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1. MATERIALS AND METHODS
1.1. Stratigraphy
1.1.1. Geological setting
The Albjära-1 core was drilled north of the village of Svalöv in Scania (southern Sweden, Fig. 1C) and is curated at the University of Copenhagen, Denmark. During the Cambrian, Scania was located on the external margin (deepest environment) of the Scandinavian Shelf which extended northward from northern Poland to Finnmark (northern Norway) and eastward from the Oslo area in Norway to the St. Petersburg area in western Russia1-3.
In the Albjära-1 core, the ASF extends from the Wuliuan Ptychagnostus gibbus (agnostoid) to the Tremadocian Bryograptus kjerulfi (graptolite) Biozone2,4. The ASF has been central to numerous studies in paleontologye.g.,5,6-9, stratigraphye.g.,1,10-13, geochemistrye.g.,5,14,15-17, and more recently, cyclostratigraphy2,18. These studies have contributed to establishing of a robust biostratigraphic framework for Baltica, enabling intercontinental correlations1,10-13,19,20. The ASF overlies a significant unconformity resulting from the Hawke Bay Event sensu lato regression (Fig. 2) and associated major hiatuses that have significantly affected the geological record of the Scandinavian Shelf1,4,10. The Hawke Bay Event sensu lato is a major epeirogenically-induced regressive sea-level event located at the Stage 4 – Wuliuan boundary, in the sedimentary record of Baltica and several other localities boarding the Iapetus Ocean10,21,22.
Directly underlying the ASF is an interval of approximately 13 cm thick, consisting of glauconitic and partly phosphoritic, light gray greywacke locally displaying macropyrite mineralization (Fig. S1). These sedimentary features suggest a phase of renewed drowning of the shelf1. Comparison of the lithological succession with the Andrarum-1 and Gislövshammar boreholes, both in Scania, described by Westergård11, indicates that the  greywacke observed in the Albjära-1 core is likely to belong to the Age 3-4 Holmia kjerulfi Biozone, which correspond to the Gislöv Formation according to Nielsen and Schovsbo1. The limited extension of the Gislöv Formation in the Albjära-1 core is linked to the hiatuses and erosion caused by the Hawke Bay Event sensu lato. We interpret this 13 cm-thick sequence boundary as the record of the Hawke Bay event sensu lato in the core (see also Nielsen and Schovsbo1).
The Hardeberga Formation (Fig. 2) is ~ 5 m thick and is characterized by light gray sandstones with evaporites pseudomorphs in its upper part. This formation extends from the Age 2 Platysolenites antiquissimus (Small Shelly Fossil) to the lower part of the Age 3 Schmidtiellus mickwitzi (trilobite) Biozone1,20.
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Figure S1: Close-up view of the Hawke Bay unconformity sensu lato.


1.2. Geochemical proxies
1.2.1. X-ray fluorescence (XRF) core scanning
The Albjära-1 Core Lower part (ACL) was scanned using an Itrax core scanner (University of Stockholm, Sweden). The parameters of the Itrax core scanner are as follows: Mo tube as X-ray source, 40 kV voltage, 10 mA current, 1000 microns (1mm) step size and 20 s of XRF exposure time. A chlorine-rich dough was applied on the cracks and gaps of the core, prior to the scanning, to easily identify and remove them in the resulting XRF dataset. Resulting in a total measurement, in count per second (cps), of 28 chemical elements (e.g. Al, Ti, Si, K, Zr, Ca).
To calibrate the scanner output (cps), 50 pressed powder pellets, with known elemental concentration measured with ICP-MS, were scanned under identical parameters except for a reduced step size of 500 μm. Only those standard pellets with elemental trends consistent with corresponding core intervals were used for final calibration.

1.2.2. ICP-MS
The Ultratrace 4 – Near Total Digestion – ICP-MS method protocol, as presented by Activation Laboratories Ltd, is as follow: A 0.25 g sample is digested with four acids beginning with hydrofluoric, followed by a mixture of nitric and perchloric acids, heated using precise programmer-controlled heating in several ramping and holding cycles which takes the samples to dryness. After dryness is attained, samples are brought back into solution using hydrochloric and nitric acids. This digestion may not be completely total if resistant minerals are present. As, Sb and Cr may be partially volatilized. Digested samples are diluted and analyzed by an ICP-MS. One blank is run for every 40 samples. In-house control is run every 20 samples. Digested standards are run every 80 samples. After every 15 samples, a digestion duplicate is analyzed. Instrument is recalibrated every 80 samples. An in-lab standard (traceable to certified reference materials) or certified reference materials are used for quality control.

1.2.3. Rock-Eval pyrolysis
The protocol used to perform Rock-Eval analysis is as follow: 60 to 70 mg of powdered bulk rock were placed in an oven, heated at 300°C under an inert atmosphere, and then gradually pyrolyzed up to 650°C. After the pyrolysis, the samples were transferred into another oven and gradually heated up to 850°C in the presence of air, analyzing the CO2 and hydrocarbon (HC) concentration during the entire process. The measured parameters included the total organic carbon content (TOC in wt %), carbonate content (CaCO3, wt %), hydrogen index (HI, mg HC/g TOC), oxygen index (OI, mg CO2/g TOC), S2 peak (mg HC/g), and T max (°C). The analytic error for the TOC measurement is of 0.1 wt %23.

