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Abstract 21 

The Kellwasser Crisis near the Frasnian-Famennian boundary (~372 Ma) is linked to 22 

one of the major Phanerozoic biodiversity crises. It is associated with sea-level changes, 23 

carbon-cycle perturbations, and pulsed oceanic anoxia, that led to black shale deposition 24 

characterized by positive carbon isotope excursions, akin to the Kellwasser horizons in 25 

Germany. Despite growing evidence of astronomically forced climatic stresses influencing 26 

Devonian marine systems, the trigger mechanism(s) of the Kellwasser Event remain debated. 27 

The West Valley core (WVC) comprises middle Frasnian to lower Famennian strata, including 28 

the Rhinestreet and Kellwasser events, characterized by black shales, elevated total organic 29 

carbon (TOC) content, and a positive δ13Corg carbon isotope excursion in the Kellwasser Crisis 30 

interval. In this work, we performed cyclostratigraphic analysis of Ti, Ti/Al and TOC, which 31 

reveals a strong astronomical imprint, particularly eccentricity amplitude modulation patterns. 32 

The TOC record was tuned to the stable 405-kyr eccentricity period, yielding a 5.67-Myr-long 33 

floating astrochronology, with event durations for the Rhinestreet and Kellwasser intervals 34 

consistent with previous reports. Subsequent analysis confirmed an equally strong eccentricity 35 

imprint on the titanium content, strongly implying a link between organic matter preservation, 36 

detrital sediment supply and astronomical forcing. Additionally, a dominant imprint of the 1.2-37 

Myr and 2.4-Myr obliquity cycles on sea-level variation supports astronomical control on the 38 

Kellwasser Crisis. Finally, new insights into the phase relationship between the Rhinestreet 39 

and Kellwasser events and astronomically forced climate changes are globally contextualized 40 

within a new cyclostratigraphic model, emphasizing the role of eccentricity and obliquity in 41 

pacing marine anoxia. 42 

Keywords: cyclostratigraphy; Devonian; Frasnian-Famennian boundary; West Valley core; 43 

black shale; orbital forcing  44 
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1. Introduction 45 

The Kellwasser Crisis interval is one of the “big five” mass extinction events in Earth’s 46 

history (Raup and Sepkoski; 1982; Schindler, 1990; 1993). It was a period of increased climate 47 

instability, marine biodiversity loss and pulses of marine anoxia, culminating during the Lower 48 

Kellwasser (LKW) Event and Upper Kellwasser (UKW) Event at the Frasnian-Famennian (F-49 

F) boundary (Walliser, 1996; Carmichael et al., 2019; Becker et al., 2020; Brett et al., 2020). 50 

The Kellwasser Crisis is associated with positive carbon isotope excursions (pCIE), eustatic 51 

sea-level change (e.g., transgressive-regressive pulses), and deposition of organic-rich strata 52 

(Becker et al., 2020). Yet Carmichael et al. (2019) highlighted that, despite a considerable 53 

sampling bias, the expression of the Kellwasser Crisis in the geological record is highly 54 

dependent on paleoenvironment and paleogeography. In addition to the severe Kellwasser 55 

Crisis, the Rhinestreet (RS) Event, named after black shale deposits in New York, USA (Lash 56 

and Blood, 2006) was a minor bio-event of low severity (Brett et al., 2020) that nonetheless 57 

represents a global event associated with transgression, marine anoxia and deposition of 58 

organic-rich facies (Sageman et al., 2003; Lash and Blood, 2006; Becker et al., 2020; Kabanov 59 

et al., 2023). 60 

Marine anoxia is often attributed to water-column stratification caused by stagnation of the 61 

ocean circulation, or to enhanced productivity in upwelling zones or epeiric seas, which leads 62 

to eutrophication, and ultimately results in anoxia (Murphy et al., 2000; Carmichael et al., 2019; 63 

Kabanov et al., 2023; Algeo and Shen, 2024). Alternative explanations also point to vertical 64 

chemocline displacement, particularly during transgression (see reviews in Carmichael et al., 65 

2019; Kabanov et al., 2023). These mechanisms represent the environmental response (i.e., 66 

proximal causes) to changes in redox chemistry and temperature, which are, in turn, related 67 

to a perturbation of the (global) carbon cycle (Algeo and Shen, 2024). Biocrises linked to 68 

organic carbon burial (i.e., pCIE), atmospheric CO2 drawdown, and climatic cooling are 69 

typically driven by weathering and productivity changes, whereas those linked to carbon 70 
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release (i.e., negative CIE), atmospheric CO2 rise, and climatic warming are generally 71 

temperature-driven (Algeo and Shen, 2024). 72 

 The ultimate causes behind the most severe mass extinctions include bolide impacts, 73 

large igneous province (LIP) volcanism, tectono-oceanic events, or bioevolutionary events 74 

(Kabanov et al., 2023; Algeo and Shen, 2024). Even though ongoing orogeny (e.g., Averbuch 75 

et al., 2005) or LIP volcanism (e.g., Pisarzowska and Racki, 2020; Racki, 2020) have been 76 

proposed as the triggering mechanism behind the Kellwasser Crisis (see also Carmichael et 77 

al., 2019; Kabanov et al., 2023), its ecological scope, protracted multistage nature and 78 

characteristic positive carbon cycle response – indicating net carbon burial and associated 79 

cooling – points to a bioevolutionary trigger as the ultimate cause (Algeo and Shen, 2024). In 80 

addition, the conspicuous temporal link with the expansion of land plants (Algeo and 81 

Scheckler, 1998, 2010) further substantiates a connection between the mass extinction, 82 

associated anoxia, and land-plant-mediated changes in carbon burial and continental 83 

weathering (‘land-plant weathering’ hypothesis; Algeo et al., 1995). 84 

Recent work on Devonian cyclostratigraphy suggests that astronomical forcing, in interplay 85 

with other factors, played a key role in the timing and pacing of the Kellwasser marine anoxia 86 

episodes (De Vleeschouwer et al., 2017; Da Silva et al., 2020; Lu et al., 2021; Ma et al., 2022; 87 

Wichern et al., 2024). Moreover, recent modelling efforts using an Earth system model of 88 

intermediate complexity (cGENIE) revealed that astronomical forcing, primarily obliquity 89 

variation, is able to drive changes in ocean oxygenation and impact marine anoxia by altering 90 

both circulation and oxygen solubility (Gérard et al., 2025). Astronomical forcing refers to 91 

changes in the amount and distribution of insolation caused by variations in Earth’s orbital 92 

parameters and obliquity, driven by gravitational interactions with other celestial bodies, 93 

including luni-solar precession.  In the classical theory of planetary motion, the precession of 94 

the planet’s perihelion in the reference frame, modulated by eccentricity, has characteristic 95 

frequencies gi, and the precession of the orbital plane around the reference frame, modulated 96 

by inclination, has characteristic frequencies si (e.g., Bretagnon 1974, Laskar, 1990). The key 97 
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factors controlling the distribution of insolation are the obliquity of the equator with respect to 98 

the orbital plane, and the eccentricity-modulated precession of the perihelion with respect to 99 

Earth’s position at the vernal equinox. To obtain these two quantities, one must combine the 100 

orbital model with a model of luni-solar precession, largely described by a movement of 101 

frequency k. Obliquity is mainly dominated by the si+k terms, climatic precession by the gi+k 102 

terms, and eccentricity – the envelope of climatic precession – by differences in the gi terms 103 

(Berger, 1973). These are commonly referred to as the Milankovitch cycles, which affect 104 

Earth’s insolation and climate and, if amplified and preserved, can be found imprinted in the 105 

sedimentary record (Hinnov, 2000). 106 

Cyclostratigraphy leverages the recognized imprint of Milankovitch cycles, enabling the 107 

construction of high-resolution (floating) astrochronologies. This way, the duration of the WVC 108 

Rhinestreet Event, as well as the Kellwasser Crisis interval LKW and UKW events can be 109 

estimated. Additionally, the temporal location of these events relative to extrema in 110 

astronomical cycles can be investigated and documented. To date, two models have been 111 

proposed that describe the link between Milankovitch cycles and the LKW and UKW events. 112 

The eccentricity-minimum hypothesis proposes the presence of a 2.4-Myr minimum in 113 

eccentricity (i.e., ‘node’) before the UKW Event (De Vleeschouwer et al., 2017, Da Silva et al., 114 

2020; Wichern et al., 2024). Such a minimum, characterized by limited modulation of 115 

precession by eccentricity, could favor stable climatic conditions allowing for the buildup of 116 

nutrients on the continent (nutrient-gun hypothesis; De Vleeschouwer et al., 2024), facilitated 117 

by the evolution and colonization of land plants (Algeo and Scheckler, 1998). After the node, 118 

the increase in eccentricity-modulated precession would intensify nutrient runoff and cause 119 

subsequent eutrophication and anoxia (De Vleeschouwer et al., 2024). Alternatively, Ma et al. 120 

(2022) proposed that both LKW and UKW were associated with an orbital configuration of high 121 

obliquity and eccentricity. Accordingly, significantly increased seasonality would, in turn, lead 122 

to enhanced nutrient input and sea-level rise, leading to eutrophication and anoxia (Ma et al., 123 

