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A B S T R A C T

The core from the Baringo-Tugen Hills-Barsemoi paleolake area in Kenya (called BTB13) provides an excellent 
opportunity to study east African hydroclimate in relation to human evolution and global climate change during 
the Pliocene-Pleistocene transition. As age control is critical, a Bayesian age model was previously constructed 
based on magnetostratigraphy and radio-isotopic dating. In order to improve the existing age model, we 
astronomically-tune the BTB13 core using the available gamma density (GD) and magnetic susceptibility (MS) 
records. Spectral analysis and bandpass filtering revealed a dominance of obliquity-related variability, which was 
used to establish an initial tuning. Significant precession-related variability was subsequently used to tune the 
records to precession and a standardized obliquity-precession target curve. The precession-paced variability is in 
very good agreement with precession-obliquity interference, making a shift in the tuning unlikely. Deep lake 
phases, characterized by diatomites and MS and GD minima, were related to precession minima and obliquity 
maxima, indicating a link to the intensification of the North African monsoon in response to boreal summer 
insolation maxima. This is further supported by the simultaneous formation of diatomites with Mediterranean 
sapropels. The obliquity dominance might be explained by a combination of the cross-equatorial insolation 
gradient and the seasonal cycle of equatorial insolation, and/or a link to higher latitudes.

1. Introduction

The East African Rift Valley contains a rich record of paleoanthro
pological and archaeological sites as well as similarly-aged paleolakes in 
which east African climate changes were recorded (Campisano et al., 
2017). In order to investigate the relationship between human evolution 
and climate change, cores were retrieved of several of these paleolake 
stratigraphies by the Hominin Sites and Paleolakes Drilling Project 
(HSPDP; Cohen et al., 2016). Within the East African Rift Valley, the 
central Kenya Rift contains the most complete Neogene succession 
known to date (Chapman and Brook, 1978). Here, the Pliocene- 
Pleistocene-aged Chemeron Formation was drilled, which, in outcrop, 
contains three hominin sites and many other fossil vertebrate localities 
(Cohen et al., 2016). This core provides a relatively long and continuous 
terrestrial record of eastern African hydroclimate for a time interval 
with major climatic transitions, namely the onset of global cooling and 
northern hemisphere glaciation (Raymo, 1994), as well as important 
hominin events, such as early stone tools (Harmand et al., 2015), 
extinction of Australopithecus afarensis (Lockwood et al., 2000), and first 

appearance of Homo (Villmoare et al., 2015; see Potts and Faith, 2015
for an overview).

A precise chronological framework is crucial to place these events in 
a regional context. A Bayesian age model was generated for the cored 
Chemeron Formation based on magnetostratigraphy and 40Ar/39Ar 
dating of tuffs in the core and outcrop (Deino et al., 2021). The model 
includes 30 control points and is relatively precise with a 95 % confi
dence interval of ~120 kyr or less (Deino et al., 2021). Application of the 
age model on the available proxy data of the core revealed the influence 
astronomical climate forcing, particularly precession and obliquity 
(Mitsunaga et al., 2023; Sier et al., 2025; see Supplementary Materials 
for general theoretical background). The influence of precession was 
also previously recognized in an outcrop interval correlative to the top 
part of the core, which consists of five recurring diatomites (Deino et al., 
2006; Kingston et al., 2007). Despite the inferred presence of astro
nomical cyclicity, no attempt was yet made to develop an astronomical 
tuning and thereby improve the accuracy, precision and resolution of 
the existing age model.

In this study, we present a cyclostratigraphic analysis and 

* Corresponding author.
E-mail addresses: b.r.spiering@uu.nl (B.R. Spiering), F.J.Hilgen@uu.nl (F.J. Hilgen). 

Contents lists available at ScienceDirect

Palaeogeography, Palaeoclimatology, Palaeoecology

journal homepage: www.elsevier.com/locate/palaeo

https://doi.org/10.1016/j.palaeo.2025.113377
Received 30 April 2025; Received in revised form 14 October 2025; Accepted 25 October 2025  

Palaeogeography, Palaeoclimatology, Palaeoecology 681 (2026) 113377 

Available online 28 October 2025 
0031-0182/© 2025 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:b.r.spiering@uu.nl
mailto:F.J.Hilgen@uu.nl
www.sciencedirect.com/science/journal/00310182
https://www.elsevier.com/locate/palaeo
https://doi.org/10.1016/j.palaeo.2025.113377
https://doi.org/10.1016/j.palaeo.2025.113377
http://crossmark.crossref.org/dialog/?doi=10.1016/j.palaeo.2025.113377&domain=pdf
http://creativecommons.org/licenses/by/4.0/


astronomical tuning of the cored Chemeron Formation from the Kenya 
Rift. Our analyses were based on the available magnetic susceptibility 
and gamma density data of the core (Cohen et al., 2016). We first per
formed spectral analysis on the data in the depth domain and time 
domain using the Bayesian age model of Deino et al. (2021). Subse
quently, these results were used to correlate the data to the astronomical 
solution, after which spectral analysis was performed again on the 
astronomically-tuned data. The analysis and tuning of the astronomical 
controlled cyclicity in the cored Chemeron Formation contributes to an 
improved understanding of eastern African climate change and provides 
a precise chronological framework against which other regional or 
global climate records and hominin events can be placed.

