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ARTICLE INFO ABSTRACT

Editor: Howard Falcon-Lang We report evidence for Milankovitch cycles discovered in Middle Permian strata of the fluvial Abrahamskraal
formation, lower Beaufort Group, in Karoo Basin of the Northern Cape Province, South Africa. Statistical analyses
of ranked lithologies and of major element oxides have been used to obtain clusters of elements that capture
lithological variations and reflect changes of the sedimentary environment through time. Spectral analysis of
these elemental statistical groups reveal significant meter-scale sedimentary cycles of 67 m, 17.5 m, 5.9 m and
3.5-2.8 m, which can be interpreted as the sedimentary expression of astronomical forcing, based on the
available estimate of sedimentation rate. The identified periods of short-eccentricity, precession and obliquity
show a good match with those predicted for Middle Permian times, providing a data-based validation of the
astronomical theory. Cycle counting integrated with available U—Pb dating, provides a cyclochronological
calibration for Wordian normal magnetozones and, combined with radiometric ages, indicates an age of 266.5 +
0.26 Ma for the end of Kiaman superchron. Recognition of the orbitally driven sedimentation in Gondwana
supercontinent suggest a global extension of astronomical influence of Permian climate and confirms empirical
knowledge of Earth’s astronomical parameters before 260 million years ago. The new data demonstrate a rare
case of astronomically paced cyclicity in fluvial deposits and a unique cyclostratigraphic record of the Middle
Permian Gondwana supercontinent whose sedimentation reflects orbitally-paced precipitation changes.
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1. Introduction cyclostratigraphic studies in Permian marine sequences from southern

China confirmed the presence of Milankovitch cycles recorded in the

Tectonics, eustatic sea-level changes, autocyclic processes and
environment forcing are the driving mechanisms in the formation of
depositional sequences. Among these controlling factors, the astro-
nomical forcing by Milankovitch cycles are of particular interest as they
are predictable. Because it can provide a temporal framework for a
sedimentary sequence and a direct link to Earth’s climate fluctuations
through insolation variability. In the Permian period, the study of as-
tronomical rhythms from the stratigraphic record is challenging because
of inherent limitations of astronomical solutions and the chaotic nature
of solar system motion. However, cyclic sedimentation controlled by
changes in the Earth’s orbit during the Middle Permian have been re-
ported and related to climate fluctuations resulting from growth and
waning of Late Paleozoic ice-sheets. For example, recent
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Middle to Late Permian sediments (Wu et al., 2013; Yao et al., 2015;
Fang et al., 2015, 2017; Cong et al., 2019; Yao and Hinnov, 2019). The
imprint of Milankovitch cycles in South China, Gufeng Formation of
Roadian-Capitanian age, which is characterized by rhythmic
chert-mudstone couplets deposited on a continental shelf, has been re-
ported by Yao et al. (2015). Cong et al. (2019) recognized astronomi-
cally forced parasequences controlled by sea-level changes in the Middle
Permian Maokou Formation (China) suggesting the presence of
orbitally-driven glacio-eustasy. Continental sedimentary successions are
sparse but they can provide high-resolution paleoclimate archives and
offer information of orbitally forced climate change and depositional
system responses on land records. Cyclostratigraphic study of conti-
nental sequences in the Middle Permian lacustrine sediments in
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northwestern China was reported by Huang et al. (2020) but no coheval
records are available for the Southern hemisphere. Fluvial sediments of
the Abrahamskraal Formation (Beaufort Group) in the Karoo Basin of
South Africa were deposited on the southwestern part of Gondwana
supercontinent with paleomagnetic data indicating a paleolatitude of ca.
47° S (Lanci et al., 2013). They represent a unique record of fluvial
deposition corroborated by radiometric dating and magnetostrati-
graphic data. This paper investigates the variability of the Middle
Permian Karoo sediment deposition on the Milankovitch time-scales
starting from the robust time frame, which constitutes the basis for
cyclostratigraphy, provided by previous radiometric and magneto-
stratigraphic studies on the same site (Lanci et al., 2013; Tohver et al.,
2015) and the underlying Ecca Group (Belica et al., 2017).

2. Geologic and stratigraphic setting

The sediments of the Karoo Basin record a long history of sedimen-
tation straddling the Paleozoic to middle Mesozoic, accumulating up to
5500 m of sediments in thickness (Tankard et al., 2009). The base of the
Karoo supergroup is defined by the glaciogenic diamictites of the Dwyka
Group, which represents a sedimentary record of the Permo-
Carboniferous glaciation of the southern Gondwana, laying over a
ca.30 Myr stratigraphic hiatus. The turbidites and deltaic sandstones and
mudstones of the Ecca Group, deposited during the Kiaman Reversed
Superchron (Belica et al., 2017), overlying the Dwyka group. They
capture the transition to a deep-water depositional setting, following the
postglacial sea-level rise. The transition to a continental setting is
inferred from the deposition of the fluvial sediments of the Adelaide
Subgroup and of the lowermost Beaufort Group. These represent typical
meandering river systems, with fine grained mud- and siltstones beds,
1-5 m thick, interbedded with coarser grained, 5-10 m thick channel fill
fine-grained sandstones, which are the target of this study. In the study
area the sedimentation of the Beaufort Group is interrupted in the
middle Triassic by a stratigraphic hiatus. Overall, the Karoo Basin
sedimentation terminated during the Jurassic (ca. 180 Ma) as a conse-
quence of the extensional tectonics that resulted in the emplacement of
continental flood basalts with concomitant dyke and sill intrusions
(Tankard et al., 2009).