2022). Regardless, both models suggest that the anoxia onset is climate-driven (proximate 124 
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cause; Algeo and Shen, 2024). These models are complementary with the ‘weak version’ of 125 

the land-plant weathering hypothesis (Algeo and Shen; 2024); land-plant bioevolutionary 126 

events inducing considerable environmental stress, bringing the Earth system closer to a 127 

tipping point towards marine anoxia, with Milankovitch forcing providing the final contribution 128 

towards episodic marine anoxia and extinction (De Vleeschouwer et al., 2024). The impact of 129 

eustatic sea-level oscillations and ocean circulation changes on anoxia development during 130 

the Kellwasser Crisis have not yet been formulated within a cyclostratigraphic context. 131 

Still, due to diverging cyclostratigraphic interpretations (e.g., De Vleeschouwer et al., 2017; 132 

Ma et al., 2022), the temporal history of the Kellwasser Crisis interval and its relationship with 133 

astronomically forced paleoclimatic and paleoenvironmental change remain debated. 134 

Additional sections containing the Kellwasser Crisis interval need to be investigated to provide 135 

new temporal estimates of the crisis interval and to test current models for astronomically 136 

forced marine anoxia. Building upon a long history of research on the Devonian of the 137 

Appalachian Basin, this work presents a cyclostratigraphic interpretation of cyclicity observed 138 

in the West Valley core (WVC), further refining work carried out by Murphy et al. (2000), 139 

Sageman et al. (2003) and Ver Straeten et al. (2011). In complement, a re-assessment of the 140 

geochemical data is carried out to establish the paleoclimatic and paleodepositional conditions 141 

of WVC strata within a cyclostratigraphic framework. 142 

Even though the cyclicity captured by this record has been explicitly described within a 143 

sequence stratigraphic framework (e.g., Ver Straeten et al., 2011), no temporal framework 144 

based on Milankovitch cyclicity has been reported to date. First, the presence of an 145 

astronomical imprint in geochemical proxy series is leveraged for the construction of an 146 

astronomical age model. This way, the time encompassed by the WVC strata, as well as the 147 

Rhinestreet, LKW and UKW event beds is estimated. Next, the mechanisms (i.e., 148 

paleoclimatic and paleoenvironmental response) translating astronomically forced insolation 149 

changes into the WVC strata are put into a cyclostratigraphic context. Finally, the phase 150 
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relationship between recovered Milankovitch cycles and the Rhinestreet, LKW, and UKW 151 

event beds is documented, formalized into a new model, and compared to current hypotheses. 152 

2. Geological setting 153 

The 260-m-thick western New York Nuclear Fuel Service core #1 or West Valley core NX-154 

1 was drilled by the Western New York Nuclear Fuel Service near the town of Ashford 155 

(42.35306 °N, 78.67383 °W) in Cattaraugus County, New York State (USA) (Fig. 1A). It 156 

comprises middle Frasnian to lower Famennian distal foreland basin strata deposited in an 157 

expanded subtropical zone at appr. 30 °S paleolatitude (Ver Straeten et al., 2020), as the 158 

Catskill Delta prograded westward into the Appalachian foreland basin as a result of the 159 

Acadian Orogeny (Ver Straeten, 2009; 2010; Smith and Jacobi, 2023). During deposition of 160 

WVC strata, alongside eustatic sea-level variations, tectonic processes related to the ongoing 161 

orogeny (Tectophase 4 of Ver Straeten, 2023) exerted additional influence on relative sea-162 

level through flexural adjustments, subsidence, and rebound (Ver Straeten, 2009; 2010; 163 

2023). 164 

 165 

Fig. 1. Geological setting of the WVC. A) Late Devonian paleogeographic map (Blakey, 2023; 373 Ma). B) New 166 

York State (USA) modified from d-maps.com. WVC locality is indicated by a red dot. 167 

From base to top, the WVC contains the black shales of the Rhinestreet Formation, 168 

mudstones intercalated with black shale of the Angola Formation, the mudstone to sandstones 169 

of the Gardeau and West Hill formations, the black shales of the Pipe Creek Formation, 170 
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mudstones intercalated with black shale of the Hanover Formation, black shales and 171 

mudstones of the Dunkirk Formation and, the shales and mudstones of the South Wales 172 

Formation (Gowanda Formation in Ver Straeten et al., 2011) (Fig. 2). The contact between the 173 

Rhinestreet Formation and the underlying Cashaqua Formation is missing, indicating that the 174 

lowermost Rhinestreet Formation is absent in the WVC (Sageman et al., 2003; Ver Straeten 175 

et al., 2011). Identification of the LKW (Pipe Creek Formation) and UKW (Point Gratiot Bed-176 

equivalent) events in western New York was based on conodont biostratigraphy (Over, 1997; 177 

Over et al., 2023), increased total organic carbon and a positive carbon isotope excursion 178 

(Murphy et al., 2000).  179 
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 180 

Fig. 2. WVC stratigraphy, lithological column, selected geochemical proxy signals and conodont zonation. Stratigraphy and lithological column modified after Ver Straeten 181 
et al. (2011). Geochemical proxy signals TOC, Ti, Al, Ti/Al and δ13Corg from Sageman et al. (2003). Conodont zonation correlation based on Sageman et al. (2003) (1), Ver 182 
Straeten et al. (2011) (2) and Klapper and Kirchgasser (2016) and Over et al. (2023) (3). Numerical ages estimated based on correlation to conodont zonation by Becker et al. 183 
(2020).  184 
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3. Materials and methods 185 

Geochemical proxy records used for cyclostratigraphy in the present study were published 186 

in Murphy et al. (2000) and Sageman et al. (2003), as was also the methodology for the 187 

acquisition of these. Here, emphasis is put on a specific set of proxies, primarily selected 188 

based on principal component analysis (PCA; Fig. 3.); total organic carbon (TOC; preserved 189 

organic matter), Ti (coarse-grained detrital influx; Croudace and Rothwell, 2015), Ti/Al (sea-190 

level; Sageman et al., 2003) and stable carbon isotopes of organic matter (δ13Corg), as well as 191 

redox-sensitive proxies Ni enrichment factor (NiEF), Mo/Al, V/Al (Algeo and Liu, 2020), P 192 

(Murphy et al., 2000; Sageman et al., 2003; Percival et al., 2020) and Mo/TOC (Algeo and 193 

Lyons, 2006). Enrichment of Ni was calculated as: NiEF = [(Ni/Al)sample/(Ni/Al)upper crust] according 194 

to McLennan (2001) using Alcrust = 8.04% and Nicrust = 44 ppm. 195 

Furthermore, the lag-1 autocorrelation coefficient (ρ1), a measure for sedimentary noise, 196 

is included as a proxy for sea-level change (Meyers and Hinnov, 2010). Lower relative sea-197 

level would induce increased sedimentary noise (see Mudelsee, 2010), which is reflected by 198 

a decrease in ρ1-values (and vice-versa) (Li et al., 2018). Here, sedimentary noise recorded 199 

by TOC and Ti/Al is estimated by ρ1, TOC and ρ1, Ti/Al, respectively (see R script in Suppl. A). 200 

These proxies are utilized, either as time series for cyclostratigraphic analysis and/or as a 201 

complement for synthesizing a paleoclimatic interpretation. 202 

Statistical treatment and analyses were carried out in RStudio (2024.12.1, Build 563). 203 

Cyclostratigraphic analyses were carried out in RStudio using the Astrochron v1.4 package 204 

(Meyers, 2014). Additional analysis using continuous wavelet transform with a Morlet wavelet 205 

(ω = 6) was carried out using the WaverideR package (Arts, 2023; Arts et al., 2024). The 206 

Nadaraya–Watson kernel regression estimate was calculated via the ‘ksmooth’ function. Proxy 207 

time series were detrended, either by subtracting a linear trend using the ‘detrend’ function or 208 

by fitting and removing a ‘lowess’ smoother using the ‘noLow’ function (Meyers, 2014). All 209 

proxy time series were linearly interpolated (0.25 m sampling rate) prior to carrying out any 210 

cyclostratigraphic analysis. TimeOpt and eTimeOpt (Astrochron; Meyers, 2015; 2019) were 211 
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utilized to estimate the average and evolutive apparent sedimentation rate (ASR), respectively. 212 

Estimation of sedimentation rate is carried out by simultaneously optimizing (i) the modulation 213 

of the short-eccentricity cycle by the long-eccentricity cycle, and (ii) the concentration of 214 

spectral power at the periods of short-eccentricity (appr. 95, 99, 125, and 131 kyr) and long-215 

eccentricity (405 kyr) (i.e., estimating r²opt; Meyers, 2015; 2019). The formulated 216 

cyclostratigraphic hypothesis and proposed astrochronology is subsequently tested by 217 

applying time series and spectral analyses on time-domain geochemical proxy signals. 218 

Specific focus is put on amplitude modulation patterns of eccentricity and obliquity cycles by 219 

extracting higher-order cycles from the envelope of hierarchically shorter cycles. To avoid 220 

convoluted phrases, LE(i) is used to denote the ‘405-kyr-long eccentricity cycle, recovered 221 

indirectly (i) from the envelope of the 100-kyr-short-eccentricity (SE) cycle’. Similarly, GE(i) 222 

and GO(i) are used for the indirectly recovered 2.4-Myr grand-eccentricity and 1.2-Myr grand-223 

obliquity cycles, recovered from the envelopes of LE and 173-kyr long-obliquity (LO), 224 

respectively. All R-code is available in the Supplementary Materials (Suppl. A). 225 

4. Results 226 

4.1. Principal component analysis of geochemical data 227 

While the geochemical framework of the WVC has been previously characterized by 228 