2. Materials and methods

2.1. Materials

The 228-m-long Baringo-Tugen Hills-Barsemoi 2013 drillcore 
(HSPDP-BTB13-1A; hereafter referred to as BTB13) was obtained as part 
of the Hominin Sites and Paleolakes Drilling Project (HSPDP; Cohen 
et al., 2016). The drill site is located in the Baringo Basin in Kenya, in 
between the Tugen Hills and Lake Baringo (0.5546◦N, 35.9375◦E). The 
Baringo Basin is located in the central Kenya Rift, which is part of the 
East African Rift System. The core consists of fluvio-lacustrine sedi
mentary rocks and tuffs of the Pliocene-Pleistocene-aged Chemeron 
Formation (5.3 to 1.6 Ma; Chapman and Brook, 1978; Deino et al., 
2006), which is exposed in close proximity to the drill site. The core 
mainly consists of claystones, siltstones, and sandstones with some 

conglomerates, which are abundant in the basal and mid-upper part of 
the core (~228–201 and ~ 107–78 m below surface; mbs), and di
atomites, which are abundant in the upper part of the core (~78–5 mbs; 
Deino et al., 2021). Magnetic susceptibility (MS) and gamma density 
(GD) were measured on the core at 0.5 cm intervals (Cohen et al., 2016; 
data available at Open Science Framework, https://doi.org/10.17605/ 
OSF.IO/ANFYW).

2.2. Existing age control

A Bayesian age model was constructed based on four types of age 
control with a total of 30 control points: 40Ar/39Ar dating of 12 tuffs 
from the core, 40Ar/39Ar dating of 4 tuffs correlated to the core from 
outcrops, correlation of the bottom and top of 5 distinctive diatomites, 
which were age calibrated to outcrop 40Ar/39Ar dating and paleomag
netism (Deino et al., 2006; Kingston et al., 2007), and 4 paleomagnetic 
reversals in the core (Sier et al., 2021; Deino et al., 2021; Fig. 2A). The 
age model indicated that the core spans 730 kyr, from ~3.29 to ~2.56 
Ma (Deino et al., 2021). Reconstructed sedimentation rates vary from 
~39 cm/kyr and ~23 cm/kyr in the lower-middle part of the core 
(~230–125 mbs and ~ 125–100 mbs, respectively), decreasing to ~13 
cm/kyr in the middle part of the core (~100–75 mbs), followed by an 
increase to 45 cm/kyr in the upper part of the core (~75–0 mbs; Deino 
et al., 2021). Unconformities were recognized at ~10, ~85, and ~105 
mbs (Deino et al., 2021). An alternative sedimentation rate model was 
explored in which ~40 kyr is missing at ~105 mbs, but this was not 
included in the reference model (Deino et al., 2021).

Fig. 1. Map of the BTB13 drill site in the Kenya Rift. Adapted from Deino et al. (2006).
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2.3. Spectral analysis

Spectral analysis was performed with the program Acycle (version 
2.8; Li et al., 2019). Although the data was analyzed in both the depth 
and time domain, we focused on the time domain due to the significant 
changes in sedimentation rate evident from the Bayesian age model 
(Fig. 2A). Beforehand, the data was sorted, interpolated to uniform 
spacing based on the median spacing, and demeaned. Power spectra 
were generated with the multitaper method (time-bandwidth product =
2, pad factor = 5; Thomson, 1982) and first-order autoregressive (AR1) 
noise confidence levels (CLs; Husson, 2014; ‘Classic AR1’ in Acycle). 
Bandpass filtering was applied using the Gauss algorithm (Kodama and 
Hinnov, 2015). In addition, evolutionary spectral analysis was applied 
on the depth series using default settings. Coherence and phase analysis 
was applied using default settings in Acycle to determine the phase 
relationship between two series for a certain periodicity. Tuning of the 
data was done using linear interpolation between tie-points and 
extrapolation at the ends of the data. The La2004 astronomical solution 
was used (Laskar et al., 2004).

3. Results

3.1. Depth domain

The GD and MS data display significant variability at scales of 
~10–20 m (Fig. 3). The MS data varies at the ~10–20-m scale 
throughout the core, while the GD data shows the greatest variability at 
this scale between 0 and 140 mbs. Between 140 and 230 mbs, GD data is 
characterized by smaller-scale variability with a lower amplitude. At the 
~10–20-m scale, minima in the GD data concur with minima in the MS 
data. Five diatomites are present in the upper 60 m (D1-D5) and one 
diatomite is present at ~130 mbs (D0; Deino et al., 2021). Additionally, 
two diatom-rich intervals are present at ~90 and ~115 mbs (DIs; 
Westover et al., 2021). All the diatomites and diatom-rich intervals 
concur with GD and MS minima (Fig. 3).

Spectral analysis shows that the GD and MS data are dominated by 
significant (>95 % CL) spectral power at periodicities of ~7.8–20 m 
(frequencies of ~0.05–0.13 1/m; Fig. 4A-B; evolutionary spectral anal
ysis: Fig. S1), which is in agreement with the visual observations. 
Bandpass filtering shows that the extracted ~7.8–20-m cyclicity follows 
significant maxima and minima in the GD and MS data (Fig. 5A-B). The 
filtered GD and MS components are consistent in terms of their phasing, 
especially between 0 and ~150 mbs, with filtered GD minima corre
sponding to filtered MS minima.

3.2. Time domain

The data was converted from the depth domain to the time domain 
using the Bayesian age model of Deino et al. (2021); Fig. 5C-D). Average 
sedimentation rates vary from ~13 to ~45 cm/kyr (i.e., a difference by a 
factor of ~3.5), meaning that the data was significantly distorted in the 
depth domain (Fig. S1). Sedimentation rates were lowest in the middle- 
upper part of the core (~101–77 mbs), while they were relatively high in 
the lower part of the core (~228–127 mbs) and highest in the upper, 
diatomite-dominated part of the core (~77–0 mbs).