The sediments of the Karoo Basin accumulated under the influence of
two main allogenic controls, tectonism and climate. On the ten million
year time scale, the lithostratigraphic succession of the Karoo Super-
group reflects a basin fill episode from the glaciomarine Dwyka Group at
its base, followed by turbidites through marine-deltaic deposits of the
Ecca Group, to the fluvial Beaufort Group that outcrops at Ouberg Pass
in the Northern Cape and represents the first continental strata. In its
lower part, which in the western part of the basin (Adelaide Subgroup)
includes the Abrahamskraal Fm., the transition to a continental setting is
inferred from the fluvial sediments with fine grained mud- and siltstone
beds, 0.04-7.00 m thick, interbedded with coarser grained, 0.5-19.8 m
thick channel-fills (Catuneanu et al., 2005; Wilson et al., 2014; Gulliford
et al., 2014; Bordy and Paiva, 2021, and references therein). The strat-
igraphic record of the Karoo Supergroup shows evidence of a general
shift from cold and semi-arid conditions during the Late Carbon-
iferous—earliest Permian interval, to warmer and eventually hot climates
with fluctuating precipitation during the end-Paleozoic to early Meso-
zoic times (Keyser, 1966; Visser and Dukas, 1979; Stavrakis, 1980;
Tankard et al., 1982; Visser, 1991a, 1991b). During deposition of the
Beaufort Group, the climate had warmed sufficiently to become semi-
arid with seasonally-controlled rainfall (Smith, 1990).

On shorter time scales, Bordy and Paiva (2021) suggested that the
upper member (Capitanian age) of the Abrahamskraal Fm. was subject
to a basinwide allogenic control thought climate changes, but overall the
influence of climate variability in the interior of Gondwana supercon-
tinent is mostly unknown.
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3. Data and methods
3.1. Location and sampling

The studied section is located at Ouberg Pass (S 32° 24.44, E 20°
19.58’) along the gravel road that descends the Great Escarpment, west
of the town of Sutherland (Fig. 1). The outcropping lithologies encom-
pass the uppermost Waterford Fm., which defines the top of the Ecca
Group, and the lower ca. 413 m of the Abrahamskraal Fm. that belongs
to the Lower Beaufort Group, for a total exposure thickness of about 540
m. The base of the Abrahamskraal Fm. was conventionally set at the 98
m mark in our stratigraphic profile (Lanci et al., 2013) at the first
appearance of red mudstones according to the criteria of Rossouw and
De Villers (1953) although the transition between the formations is
gradual. In this study we restrict the analysis to the Abrahamskraal Fm.
because of the availability of ash beds yielding radiometric dates and the
presence of geomagnetic reversals (reported in Lanci et al., 2013).
Moreover, the underlying Waterford Fm. has different lithologies,
reflecting different sedimentary processes and sedimentation rates.

In the field, the samples lithology was described and about 20 g of
sediments were taken at intervals of ca. 0.5 m, avoiding as much as
possible superficial weathering (Ratcliffe et al., 2015). A total of 766
samples are analysed in this study. In the laboratory, an aliquot of
approximately 5 g was taken from each sample and ground to a fine
powder using a planetary ball mill. From that aliquot, subsamples
weighing ca. 0.25 g were prepared using a LiBO; fusion (Jarvis and
Jarvis, 1992a, 1992b). The resultant solutions were analysed by
inductively coupled plasma optical emission spectrometry and mass
spectrometry (ICP OES-MS) resulting in data being acquired for major
element oxides SiOg, AlpO3, TiO3, Fe;O3, MnO, MgO, CaO, Nay0, K20
and P,0s. The analytical instruments are calibrated using certificated
rock standards, with instrument drift being monitored after every five
samples and, if necessary, corrected by the instrument software. Preci-
sion error for the major-element oxides is below 2%. Methodological
details are described in Ratcliffe et al. (2015).