Murphy et al. (2000), Sageman et al. (2003), Ver Straeten et al. (2011), and briefly by Percival 229 

et al. (2020), a re-evaluation of the dataset using PCA is warranted to refine proxy selection 230 

and interpretation – particularly in light of recent advances in redox-proxy evaluation (Algeo 231 

and Liu, 2020). While principal component 1 (PC1) accounts for 30.4% of variance, PC2 and 232 

PC3 account for 18.8% and 14.2% of variance, respectively (Fig. 3). Most elements are 233 

grouped off-axis in PC1-PC2 space, with four distinct clusters of elements each occupying 234 

one of the quadrants: Ca, P and Mn (upper left), Fe, Al, Cr, K and Ti (upper right), V, Cu, Ni, 235 

Mo and TOC (lower right) and, Co, Si, Zr (lower left) (Fig. 3A). As such, PC1 and PC2 primarily 236 

reflect changes in detrital input and redox conditions, respectively (Fig. 3A). Grouping of 237 

elements such as Si, Zr and Ti (coarse-grained particles), Fe, Al, Cr, K, V and Co (finer, clay-238 
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rich sedimentation), and associations between TOC, Mn, Mo, Cu and Ni (redox-sensitive 239 

organic-rich facies) along PC3 (Fig. 3A) suggests clustering as a function of grain size or 240 

sedimentological differences (Tribovillard et al., 2006; Croudace and Rothwell, 2015; Algeo 241 

and Liu, 2020, Tribovillard, 2021). Consequently, only a minority of the datapoints can be 242 

associated with the carbonate-containing fraction (i.e., Ca; blue data points on Fig. 3B) – 243 

consistent with the predominant mudstone, shale and sandstone facies of the WVC. 244 

 245 

Fig. 3. Principal component analysis. A) Loading plot of selected elements along PC1, PC2 and PC3 (color 246 

scale). B) Score plot along PC1, PC2 and PC3 (color scale). PC3 accounts for 14.2% of variance. 247 

4.2. Depth-domain cyclostratigraphy 248 

Throughout the WVC, TOC spikes appear rhythmically, superimposed on a fluctuating 249 

baseline (Fig. 2). These are visually most striking within the Kellwasser Crisis interval (appr. 250 

236 to 283 m), but also Rhinestreet, Angola, Dunkirk and South Wales formations. Time series 251 

analysis using a Nadaraya–Watson kernel regression estimate fit reveals apparent rhythmicity 252 

in the TOC baseline (Fig. 4A). Similarly, rhythmicity can also be observed in the Ti baseline 253 

(Fig. 4C). 254 

In order to identify the presence of Milankovitch cyclicity imprinted on the TOC and Ti, 255 

spectral analysis was applied using a continuous wavelet transform (Arts, 2023; Arts et al., 256 
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2024). Increased wavelet power can be observed for two components with periodicities 257 

ranging from 4 to 8 m and 15 to 30 m, respectively (black dotted lines, Fig. 4B, D). Slight shifts 258 

in periodicity can be identified on the wavelet spectra (Fig. 4B, D) for both identified 259 

components, which may reflect changes in the ASR. 260 

A Taner bandpass filter (window size of 1/30 to 1/15 m-1) was used to extract the low-261 

frequency component, identified in the wavelet spectra, from the TOC and Ti signals. In both 262 

cases, the bandpass filtered signals match the Nadaraya–Watson kernel regression estimates 263 

(Fig. 4A, C), confirming that the rhythmic changes in the TOC and Ti baselines are cyclic. 264 

Moreover, the low-frequency components extracted from TOC and Ti appear anti-phased. 265 

Secondly, the 4 to 8 m component is extracted using a bandpass filter. It fits with the sharp 266 

TOC (and Ti) spikes that can be observed most clearly in the Kellwasser Crisis interval (230 267 

to 280 m, Figs. 2, 4). 268 

 269 

Fig. 4. WVC TOC and Ti, depth-domain time series and spectral analysis. A) Detrended TOC (%; black), 270 

Nadaraya–Watson kernel regression estimate (red) and bandpass filtered output (1/30 to 1/15 m-1 and 1/8 to 1/4 271 

m-1; red). B) TOC wavelet power with indicated periodicities from 15 to 30 m and 4 to 8 m, interpreted to correspond 272 

to the long- and short-eccentricity cycles, respectively. C) Detrended Ti (%; black), Nadaraya–Watson kernel 273 

regression estimate (red) and bandpass filtered output (1/30 to 1/15 m-1 and 1/8 to 1/4 m-1; red). D) Ti wavelet 274 

power with indicated periodicities from 15 to 30 m and 4 to 8 m, interpreted to correspond to the long- and short-275 
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eccentricity cycles, respectively. The cone of influence was removed from the wavelet periodograms for visual 276 

clarity (see Suppl. A). 277 

4.3. Astronomical age model 278 

Published conodont zonation biostratigraphy offers an independent age model for the 279 

WVC (Fig. 2; see also Sageman et al., 2003; Ver Straeten et al., 2011; Becker et al., 2020). 280 

Based on tentative correlations to generalized conodont zonation (Klapper and Kirchgasser, 281 

2016; Becker et al., 2020; Over et al., 2023), the approximate amount of time encompassed 282 

by the WVC strata is roughly 5.5 Myr (Klapper and Kirchgasser, 2016; Becker et al., 2020) 283 

and accordingly, the ASR for the WVC is about 4.7 cm/kyr. At this rate, the 405-kyr long-284 

eccentricity (LE) cycle would span on average 18.9 m. This suggests that the long-term 285 

periodic 15 to 30 m component that was identified in both TOC and Ti (Fig. 4) corresponds to 286 

the LE cycle. Similarly, the short-term periodic 4 to 8 m component most likely corresponds to 287 

the ~100-kyr SE cycle. The periods of these components also exhibit a 1:4 ratio akin to that 288 

between the long- and short-eccentricity cycles. 289 

TimeOpt analysis (testing ASRs from 1 to 7 cm/kyr) estimates an average ASR of 4.75 290 

cm/kyr (r²opt TOC) and 3.86 cm/kyr (r²opt Ti), well in line with biostratigraphic estimates (e.g., 291 

Becker et al., 2020). Furthermore, eTimeOpt (from 1 to 7 cm/kyr) is applied to TOC and Ti in 292 

order to assess potential changes in ASR as suggested by the continuous wavelet transform 293 

(Fig. 4). In both cases, eTimeOpt confirms previously estimated ASRs as well as the 294 

stratigraphic location of main shifts in ASR (r²opt) (see Fig. S1). 295 

Integration of biostratigraphy and cyclostratigraphy strongly suggests an imprint of the 296 

short- and long-eccentricity cycles on TOC and Ti. Because TOC reflects the clearest apparent 297 

Milankovitch imprint (in terms of bundling and pacing of sharp spikes superimposed on the 298 

fluctuating baseline), this signal is used to construct an astronomical age model. Using the 299 

extracted long-eccentricity signal (Fig. 4A) as a guide, 14 local extrema in the TOC signal are 300 

visually identified and utilized to construct a floating astrochronology (i.e., minimal tuning on 301 
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the LE cycle), encompassing 5.67 Myr at an average ASR of 4.53 cm/kyr (as illustrated in Fig. 302 

5). 303 

 304 

Fig. 5. Tuning of TOC using the 405-kyr LE cycle. A) Depth-domain TOC and bandpass filter output (1/30 to 305 

1/15 m-1) interpreted to reflect 405-kyr LE. B) Tuned, relative time-domain TOC. Dots reflect interpreted extrema in 306 

LE and are depth-time tie-points utilized to construct the age model. X reflects a potential additional extremum in 307 

LE which, after investigation, was not added for constructing the age model (see Suppl. Fig. S2). 308 

Based on the interpreted imprint of eccentricity on TOC, the astronomical age model is 309 

used to transform all available geochemical proxies from the depth domain to the time domain. 310 

Note that at these estimated ASRs, recovery of precession (and short obliquity) is impeded by 311 

the limited resolution of the available geochemical dataset. So, the paleoclimatic response to 312 

astronomical forcing on short 104-yr timescales cannot be further investigated. Because 313 

statistical significance testing remains a debated subject within the cyclostratigraphy 314 

community (e.g., Weedon, 2022; Smith, 2023), a different approach is followed here by 315 

leveraging specific frequency ratios and amplitude modulation patterns that can be expected 316 

from longer-term (105-yr timescales) obliquity and eccentricity cycles. Note that both 1.2-Myr 317 

(s4-s3) and 2.4-Myr (g4-g3) cycles are unstable (Laskar, 2020) and that frequency ratios related 318 
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to these cycles may diverge accordingly. In addition, the astronomical age model is tested by 319 

assessing the imprint of Milankovitch cycles on other proxies (that were tuned using the TOC 320 

age model). 321 

4.4. Time-domain cyclostratigraphy 322 

4.4.1. Organic matter (TOC) 323 

In a first step, the imprint of Milankovitch cycles on the tuned TOC signal (Fig. 6A) is 324 

verified and documented.  Continuous wavelet transform analysis reveals increased spectral 325 

power corresponding to LE and also at periodicities corresponding to SE, GE, LO, and GO 326 

(Fig. 6B). Notably, decreased SE spectral power can be observed around appr. 2.00 Myr 327 