1.2.4. Organic carbon stable isotopes
The protocol used to perform organic carbon stable isotope analysis is as follow: the used EA/IRMS system at the Institute of Earth Surface Dynamics of the University of Lausanne (UNIL, IDYST) consisted of a Carlo Erba 1108 (Fisons Instruments, Milan, Italy) elemental analyzer connected to a Delta V Plus isotope-ratio mass spectrometer via Con-Flo III split interface (both of Thermo Fisher Scientific, Bremen, Germany) operated under continuous helium flow. Before analysis the samples were decarbonated by treatment with 10 % v/v HCl, thoroughly washed with deionized water, and dried (40°C, 48 h). The calibration and normalization of the measured 13C values to the VPDB scale was performed with international reference materials and UNIL in-house standards24,25. The repeatability and intermediate precision were better than 0.1 ‰ for δ13Corg.



1.2.5. X-ray diffraction (XRD)
The protocol used to perform XRD analysis is as follows: The XRD patterns were acquired on 800 mg powder samples pressed (20 bars) into a powder holder (energy, 40 kV, 45 mA; CuKα, λ = 1.54060 Å; angle 2°-65° 2°θ) to determine the mineralogical composition of the bulk rock against external standards. A margin of error of 5-10 % was permitted for phyllosilicates and 5 % for grain minerals. Diffractograms were used to better identify minerals by peak position (2θ)26, in addition to semi-quantitative approach used for clay minerals quantification.

1.3. Cyclostratigraphy and time series analysis
1.3.1. Preparation of the data
Prior conducting the time series analysis, we compared the XRF data of the detrital element and Ca from both the overlapping part of Zhao, et al.2 and our dataset. This allows us to identify a distinctive 5 cm calcite veins framework at 212.22 m as a marker that is clearly visible in the XRF core scanning data. This alignment serves as the reference point to construct our depth model.
To anchor our astronomical time scale (ATS), we used the absolute age of 499.9115 ± 0.9 Ma located at a depth of 212.49 m from the calibrated ATS from Zhao, et al.2.   
To ensure consistency with downhole measurements, we compared our depth-referenced dataset with the in-well Gamma-Ray (GR) and resistivity logs, which correspond to the in situ depth recorded during the drilling. 
This comparison revealed a systematic offset of + 0.18 m (= “Corrected Depth” in Fig. S5), indicating that both the Zhao, et al.2 depths and our measurements required a correction to align key lithological features, specifically, prominent limestone horizons with those occurring in the GR and resistivity logs. This alignment also helped identify potential anomalies in detrital input trends.
Although XRF core scanning was conducted on the interval between 232.62 and 237.4 m, this portion was not studied due to the presence of a major unconformity between 232.616 and 232.745 m, which interrupts the stratigraphic continuity and prevents reliable time-series interpretation. 
Once both datasets were anchored, we prepared the ACL data as follows: 
1) The thickness of the anthraconite concretions (> 2mm, < 25% Si, and > 15% Ca) was reduced to 20% following Sørensen, et al.18 and Zhao, et al.2. The thickness of syndepositional limestones (cf. Andrarum and Exsulans limestones, Fig. 2) was not reduced. The resulting depths are anchored in direct continuity to the adjusted depths reported in Zhao, et al.2. These adjusted depths will be the only one to be referred to in the rest of this work. The anchoring between ACL and ACU, located at 212.22 m corresponds to an adjusted depth of 73.452 m. Thus, the ACU ranges from 0 to 73.72 m and the ACL ranges from 71.41 to 98.395 m. 
2) To minimize lithology-related biases in time series analysis caused by the significant differences in detrital element concentrations between contrasting lithologies (e.g., shale vs limestone), we divided the entire dataset into 24 intervals (see Supplementary Table S4). These intervals correspond to major lithological shifts that strongly influence the detrital signal and affect normalization. A Z-score normalization was then applied within each interval. (see section 1.3.2 Z-score normalization for more details).
3) To support the detection and interpretation of major Milankovitch cycles, the expected duration of both short and long eccentricity, obliquity and precession cycles were recalculated using the astronomical model of Wu, et al.27 for the 497-505 Ma interval (Table S4) using a precession constant (k) of 59.78 arcsec/year, presented in Wu, et al.27, as derived the Alum Shale Formation based on data from Sørensen, et al.18. 

1.3.2. Z-score normalization
The Alum Shale Formation (ASF) recorded in both Zhao, et al.2 and this study dataset is characterized by black shale deposits disrupted with few limestone horizons resulting in a high variability observed in the detrital elements (e.g. Ti values ranging from 0.3 to 0.8 % in black shales and from 0.1 to 0.2 % in the limestones). This significant range of variability between lithologies, if not addressed, will impact on the results from the time series analysis. 
One solution to address the limestone issue is to simply remove the data and/or create a gap in the dataset prior conducting time series analysis on discrete intervals separated by these gaps. We believe that this solution could result in the adding of some temporal gap as the thickness corresponding to the limestone’s horizons will not be taken into account.
Another solution is to integrate the limestone’s horizons. To do so, we applied a Z-score normalization on the dataset. 
Z-score normalization is a data processing which is the most frequently used standardization function in signal processing when high variability is observede.g.,28-30. Z-score function can be formulated as: 
Z-score = 
where X is the measured data, µ is the mean value of a selected interval (including X) and σ is the standard deviation of a selected interval (including X).
We first divided the 62.111-93.610 m composite dataset (ACU + ACL) into 13 intervals corresponding to major shift from shale to limestone lithologies then we applied a Z-score normalization. After the Z-score normalization, we identify that the variability within the limestone was still significant, and we subdivided them into 11 additional intervals resulting in a total of 24 intervals for the entire composite dataset. A few data located in transition zones between two significant lithological changes were removed prior performing the Z-score normalization. The Z-score normalized dataset with the Z-score function applied for Al, Si, Ti, K, Zr, and Ca is available in Table S1.