3.2. Geochronological setting and expected astronomical periods

The Abrahamskraal Fm. at Ouberg Pass was studied for magnetic
stratigraphy and radiometric dating by Lanci et al. (2013) who reported
a U/Pb age from ca. 264.6 Ma near the top of the section to 268.5 Ma
near the boundary with the underlying Waterford Fm. A subsequent
study of McKay et al. (2015) confirmed the radiometric age of the
Ouberg Pass section and recent U—Pb zircon age constraints on the
middle and upper part of the Abrahamskraal Fm. (Day et al., 2022)
indirectly corroborated the results of Lanci et al. (2013). Magneto-
stratigraphy identified the top of the Kiaman reversed superchron at
Ouberg Pass and extended the polarity sequence in stratigraphically
correlated sections (Lanci et al., 2013; Tohver et al., 2015). U/Pb
radiometrically dated levels provide a first order estimate of the aver-
aged sedimentation rate, which is obtained as the slope of the best-fit
regression line, weighted for inverse of analytic errors, of five levels
located in the top 400 m of the section, approximately the same section
studied for cyclostratigraphy. The slope of the regression line is —8.98
kyr/m with a large uncertainty (6 = 2.09 kyr/m) which is shown in
Fig. S1 as a grey band that represents the 95% confidence limit for the
best-fit line. The negative sign is due to the stratigraphic thickness
increasing up-section and corresponds to a sedimentation rate of about
1/8.98 x 100 = 11.1 cm/kyr.

Cyclostratigraphy relies on correct matching of observed sedimen-
tary cycles to predicted astronomical periodicities, in particular eccen-
tricity, obliquity, and equinox precession. These periodicities, however,
varied in the past and their calculation is subject to the uncertainty of
recession history of the Moon’s orbit and tidal dissipation, which are not
well constrained. Changes are expected to have affected mostly the
precession and obliquity periodicities while eccentricity is unlikely to
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Fig. 1. A) Sketch geological map redrawn from Johnson et al. (1997) and B) map of the studied area.

have varied greatly. We have estimated the expected astronomical pe-
riods for the Middle Permian according to Waltham’s (2015) tidal
dissipation model using the on-line calculator http://nm2.rhul.ac.uk/Mi
lankovitch1.html for an age of 260 Ma (Table S1). These values are not
significantly different from those computed according to the calcula-
tions of Laskar et al. (2004), which can be found in the supplemental
material, and match well the power spectral peaks found in the Middle
Permian sediments of the lacustrine Lucaogou Formation, China (Huang
et al., 2020).

3.3. Data and spectral analysis

The major element oxide concentrations constitute a multivariate
dataset describing the chemistry of sediment composition. We found
that the concentrations of major element oxide at Ouberg Pass are highly
correlated to each other suggesting that they represent a limited number
of lithotypes. Therefore, we have reduced them to a single and statisti-
cally more robust parameter, representing the abundance of a correlated
groups of oxides that can also be related to specific lithotypes. This
dimensionality reduction was achieved by principal component analysis
(PCA) computing the eigenvalues of the covariance matrix and projec-
ting each data point onto the major eigenvector(s) that represent the
majority of the data variance (e.g., Jolliffe and Cadima, 2016).

Power spectra were computed by the smoothed Lomb-Scargle
periodogram (Lomb, 1976; Scargle, 1982) which was used to estimate
the spectral power on the original data which are irregularly spaced
because of some sampling gaps. Periodogram smoothing was simply
achieved using a 5 point running average. More sophisticated spectral
analysis was performed on the numerical series after resampling the
data to an evenly spaced interval of 0.5 m by linear interpolation.
Spectral analysis of the interpolated record included the calculation of
power spectrum that was performed using the multi-taper method
(MTM) (Thomson, 1982) and significance levels estimated rejecting the

null auto-regressive model of first order according to Mann and Lees
(1996). Power spectra were computed with three 2n tapers corre-
sponding to a resolution bandwidth of 0.0192 m™! at the given sampling
interval. Wavelet power spectra and cumulative spectra with confidence
level were computed according to the method of Torrence and Compo
(1998) and subsequent corrections (Liu et al., 2007), using a Morlet
wavelet with a characteristic frequency of seven. Amplitudes are scaled
with the variance of the respective index; hence, the expected power of
white noise is 1. Frequency modulation (FM) of the filtered components
were used to identify the phase of the modulating forcing. Systematic
shifts in astronomical frequencies of orbital components are described as
FM patterns by Laurin et al. (2016). FM defines positive and negative
interference patterns of orbital frequencies in wavelength components
of evolutive harmonic analysis (EHA) (Rial, 1999; Meyers et al., 2001;
Laurin et al., 2016). Negative interference of FM is associated with bi-
furcations of wavelength components, which indicates minimal condi-
tions of the modulator—i.e., bifurcations of precession components
reveal short eccentricity minima (Laurin et al., 2016). In contrast, pos-
itive interference of FM, which is identified by junctions of wavelength
components, suggests maxima in the modulator—i.e., junctions of pre-
cession components reveal short eccentricity maxima. FM is resistant to
simple sedimentary distortions, including 20-100% sedimentation-rate
changes that are positively or negatively proportional to the preces-
sional and eccentricity forcing (Laurin et al., 2016). Indeed, the detec-
tion of FM has been successfully applied to sedimentary intervals
characterized by unclear amplitude modulation and remarkable shift in
sedimentation rate (e.g. Galeotti et al., 2017).