(Nunda Formation) and 4.50 Myr (base of the Angola Formation) (Fig. 6), tentatively indicating 328 

the presence of a node (i.e., 2.4-Myr GE cycle minimum), during which the amplitude of SE is 329 

expected to be minimal (Laskar, 2020). Spectral power associated with GE remains moderate 330 

throughout the record, as expected given its low amplitude in Earth’s eccentricity (Laskar, 331 

2020). Spectral power associated with LO is strongly localized; primarily in the Rhinestreet 332 

Formation (appr. 5.00 to 5.67 Myr) but also in the LKW Event interval (appr. 1.40 to 1.80 Myr; 333 

Fig. 6B). As expected, increased GO spectral power is equally documented for the Rhinestreet 334 

Formation and, to a smaller extent, the overlying black shales of the lower Angola Formation 335 

(up to appr. 3.80 Myr; Fig. 6B). 336 

In a second step, Taner bandpass filtering and Hilbert transforms are utilized to extract 337 

identified Milankovitch cycles and to assess their amplitude modulation patterns, respectively 338 

(Fig. 6A). Overall, bundles of 4 SE cycles can be counted per LE cycle, illustrating the 339 

expected 4:1 frequency ratio. A consistent in-phase relationship is documented between SE 340 

amplitude modulation patterns (and LE(i) on Fig. 6A) and the extracted LE cycle. An alternative 341 

age model, including an additional 405-kyr LE cycle in the Kellwasser interval, was discarded 342 

after displaying clear discrepancies in amplitude modulation patterns and cycle counting (see 343 

Fig. S2). Similar to SE and LE, the imprint of the GE cycle on TOC is investigated and 344 

documented. Extraction of the 2.4-Myr GE cycle is somewhat challenging due to the relatively 345 
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short duration of the record (5.67 Myr), minor amplitude modulation observed for the recovered 346 

LE cycles (see GE(i), Fig. 6A), and the low amplitude and unstable nature of the g4-g3 term 347 

(Laskar, 2020). In this case, definite recovery of the exact temporal location of GE cycle 348 

extrema based on 1 proxy remains uncertain. Lastly, the fluctuating power of LO and GO (Fig. 349 

6B) is visualized using bandpass filtering. Even though, overall, a frequency ratio of 7:1 LO to 350 

GO cycles is respected, a mismatch can be observed between GO(i) and GO (Fig. 6A). This 351 

is attributed to the weak imprint of obliquity on TOC in the Gardeau, West Hill, and Nunda 352 

formations, causing discrepancies in phasing. To conclude, a pronounced imprint of 353 

eccentricity on TOC has been documented. Conversely, strong evidence for obliquity control 354 

on TOC is lacking, except for the Rhinestreet Formation (Fig. 6). A highly similar analysis of Ti 355 

as described for TOC, corroborates the proposed astronomical interpretation (Fig. S3). 356 

 357 

 358 

Fig. 6. Time-domain cyclostratigraphic analysis of TOC. A) WVC Stratigraphy: Stage, Group (Gr.) and 359 

Formation (Fm.), detrended TOC and bandpass filters corresponding to ~100-kyr SE (red; 1/150 to 1/80 kyr-1), its 360 
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envelope (black), 405-kyr LE extracted from the envelope of SE (black; 1/505 to 1/305 kyr-1), 405-kyr LE (red; 1/505 361 

to 1/305 kyr-1), its envelope (black), 2.4-Myr GE extracted from the envelope of GE (black; 1/2900 to 1900 kyr-1), 362 

2.4-Myr GE (red; 1/2900 to 1900 kyr-1), 173-kyr LO (red; 1/203 to 1/143 kyr-1), its envelope (black), 1.2-Myr GO 363 

extracted from the envelope of LO (black; 1/1500 to 1/900 kyr-1) and 1.2-Myr LO (red; 1/1500 to 1/900 kyr-1), 364 

respectively. B) Average and evolutive wavelet periodogram. Target periodicities (kyr) indicated by dashed vertical 365 

lines for GE (2.4 Myr), GO (1.2 Myr), LE (405 kyr), LO (173 kyr) and SE (95 and 131 kyr, respectively). C) Assigned 366 

astrochronozones (De Vleeschouwer et al., 2017; Whalen et al., 2017). The cone of influence was removed from 367 

the wavelet periodogram for visual clarity (see Suppl. A). Note relative time based on floating astrochronology. 368 

4.4.2. Sea level (Ti/Al, ρ1, TOC and ρ1, Ti/Al) 369 

Analogous to previous analyses, the imprint of Milankovitch cycles on proxies 370 

representing sea-level changes (Ti/Al, ρ1, TOC and ρ1, Ti/Al) (Sageman et al., 2003; Li et al., 2018) 371 

were investigated and documented. Continuous wavelet transform analysis of Ti/Al reveals an 372 

apparent absence (or weak imprint) of LE. Even though increased power for SE appears to 373 

be present, this cannot be further tested due to the limited resolution of the dataset (i.e., 374 

absence of precession). In lack of unambiguous, conclusive evidence for LE modulating SE, 375 

these components are not interpreted to reflect eccentricity per se and are not further 376 

discussed. Conversely, a conspicuous ~2.4-Myr (g4-g3) cycle is recognized on Ti/Al (Fig. 7). 377 

A moderate-to-weak imprint of LO can be observed (Fig. 7B), which is extracted using 378 

a Taner bandpass filter with a broad frequency window (1/203 to 1/143 kyr-1) (Zeeden et al., 379 

2019). As expected from frequency ratio calculations, roughly 7 LO cycles can be counted per 380 

GO cycle. Moreover, assessment of the envelope of LO and comparison of GO(i) and GO 381 

indicate excellent amplitude modulation patterns and phasing (Fig. 7A). Conversely, the g4-g3 382 

cycle appears weak overall (Fig. 7C, D). 383 
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 384 

385 

Fig. 7. Time-domain cyclostratigraphic analysis of sea-level change proxies. A) WVC stratigraphy: Stage, 386 

Group (Gr.) and Formation (Fm.), Ti/Al and bandpass filters corresponding to g4-g3 (Ti/Al, red; TOC GE, blue; 387 

1/2900 to 1/1900 kyr-1), 173-kyr LO (red; 1/203 to 1/143 kyr-1), its envelope (black), 1.2-Myr GO extracted from the 388 

envelope of LO (black; 1/1500 to 1/900 kyr-1) and 1.2-Myr GO (red; 1/1500 to 1/900 kyr-1), respectively. Bandpass 389 

filter output corresponding to g4-g3 (TOC, Fig. 6) is added for comparison (blue). B) Average and evolutive wavelet 390 

periodogram of Ti/Al. Target periodicities (kyr) indicated by dashed vertical lines for GE (2.4 Myr), GO (1.2 Myr), 391 

LE (405 kyr), LO (173 kyr) and SE (95 and 131 kyr, respectively). C) ρ1, Ti/Al (black) and bandpass filter 392 

corresponding to 1.2-Myr GO (red) and g4-g3 (dotted red). D) ρ1, TOC (black) and bandpass filter corresponding to 393 

1.2-Myr GO (red) and g4-g3 (dotted red). The cone of influence was removed from the wavelet periodogram for 394 

visual clarity (see Suppl. A). Note relative time based on floating astrochronology. 395 

5. Discussion 396 

5.1. WVC temporal framework and implications for the Kellwasser Crisis 397 

The recognized, unambiguous imprint of Milankovitch cycles in multiple proxies enables the 398 

construction of a high-resolution (i.e., 0.1 Myr) floating astrochronology spanning 5.67 Myr for 399 

the WVC (Fig. S4). Because radiometric ages for the WVC are unavailable, the 400 
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astrochronology is not anchored in this work. Temporal constraints can be provided on the 401 

duration of the WVC Rhinestreet, LKW, and UKW events and the Kellwasser Crisis interval 402 

(Table 1). Note that the duration of an Event is strongly tied to the criteria (e.g., 403 

(litho)stratigraphic unit, biostratigraphy, carbon isotope chemostratigraphy) used for its 404 

definition (Whalen et al., 2017; De Vleeschouwer et al., 2024). In the narrowest sense (i.e., 405 

(litho)stratigraphy), the LKW and UKW Event represent the black shales of the Pipe Creek 406 

Formation and the Point Gratiot Bed equivalent in the upper Hanover Formation, respectively, 407 

as expressed in the WVC strata (Fig. 2). Accordingly, the Kellwasser Crisis is estimated to 408 

encompass appr. 760 kyr. The durations of the LKW and UKW events are 84 kyr and 123 kyr, 409 

respectively. These estimated durations are close to those reported by Da Silva et al. (2020), 410 

90 kyr and 130 kyr, respectively, and are in the order of magnitude of one short-eccentricity 411 

cycle. Moreover, based on lithostratigraphy, appr. 580 kyr separates the top of the Pipe Creek 412 

Formation (LKW) and the F-F boundary, perfectly consistent with the radiometric estimates 413 

provided by Percival et al. (2018). Finally, the duration of the Rhinestreet Event, as expressed 414 

in the WVC, is appr. 650 kyr according to the developed floating astrochronology. Given the 415 

absence of the lowermost Rhinestreet Formation in the WVC, this estimate represents a 416 

minimum constraint, suggesting that the actual duration could be longer (see also Kabanov et 417 

al., 2023). 418 

Table 1. Astrochronologies for the Kellwasser Crisis. Table modified after De Vleeschouwer et al. (2024). 419 