Spectral analysis of the GD and MS data shows significant (>95 % 
CL) spectral power at <50 kyr periodicities (>0.02 1/kyr frequencies; 
Fig. 4C-D). The power spectrum of the MS data is dominated by a 
spectral peak focused around a period of ~40 kyr (frequency of ~0.025 
1/kyr), which also occurs in the power spectrum of the GD data. 
Bandpass filtering of ~40 kyr periodicity in the MS and GD data shows 
that this cycle follows significant maxima and minima in the GD and MS 
data and that the phasing of this cycle is consistent between GD and MS 
(Fig. 5C-D). One minor difference is that the filtered MS component 
picks up an additional, low-amplitude cycle at ~2.77 Ma, which is not 
present in the filtered GD component. The filtered ~40 kyr components 
correspond well to the astronomical solution of obliquity (Fig. 5E), as 
the number of cycles in the GD data exactly matches the number of 
cycles in the obliquity solution. Both filtered ~40 kyr components 
display their greatest amplitudes in the interval around ~3.05 Ma, 

Fig. 2. Bayesian age model of the BTB13 core with 1-sigma uncertainties for age control points (Deino et al., 2021; A). Astronomically-tuned age model (this 
study; B).
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followed by a decrease in amplitude towards ~2.8 Ma. The amplitudes 
of the filtered cycle are again high around ~2.65 Ma for MS and ~2.73 
Ma for GD. These variations in amplitude do not match with the 
amplitude variation of obliquity, which indicates a gradual increase in 
amplitude from ~3.05 to ~2.65 Ma. Instead, higher filtered ~40 kyr 
cycle amplitudes occur during or near 405 kyr eccentricity maxima 
(Fig. 5E).

Spectral analysis of the upper, diatomite-dominated part of the core 
(2.57–2.73 Ma) reveals that the GD and MS data in this interval are 
dominated by spectral power focused around a period of ~22 kyr (fre
quency of ~0.045 1/kyr; Fig. 4E-F). The GD and MS filtered ~22 kyr 
components have a similar phasing and their minima systematically 
concur with diatomites (Fig. 5F-G). The filtered ~22 kyr cycles compare 
well with the precession solution (Fig. 5H), as they contain a similar 
amount of cycles in this interval. This ~22 kyr-paced interval occurs 
during a 405 kyr eccentricity maximum, within a ~2.4 Myr eccentricity 
minimum (Fig. 5E).

4. Astronomical tuning

The results from spectral analysis indicate that the GD and MS data 
display significant variability at scales of ~40 kyr and ~22 kyr. These 
periodicities are very close to those of obliquity (41 kyr) and precession 
(19, 22, and 24 kyr), and therefore very likely linked to these astro
nomical cycles.

4.1. Initial obliquity tuning

As the obliquity signal is dominant throughout the record, we first 
astronomically tune the data to obliquity. Analysis of the coherence and 

phase indicates that filtered ~40 kyr cycle minima correspond best with 
obliquity maxima (i.e., the two are out of phase; Fig. 6A-D). Therefore, 
for a first tuning we assume that this phasing is correct and that there is a 
minimal offset with the Bayesian age model. When correlating the first 
and last filtered ~40 kyr cycle minima to their closest obliquity maxima, 
the number of filtered ~40 kyr cycles in between matches with the 
number of obliquity cycles. Compared to GD, the filtered ~40 kyr cycle 
of MS picks up an extra, but very low-amplitude cycle around ~2.77 Ma, 
which suggests that the data is still somewhat distorted in this interval. 
Tie-points were determined by averaging the ages of GD and MS filtered 
~40 kyr cycle minima (Fig. 6E). Subsequently, the ages of the tie-points 
were converted to depth by inverting the Bayesian age model of Deino 
et al. (2021). The tie-points were tuned to their corresponding obliquity 
maxima (Fig. 6F; Table A.1).

Spectral analysis on the obliquity-tuned GD and MS data reveals that 
the most significant (>95 % CL) spectral peak is centered around a 
period of ~41 kyr (Fig. 7A-B), which is expected as the data is tuned to 
obliquity. Bandpass filtering of the ~41 kyr cyclicity indicates a 
consistent phasing between GD, MS, and obliquity, with only very minor 
phase differences due to differences in the variability of GD and MS 
(Fig. 7C-E). Additionally, significant (>95 % CL) spectral power occurs 
around a period of ~24 kyr for GD and ~22 kyr for MS, coinciding with 
the periods of precession (19, 22, and 24 kyr; Fig. 7A-B). For MS the 
spectral peak is well-defined and falls exactly between the precession 
periods, while for GD spectral power occurs in a somewhat broader 
range extending to periods >24 kyr.

4.2. Precession tuning

The significant spectral power that is present around the precession 

Fig. 3. Overview of BTB13 data in the depth domain: magnetostratigraphy (A; Sier et al., 2021) lithostratigraphy (B), GD (C), and MS (D; Cohen et al., 2016). 
Diatomites are indicated by the yellow-beige bars (Deino et al., 2021) and diatom-rich intervals are indicated by the grey bars (Westover et al., 2021). Abbreviations 
magnetostratigraphy: M = Mammoth, K = Kaena, Mat = Matuyama. (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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frequencies in the obliquity-tuned data provides an opportunity to 
further improve the astronomically-tuned age model. Therefore, we also 
astronomically tune the data to precession. To accurately capture the 
precession signal and reduce the influence of distortions that are likely 
still present at this scale, a relatively broad filter width (0.03–0.07 1/ 
kyr) is chosen. Analysis of the coherence and phase on the obliquity- 
tuned MS data indicates that filtered ~20 kyr cycle minima corre
spond best with precession minima (i.e., the two are in phase; Fig. 8A-B). 
Tie-points were placed at the filtered ~20 kyr cycle minima (Fig. 8C), 
converted to depth using the inverted obliquity-tuned age model, and 
correlated to their corresponding precession minima while also 
comparing patterns in the data to the sum of standardized eccentricity, 
obliquity and precession weighted with 0, 1 and -1, respectively (0E1T- 
1P curve; Fig. 8D-E; Table A.2).