All calculations were made using the freely available R program (R
Core Team, 2015) with the packages “astrochron” (Meyers, 2014) and
“biwavelet” (Gouhier et al., 2021). Calculations are available as a R-
Studio notebook (https://www.rstudio.com) in the Supplemental ma-
terial. The sedimentary cycles were tuned to the expected astronomical
frequencies for the Middle Permian (Table S1) using the averaged
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spectral misfit analysis that provided the optimal average sedimentation
rate (Meyers and Sageman, 2007; Meyers, 2012). Additionally, the
orbital components were extracted from the stratigraphic series to assess
amplitude modulation using bandpass frequency filters.

4. Results and discussion
4.1. Data reduction of major element oxides

We find that several major element oxide concentrations (Fig. 3A)
are higly correlated variables. Fig. 4A shows the Pearson’s correlation
coefficients between the single variables and shows that the data set can
be divided into 3 strongly correlated groups, group 1 consisting of SiOy
and NayO, group 2 consisting of TiOy, Al;03, K20, Feo03, and MgO, and
group 3 composed of MnO and CaO. The concentration of MnO, CaO and
P,0s is negligible (below 2%, on average) therefore only groups 1 and 2
are indicative of the main mineralogical types constituting the Abra-
hamskraal Fm. Moreover, groups 1 and 2 are also strongly anti-
correlated with each other and they have no significant correlation
with group 3. We exploit these correlations and use PCA to reduce the
dataset dimensionality to a single robust parameter, which explain a
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large amout of data variance (e.g., Jolliffe and Cadima, 2016).

This first (main) component of the PCA represents more than 92% of
the total variance in the concentration of SiO,, NasO, TiO,, Al;03, K50,
Fey03, and MgO and is interpreted as indicative of the bulk sediment
composition (Table S2). The remaining ca. 8% of the variance distrib-
uted along the other six components of the PCA, is disregarded in the
following analysis. We indicate with PCA1cor. the projection of the data
along the first eigenvector of the covariance matrix, which is a dimen-
sionless variable. The PCAlgre is strictly related to the chemical
composition of the rock samples, in particular, high values of PCA1cqre
indicate sediments with high concentrations of SiO5, and NayO and low
concentrations of Al,03, K20, Fez03, MgO and TiO,. Vice versa for low
values of PCAlcore. A diagram of PCA1gcore Vs. depth is shown in Fig. 2B
together with sediment lithology ranked according to the grain size.

The concentration of SiOs typically indicates the amount of quartz in
siliciclastic sediments, the NayO association is indicates the amount of
plagioclase feldspar, whilst high concentrations of Al;O3 is often indic-
ative of clay minerals (Ratcliffe et al., 2015). Accordinly, high/low
values of PCAlgre are indicative of sandstones/claystone respectively.
Fig. 4B shows the boxplots and the frequency of occurrence of PCAlcore
in groups of specimens divided by lithologies classified in five

Fig. 2. A) Studied section with ranked lithology and dated
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Fig. 3. A) Major element oxides concentration in the Abrahamskraal Fm. at the Ouberg Pass section expressed as percent. B) Records of PCAlcr. and Lithology
ranked in 5 categories (Claystone < Siltstone < Fine Sandstone < Medium Sandstone < Coarse Sandstone).
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Fig. 4. A) Correlogram plot shows the Pearson’s correlation coefficients between major element oxides highlighting groups of correlated oxides. B) Boxplots and
violin plots of the PCAlore divided in groups corresponding to the main lithologies. Coarse grained sandstones have been dropped because of too few data points.
Coarser lithologies are characterized by higher PCA1,.ore SUggesting a general interpretation of PCAlgqre in terms of lithology.

categories, from claystone to coarse sandstone. It shows that sandstones
have, on average, higher values of PCAlcore, hence high concentrations
of SiO3 and NayO, claystones have lower values of PCA1.qre, hence high
concentrations of AlyO3, K20, FesO3, MgO and TiO,, whilst siltstones

have intermediate values. This visual correlation is supported by the
Spearman’s rank correlation computed between the ranked lithology
(claystone < siltstone < fine sandstone < medium sandstone < coarse
sandstone) and PCAlg.ore. The resulting correlation coefficient p = 0.75
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Fig. 5. Power spectra of PCA1.or. and ranked Lithology. The power spectra are
estimated using the smoothed Lomb-Scargle periodogram (in red) and the MTM
(in blue), the confidence levels of 90%, 95% and 99% computed for the MTM
spectra are shown in black. Vertical dashed lines highlight the main spectral
peaks and horizontal grey bands represent the frequency bands that were used
in the band-pass filtering. Main peaks have the same wavelength of 67 m, 17.5
m, 7.7 m, 5.9 m, 3.51 m, 3.17 m and 2.70 m in both upper diagrams. The MTM
power spectrum of ETP for the time interval between 240 and 249 Ma is show
in the bottom panel for comparison. The period of ETP spectrum has been
rescaled to the depth using the optimal sedimentation rate of 16 cm/kyr. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

is statistically significant at the 99% confidence level confirming the
interpretation of the analytical data in terms of field lithology.