All durations are based on δ13C signatures. 420 

Reference Location Kellwasser Crisis LKW UKW 
  

Onset-to-onset Peak-to-peak 
  

Da Silva et al. (2020) Germany 670 kyr 600-700 kyr 300 kyr >400 kyr 

De Vleeschouwer 
et al. (2017) 

Global 600-700 kyr 800 kyr 100-300 kyr >400 kyr 

Ma et al. (2022) South China 1300 kyr 1600 kyr 600 kyr >405 kyr 

Whalen et al. (2017) Canada 500 kyr 650 kyr 200-250 kyr >405 kyr 
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Wichern et al. (2024) Germany 900 kyr 800 kyr 350 kyr >405 kyr 

This work New York, USA 630 kyr 580 kyr 470 kyr 610 kyr 

 421 

All temporal estimates provided here should be interpreted as ‘order-of-magnitude’ only as 422 

they were obtained by interpolating the 0.1-Myr-resolution floating astrochronology. Minor 423 

shifts in sedimentation rate (e.g., on precession-timescales) or small hiatuses that could not 424 

be captured may slightly impact the estimated durations. This is especially critical for the low 425 

resolution δ13Corg chemostratigraphy. 426 

Building on work by De Vleeschouwer et al. (2012; 2017) and Whalen et al. (2017), the 427 

WVC is put into the Frasnian astrochronologic framework (i.e., defining astrochronozones; 428 

Hilgen et al., 2020). According to their work, the Frasnian counts appr. 16.5 LE cycles (Fr-429 

LEC). Thus, the last LE cycle is appointed Fr-LEC-16 (Fig. 6C). Similar to De Vleeschouwer 430 

et al. (2017), the WVC F-F boundary appears to occur slightly after the 405-kyr eccentricity 431 

minimum in Fa-LEC 1 (equivalent to Fr-LEC 17). 432 

5.2. Geochemical proxy interpretation 433 

The cyclostratigraphic framework of the WVC was established primarily using TOC as a 434 

proxy for preserved organic matter. This is complemented by additional insight into the 435 

Milankovitch imprint on sedimentation, captured through variations in Ti (coarse-grained 436 

detrital input), Ti/Al and, ρ1, TOC and ρ1, Ti/Al (sea-level variations) (Figs. 4, 6, 7, S2). While these 437 

proxies provide a robust foundation for constructing an astronomical age model, a broader 438 

paleoenvironmental and paleodepositional interpretation requires a more comprehensive 439 

assessment of the geochemical dataset. 440 

More recently, somewhat contrasting views on establishing oxygenation levels, derived 441 

from paleoredox proxies, emerged; while Bennett and Canfield (2020) proposed (the use of) 442 

threshold values, Algeo and Liu (2020) caution against their use altogether. Following the 443 

recommendation by Algeo and Liu (2020), we refrain from applying fixed threshold values to 444 
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redox-sensitive trace metal proxies, which should be established on formation-specific basis 445 

through internal cross-calibration of multiple redox proxies – something entirely out of scope 446 

for this work. Instead, qualitative paleoredox, -productivity and -hydrography conditions are 447 

discussed within a cyclostratigraphic framework to explore the influence of astronomical 448 

forcing on marine anoxia. 449 

The clustering of TOC and typical redox-sensitive elements (Mo, Cu, Ni and V) along PC1 450 

to PC3 (PCA; Fig. 3) is interpreted to primarily reflect a coupling between organic matter 451 

preservation and oxygen-depleted (suboxic to anoxic-euxinic) paleodepositional conditions 452 

(Tribovillard et al., 2006; Algeo and Liu, 2020). V undergoes a two-step reduction process that 453 

is strongly dependent on the intensity of reducing conditions (Tribovillard et al., 2006). 454 

Accordingly, V/Al is used to qualitatively distinguish between suboxic and anoxic-euxinic 455 

conditions. 456 

In the absence of clear evidence for post-depositional diagenetic alteration, both Cu and 457 

Ni may serve as dual paleo-redox and -productivity proxies (Tribovillard et al., 2006; 458 

Tribovillard, 2021). Enrichment of Ni – particularly when associated with other paleoredox 459 

indicators such as V and Mo, and elevated TOC-values – suggests a coupling between 460 

enhanced paleoproductivity and anoxic conditions (Tribovillard et al., 2006, Tribovillard, 2021). 461 

Accordingly, an increase in NiEF is interpreted as indicative of elevated paleoproductivity and, 462 

when accompanied by enrichment in other redox-sensitive elements, a decline in bottom-463 

water oxygenation. Due to its moderate-to-weak loading in the PC1-PC2 space (Fig. 3), Cu is 464 

not further considered within a cyclostratigraphic context. 465 

Sedimentary Mo is typically enriched in organic-rich marine facies deposited under anoxic 466 

conditions and is widely used as a proxy for benthic redox potential, particularly in association 467 

with other paleoredox proxies such as V (Algeo and Lyons, 2006; Tribovillard et al., 2006). In 468 

restricted marine environments, Mo burial generally peaks in weakly sulfidic 469 

paleoenvironments and tends to be lower under strongly sulfidic conditions (see Algeo and 470 

Lyons, 2006). Thus, lowered Mo-values during an anoxic interval may signal more intensely 471 
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reducing (sulfidic) conditions. However, Mo is highly sensitive to reservoir effects in anoxic 472 

silled basins (Algeo and Lyons, 2006) – conditions that likely prevailed intermittently in the 473 

Late Devonian Appalachian Basin (Algeo et al., 2025). Consequently, the Mo/Al ratio is not 474 

only reflective of redox conditions but is also linked to hydrographic restriction of the deep-475 

water mass, making it an amalgamated signal. Short-scale punctuated increases in Mo/Al are 476 

interpreted as enrichment due to marine anoxia, whereas long-term (secular) Mo/Al changes 477 

are indicative of variations in water-mass restriction, serving as a paleohydrography proxy 478 

(Algeo and Lyons, 2006). This interpretation is complemented by Mo/TOC, which decreases 479 

under increasing restriction (Algeo and Lyons, 2006). Specifically, secular increases in Mo/Al 480 

and Mo/TOC suggest reduced restriction (e.g., transgression (Ti/Al) in the middle Angola Fm. 481 

renewing the Mo-budget, causing highest Mo/Al and Mo/TOC spikes; Fig. 8), while declines 482 

imply enhanced restriction. The latter can be observed on the largest scale as relative sea-483 

level decreases from the Rhinestreet Fm. onwards (Sageman et al., 2003), leading to 484 

decreasing Mo/Al up to the base of the Pipe Creek Fm. (Fig. 8). In all cases, normalization to 485 

Al did not introduce spurious correlations (Van der Weijden, 2002).  486 

The recycling of phosphorus (P), a limiting nutrient for primary production, has been 487 

thoroughly highlighted for the Kellwasser Crisis (WVC) by Murphy et al. (2000) and Percival 488 

et al. (2020). Indeed, the clustering of P and Mn, opposing the TOC-cluster (Fig. 3), indicates 489 

that the paleoredox conditions exerted dominant control on P availability (Algeo and Scheckler, 490 

1998; Murphy et al., 2000; Percival et al., 2020; Sageman et al., 2003). Specifically, the anti-491 

phasing of TOC and P peaks strongly suggests a coupling between bottom-water oxygenation, 492 

benthic phosphorus retention, and marine primary productivity (Van Cappellen and Ingall, 493 

1994), and is interpreted here as a signal of marine anoxia.494 
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  495 

Fig. 8. WVC geochemical profiles in relative time. From left to right; WVC stratigraphy: Stage, Group (Gr.) and Formation (Fm.); TOC (%) incl. ~100-kyr SE, 173-kyr LO (RS), 496 

405-kyr LE and 2.4-Myr GE bandpass filter output; NiEF; Mo/Al; Mo/TOC; V/Al; P(%); Ti (%) incl. 173-kyr LO and 405-kyr LE bandpass filter output; Ti/Al incl. 173-kyr LO, 1.2-Myr 497 

GO and 2.4-Myr GE bandpass filter output, blue arrows indicate major transgression/regression trends, based on Ti/Al (Sageman et al., 2003); δ13Corg; Anoxic event intervals of 498 

the Rhinestreet (RS), Lower Kellwasser (LKW) and Upper Kellwasser (UKW) are indicated in light gray; dotted lines in the Kellwasser Crisis interval indicate maxima in ~100-kyr 499 

SE. Dashed gray lines indicate lower and upper boundaries of the Kellwasser Crisis based on CIE trends. See Figs. 6, 7 and Suppl. A for details on used bandpass filter windows. 500 

Note relative time based on floating astrochronology.501 
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5.3. Eccentricity pacing of marine anoxia 502 

The strong imprint of eccentricity on TOC (Fig. 6), redox conditions (NiEF, Mo/Al, V/Al; Fig. 503 