1.3.3. Timpe series analysis protocol
The complete protocol for our spectral analysis is as follows:
i. The data were resampled at a 5 mm resolution to ensure a constant spacing between sample points and to limit high-frequency noise before subtracting a 20% “LOWESS” trend to avoid low frequency noise, similar to Sørensen, et al.18 and Zhao, et al.2. 
ii. The Multi-Taper Method (MTM)31 was performed with two Slepian tapers allowing the identification of significant periodicities that are > 90% confidence level (90% CL) in the signal. 
iii. The frequency ratios for periodicities > 90% CL were compared to the theoretical ratios of Cambrian Milankovitch cycles reported in the literature. 
iv. Variations in periodicities and power over time, suggestive of sedimentation rate variation, were tracked using Evolutive Harmonic Analysis (EHA)31 and Continuous Wavelet Transform (CWT)32.
v. To estimate the sedimentation rate in the ACL, the Average Spectral Misfit method (ASM)33 was performed by integrating the > 90 % CL frequencies in regard of their theoretical duration.
vi. To better visualize the imprint of the > 90% CL periodicities in the sedimentary record, they were accurately isolated in the stratigraphic domain using a Taner bandpass filtering34.
vii. We tuned the dataset using the trough function on the minima of the dominant periodicity (0.76-1 m) assumed to correspond to the 173 kyr cycle.
viii. Analysis presented in points ii and iv were applied in time domain on the floating astronomically-tuned dataset. 
ix. To test the phase relationship between obliquity band frequencies and the 173 kyr metronome in time domain, we conducted an amplitude modulation analysis. First, we filtered out the obliquity using a 28-40 kyr bandpass taner filter. The 173 kyr cycle was then isolated using a 155-195 kyr bandapss taner filter from the Hilbert transform of the obliquity and compared to the 173 kyr cycle isolated from the dataset using a 155-195 kyr bandpass taner filter. 
x. Step ix was replicated to test the phase relationship between the 173 kyr metronome (155-195 kyr) and the long obliquity modulation (1150-1300 kyr).
xi. The tracking of the 173 kyr cycles for Al, Si, Ti, and K elements in CWT using WaverideR allows us to build an age-depth model with reduced uncertainties and with a maximum cumulative uncertainty of ± 167 kyr over 4.3 Myr. This also allows us to reduce the uncertainties of biozones durations to less than 10%.  
xii. The obtain high resolution floating astronomical time scale is anchored at 73.72 m to the absolute age of 499.9115 ± 0.9 Ma reported in Zhao, et al.2.
xiii. To identify the primary orbital forcing on the sedimentary record in Baltica, the composite ATS spanning the entire Miaolingian Series was filtered using Milankovitch-band frequencies in time domain.
xiv. The lag-1 analysis of the Ti series was performed to identify the relationship of Milankovitch cycles with sea level fluctuations.













2. RESULTS & DISCUSSION
2.1. Stratigraphy, geochemistry and signal preservation
2.1.1. Fossils identification
The combination of literature and newly identified cranidia and pygidia of agnostid and trilobite species along the core, representative of the Drumian Stage of Baltica, allowed us to precisely identify the Wuliuan – Drumian and Drumian – Guzhangian boundaries in the ACL (Fig. 2, S2).
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Figure S2: Agnostoids, trilobite and brachiopods from the Albjära-1 core. A-B – Acidusus atavus  = Ptychagnostus atavus35. C-D – Acadagnostus ferox (Tullberg, 1880)35. E – Svenax pusillus? (Tullberg, 1880)35. F – Doryagnostus incertus (Brøgger, 1878)36. G-H – Diplagnostus planicauda bilobatus Kobayashi (1939)37. I-J – Brachiopods indet. K-L – Lejopyge lundgreni (Tullberg, 1880)35. M-N – Ptychagnostus affinis (Brøgger, 1878)36. O-P – Ptychagnostus punctuosus (Angelin, 1851)38. Q – Hypagostus sp. (mammillatus (Brøgger, 1878) or parvifrons (Linnarsson, 1869))36,39. R – Parasolenopleura linnarssoni (Brøgger, 1878)36. 

Concerning the base of L. laevigata Biozone, in Baltica, this Biozone is inferred to coincide with the base of the local Solenopleura brachymetopa Biozone that corresponds to the base of the Andrarum limestone in Scania4,8,13,40. The base of the Andrarum limestone in the ACL is located at 76.305 m. 
Concerning the P. atavus Biozone, we identified the lowest occurrence of P. atavus at 89.695 m. However, In Baltica and Siberia, the lower part of the P. atavus Biozone coincides with the Tomagnostus fissus Biozone4,20,41. T. fissus is identified by in the Albjära-1 core at ~ 90.295 m (~ 229.3 m in Lauridsen42) allowing the delineation of the Wuliuan – Drumian boundary in the ACL