4.2. Spectral analysis and astronomical tuning

The power spectra of PCAl.re and ranked lithology are similar and
show the presence of distinct frequency peaks exceeding the confidence
level of 95% (Fig. 5). Statistically significant peaks that can potentially
represent the record of cyclic orbital variations in the sediments of the
Abrahamskraal Fm. have been identified with depth frequencies of
0.015, 0.057, 0.17, 0.28, 0.31, 0.36 cycles/m and corresponding
wavelengths of 67, 17.5, 5.9, 3.5, 3.2, 2.8 m. There is a good agreement
of the power spectra computed with the MTM and the smoothed Lomb-
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Scargle periodogram suggesting that interpolation to evenly-spaced
depth intervals does not alter the spectral content of the data. It is
worth noticing that the 17.5 m peak is split in the Lomb-Scargle perio-
dograms, representative of the two components (e2/e3) of short ec-
centricity, and the 67 m peak is less pronounced in the MTM spectra.

The wavelet power spectra of PCA1.ore and ranked lithology are also
remarkably similar (Fig. 6). Moreover, the cumulative spectra, shown in
the right panels of Fig. 6, resemble closely the MTM spectra and displays
peaks with approximately the same periodicities, with the limit of the
lower resolution for short wavelengths in the cumulative wavelet
spectra. Wavelets exhibit well-defined horizontal frequency bands and
especially the spectral bands with wavelengths of 67 m and 17.5 m are
relatively continuous and rectilinear, which is suggestive of a rather
constant sedimentation rate through the record. Continuous frequency
bands imply that hiatuses or changes in sedimentation rate, which are
not unusual in a continental sedimentary record, do not have a severe
effect on the periodic behaviour of the sediment composition at least at
the scale considered. Shorter wavelength cyclicities are not as regular
and some disturbance cannot be discounted.

We interpret the remarkable regularity and the close match in
timescales with orbital forcing of the Abrahamskraal sedimentation as
an indication that these sedimentary cycles are paced by allogenic,
astronomically-forced climate changes. According to the first-order es-
timate of the sedimentation rate of 11.1 cm/kyr obtained from radio-
metric dating (Fig. S1), it is reasonable to interpret the major peak at the
frequency of 0.057 cycles/m (or wavelength of 17.5 m) as the sedi-
mentary expression of the short eccentricity, although e2 and e3 cannot
be separated at the resolution bandwidth used for these spectra. In this
interpretation, the 17.5 m wavelength periodicity corresponds to about
110 kyr (the average period of e2 and e3), hence to a sedimentation rate
of about 16 cm/kyr. The higher frequency peaks agree well with the
main obliquity (0.17 cycles/m) and precession peaks (0.28, 0.31 and
0.36 cycles/m). The lowest frequency peak at 0.015 cycles/m (ca. 67 m
wavelength) corresponds to the long eccentricity within the uncertainty
of the frequency bandwidth resolution.

To validate this interpretation and compute an optimal sedimenta-
tion rate we use the averaged spectral misfit (ASM) method of Meyers
and Sageman (2007) that correlates stratigraphic periodicities to the
expected astronomical periods. Results are shown in Fig. 7. As target
frequencies for ASM we used the expected astronomical periods for the
Middle Permian (Table S1), which were compared with the stratigraphic
wavelengths of 67, 17.5 m, 5.9 m, 3.51 m, 3.17 m and 2.78 m obtained
from the major peaks detected in the power spectra (Fig. 5). Given the
prior constraints from the radiometric estimate, we have searched for
the optimal sedimentation rate within a large interval ranging from 1
cm/kyr to 25 cm/kyr and we obtained unique ASM minimum. We take
the midpoint of the ASM minimum as the optimal sedimentation rate
that corresponds to ca. 16 cm/kyr, since small changes of sedimentation
rates do not significantly affect the results (Fig. 7). The period (in kyr) of
the main frequency peaks computed accordingly to the optimal sedi-
mentation rate are shown in Table 1; it is worth noticing that the
obliquity and precession periods, which are affected by tidal dissipation,
are remarkably close to the Waltham’s (2015) model and virtually
identical to the 21-17-kyr described in coeheval lacustrine record of the
Lucaogou Formation, China (Huang et al., 2020).