8; Fig. S5), and on variations in coarse-grained detrital input (Ti; Figs. 8, S2) demonstrates a 504 

significant influence of astronomical forcing on sedimentary and organic matter deposition in 505 

the Late Devonian Appalachian Basin. Peak OM accumulation and preservation (TOC) 506 

coincides with SE maxima throughout the record, most strikingly in the Kellwasser Crisis 507 

interval, but also in the Rhinestreet Formation, and is strongly indicative of eccentricity pacing 508 

of marine oxygen depletion. Conversely, an increase in coarse-grained material (Ti; Calvert 509 

and Pedersen, 2007; Croudace and Rothwell, 2015) during eccentricity minima is interpreted 510 

to reflect a relative increase in mechanical erosion, suggesting increased aridity and a relative 511 

weakening of monsoonal activity (e.g., Wichern et al., 2024). Under such a scenario, fewer 512 

nutrients would reach the basin, leading to reduced primary productivity (NiEF, Fig. 8; Jaminski 513 

et al., 1998; Sageman et al., 2003; Liu et al., 2019).  514 

Given the quasi-absence of eccentricity in the power spectrum of insolation (Berger, 1988), 515 

its strong imprint on OM accumulation and preservation suggests a non-linear mechanism, 516 

such as amplification of positive (or negative) extremes, which effectively demodulate the 517 

forcing (Hays et al., 1976; Wigley, 1976). During eccentricity maxima, precession modulation 518 

is strongest, amplifying climatic extremes. Because precession commonly drives monsoonal 519 

variability in warm climates such as the Devonian (De Vleeschouwer et al., 2014; Wichern et 520 

al., 2024), maximum eccentricity configuration may enhance nutrient influx and cause 521 

eutrophication (De Vleeschouwer et al., 2024), leading to black shale deposition. 522 

For the Late Devonian, previous work (De Vleeschouwer et al., 2017; Whalen et al., 2017; 523 

Da Silva et al., 2020; Ma et al., 2022; Wichern et al., 2024) already documented the 524 

relationship between Milankovitch cycles and the (Upper) Kellwasser Event(s), highlighting 525 

the contribution of astronomical forcing as (a part of) a pacing mechanism of anoxic events. 526 

Most recently, Wichern et al. (2024) demonstrated precession-sensitive monsoonal climate 527 

during the Kellwasser Crisis interval in Germany. However, direct evidence linking marine 528 
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anoxia (i.e., paleoredox conditions and OM enrichment) to precession-controlled monsoonal 529 

climate is still lacking. To further investigate whether such mechanisms could explain the 530 

strong imprint of eccentricity (modulating precession), new high-resolution geochemical data 531 

of Kellwasser Crisis sections is required. In addition, (geo)physical climate modelling may 532 

equally play a crucial role in advancing of our understanding the role of astronomical forcing 533 

on marine anoxia. Whilst the aforementioned studies primarily focused on the relationship 534 

between Milankovitch cycle extrema, event timing and carbon isotopic shifts, no explicit 535 

evidence was brought forth documenting the astronomical pacing of marine anoxia (De 536 

Vleeschouwer et al., 2017; Whalen et al., 2017; Da Silva et al., 2020; Ma et al., 2022; Wichern 537 

et al., 2024). This study demonstrates, for the first time, that short-eccentricity cycle maxima 538 

controlled the pacing of OM enrichment and paleoredox conditions during the Kellwasser 539 

Crisis, highlighting astronomical forcing as a key driver of marine anoxia in the Frasnian 540 

Appalachian Basin. 541 

Eccentricity control on OM is consistent with a climate-driven mechanism for anoxia 542 

development, likely involving changes in weathering profiles, nutrient runoff and/or productivity 543 

(Carmichael et al., 2019; Percival et al., 2019; Algeo and Shen, 2024; De Vleeschouwer et al., 544 

2024; Fig. 8). Even though a volcanic trigger (or contribution) cannot be excluded, cyclic 545 

variations in weathering, productivity, and carbon burial, as well as an increase in δ13Corg are 546 

consistent with an astronomically-forced, productivity-driven biocrisis (Carmichael et al., 2019; 547 

Algeo and Shen, 2024; De Vleeschouwer et al., 2024). Bio-evolutionary events driving land-548 

plant colonization, weathering (Algeo and Scheckler, 1998), and CO2-drawdown (Algeo et al., 549 

2001) could at least have created environmental stress bringing the Earth system close to the 550 

tipping point for biocrisis (Smart et al., 2023; Algeo and Shen, 2024). Whereas volcanism may 551 

have further contributed to additional environmental stress (e.g., Pisarzowska and Racki, 552 

2020), for the Appalachian Basin, it does not appear to have been the (sole) trigger 553 

mechanism. The consistent ~100-kyr pacing of pulses of anoxia during the Kellwasser Crisis 554 
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interval strongly suggests that astronomically forced insolation change may have ultimately 555 

triggered and paced the onset of anoxia. 556 

5.4. Obliquity pacing of sea-level variations 557 

In contrast to the dominant control of eccentricity on OM, coarse-grained detrital input and 558 

redox conditions, a strong imprint of obliquity has been recovered from proxies for sea-level 559 

change (Ti/Al, ρ1, TOC and ρ1, Ti/Al; Fig. 7), indicating strong astronomical control on third-order 560 

sea-level fluctuations through 1.2-Myr GO cyclicity. The GO cycles recovered from ρ1, TOC and 561 

ρ1, Ti/Al are anti-phased to the 1.2-Myr GO cycle extracted from Ti/Al which is expected as 562 

minima in Ti/Al indicate maxima in relative sea level, while maxima in ρ1 indicate minima in 563 

sedimentary noise and, thus, maxima in relative sea level (Li et al., 2018). The recovered LO 564 

imprint from Ti/Al provides additional insight into fourth-order cycles despite its moderate-to-565 

weak amplitude, which is primarily interpreted to reflect a decreased sensitivity to obliquity 566 

changes on the 173-kyr timescale. Fluctuation of LO-associated power may also be due to 567 

the overall weaker amplitude of the s3-s6 term (Laskar, 2020) and instability beyond 50 Ma 568 

(Zeebe and Lantink, 2024).  569 

Recovery of a ~2.4-Myr cycle imprint on Ti/Al variations (interpreted to reflect sea-level 570 

changes), is surprising at first glance. Indeed, the ~2.4-Myr g4-g3 cycle is classically associated 571 

with the modulation of eccentricity terms, while the Ti/Al signal displays an unclear imprint of 572 

SE and LE (Fig. 7). Both SE and LE are expected to be stronger in amplitude than GE (Laskar, 573 

2020) and were found to dominate TOC (Fig. 6). Instead, this 2.4-Myr cycle is interpreted to 574 

originate from a strong obliquity imprint. In fact, the g4-g3 term influences not only the 575 

modulation of precession (and eccentricity) but also the modulation of obliquity (i.e., the 576 

envelope of obliquity contains the 2.4-Myr g4-g3 cycle; see figure. 4.15 in Laskar, 2020 and 577 

table 4 and figure 6 in Zeebe and Kocken, 2025). Recovery of the anti-phasing g4-g3 cycles in 578 

eccentricity and obliquity hints at the s4-s3 = 2(g4-g3) resonance being active (e.g., Laskar, 579 

2020) during the Late Devonian. This also indicates that, also on a Myr-timescale, baseline 580 

TOC increases as relative sea-level increases (and Ti/Al decreases). Such a scenario is 581 
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consistent with interpreted deepening and black shale deposition (e.g., Sageman et al., 2003). 582 

In addition, the consistent anti-phasing between the g4-g3 (TOC) and g4-g3 (Ti/Al) (Fig. 7) 583 

further validates the proposed astronomical age model. 584 

Typically, two dominant mechanisms are invoked to explain sea-level fluctuations within a 585 

cyclostratigraphic framework, depending on the prevailing climatic regime (Li et al., 2018). 586 

During cooler intervals (e.g., the Quaternary) with significant ice sheets, sea level is primarily 587 

regulated through ‘glacio-eustasy’ (continental volume ice changes) (Lourens and Hilgen, 588 

1997). In contrast, during globally warmer intervals without major ice sheets, sea level is 589 

largely influenced by ‘aquifer-eustasy’ or ‘limno-eustasy’ (variations in groundwater and lake 590 

volume) and thermal expansion (Miller et al., 2005; Li et al., 2018; see also references in 591 

Kabanov et al., 2023). Higher sea levels can be interpreted differently depending on the 592 

governing mechanism. Under a ‘limno-eustasy’ eustatic regime, higher sea level would 593 

correspond to lower obliquity, as reduced seasonality causes the lake and groundwater 594 

system to release water in the ocean (Li et al., 2018). Conversely in a ‘glacio-eustatic’ regime, 595 

higher sea level would correspond to higher obliquity, which enhances summer melting and 596 

reduces ice volume (e.g., Lourens and Hilgen, 1997). During a greenhouse period such as the 597 

Late Devonian, limno-eustasy represents a more probable dominant mechanism (with a 598 

contribution by thermal expansion) controlling minor sea-level variations (Kabanov et al., 599 

2023).  600 

The observed anti-phasing between the g4-g3 extracted from TOC and the g4-g3 601 

extracted from Ti/Al (Fig. 7) is leveraged to shed light on which mechanism predominantly 602 

controls sea-level fluctuations. Assessment of an astronomical solution (La04, from 0 to 20 603 

Ma during which the s4-s3 = 2(g4-g3) resonance is active; Laskar et al., 2004) illustrates that 604 

anti-phasing of the g4-g3 cycle can be expected depending on whether it is extracted from 605 

eccentricity or from the envelope of obliquity (Fig. 9) – coherent with what can be observed for 606 

the g4-g3 cycle extracted from TOC and Ti/Al, respectively (Fig. 7). Analogous to such a 607 

scenario, for the WVC, high eccentricity reflects high TOC and, accordingly, high obliquity 608 
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reflects high Ti/Al (or low sea-level). This scenario aligns with ‘limno-eustasy’, most clearly 609 

paced by obliquity at 1.2-Myr and 2.4-Myr timescales. Nevertheless, glacio-eustatic sea-level 610 

variations operating on different timescales – such as those potentially linked to the cooling 611 

pulses associated with the Kellwasser events (Joachimski and Buggisch, 2002; Huang et al., 612 