2.1.2. Preservation of the carbon isotope signal
In the ACL, the δ13Corg values recorded fall within the expected range of Cambrian values, suggesting a limited metamorphic imprint on the organic carbon isotopes43,44 (Fig. S3A).
To assess the primary organic signal preservation is to examine the correlation between the δ13Corg and TOC values45-47. The absence of a statistically significant and positive trend (R² = 0.08, Fig. S3B) between δ13Corg and TOC suggests that δ13Corg signal is preserved. 
The analysis of Rock-Eval derived HI/OI ratio and Tmax can be conducted to estimate the thermal maturity of the organic carbon data48. According to Peters48 the interpretation of T max is valid only if S2 peak values are above a threshold value of 0.2. In ACL, 73 of the S2 peak values, obtained through Rock-Eval pyrolysis, are superior to the 0.2 threshold (see Table S2).  However, the pyrograms resulting from Rock-Eval analysis show that the S2 peaks are tricky to identify which makes HI values extremely low. Consequently, the Tmax values cannot be used with sufficient confidence and will not be discussed. Nonetheless, Based on Buchardt and Lewan49, Sanei, et al.50 and Zhao, et al.51, the ASF have experienced Tmax around 400°C indicative of late diagenesis to low grade metamorphic conditions. The average reflectance of vitrinite-like particles is 2.1% Ro - dry gas window - measured on five samples from the Tremadocian to Furongian interval52. Concerning the HI/OI ratio, the majority of the data, exhibiting both a low HI and OI values, are located in the lower left corner of a modified pseudo van Krevelen diagram confirming that the organic matter (OM) of the rocks is mature to overmature48.
The clay mineral assemblage in the <2 μm size fraction along the ACL (Fig. S3C) is composed primarily of illite (38–68%), chlorite (24–48%), and illite–smectite mixed-layer phases (IS) containing 10–21% smectite layers. Illite–smectite mixed layers are present in all samples, and their smectite content was estimated following the method of Moore and Reynolds26. The average smectite content of the IS fraction is approximately 16%. These mixed-layer clays represent intermediate transformation phases in the progressive conversion of smectite to illite, a process known as illitization, and are indicative of deep diagenetic to anchizone conditions. The degree of illite crystallinity, expressed through the Kübler Index53, calculated on the <2 μm fraction, ranges from 0.32 to 0.40 Δ°2θ, suggesting deep diagenesis extending into the base of the anchizone. These values correspond to paleotemperatures potentially reaching but not exceeding ~300 °C, which implies a burial depth of approximately 4–6 km, assuming a geothermal gradient of 25–30 °C/km (see also Schovsbo, et al.54 for 1D thermal models of the area). The absence of kaolinite and smectite is consistent with these interpretations. Supporting geochemical data from Rock-Eval pyrolysis reveal low Hydrogen Index (HI) values (2–60 mg HC/g TOC) and elevated Tmax values (>450 °C), both of which are characteristic of advanced kerogen transformation and burial-related thermal maturation.
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Figure S3: Signal preservation and organic matter maturation. A – δ13Corg range in the different reservoir integrating value range of the Cambrian period and this study; B – TOC versus δ13Corg graph; C – XRD graphs and identification of the clay minerals 
2.2. Geochemical events and global correlations
2.2.1. Identification of the DICE event in Baltica
The Drumian Carbon isotope Excursion (DICE) is defined as a negative CIE situated approximately at the base of the Drumian Stage20,55,56. The excursion peak typically records δ13Ccarb values around -2 ‰, though it can vary from -1 ‰ in West Gondwana57 up to -4 ‰ in Siberia and East Laurentia58,59. The DICE, based on chemo- and biostratigraphic data, roughly correspond with the Wuliuan – Drumian stage boundary in South China46,56,60,61, North China62-64, Tarim65,66, Laurentia55,59,67-69, Siberia58, North Gondwana70,71, West Gondwana57, and potentially East Gondwana72,73.
The first appearance datum (FAD) of the agnostid Ptychagnostus atavus (= Aciduscus atavus) is the criterion used to define the Wuliuan – Drumian boundary20,55. In the Albjära-1 core, the lowest occurrence of P. atavus is identified at ~ 90.295 m allowing the delineation of the Wuliuan – Drumian boundary in the ACL (see section 2.1.1. Fossils identification). 
Due to the combination of high TOC and low carbonate content in the core, only δ¹³Corg data could be obtained. However, δ¹³Corg alone is not typically sufficient for global chemostratigraphic correlation, as δ¹³Ccarb is the standard reference in such comparisons. This makes direct correlation with global records more challenging. However, several studies indicate that the global trends in both δ13Ccarb and δ13Corg data fluctuate simultaneously in response to major perturbation in the carbon cycle such as the DICE46,57,64. 
The precise location and identification of the DICE in Baltica is unclear in the literature and global chemostratigraphic correlations are difficult. To address this issue and identify the DICE in the ACL we compared our δ13Corg data with the studies of Ahlberg, et al.5, Álvaro, et al.14, Lehnert, et al.15, Lundberg16, and Shembilu and Azmy59 conducted in Baltica and surrounding areas (Fig. S4).
The data published in Ahlberg, et al.5 for the Andrarum-3 drill core (Scania, Baltica) display some similarities such as: a plateau of value around - 30.2‰ in the G. nathrosti and P. punctuosus biozones, then a slightly positive shift up to - 30‰ is observed in the upper P. atavus Biozone before the values shift back to more negative values. The peak of the excursion is ~ - 30.5‰. However, it is difficult to correlate precisely our data with the one presented in Ahlberg, et al.5 as a “U” shape excursion is not observed in the Albjära-1 core hindering the precise identification of the DICE, and the sampling rate is significantly different, ~1 m in Ahlberg, et al.5 vs 15 cm in this study. In addition, based on the correlation with the stratigraphic column established by Westergård11 for the Andrarum-1 borehole (200 m away from Andrarum-3 borehole), the excursion observed in Ahlberg, et al.5 is located in the middle of the P. atavus Biozone. The comparison with other sections in Baltica (Fig. S4) reveals that the weak amplitude (< 0.5‰) combined with the different positioning  of the excursion (middle P. atavus vs P. gibbus) of Ahlberg, et al.5 is unlikely to be the DICE.
In Álvaro, et al.14, Brantevik section (Scania, Baltica), a negative excursion of 9‰ amplitude in δ13Ccarb is identified between the Exsulans and Forsemölla Limestones Beds (Fig. S4). However, as elucidated by Álvaro, et al.14, the few data points delineating this negative excursion are situated below and above unconformities/discontinuities. The combination of the limited data points and the presence of unconformities hamper a reliable identification of this excursion as the DICE.
In Lehnert, et al.15, Almbacken drill-core (Scania, Baltica), a prominent δ13Corg negative excursion is identified between the Exsulans and Forsemölla Limestones Beds in a trilobite/agnostoid barren interval, with a peak value at ~ -33‰ (Fig. S4). This excursion, located in the P. gibbus Biozone, is followed by a positive shift of 1.5‰. Our δ13Corg curve is similar to the unpublished curve of Lehnert, et al.15.
In Lundberg16, Tomten-1 core (Västergötland, Baltica), a prominent δ13Corg negative excursion is identified below the Exsulans Limestone, in the P. gibbus Biozone, with a peak value at ~ -33.75‰ (Fig. S4). This excursion is followed by a 2‰ positive shift. Our δ13Corg curve is similar to the curve of Lundberg16.
In Shembilu and Azmy59, NF-02 core (Newfoundland, East Laurentia), the observe trend in the δ13Corg record present the same overall morphology to what is observed in the Albjära-1 core (Fig. S4). However, some differences can be noted: 1) the Laurentian record is in δ13Ccarb and therefore not directly comparable to the δ13Corg presented in this study; 2) the sampling rate is significantly different, ~ 5m in Shembilu and Azmy59 VS 15 cm in this study; 3) the base of the P. atavus Biozone is located on the upper shoulder of the excursion in Shembilu and Azmy59 compared to this study where it is located close to the maximum of the CIE immediately above the -33‰ negative plateau.
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Figure S4: Comparison of the localities that recorded the DICE in the surrounding of the Baltic craton. Albjära-1 (this study); Almbacken15; Tomten-116; Brantevik14; Andrarum-35; NF-0259. For Baltica localities, the base of the Andrarum and Exsulans Limestones Beds have been used to tie and compare the carbon isotope curves.