The filtered ~20 kyr cycle generally shows a good correspondence to 
the 0E1T-1P and precession curves. However, it picks up two cycles 
instead of one around ~2.68 Ma and ~2.77 Ma, picks up an extra cycle 
in the broad MS minima around ~2.93 Ma and ~3.19 Ma, and picks up 
only one cycle instead of two around ~3.22 Ma. It also does not pick up a 

clear cycle around ~2.82 Ma, but as the amplitude of precession is very 
small here, this is actually in good correspondence with the 0E1T-1P 
curve. The tie-points related to the discrepancies were not used for the 
precession tuning (grey dotted lines in Fig. 8).

Spectral analysis on the precession-tuned GD and MS data reveals 
significant (>95 % CL) spectral power around ~41 kyr and ~22–24 kyr 
(Fig. 9A-B). Compared to the obliquity-tuned data, spectral power 
around ~22–24 kyr is much higher for MS and only somewhat higher, 
but more centered, for GD. Although the data is now only tuned to 
precession, spectral power around ~41 kyr is similar for both the 
obliquity- and precession-tuned data. Bandpass filtering of the ~41 kyr 
cyclicity indicates that the fit between both datasets and the obliquity 
solution is very good, even better than the fit for the obliquity-tuned 
data (Fig. 9E). The filtered ~22–24 kyr cyclicity in the MS data fol
lows the 0E1T-1P and precession curves very well (Fig. 9F-G). Only 
minor discrepancies occur around ~3.22 Ma, which corresponds to an 
intervals where tie-points where left out (Fig. 8C-E).

The amplitude variations of the filtered ~22–24 kyr cycle are very 
similar to those in the 0E1T-1P curve (Fig. 9F), indicating that the signal 

Fig. 4. Spectral analysis of GD and MS data in depth domain (A-B) and time domain using the Bayesian age model for the entire interval (C–D) as well as the upper 
diatomite-rich interval separately (E-F).
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represents an interference pattern between precession and obliquity. 
Indeed, the amplitude modulation (AM) of the filtered ~22–24 kyr cycle 
is consistent with the AM of the 0E1T-1P curve (Fig. 10A), representing 
precession-obliquity combination tones with a main periodicity of 

~50–60 kyr (Spiering et al., 2024). Larger-scale variations in amplitude, 
represented by the envelope of the AM of the filtered ~22–24 kyr cycle, 
follow the 405 kyr eccentricity cycle relatively well (Fig. 10B). Sur
prisingly, the AM of the filtered ~41 kyr MS cycle also follows the ~405 

Fig. 5. Overview of bandpass filtering of GD and MS in depth domain (A-B) and time domain using the Bayesian age model for the entire interval (C–D) as well as 
the upper diatomite-rich interval separately (F-G). The filtered cycles are compared to eccentricity and obliquity (E), and precession (H). GD and MS data are plotted 
on a reversed y axis, and MS is plotted on a logarithmic scale. Diatomites are indicated by the yellow-beige bars and diatom-rich intervals are indicated by the 
grey bars.
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kyr eccentricity cycle relatively well, especially between ~2.8 and ~3.3 
Ma (Fig. 10B). This suggests that the amplitude of the filtered obliquity 
signal was related to AM of precession (i.e., eccentricity) instead of AM 
of obliquity, possibly as a result of the precession-obliquity interference 
recorded in the data.

4.3. Final 0E1T-1P tuning

The precession tuning presented above independently showed the 
strong presence of obliquity in the data. The inferred precession- 
obliquity interference patterns picked up by the filtered ~20 kyr cycle 
match very well with the interference patterns in the 0E1T-P curve. A 
shift of half a precession cycle, one precession cycle (~half an obliquity 
cycle), or two precession cycles (~one obliquity cycle) would result in a 
worse fit of these interference patterns. This indicates that the assumed 
phase relationships are correct, that the offset with the Bayesian age 
model is indeed minimal, and that no iteration steps are required. As our 
analysis revealed the presence of precession-obliquity interference, and 
as precession minima slightly differ in age from 0E1T-1P maxima, we 
present a final age model based on the tuning of filtered ~20 kyr MS 
cycle minima to 0E1T-1P maxima. We use the filtered ~20 kyr cycle of 
the precession-tuned age model instead of the obliquity-tuned age model 

to reduce the influence of any remaining distortions. Tie-points were 
placed at the precession-related filter minima (Fig. 11A), converted to 
depth using the inverted precession-tuned age model, and correlated to 
their corresponding 0E1T-1P maxima (Fig. 11B; Table A.3). The mini
mum in the filtered data at ~2.81 Ma is not used as tie-point as there is 
no maximum in the 0E1T-1P curve due to the very low precession 
amplitude. The 0E1T-1P maximum at ~3.23 Ma is not used as tie-point 
as there is no clear minimum in the filtered data. Spectral analysis and 
bandpass filtering is similar as for the precession-tuned age model 
(Fig. 12). Besides power around the regular astronomical frequencies, 
the spectrum displays significant power around ~9–12 kyr, ~7 kyr, and 
~4–5 kyr (Fig. 13A). Bandpass filtering indicates that the ~9–12 kyr 
cycle follows MS variations in most of the record and therefore does not 
represent a harmonic (Fig. 13B).