2018; Algeo and Shen, 2024) – cannot be entirely ruled out (Algeo et al., 2025). 613 

Although uncertainty regarding the amplitude of sea-level changes during the 614 

Devonian remains (Kabanov et al., 2023), even smaller (~5 m) amplitude-variations of third-615 

order cycles could have played a major role in the deposition of Devonian black shales in the 616 

semi-restricted Appalachian Basin (Algeo et al., 2025). This is exemplified most clearly by the 617 

coinciding transgression and OM enrichment during the LKW and UKW and relative highstand 618 

during the deposition of the black shales of the Rhinestreet Formation (Fig. 8). As such, 619 

changes in eustatic sea-level are unequivocally associated with anoxic (extinction) events in 620 

the Appalachian Basin. This provides strong evidence that obliquity played a role in Frasnian 621 

marine anoxia, either through the upwelling of nutrients or the intrusion of anoxic water-622 

masses, particularly during the Rhinestreet, LKW, and UKW events. 623 
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 624 

Fig. 9. Eccentricity and obliquity for the last 20 Myr (La04). A) La04 solution for eccentricity (0-20 Ma; Laskar 625 

et al., 2004) (gray) and extracted g4-g3 cycle (red). B) Envelope of the La04 solution for obliquity (0-20 Ma; Laskar 626 

et al., 2004) obtained via a Hilbert transform (gray), subsequently extracted g4-g3 (cyan) and s4-s3 (blue). 627 

 628 
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 629 

5.5. Controls on the succession of events through the middle and late Frasnian 630 

5.5.1. Rhinestreet Event 631 

The global Rhinestreet (RS) anoxic event (Becker et al., 2020) represents a period of 632 

prolonged, significant marine anoxia, as is exemplified by its large thickness and protracted 633 

duration (estimated 650 kyr in this work; compared to > 600 kyr in Becker et al., 2020; > 1 Myr 634 

in Kabanov et al., 2023). The black shales of the Rhinestreet Formation are interpreted to 635 

have recorded progradational/retrogradational cycles (Lash and Blood, 2006). Flexural 636 

adjustments, subsidence, and rebound resulting from the ongoing Acadian Orogeny would 637 

have lesser influence (especially during mid to late portions of tectophases) (Ver Straeten, 638 

2009; 2010; 2023), superimposed onto astronomically forced eustatic sea-level variations. In 639 

the WVC, the Rhinestreet Event is characterized by high TOC values (up to 4%), enrichment 640 

of paleoredox elements (e.g., NiEF, Mo/Al, V/Al; see Fig. 8) indicating increased 641 

paleoproductivity and oscillating anoxic to euxinic conditions. Elevated Mo/Al and Mo/TOC 642 

values in the Rhinestreet (and lower Angola) Formation (Fig. 8), indicate minimal restriction in 643 

the Appalachian Basin (cf. Algeo and Lyons, 2006), an interpretation that is consistent with 644 

high eustatic sea-levels associated with the RS Event (Sageman et al., 2003; Becker et al., 645 

2020).  646 

Here, the Rhinestreet Formation stands apart from the overlying strata by an equally 647 

strong eccentricity and 173-kyr obliquity imprint on OM accumulation and preservation (Fig. 648 

8). TOC peaks during ~100-kyr eccentricity maxima (modulated by LE), indicating climatically-649 

induced forcing of marine anoxia. Yet, the relative amplitude of peaks in TOC appears dictated 650 

by 173-kyr variations (see Fig. 8), suggesting a strong contribution to anoxia development by 651 

obliquity. Based on the correlation of known global marine transgressions and co-eval 652 

gray/black shale intervals, Lash and Blood (2006) suggested that (fourth-order) eustatic 653 

oscillations played a role in the deposition of black shales, which would be consistent with 654 

173-kyr obliquity forcing (considering the extensive role of obliquity forcing on sea level). Such 655 
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a pronounced obliquity imprint may be due to the highest relative sea level in the Appalachian 656 

Basin during the deposition of the Rhinestreet Formation (Mo/Al, Mo/TOC Fig. 8; see also 657 

Sageman et al., 2003; Ver Straeten et al., 2011).  658 
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5.5.2. Kellwasser Crisis 659 

In the Appalachian Basin, the pre-Kellwasser interval is characterized by the 660 

sandstones of the Nunda Formation, predominantly deposited during periods of strong 661 

obliquity modulation (maxima in s4-s3 and g4-g3 for obliquity, akin to Fig. 9) and associated 662 

lowstand conditions (Figs. 8, 10). Note that maximal g4-g3 for obliquity corresponds to minimal 663 

g4-g3 for eccentricity (Fig. 9). Consequently, the deposition of this interval is interpreted to have 664 

occurred during a 2.4-Myr eccentricity cycle minimum (i.e., node), suggesting a period 665 

characterized by the avoidance of climatic extremes and potentially a weakened monsoonal 666 

climate (Wichern et al., 2024). Furthermore, low levels of TOC and paleoredox proxies (NiEF, 667 

Mo/Al and V/Al, Fig. 8) indicate well-oxygenated bottom waters, while high Ti indicates 668 

increased coarse-grained detrital input (Fig. 8). As eccentricity increased and strong obliquity 669 

modulation diminished, sandstone deposition ceased in the run-up to the LKW Event. 670 

The LKW Event (Pipe Creek Formation) occurs after a node in eccentricity (Nunda 671 

Formation), strongly reminiscent of the UKW ‘nutrient-gun’ hypothesis (De Vleeschouwer et 672 

al., 2024), and culminates appr. 200 kyr later (half LE cycle). The onset of the LKW Event 673 

appears rapid (≤100 kyr timescales), OM accumulation and preservation is paced by 674 

eccentricity, and the associated transgression appears paced by 173-kyr obliquity. However, 675 

the amplitude of the excursion in Ti/Al does not reflect the amplitude in 173-kyr obliquity, most 676 

probably indicating that processes driving flooding on yet shorter timescales should be 677 

investigated. Peak TOC values are recorded in the subsequent 173-kyr LO and 1.2-Myr GO 678 

minima (i.e., maximum flooding) and coincide with SE and LE maxima (Figs. 8, 10D). The low-679 

obliquity, high-eccentricity configuration would lead to relatively elevated sea levels and 680 

increased clay and nutrient inputs (decreased Ti), respectively (Fig. 10D). This would 681 

consequently amplify eutrophication through increased nutrient influx and productivity (see 682 

NiEF, Fig. 8) and upwelling of either nutrient-rich or oxygen-depleted bottom-waters 683 

(Carmichael et al., 2019) through ocean circulation invigoration (Algeo and Shen, 2024). 684 

Although anoxic (sensu stricto) conditions appear to have been mostly absent (based on 685 
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Mo/Al, V/Al; Fig. 8) in this interval of the WVC, productivity and OM burial were maximal, 686 

displaying highest TOC and NiEF values for the entire record. The anti-phased response of P 687 

relative to TOC may indicate P-recycling under reducing conditions (Murphy et al., 2000; 688 

Percival et al., 2020), contributing to sustained oxygen depletion (increased Mo/Al and V/Al) 689 

and prolonged black shale deposition (TOC) during the associated transgression (thereby 690 

potentially renewing the Mo-budget) (Fig. 8). 691 

The inter-Kellwasser interval (lower to middle Hanover Formation) displays strong 692 

~100-kyr short-eccentricity pacing of deoxygenation (NiEF, Mo/Al, V/Al; Fig. 8) and OM 693 

preservation (TOC spikes 1 to 4 on Fig. 8). This contrasts with other sections (e.g., Kowala, 694 

Poland) that display a period of non-response to orbital forcing in this interval (De 695 

Vleeschouwer et al., 2013) and was, based on increased obliquity power, interpreted to 696 

represent a node in eccentricity by De Vleeschouwer et al. (2017) and Da Silva et al. (2020). 697 

Such contrast may, in part, be attributed to the large variety in how the Kellwasser Crisis is 698 

expressed (Carmichael et al., 2019) and may thus reflect regional influences. This may also 699 

reflect the spatially heterogeneous transfer of astronomical forcing into the ocean’s 700 

biogeochemical response (Gérard et al., 2025), with local circulation exerting a key control on 701 

the distribution of these patterns. 702 

Nevertheless, in the Appalachian Basin, this interval experiences oscillating dysoxic to 703 

anoxic conditions and increased paleoproductivity (NiEF). Spikes in Mo/Al are interpreted to 704 

represent increasing dysoxic to anoxic conditions and Mo-burial (Algeo and Lyons, 2006). 705 

Renewal of the Mo budget is attributed to the preceding LKW transgression. Yet, it should be 706 

mentioned that a steady regression coincides with this interval (Ti/Al; Fig. 8). Most striking is 707 

that TOC spike 4 (Fig. 8) appears protracted compared to previous pulses and paleoredox 708 

proxies point towards anoxic to slightly euxinic conditions (Fig. 8), indicating strong 709 

paleoenvironmental stress on the biosphere. This spike (4) coincides with a 173-kyr minimum, 710 

which may also explain elevated Mo/Al and Mo/TOC (i.e., reduced restriction; Fig. 8) and why 711 

it appears more protracted and more anoxic to euxinic. Similar to the LKW Event, P appears 712 
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anti-phased to TOC, indicating that P-recycling is possibly contributing to sustained oxygen 713 

depletion and recurring black shale deposition. 714 

The UKW represents the major, 1st-order extinction pulse at the F-F boundary (Raup 715 

and Sepkoski, 1982; Brett et al., 2020; Algeo and Shen, 2024) in the upper Hanover Formation 716 

