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Supplementary Fig. 1: The studied interval placed in the existing cyclostratigraphic 

framework from Ruhl et al.1. (A) The cyclostratigraphic study of Ruhl et al.1 based on XRF 

elemental concentrations (Ca, Ti) shows the presence of clear lithological bundling, which 

have been interpreted as the expression of the precession (20 kyr), short eccentricity (100 

kyr) and long eccentricity (400 kyr). According to this interpretation, the depth domain was 

converted to a floating time series based on the peak ratios of 1:4:5 and tie points were 

created at the peaks of the stable 405 kyr cycle1. The record was tuned to the proposed 

astronomical solutions for this period (e.g. 2), using radiometric tie points from the Peru and 

Hartford and Newark Basins (references within 1). The record presented in this study fits in 

almost one complete long eccentricity cycle (~350 kyr; linked to long eccentricity cycle 459 

± 1 Fig. S2, cf. 3,4,5). 

The studied interval, which spans a ~17 m interval within the Margaritatus zone of the 

Pliensbachian stage, the elemental XRF Ca-record of Ruhl et al.1 was further tuned to the 

peaks of the 100 kyr eccentricity cycle. This created 19 tie points, between ~1310 mbs at the 

start of the Margaritatus zone to ~920 mbs, which reaches into the Spinatum zone, where a 

change in sedimentation rate occurs. The stratigraphic context of these tie points are indicated 

in the figure by the dashed yellow/black lines. 

(B) The age model plotted in Acycle6, using the ‘Show Age’ model plot function within the 

‘Age Scale’ function. This shows the relative time (kyr) versus depth (mbs) over the selected 

interval (~920–1008 mbs), with the selected tie points marked on the line graph. (C) The age 

model was used to convert the macrocharcoal (and the Ca, illite, percentage terrestrial 

phytoclasts and microcharcoal record) to the time domain. This graph shows the 

macrocharcoal record in depth domain (right) and time domain (left). (D) The shaded area, 

indicated in the larger framework of the cyclostratigraphic study by Ruhl et al.1, spans the 

interval studied here. The orbital filters (20 kyr, 100 kyr and 400 kyr) are derived from Ruhl 

et al.1 and have been plotted next to the synthetic diagram of the here studied interval (934-

951 mbs) in cyclostratigraphic context. Four tie points (out of the 19 tie points for the 

Margaritatus zone) overlap with the presented study interval and are indicated by the black 

dashed lines. 

The cyclostratigraphic analysis of Ruhl et al.,1 has been further confirmed by an independent 

study of the δ13Corg record in Mochras , showing the presence of 100 kyr and 405 kyr cycles7 

and a range of power spectral analyses of the Ca time series data, including a discussion of 

the red noise models used8. 

 

 

 

 

 

 



 

 

Supplementary Fig. 2: Cyclostratigraphic context of the studied interval. (A) Relative 

time (kyr), based on the tuned 405 kyr eccentricity cycle of the Ca record of Ruhl et al.1, next 

to depth (mbs) of the Mochras borehole. (B) Long eccentricity model output derived from the 

orbital solution La2010d2, showing that the studied interval comprises the long eccentricity 

cycle 459 ± 1. (C) The filtered 2.4 Myr and 405 kyr cycle from the bulk organic carbon 

isotope record from the Mochras borehole7. (D) The bulk organic carbon isotope record from 

Storm et al.7 encompassing the entire Early Jurassic of the Mochras borehole. The here 

studied interval is marked with a grey shaded area and does not contain a major shift in the 

bulk organic carbon isotope record. Based on the La2010d astronomical solution2 and the 

bulk organic carbon isotope excursion7: the Sinemurian-Pliensbachian boundary event lasts 

~4.4 Myr, the Late Pliensbachian event spans one long eccentricity cycle (0.4 Myr) and the 

Spinatum event lasts ~1.1 Myr. 



Supplementary Fig. 3: Variations in the proportions of Ca1 and TOC7, in comparison 

with variations in the smectite/illite (S/I) and kaolinite/illite (K/I) ratios8 during the 

Pliensbachian of the Mochras borehole. The Ca and TOC abundance show an inverse trend 

during the Pliensbachian stage in the Mochras borehole. Intervals enriched in Ca are shaded 

in light grey and correspond to lower TOC values. The unshaded depths mark intervals that 

are relatively low in Ca and TOC-enriched. Moreover, the Ca-rich intervals from the 

Pliensbachian stage show a clear correspondence with smectite abundance8. Ca-rich intervals 

are observed between ~882–976 mbs, ~1076–1198 mbs and ~1232–1245 mbs and are coeval 

with high values of S/I (smectite/illite ratio). Furthermore, the intervals that contain relatively 

low Ca (TOC-enriched) show peak values in K/I (kaolinite/illite ratio). Deconinck et al.8 

interpret these long term changes in clay mineralogy to reflect changes in the hydrological 

cycle, with alternations of kaolinite-rich wet periods (acceleration of the hydrological cycle), 

and semi-arid periods rich in smectite, in which the runoff and terrigenous inputs were 

smaller and carbonate sedimentation was better expressed. The correspondence of Ca and 

smectite is also found in the high resolution, but relative short duration, of the here studied 

interval on the ~405 kyr time scale (Fig. 2 and Fig. S7).  