5. Discussion

The cyclostratigraphic analyses and development of an 
astronomically-tuned age model indicates that the BTB13 site was 
significantly influenced by precession and obliquity during the interval 
from ~3.3 to ~2.6 Ma. This is in agreement with previous in
terpretations of the variability in the BTB13 core and in outcrop sections 

Fig. 6. Coherence and phase between Bayesian age model filtered MS and GD and obliquity (A-D). Grey bars indicate bandpass filter widths. Astronomical tuning of 
GD and MS to obliquity (E-F). Tie-points are indicated by the grey lines.
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of the Chemeron Formation (Deino et al., 2006; Kingston et al., 2007; 
Mitsunaga et al., 2023). The final 0E1T-1P-tuned age model provides a 
very good fit with the astronomical solution and is consistent with most 
of the independent age control points at the 1-sigma uncertainty range 
(Deino et al., 2021; Fig. 2B). It is not consistent with the alternative 
‘unconformity scenario’ in which ~40 kyr is missing at ~105 mbs 
(Deino et al., 2021), as a shift in the tuning of one obliquity, or even 
precession cycle, would result in a misfit with the precession-obliquity 
interference patterns (i.e., the 0E1T-1P curve). Our cyclostratigraphic 
analysis suggests that all precession cycles are recorded and no hiatuses 
with a duration of more than a precession cycle (i.e., >22–24 kyr) are 
present.

5.1. Phase relationship

For the astronomical tuning, we assumed that GD and MS minima are 
related to obliquity maxima and precession minima. Although this was 
supported by the statistical analysis of the coherence and phase between 
the filtered data and the astronomical solution, these outcomes could be 

significantly affected by uncertainties in the Bayesian age model. A more 
persuasive argument is provided by the very good fit with precession- 
obliquity interference. As this interference forms a unique pattern, 
such a good fit cannot be maintained when shifting the age model by 
half or one obliquity or precession cycle.

The assumed phasing is consistent with previous interpretations 
based on the group of five diatomites in outcrop (Deino et al., 2006; 
Kingston et al., 2007), which in-core concur with GD and MS minima. 
The ages of these diatomites were calculated using linear interpolation 
between astronomically-calibrated 40Ar/39Ar ages, which resulted in an 
almost perfect fit between diatomites and boreal summer insolation 
maxima (i.e., precession minima; Deino et al., 2006; Fig. 14A). For the 
core, however, the fit between the calculated diatomite ages and pre
cession minima is less persuasive, with some diatomites occurring in 
between insolation maxima and minima or closer to minima (Fig. 14B- 
C). The difference resulted from a combination of lateral variations in 
diatomite thickness, recalculation of 40Ar/39Ar ages with a different 
decay constant and slightly younger, astronomically-calibrated Fish 
Canyon sanidine age (Kuiper et al., 2008), and the use of a Bayesian 

Fig. 7. Spectral analysis (A-B) and bandpass filtering (C–D) of obliquity-tuned GD and MS data, and comparison to obliquity (E).
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approach instead of linear interpolation between 40Ar/39Ar ages (Deino 
et al., 2021). Besides the external factors, internal errors of the 40Ar/39Ar 
ages are generally too large to confidently determine the precession 
phasing (the median 1-sigma error is ~7–9 kyr, which is more than a 
quarter precession cycle; Deino et al., 2021).

Alternatively, if the magnetostratigraphy is of excellent quality, one 
could use astronomically-tuned ages of the paleomagnetic reversal 
boundaries identified within D4 and just above D0 to correlate the di
atomites to precession. Unlike diatomites D1–5, the older D0 does 
exactly correspond to a boreal summer insolation maximum based on 
the Bayesian age model (Deino et al., 2021). However, there could be 
uncertainties in the exact placement of the reversal boundaries due to 
the difficulties of magnetostratigraphy on low-latitude drill cores (Sier 
et al., 2021; Deino et al., 2021), and for the Gauss-Matuyama boundary 
there is still some ambiguity in the exact astronomical age (Channell 
et al., 2020).

By coincidence or not, the 40Ar/39Ar-inferred diatomite insolation 
phasing does make sense from a palaeoclimatological perspective. As 
diatom assemblages indicated that the diatomites represent deep and 
extensive lake phases, they were interpreted as wet phases related to 
strengthening of the North African monsoon in response to increased 
boreal summer insolation (Deino et al., 2006; Kingston et al., 2007). 

Modeling studies indicated that boreal summer insolation maxima result 
in a significant increase in precipitation over the African continent 
focused around ~10–15◦N, but also extending towards ~0◦, both in 
western and eastern Africa (Bosmans et al., 2015a). The Baringo pale
olake could have been affected by river runoff coming from low northern 
latitudes in eastern Africa. For example, the main water source of the 
nearby Lake Turkana is the Omo River (Johnson and Malala, 2009), 
which originates in the Ethiopian Highlands.

Alternatively, deep lake phases could be related to maxima in direct 
equatorial insolation instead of maxima in boreal summer insolation. 
The modern-day East African Rift valley experiences two rain seasons, 
the ‘long rains’ in March and the ‘short rains’ in September (Deino et al., 
2006), which occur when equatorial insolation reaches its maximum 
during the spring and autumn equinoxes. In the present-day, equatorial 
insolation is slightly higher in March compared to September, but this 
relationship changes through time due to precession as perihelion is 
reached in different months (Berger et al., 2006). In this case, the system 
is expected to generate half (and quarter) precession cycles as well as 
strong ~100 and 405 kyr eccentricity cycles (Berger et al., 2006). Half- 
precession cycles of ~10–12 kyr have been observed in proxy records 
from other lakes in equatorial Africa (e.g., Lake Challa: Verschuren 
et al., 2009; Lake Bosumtwi: Vinnepand et al., 2024; Kenya Rift Lakes: 

Fig. 8. Coherence and phase between obliquity-tuned filtered MS and precession (A-B). Grey bars indicate bandpass filter width. Astronomical tuning of MS to 
precession (C-E). Tie-points are indicated by the grey lines. Dotted grey lines are not used as tie-points.
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Trauth et al., 2003). The tuned BTB13 data also displays significant 
spectral power around periodicities of ~9–12 kyr, possibly representing 
half precession, as well as some more isolated spectral peaks around 
~4–6 kyr, possibly representing quarter precession (Fig. 13). However, 
no significant peaks are found in the eccentricity band of the spectrum 
(Fig. 12A-B). As the precession signal is much stronger than the potential 
half and quarter precession signals, the most logical interpretation is 
that the recorded wet phases were related to boreal summer insolation 
maxima, and therefore precession minima and obliquity maxima. Direct 

equatorial insolation might have had a secondary influence.

