2. Demagnetization results 

A total of 543 BTB13 core levels have been sampled for paleomag-
netic analyses of which 264 samples were thermally or alternating field 
demagnetized, 257 samples were of sufficient quality to yield inter-
pretable directions (see Supplemental Table S3). The Zijderveld dia-
grams (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 to 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 

Fig. 4. A) Anisotropy of Magnetic Susceptibility (AMS) results from BTB13 samples showing maximum (K1), intermediate (K2) and minimum (K3) axes directions. 
B) Minimum K3 axis only. C) P, the degree of AMS (K1/K3) plotted against Km, the mean susceptibility. D) Shape parameter T plotted against P the degree of AMS 
(K1/K3). Figure made using Anisoft42 software. 
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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 car-
riers (Deino et al., 2006). This is often the case in the rift valley, which is 
dominated by volcanic environments and often leads to well preserved 
primary magnetizations. Pervasive secondary overprints carried by less 
stable Ti-rich magnetite in larger multi-domain grains are usually 

Fig. 5. A) and B) Typical Zijderveld (1967) diagrams (closed/open circles denote projection on a horizontal/vertical plane) of thermal demagnetizations showing the 
low temperature component (blue arrow) interpreted as a secondary component in a normal polarity direction and the higher temperature component (red arrow) 
interpreted as a primary component in either reversed (A) or normal (B) polarity. C) and D) One example of a sample for which the low temperature and higher 
temperature components were overlapping and not fully separated upon thermal demagnetization. In this case a great circle analyses was performed on stereographic 
projection (D). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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observed with normal polarity present-day field orientation (e.g. 
Dupont-Nivet et al., 2008; Joordens et al., 2011; Sier et al., 2017). 
However, the properties may be different in the core material, which 
may be less affected by post-depositional alteration compared to 
outcrops. 

NRM intensities are generally high (Supplemental Table S2) sug-
gesting, along with high bulk susceptibility values (Supplemental Table 
S3), that magnetite-like (ferromagnetic) minerals are important con-
tributors to the magnetization. 

Curie Balance thermomagnetic runs (Fig. 2a) show a loss of 
magnetization mostly between 200 ◦C and 500 ◦C with the destruction 
of the magnetic phase and no creation of new magnetic phases. This is 
generally consistent with the thermomagnetic behavior of magnetite but 
contrary to the expected behavior for iron sulfides that would transform 
into magnetite 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. Some-
times 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 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). Hc values are around 10 to 20 mT with Hcr 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 (Özdemir 
and Dunlop, 1997; Peters and Dekkers, 2003). The Day plot, a plot of 
ratios Msr/Ms and Hcr/Hc, shows that nearly all values fall within the SD 
domain with a group near or on the SP boundary (Fig. 3b). These SP 
values may correspond to very fine-grained magnetic minerals from 
detrital sediment material and/or be produced in situ by post- 
depositional processes such as diagenesis and pedogenesis (Dunlop, 
2002a, 2002b). 

In summary, the rock magnetic properties of investigated samples, 
along with the demagnetizations and AMS results, are not distinguish-
able from properties of nearby outcrop results that have been previously 
shown to be dominated by magnetite with variable Ti content and grain- 
size typical of volcanic-rich sediments of the East African rift. The 
dominance of a low coercivity component demagnetizing mainly in the 
200–550 ◦C range is consistent with the presence of titanomagnetite 
with significant Ti content. The phase of higher coercivity demagnet-
izing below 200 ◦C is consistent with goethite, however it is not sug-
gested by hysteresis curves and may instead relate to high Ti 
titanomagnetite. The higher coercivity fraction demagnetized between 
500 and 600 ◦C remains enigmatic. It may relate to very fine-grained 
hematite that does not appear on the hysteresis dominated by magne-
tite. 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. 

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 m to nearly flat-lying in the middle part with occasional 
steep intervals, especially in the lowermost 20 to 30 m of the core. 
However, these observations only provide an approximate and patchy 
record of bedding dip. These variations were not related to the place-
ment of the core split at different orientations but to actual changes in 
the bedding orientation. This is confirmed by the AMS measurements of 
210 samples throughout the core (see Supplemental Table S2), indi-
cating a significant flattening of the bedding below 50 mbs and occa-
sional local variations at 145 mbs, 160 mbs, 195 mbs, and generally 
below 210 mbs. 

For re-orienting the samples, we therefore used only the normal 
overprints. As mentioned above (Section 4.3) two groups of demagne-
tization diagrams can be identified. We first have interpreted the group 
showing antiparallel LT and HT directions as having a primary reversed 
HT direction. Directions were calculated from LT as well as HT com-
ponents using line fits. To re-orient those samples, the HT directions 
were simply rotated the amount necessary to rotate the LT component 
towards the north (e.g. LT with 270◦ needs to be rotated 90◦, the cor-
responding HT direction has also 90◦ added, see also Supplemental 
Table S3). In a few samples, a reversed direction is clearly indicated by a 
high angle between the HT component and the LT component. However, 
HT and LT are not antiparallel because of an LT component less strongly 
expressed and overlapping with the HT component. For these few 
samples a great circle was fit to the points over the overlapping com-
ponents. 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 McEl-
hinny (1988) for overlapping directions (see Supplemental Table S4). 
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 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 origi-
nally 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 zone therefore defines the boundary. Based on this 
method, we identified four reversals precisely at 19.79 ± 0.1 mbs, 
125.86 ± 0.3 mbs, 154.64 ± 0.145 mbs and 199.635 ± 0.245 mbs, 
respectively, defining two normal and three reversed zones (Fig. 6). 
However, it is possible that the boundary is located slightly into the 
normal zone because of potential unidentified reversed directions in this 
normal zone. Although a few reversed samples may have been missed 
over the reversals, we argue that large errors in the positioning of 
paleomagnetic reversals are unlikely given that the core has been 
sampled at high resolution. For that matter, in the critical intervals 
around potential reversals, a second set of closely spaced samples were 
analyzed to define the reversal interval as tightly as possible. 
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5. Discussion 