2.3. Time series analysis
2.3.1. Proxy selection 
This study focuses on the detrital element to identify Milankovitch cycles in the Miaolingian Series of Baltica in the Albjära-1 core ranging from 63.273 to 95.611 m. The detrital elements measured in this study (73.452-95.611 m) are Al, Si, Ti, K and Zr. Amongst the detrital elements, only Al, Ti and Si data are covering the entire Miaolingian Series in the Albjära-1 core as K and Zr are not presented in the supplementary file of Zhao, et al.2 for the 63.273 - 73.452 m portion of the ACU.  
In this study, Ti was preferred due to its better expressed cyclicity, its short residence time (< 1 kyr) in the ocean, its inert behavior to redox change in seawater, and its invariance to any type of biological cycles (not essential element for life)74,75. 
Ti is preferred to Al to avoid any misinterpretation due to the light mass of Al element making it close or below the limit of detection of the XRF core scanner technique. 
Ti is preferred to Si to avoid any cps to % errors in the calibration of the Si data, as in the acid digestion procedure for ICP-MS, Si was not measured (due to the digestion method). However, we recalculated the Si concentration (in %) as follows: Si = 100% - concentration (in %) of the other elements. 
Liu, et al.75 demonstrated that during late diagenesis (high thermal maturity) of black shales, Ti can be partially solubilized which could lead to misinterpretation of the XRF results. However, the porosity in such rocks is limited, and so is the migration of Ti that precipitate rapidly, minimizing the possible errors in interpreting the results75,76.

2.3.2. Cyclicity in the signal
The identification of any visible cyclicity or unconformity in the signal for detrital elements, through an overview of the tendencies observed in the depth domain, is recommended by Sinnesael, et al.77 prior performing time series analysis.   
In this study, GR and resistivity curves along the ACL exhibit patterns consistent with variations in detrital proxies (Ti, Si, Al, K), suggesting minimal post-depositional alteration (Fig. S5) and supporting their use in time-series analysis.
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Figure S5: Visualization of the variations in depth domain of Gamma Radiation (GR), Formation Resistivity, detrital elements (Al, Ti, K, Zr, Si), TOC and δ13Corg curves along the Alum Shale part of the ACL. The depths are corrected by adding +0.18 m to fit with the GR and resistivity curves. Well log curves are from Schovsbo and Nielsen4.

2.3.3. 173 kyr identification
To evaluate and validate the record of the 173 kyr cycle in the signal in the ACL we carried out a careful study and comparison of literature, MTM, EHA, Ratio of frequencies and ASM results.	
The 173 kyr long obliquity cycle is thought to arise from modulation in orbital inclination, which is driven by interactions between obliquity-related secular frequencies s3 and s6, associated with the orbital motions of Earth and Saturn, respectivelye.g.,78-80.
Zeebe and Kocken81 outlined that the I173 metronome can fluctuate or alternate between ~151 kyr (s4-s6) to ~173 kyr (s3-s6) due to variations in the s3 and s4 secular frequencies and suggested that the I173 can be used exclusively in sections where s3 and s4 appear stable, and not for extended periods. 
The 405 kyr long-eccentricity metronome is usually preferred due to its enhanced stability over time. However, as explained by Laskar80 and Zeebe and Lantink82, this cycle is not always observable, and its stability is questioned for sedimentary records older than a few hundreds of millions of years. 
In the ACU, Zhao, et al.2 identified the 405 kyr with confidence in the Furongian Series (1.75 to 3 m periodicities). In the Guzhangian Stage, the 405 kyr cycle is still occurring but show a decreasing power and becomes difficult to accurately identify in the EHA supplementary Fig. 4 in 2. In our data, spanning the early Guzhangian to late Wuliuan, the power of the 1.75-3 m cycle interpreted as the 405 kyr eccentricity is weak to nearly absent. In contrast, whereas other orbital components identified by Zhao, et al.2 are clearly expressed in similar frequency bands. The weakness of the 405 kyr cycle in our record may be attributed to its predicted instability during this period81. In addition, in the astronomical solution R44 from Zeebe and Lantink82, at 528 Ma, the 405-kyr cycles is observed but its dampening in power compared to the short-eccentricity. This is similar to what we observed in the MTM of all the detrital elements. Due to the high latitude positioning of Baltica during the Miaolingian, this dampening in power, predicted by the R44 astronomical solution, would result in an even weaker expression of the 405 kyr cycle. While in high latitude localities, the 405 kyr cycle can appear weak compared to other cycles, in Lower Cambrian strata from localities near the equator, the 405 kyr cycle has been observed with a strong power83,84. 
The weakness of the 405 kyr observed in our dataset could also suggest that the presence of the 405 kyr cycle may be episodic, perhaps depending on when the cycle became stable during the Cambrian. This hypothesis remains to be tested and would require expanded stratigraphic coverage across the entire Cambrian and various paleogeographic settings. 