5.2. Comparison to Mediterranean sapropels

As the BTB13 site was likely influenced by the North African 
monsoon, we compare the data to the summer inter-tropical insolation 
gradient, which is the most representative reference curve for the North 
African monsoon (Bosmans et al., 2015b), and the Mediterranean sap
ropel record from the Punta Piccola section (Hilgen, 1991; Fig. 1; 

Fig. 9. Spectral analysis (A-B) and bandpass filtering (C–D) of precession-tuned GD and MS data, and comparison to obliquity (E), 0E1T-1P (F), and precession (G).
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Fig. 15). The GD and MS minima that concur with diatomites likely 
represent the most extreme wet phases in the core and therefore the 
most extreme insolation forcing. This occurs during precession minima 
and obliquity maxima, when Earth resides in perihelion during boreal 
summer and when the tilt of the Earth’s axis is increased. This config
uration is expected to have resulted in sapropel formation in the Medi
terranean due to increased Nile river runoff as a consequence of more 
extreme northward displacement of the Intertropical Convergence Zone 
(ITCZ) and intensification of the North African monsoon.

The single-occurring older diatomite D0 is correlated to the strongest 
insolation gradient maximum at 3038 ka, which corresponds to a pre
cession minimum within an obliquity maximum, a ~100 kyr 

eccentricity maximum, and a 405 kyr eccentricity maximum. In the 
Mediterranean Punta Piccola record, D0 correlates to the second-oldest 
sapropel (cycle 103) within the oldest group of sapropels (cycles 
102–103; Hilgen, 1991). No diatomites are associated with the other 
sapropels around this 405 kyr eccentricity maximum. This suggests that, 
even though these sapropels indicate that conditions were relatively 
wet, the insolation forcing was apparently not high enough for di
atomites to form during these times. The interval between D0 and D1 
corresponds to a period of lower eccentricity related to a 405 kyr ec
centricity minimum. This configuration results in less extreme variations 
in precession and therefore a more obvious influence of obliquity on 
insolation gradient changes, which is reflected in both the BTB13 

Fig. 10. Amplitude modulation of precession-tuned MS bandpass filtering and comparison to the astronomical solution (A-B).

Fig. 11. Final astronomical tuning of MS to the 0E1T-1P curve (A-C). Tie-points are indicated by the grey lines. Dotted grey lines are not used as tie-points.
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Fig. 12. Spectral analysis (A-B) and bandpass filtering (C–D) of 0E1T-1P-tuned GD and MS data, and comparison to obliquity (E), 0E1T-1P (F), and precession (G).
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datasets and the Punta Piccola section.
In the top of the core, the group of five diatomites (D1–5) are 

correlated to the insolation gradient maxima at 2681, 2660, 2635, 2613, 
and 2590 ka, which are all relatively strong as they occur within a 405 
kyr eccentricity maximum. In the Punta Piccola section, the diatomites 
correlate to the upper five sapropels of a group of six (cycles 115–119; 
Hilgen, 1991). There is no corresponding diatomite for the first sapropel 
of this group. This sapropel group forms an aberrant pattern that is 
related to the node (minimum) in the 2.4 Myr eccentricity cycle around 
2.6–2.7 Ma when the expression of short eccentricity is strongly 
reduced. Here, diatomites also formed during insolation gradient max
ima that are lower than the one correlated to D0, suggesting that the 

threshold for diatomite formation was lowered during this period. This 
could be related to the shift towards wetter conditions inferred from leaf 
wax n-alkane hydrogen isotope data from the BTB13 core (Mitsunaga 
et al., 2023). However, as this shift is observed around 3 Ma, diatomites 
would be expected at the relatively high insolation gradient maxima 
around ~3–2.95 Ma, which is not the case. Also, diatomites do not al
ways correspond to the lowest hydrogen isotope values (Fig. 5 of Mit
sunaga et al., 2023), suggesting that the two might be representing 
somewhat different aspects of the regional hydrological system.

Fig. 13. Spectral analysis and bandpass filtering of 0E1T-1P-tuned MS data focused on sub-Milankovitch frequencies.

Fig. 14. Diatomite ages (yellow-beige bars) versus precession (black line) based on initial astronomically-calibrated 40Ar/39Ar ages (Deino et al., 2006; A), recal
culated 40Ar/39Ar ages (Deino et al., 2021; B), and the Bayesian age model (Deino et al., 2021; C).
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5.3. Origin of obliquity dominance

There is a remarkable dominance of obliquity and relatively weak 
expression of precession, particularly in the pre-2.7 Ma part of the re
cord, which is not easily explained for low latitudes. This obliquity 
dominance was also observed in leaf wax n-alkane hydrogen isotope 
data from the BTB13 core (Mitsunaga et al., 2023). Curiously, the 
precession-related diatomite cycles in the top 55 mbs of the core have 
the same thickness as the older cycles of inferred obliquity origin. This is 
caused by distortion in the stratigraphic domain related to the high 
sedimentation rate in the top part of the core compared to lower 

sedimentation rates in the lower and, particularly, middle part of the 
core (Fig. 5; Deino et al., 2021). However, as the initial age model is of 
high-quality and is built independent from the astronomical tuning, this 
shift in sedimentation rate is likely not an artefact. Another potential 
explanation is that these pre-2.7 Ma cycles are also related to precession, 
but that half of the cycles were not deposited or were removed by 
erosion in multiple or cyclic hiatuses. However, this explanation is not 
very likely in view of the consistent patterns found in the cyclicity.