 

 

 

 

 

 



 

 

Supplementary Fig. 4: The same charcoal abundance pattern has been observed for the 

raw charcoal dataset, in comparison with the charcoal abundance records that were 

normalized to terrestrial influx and carbonate dilution (both on short and long scale). 

Long (mid-interval) and short (~1 m) cyclic variations are observed in the raw charcoal count 



(particle number/10 g of processed sediment). The charcoal abundance record that has been 

normalized to terrigenous elements (Ti, Al, Si and Fe) and Ca shows the same cyclic patterns 

as the raw charcoal abundance record. This indicates that the cycles observed in the raw 

charcoal data are not affected by the terrigenous/biogenic ratio. Moreover, the normalization 

of the charcoal to terrigenous only ratios (Ti/Si, Al/Si and Fe/Si), shows the pattern of the 

long and short cycles is the same as the raw charcoal abundance and the (Si+Ti+Al+Fe)XRF / 

CaXRF normalized charcoal record. Therefore, for both the macro- and micro-charcoal 

fractions, the observed cyclicity is an indication of the production of the charcoal and not a 

preservational effect of the terrigenous/biogenic sedimentation cycle. 

  



Supplementary Fig. 5: The percentage of terrestrial phytoclasts does not show a 

correlate with lithological changes (observed in the alternation of TOC-enriched and 

carbonate-rich sedimentary beds), nor to macrocharcoal abundance. (A) Scatterplot of 

CaCO3 and the percentage of terrestrial phytoclasts shows no trend. Performing a Pearson 

correlation provides r=0.02, p=0.8. (B) Scatterplot of TOC and the percentage terrestrial 

phytoclasts shows no trend. Performing a Pearson’s correlation provides r=-0.03, p=0.88. (C) 

Scatterplot of macrocharcoal and the percentage of terrestrial phytoclasts shows no trend. 

Performing a Pearson’s correlations provides r=0.02, p=0.8. (D) Scatterplot of microcharcoal 

and the percentage of terrestrial phytoclasts shows a very weak linear trend. Performing a 

Pearson correlation provides r=0.27; p=0.005, a very weak positive correlation.   

 



Supplementary Fig. 6: Multi-

taper (MTM; 2π) power 

spectrum of (A) CaCO3, (B) 

Percentage terrestrial 

phytoclasts, (C) Illite and (D) 

Microcharcoal in time 

domain. This power spectrum 

was obtained in the Acycle 

software, with robust red noise 

models6. All records are tuned 

to the 100 kyr eccentricity of 

the Ca-XRF record from the 

Mochras borehole by Ruhl et 

al.1 spanning the Margaritatus 

zone, which encompasses the 

interval studied here. (A) Power 

spectrum of the CaCO3 record 

shows strong peaks at the 

obliquity (~40 kyr) and 

precession (~26 kyr and ~20 

kyr) frequency bands, with a 

significance level of 99%. (B) 

Power spectrum of the 

percentage terrestrial 

phytoclasts shows one strong 

power at the precession (~20 

kyr) frequency band, with a 

significance level of 99%. (C) 

Power spectrum of the relative 

abundance of illite shows 

dominant peaks at the obliquity 

(~40 kyr) and precession 

frequency (~26 and ~20 kyr) 

bands at 99% and 99.9% 

significance respectively. (D) 

Power spectrum of 

microcharcoal abundance 

(normalized to 

(Si+Ti+Al+Fe)XRF / CaXRF), 

showing a periodicity of 32.2–

27.6 kyr and 16.9–14.9 kyr at 

90 and 95% significance 

respectively. 

 

 



 

 

Supplementary Fig. 7: Clay mineralogical abundance from the sediments of the studied 

interval in the Mochras borehole. The proportions of chlorite and illite-smectite mixed 

layers type R1 are around the minimum needed for accurate detection (< 5 %) and are 

therefore not further incorporated in examination of this dataset. A clear long term opposite 

trend is observed in the abundance of smectite and kaolinite. Kaolinite and illite co-vary over 

this interval, which is also the case for the longer Pliensbachian clay record of Mochras, 

indicating a climatic origin in the abundance profile1. Metre-scale variations in the percentage 

of illite corresponds to bedding scale lithological alternations in the studied interval.  

  



 

Supplementary Fig. 8: Palynofacies of the studied interval of the Mochras borehole. 

Relative abundance of the organic particle type identified under the reflective microscope at 

similar resolution as the charcoal abundance records. In each sample >300 organic particles 

were identified and grouped based on Oboh-Ikuenobe et al.10. Amorphous Organic Matter 

(AOM) is >50 % in all samples and constitutes the main bulk of the marine derived organic 

matter. The group unstructured phytoclasts is the most abundant organic type with a 

terrestrial origin. Although minor changes occur in the abundance of phytoclasts and 

amorphous organic matter, the overall particulate organic composition does not display a 

large shift.  
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