We have filtered the periodic components that we interpreted as the
astronomical forcing, by applying a Gaussian band-pass frequency filters
to the PCAlcqre and the lithology ranks. The group of peaks with highest
frequencies of 0.28, 0.31 and 0.36 cycles/m (corresponding to ca. 3.5 to
2.7 m wavelengths), which we interpret as precessional, were isolated
using a gaussian shaped bandpass filter between 0.25 and 0.4 cycles/m.
For the intermediate peak at 0.17 cycles/m (ca. 5.9 m wavelength),
which represents obliquity, we used band-pass frequencies between 0.14
and 0.2 cycles/m. The largest peak of power spectra with a wavelength
of 17.5 m (0.057 cycles/m), which is interpreted as short eccentricity,
was isolated using band-pass frequencies between 0.03 and 0.09 cycles/
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Fig. 6. Wavelet power spectra and cumulative spectra of PCAl.re and ranked Lithology. Wavelet spectrum and confidence level were computed according to the
method of Torrence and Compo (1998) using a Morlet wavelet with a characteristic frequency of seven. The 95% confidence interval is indicated by the thicker
contour lines and the white line illustrates the cone of influence regions where edge effects might underestimate the amplitudes. Horizontal dashed lines identify the
major periodicities found also in the MTM spectra with wavelength of 67 m, 17.5 m, 7.7 m, 5.9 m, 3.51 m, 3.17 m and 2.70 m.

m while the longest period with a wavelength of 67 m was filtered with
the bandpass of 0.008-0.02 cycles/m. Band-pass frequencies are visually
shown in Fig. 5 as horizontal grey bands. An inspection of the filtered
signal suggests an amplitude modulation whose frequency was inferred
by computing the power spectrum of the Hilbert transform (i.e., the
“envelope”) of filtered signal. Details of filtering, Hilbert transform and
subsequent analysis can be found in the supplemental material. Results,
shown in Fig. 8, highlight the presence of the significant modulations of
obliquity and precession. Power spectra of instantaneous amplitudes of
obliquity and precession, suggests the presence of a ca. 800 kyr period in
the modulation of the obliquity as expected from astronomical solution,
while a significant peak corresponding to the frequency of the short
eccentricity (110 kyr), is shown by the modulation of the precession
signal (Fig. S2).

Lacking a reliable astronomical solution for the Permian period, the
astronomical tuning can be done either by assuming a constant sedi-

mentation rate of 16 m/kyr or assigning each cycle in depth scale an age
multiple of the averaged astronomical period. We have done this using
both the band-pass filtered eccentricity and obliquity signals from the
PCAlgore and periods of 405 kyr and 110 kyr for long and short ec-
centricity (average of e2 and e3) and of 36.1 kyr for obliquity (Fig. 8A).
Virtually identical results can be obtained using lithology ranks
(Fig. 8B). The 405 kyr cyclicity is considered the most stable, hence it
should generally be a preferable target for tuning. Unfortunately, in our
relatively short record it is not very well espressed (Fig. 9) and it is
subject to larger bandwidth uncertainty as shown in Table 1 and Fig. 7B.
Cycle counting is also affected by errors due to neglecting the frequency
modulation in the filtered signal, which is ignored when assuming that
all cycles have exactly the same period. This effect, which has minor
consequences on the age model, is highlighted in the power spectra of
the tuned serie by the anomalous amplification of the peak corre-
sponding to the tunig period (Fig. S3). In any case, the diffence observed
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in the age models computed by counting cycle of both short and long
eccentricity, obliquity and in the simple constant sedimentation rate are
rather small as shown in Fig. 9, where lines representing different
models largely overlap. Since they are virtually identical for any prac-
tical purpose the simplest age model based on constant sedimentation

rate (eq. 1) is taken to estimate the age of the section. The astronomi-
cally tuned sedimentation rate was combined with the radiometric dates
by finding the age model that simultaneusly fits all the U/Th dates in the
least-squares sense weighted by inverse of errors (c). For the age model
with constant sedimentation rate, the absolute age of the Ouberg Pass
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section is given by the following expression

Depth|m|

AgelMyr| =268 £0.26 —
ge[Myr] 68 6 160

@
where Age (in Myr) and Depth (in metres) refers to the stratigraphic
depth of the Ouberg Pass measured up section. Within the errors of
radiometric dates (¢ = 0.26 Myr) this model provides an astronomically
tuned age model with absolute ages. Details of the calculations, which
were performed with R, can be found in the Supplemental Information
material.

4.3. Tuning the Ouberg Pass magnetic stratigraphy

The floating age model obtained from orbital tuning of the Abra-
hamskraal Fm. allows a precise calibration of the duration of the Wor-
dian magnetozones described by Lanci et al. (2013) in the Ouberg Pass
section. Their absolute age can as well be assigned relying on the age
model that integrates U/Pb dates (eq. 1). A simple calculation shows
that the overall duration of the N1-R2-N2 magnetozone group ranges
between 378 kyr and 431 kyr, depending from the ambiguity in the
position of the paleomagnetic reversals resulting from the spacing be-
tween paleomagnetic specimens (Table 2). Following on the composite
scale of Hounslow and Balabanov (2016) for the Permian, the N1-R2-N2
group of polarities correlates with Chron GU1ln whose age of ~266 Ma
coincides with the radiometric dating of the Ouberg Pass section, whilst
the magnetozone R1 corresponds to the GUlr of Hounslow and Bala-
banov (2016) as shown in Fig. 1A. The duration of the Chron GUl1r is
compatible with that of the magnetozone R1, however, this must be
considered a minimum duration as the upper limit of magnetozone R1
has not been identified at Ouberg Pass. The cyclostratigraphic calibra-
tion suggests that the duration of the magnetozone group N1-R2-N2,
which corresponds to the Chron GU1n, is about half of that proposed
by Hounslow and Balabanov (2016).