The insolation forcing of the North African monsoon is not only 
controlled by precession but also by obliquity as the insolation forcing of 
the monsoon does not only depend on low-latitude boreal summer 

Fig. 15. Comparison of 0E1T-1P-tuned BTB13 data to the astronomically-tuned Mediterranean sapropel record of the Punta Piccola section (Hilgen, 1991). Di
atomites are indicated by the yellow-beige bars, diatom-intervals by the grey bars, and tuning tie-points by the dotted grey lines. Abbreviations magnetostratigraphy: 
M = Mammoth, K = Kaena, Mat = Matuyama. Abbreviations Punta Piccola section: S = sapropel.

B.R. Spiering et al.                                                                                                                                                                                                                              Palaeogeography, Palaeoclimatology, Palaeoecology 681 (2026) 113377 

14 



insolation, but on a low-latitude insolation gradient that includes 
southern latitudes (Bosmans et al., 2015b). A stronger interhemispheric 
insolation contrast drives a stronger winter Hadley circulation and, 
consequently, stronger cross-equatorial moisture transport from the 
winter hemisphere, where the influence of obliquity is larger, into the 
summer hemisphere (Mantsis et al., 2014). This mechanism has been 
independently confirmed by the outcome of climate modeling of pre
cession and obliquity extremes (Bosmans et al., 2015a; Bosmans et al., 
2015b) and was proposed as a possible origin for the strong obliquity 
signal in BTB13 leaf wax data (Mitsunaga et al., 2023). It may explain 
the presence of obliquity at low latitudes, but not the apparent domi
nance of obliquity as seen in the BTB13 core. We are looking at 
precession-obliquity interference patterns with a much stronger contri
bution of obliquity than for instance observed in Mediterranean sapropel 
records. There, the relative contribution of precession is larger than 
obliquity, which is in agreement with the insolation gradient held 
responsible for the variations in the intensity of the North African 
monsoon (Bosmans et al., 2015b). Yet, an obliquity dominance might be 
explained by a combined influence of this insolation gradient and the 
direct influence of equatorial insolation as mentioned before (section 
5.1). The latter could decrease the strength of the precession signal 
(Berger et al., 2006), thereby making the obliquity signal relatively 
stronger. Moreover, an obliquity signal is also produced by the seasonal 
cycle of equatorial insolation (i.e., the curve of largest amplitude of 
insolation difference between equinoxes and solstices; Berger et al., 
2006).

Lastly, a link to higher latitudes might explain the obliquity domi
nance at the equator. Mitsunaga et al. (2023) invoked a link to high- 
latitude austral cooling and changes in Indian Ocean temperature gra
dients to explain the inferred shift in eastern African hydroclimate at 3 
Ma. One can argue that in this way also high-latitude glacial cyclicity, 
potentially dominated by obliquity, may exert an influence on low- 
latitude climate. A mid- to high-latitude forcing was also proposed to 
explain the dominance of obliquity in low-latitude proxy records from 
the eastern equatorial Atlantic (Spiering et al., 2024). As often is the 
case, this dominance occurred during a 2.4 Myr eccentricity minimum. 
However, for the BTB13 core obliquity dominance occurs before a 2.4 
Myr eccentricity minimum, while the 2.4 Myr eccentricity minimum is 
associated with an increased influence of precession. The shift from 
obliquity to precession dominance coincides exactly with the intensifi
cation of Northern Hemisphere glaciations, although the climate 
response to this transition was shown to be complex and not globally 
synchronous (McClymont et al., 2023). It might seem counterintuitive 
that intensified, obliquity-driven glaciations result in a stronger pre
cession and weaker obliquity signal in the BTB13 record. However, this 
could be explained by compression of the Intertropical Convergence 
Zone in response to ice expansion, which would make East Africa, and 
therefore the BTB13 site, more sensitive to precession forcing (Trauth 
et al., 2007).

5.4. Importance of regional astrochronological frameworks

We show that astronomical age models, with their unprecedented 
accuracy, precision and resolution, can also be established for conti
nental successions that play an important role in reconstructing the 
evolutionary history of our species. However, this is not the first time 
that such an age model is presented. For example, Joordens et al. (2011)
correlated a proxy record from Lake Turkana to astronomically-tuned 
sapropels in the Mediterranean for the interval between 2 and 1.85 
Ma, while Hilgen et al. (2022) established two possible astronomical age 
models for the hominin-bearing succession in the Sangiran area in 
Indonesia. For the Sangiran section, the uncertainty in the tuning mainly 
resulted from uncertainties in the initial magneto-radio-isotopic age 
model (Hilgen et al., 2022). However, in the case of the BTB13 core, the 
initial age model, including magnetostratigraphy and single crystal Ar/ 
Ar sanidine ages for many tuffs in core and outcrop (Deino et al., 2021), 

was already of very high quality and provided a solid base for estab
lishing a robust astrochronology for the core. Without this initial age 
control, the significant changes in sedimentation might not have been 
recognized, leading to an incorrect astronomical tuning. This study 
therefore demonstrates the importance of an integrated stratigraphic 
approach in establishing an astronomically-tuned age model (Shanahan 
et al., 2013; Hilgen et al., 2015; Sinnesael et al., 2019). Astronomical 
tuning is increasingly used to establish age models both for natural 
outcrops (Boës et al., 2018) as well as for cores drilled in African lakes (e. 
g., Lake Bosumtwi; Vinnepand et al., 2024), although some cores that 
look promising await such attempts (e.g., Lake Chala: Baxter et al., 2024; 
Lake Malawi; Streib et al., 2024). Such improvements in our age models 
are critical for resolving the complex climate history of the African 
continent and its potential connection with global climate change and 
the evolution and migration of biota, including our ancestors and our 
own species (see Trauth et al., 2021). This is particularly needed in view 
of regional differences in climate over the African continent, also in 
response to astronomical forcing.