Re-orientation of rotatory drilled cores near the equator for magne-
tostratigraphic purposes is a major challenge. 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 
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 pro-
cedure was unsuccessful even in portions of the core with sufficient dip 

Fig. 6. Magnetostratigraphy of core BTB13. Left diagram shows lithostratigraphic log given in meters below surface (for details about lithology see Cohen et al., 
2016). Center and right diagrams show respectively declinations and inclinations of the high temperature Characteristic Remanent Magnetization directions 
throughout the core. Normal and reversed polarity zones (polarity) are respectively indicated by black and white areas based on the orientation of the declinations. 
These declinations were corrected to original orientation by setting to the North the declinations of the low temperature (lt) component assumed to represent an 
overprint in normal polarity direction. Grey dots represent normal declinations within reversed zones and thus discarded for the magnetic polarity interpretations. 
Black diamonds are directions obtained by great circle analysis. See text for further explanation. For more detail about lithology see Cohen et al., 2016. 
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to apply this method, especially in the upper 50 m. This is explained by 
the variability in the quality of the AMS directions that may relate to 
variations in lithology and rock magnetic properties. It is also related to 
the high variability in ChRM directions due to the presence of over-
lapping secondary overprints sometimes fully erasing the primary 
component. This highlights that this method requires high quality ChRM 
and AMS data in addition to a good control of bedding orientations. 

The second method, based on the direction a secondary paleomag-
netic component, however, was successfully applied to the BTB13 core. 
This method was shown to be applicable because of the occurrence of a 
secondary low-temperature component normal overprinting a high- 
temperature component with primary normal or reverse directions. 
This pattern observed in the BTB13 core Zijderveld diagrams (see Fig. 5) 
could be confirmed by similar paleomagnetic components in outcrops of 
the same stratigraphic intervals (Deino et al., 2002, 2006). Furthermore, 
the rock magnetic behaviors explored in the core samples were shown to 
be very similar to the outcrop indicating magnetite with 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 ma-
jority of the samples. However, in some samples, two directions result-
ing 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 normal (Fig. 6). To estimate the reversal position, 
we used the first reversed sample after an exclusively normal zone. To 
confirm reversals,we decreased samples spacing in critical intervals. 

With the help of the radiometric ages obtained from the same core 
(see Deino et al., 2020), 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 40Ar/39Ar 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., 2020). In addition, 
extra control points were obtained from ages of Diatomites 1 through 5 
based on outcrop calibration by 40Ar/39Ar-dating of intercalated tuffs 
(Deino et al., 2006; Kingston et al., 2007). 

The top reversal can be directly correlated to the nearest outcrop 
(~20 m) where the Matuyama-Gauss reversal has been identified within 
Diatomite 4 and several core to outcrop correlations of 40Ar/39Ar dates 
(Deino et al., 2006; ~2.61 Ma or the point marked ‘A’ on Fig. 6 in Deino 
et al., 2020). Finding the Matuyama-Gauss reversal within the same 
diatomite in the BTB13 core supports the validity of our paleomagnetic 
methods. The three reversals observed below the Matuyama-Gauss are 
interpreted to correlate to the Gauss-Kaena, Kaena-Gauss and Gauss- 
Mammoth. Reversal ages are based on the geomagnetic polarity time 
scale (GPTS 2012; Gradstein et al., 2012) except for the Matuyama- 
Gauss transition that has been shown to be slightly older (Deino et al., 
2006). Instead, an age of 2.608 Ma was used based on the median of the 
GPTS12 marine stack (Lisiecki and Raymo, 2005), and evidence from 
the Boring Volcanic field (Hagstrum et al., 2017). For a detailed dis-
cussion on that matter see Deino et al., 2020. 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 Fig. 6 of Deino et al., 2020), by core and outcrop 40Ar/39Ar ages. 
However, between 101 mbs and 184 mbs (C and F on Fig. 6 of Deino 
et al., 2020) the age model is constrained mainly by paleomagnetic re-
versals and relatively imprecise 40Ar/39Ar 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 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 40Ar/39Ar age near that interval (159.4 mbs; 
3.089 ± 0.026 Ma). In any case, sediment accumulation rates in the in-
terval including the Kaena (B–G; ~2.72 to 3.22 Ma, Deino et al., 2020) 
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., 2020). Within the control 
points and in accordance to these accumulation rates, alternatives to the 
proposed correlations of observed polarity reversals are virtually 
impossible. Within the upper part of the Gauss we have identified two 
isolated reversed samples at 66.52 mbs (2.70 Ma) and 91.52 mbs 
(2.82 Ma), which could indicate paleomagnetic excursions, but this re-
mains speculative as we are dealing with single samples and no excur-
sion has been previously identified in the considered time interval. 

6. Conclusions 

We have analyzed a total of 264 paleomagnetic samples and our 
results identify four paleomagnetic reversals. The Matuyama-Gauss 
(2.602 ± 0.013 Ma), the upper Kaena (3.032 ± 0.015 Ma), the lower 
Kaena (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-resolution Bayesian chronostratigraphic 
model of the BTB13 core (Deino et al., 2020). Our rock-magnetic results 
indicate that the magnetic properties of the remanent magnetizations in 
the core are similar as in the outcrop with a normal polarity secondary 
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 in-
dependent methods; the first makes use of the preserved AMS sedi-
mentary fabric, whereas the second makes use of either parallel or 
antiparallel secondary overprints. Because of the near flat-lying orien-
tation 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. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.palaeo.2020.110190. 
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