2.3.3.1. MTM and EHA
The 2π MTM spectrum of the detrital elements resulted in the identification of significant frequencies matching with the observation presented in Zhao, et al.2 and with the recalculation based on Wu, et al.27’s data (Fig. 5, 6AB, S6). 
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Figure S6: 2π MTM spectrum of the detrital elements (5 mm resampling and 20% LOWESS detrending) allowing the identification of Milankovitch bands.



While the MTM is a powerful tool, it does not allow us to evaluate whether the observed cyclicities occur continuously throughout the record or if it corresponds to repeated isolated events (not linked to Milankovitch forcing). To identify the continuity of the cycles, on the Ti record, we used the EHA method which confirms the presence of eccentricity, obliquity and precession in the signal (Fig. 5). Similar observations as shown in EHA are observed in the CWT (Fig. S7).
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Figure S7: CWT in depth and time domains. A – Depth domain. B – Time domain.

2.3.3.2. Zhao et al (2022)’s supplementary data
The spectral analysis of MTM, EHA, and CWT revealed that in the 1-1.35 cycles/m band of the ACL, assumed to correspond to the I173 cycle, the power is above 99 % CL.  
To verify that it is not an artifact, we compared our results with the data presented in Zhao, et al.2. In their work, while strong obliquity is identified, they did not identify the 173 kyr cycle. However, we notice a significant peak with a power slightly above the 90 % CL in a 1 and 1.5 cycles/m band in the Guzhangian – Paibian interval (subset IV) of their supplementary figure 4. 
We interpret that this amount of power in a band close to our observation (1-1.32 cycles/m) is likely to represent the I173 cycle. The presence of the I173 up to the Paibian Stage confirms that what we observe is unlikely to be an artifact due to data preparation and acquisition. 

2.3.3.3. Ratio of frequencies
The comparison of the > 90% CL frequency ratios with the I173 was conducted on a total of 11 frequencies estimated to correspond to long and short eccentricity, obliquity and precession bands. The analysis revealed that all the 11 frequencies align on a line (r² = 0.9997) ranging from 0 kyr to 173 kyr suggesting a reliable attribution of these frequencies to their corresponding astronomical cycles (Fig. S8). 
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Figure S8: ratios of frequencies

2.3.3.4. ASM and average sedimentation rate
The ASM analysis was conducted, on the untuned dataset, by comparing the frequencies > 90% CL located within Milankovitch bands with 17 Milankovitch frequencies from the literature for long and short eccentricity, obliquity and precession cycles (see Table S4 for more information). 
This resulted in an average sedimentation rate of 0.493 cm/kyr (Fig. S9) that perfectly matches the 0.4-0.6 cm/kyr excepted sedimentation rate for the Alum Shale Formation i.e., 2,3,18. The concordance of the ASM with the literature suggests a reliable identification of the astronomical cycles including the I173.
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Figure S9: Average Spectral Misfit analysis performed on 17 Milankovitch-band frequencies targets.

When filtering and tuning, to the 173 kyr cycle, the minima of the tracked frequency band (0.76-1m) for Al, Si, Ti, and K detrital elements in CWT, we were able to calculate sedimentations rates for all of the detrital elements (Fig. S10) and it resulted in a mean sedimentation rate of 0.465 cm/kyr, in line with the 0.493 cm/kyr ASM estimation and the literature.
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Figure S10: Sedimentation rate of the detrital elements and comparison with the ASM expectation.




2.3.4. Age-depth model
The tracking of the powerful 0.76-1m band (=173-kyr cycle) in CWT for Al, Si, Ti, and K elements allows us to build a depth model of the tracking of the 173-kyr cycles with a reduced period uncertainty (Fig. S11). 
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Figure S11: tracking of the 173 kyr in depth model for four detrital elements.

The tuning to the 173 kyr cycles of our depth model allows us to build an age-depth model with a reduced cumulative uncertainty of maximum ± 167 kyr over the 4.3 Myr recorded in the core (Fig. S12).  
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Figure S12: Robust age-depth model with low cumulative uncertainty.