The deposition of the Ecca Group and the lowermost Abrahamskraal
Fm. occurred during the Kiaman reversed superchron as confirmed by
the uniform reverse polarity found in the magnetostratigraphic data
from a composite, ca. 1500 m thick section of the Ecca Group in the
Tanqua depocenter (Belica et al., 2017). Therefore the absolute age
model for magnetozone group N1-R2-N2 provides a precise timing of the
end of Kiaman superchron at 266.5 + 0.26 Ma). Moreover, given the
relatively constant sedimentation rate, based on the recurring pattern of
facies associations at Ouberg Pass, we speculate that the age model of eq.
(1) could be applied without major errors to the upper part of the

Abrahamskraal Fm. studied in Tohver et al. (2015) if a physical corre-
lation were established.

4.4. Origin of the astronomical forcing and Middle-Permian paleoclimate

The cyclicity observed in the PCAls e has a sedimentological
expression that can be observed by comparing chemical composition
(PCA1gcore) and stratigraphic log (Fig. 10). Lithologically, cycles can be
recognized as sandstone/mudstone couplets. In periods where the pre-
cession is better expressed, cycles have a thicknesses in the range of 2.7
to 3.5 m, whereas obliquity paced cycles have a thicknesses of about 6 m
(Fig. 10). The lithological expression of the eccentricity cycles is found
in the repetitions of the sandstone beds encountered in the logged sec-
tion and in the prevalence of one phase over the other.

The identification of larger amplitude precessional cycles, indepen-
dently of the completeness of the records, indicates the phase of astro-
nomical forcing suggesting that sandstone layers occur during times of
higher eccentricity. To further test this observation, we have run a
spectral analysis of the filtered precessional signal aimed at detecting
the FM of the precession components. We limit this analysis and the
calculation of the EHA to the lowermost ~200 m of the surveyed section
where no major sampling gaps are present. The EHA of the precession
filter has been run using a window of 13 m, corresponding to about 4
folds the wavelength of precession cycles, as suggested by Laurin et al.
(2016) and shows a neat record of FM with regularly spaced bifurcations
and junctions (Fig. S4). Importantly, bifurcations/junctions in the EHA
spectrum correspond to intervals of low/high variance in the precession
filter demonstrating a remarkable consistency between the amplitude
and the frequency modulations in the precession record of the Abra-
hamskraal Fm. and providing further validation to our cyclostrati-
graphic interpretation.

We explain the observed orbital forcing using the model of Abels
etal. (2013, 2016) and the numerical simulations of Wang et al. (2020),
which are based on the alluvial architecture model of Karssenberg and
Bridge (2008). They show that floodplain cyclicity can be entirely pro-
duced by variations in sediment supply over water discharge (Qs/Qw
ratio). In particular they found that alluvial stratigraphic cycle consists
of two phases: 1) an avulsion phase with episodes of large-scale fluvial
system reorganization characterized by rapid sedimentation due to
frequent channel shifting with prevalent sands deposition that occurs
during periods of increasing Qs/Qw and 2) an overbank phase with
substantial floodplain stability where high fluvial discharge results in
overspill of the trunk channels (i.e. flooding) producing crevasse splay



L. Lanci et al.

A)

324
[
s} 323 ]
>
o
>
¥
E
g
o
O
o
3]
>
)
2 315
=
g
a
(e}

E §83 8% T 4 o 4
.:_Egggu » PCA score
B 8 Zg 2 o
3 = 35§ 3 Obliqui
g_n iquity
- 9 o5 5 5
E § 83 8 ®
T € og € O
£ & »9 3
8 £ 8 ¢
a * 3§ B
2° 28
Table 1

Main spectral peaks, their periods assuming the optimal sedimentation rate =
16 cm/kyr) and interpretation in terms of astronomical frequencies.