6. Conclusions

GD and MS data of the BTB13 core reveals significant variability 
related to obliquity and precession. Based on initial age control from a 
Bayesian age model (Deino et al., 2021), it was possible to tune the data 
to obliquity and subsequently to precession and the 0E1T-1P curve. The 
final astronomically-tuned age model results in a very good fit between 
the obliquity- and precession-related variability and the obliquity and 
precession solutions, respectively. Additionally, amplitude variations of 
the precession-related variability are consistent with precession- 
obliquity interference patterns and the 405 kyr eccentricity cycle. Di
atomites in the BTB13 region, which concur with GD and MS minima in 
the core, were interpreted as deep lake phases (Deino et al., 2006). The 
good fit of our astronomically-tuned age model indicates that the 
assumed phase relationships are likely correct, suggesting that deep lake 
phases at the BTB13 site were related to an intensified North African 
monsoon in response to enhanced boreal summer insolation (i.e., pre
cession minima and obliquity maxima). The formation of diatomites 
concurred with that of sapropels in the Mediterranean, both in response 
to wetter conditions on the north(east) African continent. Interestingly, 
obliquity is dominant throughout the BTB13 records, which is in 
disagreement with expectations based on low-latitude insolation forc
ing. Although a low-latitude obliquity signal can be generated by a cross- 
equatorial insolation gradient (Bosmans et al., 2015b) as well as through 
the seasonal cycle of equatorial insolation (Berger et al., 2006), in both 
cases obliquity does not dominate the variability. Possibly, a combina
tion of the two and/or a link to higher latitudes was responsible for the 
obliquity dominance in the BTB13 records.
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Appendix

Table A.1 
Obliquity tuning based on correlating the average of GD and MS filtered ~40 kyr (0.02–0.03 1/kyr) cycle minima to obliquity 
maxima. Bandpass filtering was applied on the data converted to time with the Bayesian age model.

Age filtered cycle minima (ka) Depth filtered cycle minima (mbs) Age obliquity maxima (ka)

2582.49453 7.94707124 2588
2623.33288 27.5070408 2627
2665.76968 45.9146526 2670
2707.805455 67.103143 2709
2748.158105 79.4973807 2748
2800.974597 86.9321838 2789
2847.86058 93.3670507 2831
2886.49438 97.289262 2871
2924.882955 102.850124 2911
2961.78968 110.286837 2951
2998.61788 118.357983 2993
3037.84253 129.808378 3038
3079.34123 143.673979 3073
3123.88973 164.517777 3116
3165.506305 177.981263 3159
3206.634255 194.67076 3209
3249.411355 214.580099 3246

Table A.2 
Precession tuning based on correlating MS filtered ~20 kyr (0.03–0.07 1/kyr) cycle minima to precession minima. Bandpass 
filtering was applied on the obliquity-tuned data.

Age filtered cycle minima (ka) Depth filtered cycle minima (mbs) Age precession minima (ka)

2590.85508 9.37900144 2591
2608.97076 18.4646976 2613
2635.54276 31.1640596 2636
2655.317 39.6290953 2660
2712.15188 68.1048135 2705
2732.96564 74.7194466 2728
2748.35988 79.5626401 2753
2801.16516 88.7960215 2796
2830.66884 93.3163133 2831
2849.5554 95.1865057 2853
2871.01156 97.2908691 2874
2893.78756 100.457224 2903
2918.409 104.227589 2925
2953.35556 110.739505 2946
2980.82692 116.01868 2968
2998.14836 119.668 2991
3016.91812 124.444026 3017
3037.76692 129.74907 3039
3062.17812 139.386783 3061
3081.74212 147.91163 3083
3108.29076 160.780804 3107
3125.0866 167.362831 3133
3151.72868 175.704581 3154
3173.3834 182.782297 3175
3208.87892 194.630345 3196
3241.45444 212.134178 3250
3256.91876 220.455377 3269
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Table A.3 
0E1T-1P tuning based on correlating MS filtered ~20 kyr (0.03–0.06 1/kyr) cycle minima to 0E1T-1P maxima. Bandpass 
filtering was applied on the precession-tuned data.

Age filtered cycle minima (ka) Depth filtered cycle minima (mbs) Age 0E1T-1P maxima (ka)

2591.31281 9.50818765 2590
2611.99818 18.0509598 2615
2636.49832 31.339822 2634
2658.77003 39.1952728 2662
2681.83491 53.4460896 2680
2705.99512 68.3910028 2706
2729.36216 74.9833348 2728
2750.67703 79.1126164 2751
2775.69336 84.4355808 2778
2796.88233 88.9099755 2794
2829.86813 93.1701309 2831
2851.82509 95.0866281 2855
2874.88997 97.3880402 2873
2901.85775 100.332508 2905
2924.01615 104.058977 2923
2948.06305 111.23456 2947
2970.59915 116.431077 2967
2992.20359 119.889091 2992
3013.68213 123.834555 3017
3037.65349 129.424375 3039
3061.19679 139.463038 3061
3082.56202 147.741916 3082
3108.45965 161.150322 3108
3131.67561 167.027555 3132
3153.26746 175.413597 3155
3174.31794 182.55242 3174
3197.79829 195.213252 3196
3221.53044 202.905911 3212
3250.57557 212.386253 3249
3269.0451 220.475129 3271

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.palaeo.2025.113377.
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