2.3.5. Hilbert modulation analysis
Based on the literature and the spectral analysis observations (MTM, EHA, CWT, ratios), a strong obliquity signal is present in the ACL. In theory, both the I173 cycle and the ~ 1.2 Myr long obliquity cycles result from the modulation of the obliquity bande.g.,78,80,85 therefore to test the phase relationship between the obliquity band, the I173 cycle, and the ~ 1.2 Myr cycle, we conducted amplitude modulation analysis using Hilbert transform. This brings an additional supporting line to the reliable identification of the Inclination metronome.
To test the phase relationship between the obliquity band and the I173 metronome, both these cycles were isolated using a Taner filter respectively of 28-40 kyr and 155-195 kyr (Fig. 6C). The amplitude modulation of the obliquity band was extracted using the Hilbert transform function. The I173 metronome cycle was then isolated from the obliquity-extracted amplitude modulation and compared to the I173 metronome cycle isolated from the dataset. This analysis revealed that the lower part of the ACL (1.8-4 Myr) exhibits a phase relationship between obliquity and I173 suggesting a reliable identification of the I173 cycle. However, in the upper part of the ACL (0-1.8 Myr), a limited antiphase relationship in the obliquity that tend to diminish over time is observed. This antiphase relationship is sudden and start at ~ 1.8 Myr. This shift could be linked to 1) a bad preservation of the obliquity signal; 2) an unseen gap in the sedimentary record that would have vanished few obliquity cycles disrupting the Hilbert envelope; 3) an overlapping in the obliquity band of other events at ~1.8 Myr; 4) a non-direct response of the environment to obliquity forcing. 
To test the phase relationship between I173 (155-195 kyr) and the ~ 1.2 Myr cycles (1150-1300 kyr) on the non-detrended time series, the same protocol as explain above was conducted (Fig. 6C). This results in a phase relationship along the ACL between the two cycles suggesting a reliable identification of the I173 cycle. 
On a long time scale (173 kyr – 1.2 Myr cycles comparison), a phase relationship is observed for the entire ACL in the whereas, at a shorter time scale (obliquity – 173 kyr cycle comparison), a limited antiphase relationship is observed. This observation is in favor of a local and limited perturbation of the obliquity record as the long obliquity modulations are not significantly affected. 

2.3.6. Astronomical forcing from Obliquity to Eccentricity dominated intervals
The filtering and analysis of the Milankovitch bands, in time domain, reveal that three intervals can be distinguished in the Ti series (Fig. S13). From 497.085 to ~499.4 Ma, the signal appears to be dominantly modulated by long and short eccentricity cycles rather than by obliquity which is present but does not dominate the signal (Fig. S13A). From ~499.4 to ~500.3 Ma, the dominant Milankovitch cycle modulating the signal is difficult to identify and this interval is interpreted as a progressive transition from eccentricity to obliquity-dominated signal (Fig. S13B). From ~500.3 to 504.154 Ma, the signal is obliquity-dominated and the main Milankovitch cycle modulating the signal is the 173 kyr cycle (Fig. S13C). 
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Figure S13: Close-up view of selected part of the eccentricity-dominated (A), end of the transition zone (B), and obliquity dominated (C) intervals observed in the tuned Ti series (Z-score). 