Wavelength (m) period (kyr) Interpretation with (expected period)
67 + 26 419 + 162 el (405 kyr)

17.5+ 2.5 109 + 16 mean e2 and e3 (110 kyr)

5.90 £ 0.3 37+2 o1 (36.1 kyr)

3.51 £0.11 22+ 0.7 pl (21.9 kyr)

3.23 £ 0.09 20 + 0.6 p2 (20.8 kyr)

2.70 + 0.07 17 £ 0.4 mean p3 and p4 (17.9 kyr)

Errors derive from MTM resolution bandwidth.

and floodplain deposition occuring during decreasing Qs/Qw ratio.
Accordingly, low precipitation regimes coincide with avulsion times and
deposition of sandy facies, whereas high precipitation regimes corre-
spond to times of channel stability and muddy deposition over the

C. Sand
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Fig. 10. Examples of the sedimentary
expression of obliquity dominated A), and
precession/eccentricity dominated B) orbital
forcing identified by comparing the filtered
PCAlgcore record with the stratigraphic log.
Filter band pass parameters are 0.14-0.2
cycles/m for obliquity (green), 0.25-0.4 cy-
cles/m for precession (black) and 0.03-0.09
cycles/m for short eccentricity (red). Most
cycles in the PCAlcore record have a clear
stratigraphic correspondence. In the graphic
log yellow fills denote sandstones whereas
purple fills denote mudstones. (For inter-
pretation of the references to colour in this
figure legend, the reader is referred to the
web version of this article.)
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Table 2
Depth of paleomagnetic reversals at Ouberg Pass section in metres.

Chron top min. top max. bottom min. bottom max.
R1 525 - 300.5 305
N1 300.5 305 278 289
R2 278 289 267 268
N2 267 268 236 240

floodplain. The precession and obliquity cycles expressed as rhythmic
vertical changes of facies in the Abrahamskraal Fm. can thus be inter-
preted as episodes of large-scale fluvial system reorganization featured
by laterally-extensive sandstone intervals and an overbank phase,
controlled by changes in the hydrological cycle. Compared to the sim-
ulations of Wang et al. (2020), where during the overbank phase the vast
floodplain undergoes very low sedimentation, the deposition of the
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Ouberg Pass deposition appears to be dominantly aggradational even
during this phase except for some minor local incision (1 m to 5 m in
stratigraphic thickness) at the bases of channel belts (Wilson et al.,
2014).

In the Pangea supercontinents high CO5 levels and the paleogeo-
graphic setting favored the transition from an icehouse condition to a so-
called mega-monsoon climate characterized by pronounced con-
tinentality during the Late Permian and the Triassic (Kutzbach and
Gallimore, 1989; Barron and Fawcett, 1995; Winguth and Winguth,
2012). Astronomically-driven changes in regional incoming solar radi-
ation on temperature, precipitation and associated runoff with enhanced
continentality provides an influential control mechanism for climate
changes in continental areas (Winguth and Winguth, 2012). In line with
numerical simulation, several field observations indicate a strong
signature of precession. Yet, these observations are limited to the
northern hemisphere. The observation of a strong precessional signature
in the Karoo basin provides a test for numerical simulations of
precession-driven monsoon variability model (e.g., Winguth and
Winguth, 2012) also for the southern hemisphere. In this context it is
suggested that sandy interval corresponds to times of reduced season-
ality and minimal monsoon regime across Gondwana, allowing the
Qs/Qw ratio to increase. Minimal seasonality of the study area requires
austral summer to occur in aphelion with a precession angle of 270°. For
these conditions, however, the numerical simulation of precipitation
predicts no relevant change in precipitation compared to maximal pre-
cession forcing (precession angle of 90°) over the Karoo basin (Winguth
and Winguth, 2012). Yet, the preservation of an orbital signature in a
fluvial sedimentary environment such as that of the Abrahamskraal
Formation requires a large amplitude of astronomically forced envi-
ronmental changes (Wang et al., 2020). All in all, therefore, the field
observation from the Karoo Basin provides no validation to numerical
simulation of Pangean climates for the Southern hemisphere.

5. Conclusions

The Abrahaskraal Fm. proved to be a rare case of fluvial sequence
with a dominant allogenic control of sedimentation driven by astro-
nomical cycles and the first record of Middle Permian Milankovich
cyclicity in the southern hemisphere. The astronomical signature has a
strong characterization with meter-scale sedimentary cycles of 67 m,
17.5m, 5.9 m and 3.5-2.8 m representing a nearly complete spectrum of
astronomical frequencies that are coherent with available radiometric
dates. The periodicity of obliquity and precession, which are subject to
long term variability due to tidal dissipation, are very close to the pre-
dictions made by the models of Laskar et al. (2004) and Waltham (2015)
providing an experimental validation of the astronomical theory.

The floating astrochronology of the Ouberg Pass section allowed
calibration of the duration of the Wordian magnetozones R1 to N2 of
Lanci et al. (2013) and the integration of the floating chronology with
radiometric ages improved the absolute dating of the whole section
indicating an age of 266.5 + 0.26 Ma for the end of Kiaman superchron.

Cyclic variability in sediment lithology and composition was inter-
preted in term of changes in hydrological regime according to the model
of Abels et al. (2013, 2016) and the numerical calculations of Wang et al.
(2020). Our interpretation suggests that the strong monsoonal circula-
tion experienced by Pangea supercontinents climate (e.g., Parrish, 1993;
Kutzbach and Gallimore, 1989), which resulted in extreme variability of
precipitation between dry and wet periods, extended to the middle
latitude (approx. 47° S) providing new constrains for paleo climate
modeling.
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