2.4. Astronomically-tuned age model for the Miaolingian Series
2.4.1. Duration estimates of Biozones
Based on our astronomical time scale, the duration of the Ptychagnotus forchhammeri Biozone (L. laevigata + Agnostus pisiformis biozones) is estimated at 3.165 Myr, consistent with the ~3 Myr extrapolation proposed by Zhao, et al.2. The Goniagnostus nathorsti Biozone is estimated to span 691 ± 24 kyr, closely matching the ~676 kyr duration estimated by Fang, et al.86 for its equivalent interval (G. nathorsti  + Lejopyge armata biozones) at the Guzhangian GSSP in South China. The Ptychagnostus punctuosus Biozone is estimated to represent 1,326 ± 32 kyr in duration. The Ptychagnostus atavus Biozone span 992 ± 22 kyr. The Ptychagnostus gibbus Biozone (part) is estimated to last 746 ± 49 kyr.
2.4.2. Duration estimates of the Miaolingian Series, Stages and events
2.4.2.1. Duration of Series and stages
The identification of Wuliuan, Drumian and Guzhangian boundaries allows to delineate the Miaolingian Series in the Labjära-1 core. The Guzhangian – Paibian boundary is defined by the FAD of the agnostid Glyptagnostus reticulatus coinciding with the onset of the SPICE20,87,88, which in Baltica corresponds to the base of Olenus Biozone2,89, is identified at 62.273 m (= 497.277 +1.2/-0.9 Ma). The Guzhangian – Drumian boundary coincides with the base of the Andrarum limestone located at 76.306 m (= 500.443 ± 0.941 Ma).  
Therefore, the Guzhangian Stage is estimated to span approximately 3.165 Myr. This ~3 Myr duration is in line with the extrapolation proposed by Zhao, et al.2. Our estimate for the base of the Guzhangian Stage (~ 500.44 Myr) closely aligns with the age estimation of ~ 500.5 Ma reported in both GTS 202020 and ICS 2024/12 timescale90. However, recent studies from Laurentia91,92 suggest a significantly younger age of ~494.4 Ma for the upper boundary of the Guzhangian Stage. This estimate, derived from maximum deposition ages of detrital zircons, is somewhat less precise than radiometric ages from ash beds but offers useful chronostratigraphic constraint. 
The nearly 3 Myr difference was already pinpointed by Cothren, et al.91, in which they stated that this difference between the maximum age deposition (MAD) and the ATS study of Zhao, et al.2 is likely due to an incorrect tuning during the cyclostratigraphic study. 
In 2022, when these MADs and ATS data were the only one available, this explanation was plausible as the duration estimates of Drumian and Wuliuan stages were not precisely time constraint due to the limited radioisotope ages located within the Drumian Stage that serves to calibrate the entire Miaolingian Series. Nonetheless, the ~494.4 Ma age for the upper Guzhangian boundary would have resulted in the base of the Drumian to be at ~501.9 Ma and the base of the Wuliuan to be at ~ 506.4 Ma, if the GTS 2020 stage durations estimate are correct (Guzhangian ~ 3.5 Myr; Drumian ~ 4.0 Myr; Wuliuan ~ 4.5 Myr)20. While the base of the Wuliuan would be in line with the ~506.3 Ma recent estimate for the Series-Miaolingian boundary from Karlstrom, et al.93, Sundberg, et al.94, Landing, et al.95, the base of the Drumian Stage would significantly differs with the lowermost Drumian dated volcanic ash of 503.14 ± 0.13 presented in Landing, et al.96.
In this study, after conducting the spectral analysis and building an ATS, we were able to give duration to the Drumian Stage (~3.0 Myr) and extrapolate on the duration of the Wuliuan Stage (~3.5 Myr), see after for more information. If we anchor our ATS to the U-Pb maximum deposition age at the base of the SPICE (494.35 ± 0.46 Ma) as reported by Cothren, et al.91, this results in the following age estimate: the base of the Guzhangian, Drumian and Wuliuan stages would be respectively at 497.55 ± 0.94 Ma, 500.75 ± 1.02 Ma and ~ 504.25 Ma. While these alternative ages are broadly in lines with the estimates proposed by Farrell, et al.92, they diverge from those adopted in the GTS 202020 and the ICS90. On the contrary, when anchoring our ATS to the one presented in Zhao, et al.2, the base of the Guzhangian, Drumian and Wuliuan stages are respectively at 500.44 ± 0.94 Ma, 503.45 ± 1.02 Ma, ~ 506.9 ± 1.07 Ma. These ages are in accordance with the 503.14 ± 0.13 Ma and ~506.3 Ma ages for the lowermost Drumian and Stage 4 – Wuliuan boundary respectively.
Therefore, In this study, we preferred to anchor our ATS to the data published by Zhao, et al.2, which offers a robust stratigraphic coherence and better aligns with current global and regional chronostratigraphic expectation.
To confirm the duration of the Paibian and Guzhangian stages, further studies should be conducted in Laurentia and other regions.
The Guzhangian – Drumian boundary is located at 76.306 m (= 500.443 ± 0.941 Ma) and the Drumian – Wuliuan boundary is identified at 90.295 m (= 503.451 ± 1.018 Ma). It result that the Drumian Stage is estimated at 3.009 ± 0.078 Myr in duration, which aligns with theoretical expectation proposed by Farrell, et al.92. However, our estimate is 1 Myr shorter than the duration suggested in the GTS 202020 and the ICS timescale90. It has to be noted that only two radioisotopes ages have been integrated for the time estimate of the Drumian Stage in the GTS, one of them has an uncertainty of 2.4 Myr. Therefore, our estimate is reasonable and falls within the expected margin of error for current global standards. Our estimation of the base of the Drumian Stage (~503.45 Ma), closely match with the absolute age of 503.14 ± 0.13 Ma recorded in the base of the Drumian94,96,97. 
The preserved portion of the Wuliuan Stage located above the Hawke Bay Event sensu lato is estimated to 745.96 ± 48.9 kyr and the base of the Alum Shale Formation in the Albjära-1 core is estimated at 504.197 ± 1.067 Myr.
Summing the duration of the Wuliuan, Drumian, and Guzhangian stages yields a duration estimate of 6.92 +0.386/-0.167 Myr for the Miaolingian Series in the Albjära-1 core, ranging from 504.197 ± 1.067 Myr to 497.277 +1.2/-0.9 Myr.  It is important to note that this estimate reflects an incomplete record in Baltica, as part of the Wuliuan has been eroded as a result of the Hawke Bay Event sensu lato. 
According to the GTS 202020, the P. gibbus Biozone, which is nearly complete in the ACL, represent about one-fifth of the Wuliuan Stage and is estimated to last ~750 kyr if complete. If we extrapolate this proportion, the Wuliuan Stage would be ~3.5 Myr in duration. This places the base of the Wuliuan Stage at ~ 506.9 ± 1.1 Ma, which is 2 Myr earlier than the ~509 Ma estimate from the GTS 202020 and the ICS90. Nonetheless, this earlier age is in line with the recent stratigraphic and geochronologic data from Karlstrom, et al.93, Sundberg, et al.94, and Landing, et al.95 that estimate the base of the Wuliuan to be at ~506.3 Ma. Continued refinement through integrated approach, including cyclostratigraphy, radiometric dating and biostratigraphy will be essential to better constrain the lower boundary of the Miaolingian Series.


2.4.2.2. DICE event
The correlations presented in point “2.2.1 Identification of the DICE event in Baltica”, allows us to reliably identify the DICE in Baltica for which we estimate the duration to be ~750-800 kyr, essentially located within the P. gibbus Biozone. New cyclostratigraphic studies would be necessary to precisely delineate the timing of DICE in sections where the excursion is fully expressed and well constraint.
2.4.2.3. Other events
Based on the literature and our ATS, we were also able to estimate the time missing in the Albjära-1 core due to the Hawke Bay unconformity sensu lato. According to Nielsen and Schovsbo1,10, the Læsa Formation is not recorded in northern and northeastern Scania. Consequently, there is no formations inbetween the top of the Hardeberga Formation (= base of the Schmidtiellus mickwitzi Biozone) estimate at ~ 518.5 Ma (GTS2020) and the base of the Alum Shale Formation (= Ptychagnostus gibbus Biozone) estimate in this study at 504.197 ± 1.07 Ma, the resulting time missing is estimate to ~13 Myr. 
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