(Over, 1997). In the WVC, it is characterized by one minor TOC spike, followed by a second 717 

major peak in TOC marking the culmination of the UKW OM burial during a ~100-kyr 718 

eccentricity maximum and during the decreasing limb of 173-kyr obliquity (i.e., transgression) 719 

(Fig. 8; n.b. see Algeo et al., 2025, for higher-resolution chemostratigraphic records of this 720 

interval). Although coinciding TOC, NiEF and Mo/Al spikes (Fig. 8) indicate oxygen depletion, 721 

V/Al remains relatively low, suggesting that dysoxic conditions prevailed. Increases in NiEF and 722 

Mo/Al hence may have been associated with increased paleoproductivity and decreased 723 

restriction as a result of the UKW transgression (Mo/TOC, Ti/Al; Fig. 8). The amount of time 724 

separating these peaks appears considerably shorter than 100 kyr, strongly suggesting that 725 

the first minor TOC peak is paced by short obliquity or precession (note that this part of the 726 

dataset has higher resolution, allowing for such a statement). In contrast to the LKW Event, 727 

the UKW Event peak TOC values occur after a LE minimum (Fig. 8). Such a scenario similarly 728 

reminds of the ‘nutrient-gun’ hypothesis (De Vleeschouwer et al., 2024), albeit following a 729 

minimum in LE instead of GE. The final peak in TOC at the F-F boundary marks the 730 

culmination of a series of ~100-kyr SE-paced anoxia pulses, probably causing the strongest 731 

environmental stress. What further differentiates the UKW from the prior anoxia pulses and 732 

OM burial episodes is the orbital configuration associated with the rapid transgression; relative 733 

sea level gradually declined in the inter-KW interval, culminating during a maximum in 173-kyr 734 

and 1.2-Myr obliquity near the F-F boundary (s4-s3 and s3-s6, respectively) (Fig. 8). This is in 735 

stark contrast with the minimum in 1.2-Myr obliquity (i.e., higher relative sea level) associated 736 

with the LKW Event through the WVC. 737 

The post-Kellwasser interval is represented by the lower Dunkirk Formation (earliest 738 

Famennian) in the Appalachian Basin. Even though it still exhibits considerable OM 739 
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enrichment (TOC), paleoproductivity (NiEF) further decreases (Fig. 8). A relative increase in 740 

Mo/Al is interpreted to result primarily from a rising relative sea level on 1.2-Myr timescales 741 

(GO, Ti/Al; Fig. 8)., renewing the Mo-budget. As baseline relative sea-level would continue to 742 

decrease (on > 1.2-Myr timescales, attributed mostly to progradation of synorogenic 743 

sediments of the Catskill Delta complex eroded from the Acadian Orogen (Ver Straeten, 2009; 744 

2010; Smith and Jacobi, 2023), it becomes apparent that the influence of obliquity on OM 745 

enrichment and black shale deposition diminishes. OM burial appears to be paced dominantly 746 

by both SE and LE, which is exemplified by TOC peaks coinciding with ~100-kyr SE maxima 747 

(and lower TOC-values during the GO maximum). 748 

5.6. A new cyclostratigraphic model for the Kellwasser Crisis 749 

An interplay between eccentricity and obliquity forcing (over a range of timescales) 750 

dominated the Frasnian Appalachian Basin and, more specifically, the Kellwasser Crisis 751 

interval. Even though 1.2-Myr obliquity forcing appears to dominate the WVC record, both 752 

LKW and UKW are clearly associated with shorter-term (173-kyr or short obliquity?) eustatic 753 

sea-level variations (Figs. 7, 8). Short (~100-kyr) eccentricity maxima pace TOC throughout 754 

the record, most strikingly in the Kellwasser Crisis interval (Figs. 6, 8). These observations 755 

provide the foundation for formalizing a new model for astronomical forcing during the 756 

Kellwasser Crisis in restricted basins such as the Appalachian Basin. Here, a low-eccentricity 757 

configuration at ~100 kyr is associated with increased coarse-grained detrital influx (Ti), 758 

potentially indicating a weakened monsoonal system and lower nutrient-availability (Fig. 10A, 759 

B). Even though 173-kyr obliquity forcing (also affecting seasonal contrast) may modulate the 760 

amount of clay and nutrient influx (cf. Jaminski et al., 1998; Liu et al., 2019), the low-761 

eccentricity scenario appears not conducive for anoxia and black shale deposition – 762 

regardless of relative sea-level changes. 763 

Conversely, a high-eccentricity configuration at ~100 kyr would amplify seasonality, by 764 

intensifying monsoonal systems on precession timescales (De Vleeschouwer et al., 2014; 765 

Wichern et al., 2024), and intensify nutrient runoff, causing eutrophication and anoxia 766 
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development (Fig. 10C, D), as suggested in the astronomical scenarios by Ma et al. (2022) 767 

and De Vleeschouwer et al. (2024). Clay and nutrient input would be maximized under a high-768 

eccentricity, high-obliquity configuration (i.e., strongest seasonality; similar to the model 769 

proposed by Ma et al., 2022 – yet, on shorter timescales in this scenario). Even though under 770 

a high-eccentricity, low-obliquity orbital configuration (Fig. 10D), clay and nutrient influx would 771 

no longer be maximal, the oceanic invigoration and co-occurring transgression would enforce 772 

oxygen depletion and reducing conditions (Carmichael et al., 2019; Kabanov et al., 2023, 773 

Algeo and Shen, 2024), maximizing black shale deposition. Even though OM enrichment 774 

appears to occur regardless of relative sea-level, obliquity-forced transgression (Fig. 10D) 775 

appears to exacerbate anoxia and trigger maximal stress on the biosphere (i.e., mass 776 

extinction/depletion; Carmichael et al., 2019; Brett et al., 2020). Yet, it remains unclear whether 777 

the transgressions associated with the deposition of black shales during the LKW and UKW 778 

represent a primary or secondary contribution. Resolving short obliquity would be required to 779 

shed light on this by investigating the succession of events on even shorter (104-yr) timescales. 780 

Regardless of whether the associated transgressions were entirely astronomically forced, their 781 

potential for contributing to anoxia (Carmichael et al., 2019; Kabanov et al., 2023) remains 782 

unchanged. Phosphorus influx and recycling under reducing conditions (Percival et al., 2019, 783 

2020) may provide a pathway to sustaining eutrophication. However, this mechanism remains 784 

debated (Reershemius and Planavsky, 2021) and recent simulations (Gérard et al., in review) 785 

suggest that the variations of phosphate, induced by astronomical forcing, may be either too 786 

gradual or too limited in amplitude to trigger or maintain an anoxic state over extend 787 

timescales. Nevertheless, coinciding decreases in P and increases in TOC, NiEF, Mo/Al and 788 

V/Al underscore transient reducing paleoenvironmental conditions (Van Cappellen and Ingall, 789 

1994; Tribovillard et al., 2006), especially in the Kellwasser Crisis interval. 790 

Even though existing cyclostratigraphic interpretations (‘eccentricity-minimum’ hypothesis; 791 

De Vleeschouwer et al., 2017; 2024; Da Silva et al., 2020; Wichern et al., 2024 and ‘maximum 792 

obliquity and eccentricity’ hypothesis; Ma et al., 2022) differ to some extent, they both rely on 793 
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climatically-induced anoxia, induced by increased nutrient-runoff causing eutrophication (Ma 794 

et al., 2022; De Vleeschouwer et al., 2024). Interestingly, despite the often-clear association 795 

between transgression and the Kellwasser events, as well as the observed Myr-obliquity 796 

imprint (see Ma et al., 2022), the role of eustatic sea-level variations in contributing to anoxia 797 

has not yet been considered within an astronomical framework. Here, the interplay between 798 

eccentricity- and obliquity-forced anoxia is recognized. In accordance with existing models by 799 

Da Silva et al. (2020), De Vleeschouwer et al. (2017; 2024) Ma et al. (2022) and Wichern et 800 

al. (2024), deposition and preservation of anoxic facies (e.g., black shales) were maximal 801 

during periods of maximum (short) eccentricity (i.e., maximal modulation of precession). Such 802 

a scenario is consistent with climate-driven anoxia (Jaminski et al., 1998; Liu et al., 2019; De 803 

Vleeschouwer et al., 2024). In complement, obliquity-forced sea-level variations equally 804 

contributed to marine anoxia. Whilst influx of nutrient-rich bottom waters could contribute to 805 

eutrophication, recent work by Gérard et al. (2025) suggests that, on the other hand, obliquity-806 

forced ocean circulation and oxygen solubility changes may have caused upwelling of anoxic 807 

bottom waters. 808 
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  809 

Fig. 10. Cyclostratigraphic model for the Kellwasser Crisis in a restricted (Appalachian) basin. A) High-810 

obliquity, low-eccentricity orbital configuration corresponding to relatively low eustatic sea level and moderate 811 

seasonality resulting in moderately low influx of clays and nutrients from land. B) Low-obliquity, low-eccentricity 812 

orbital configuration corresponding to relatively high eustatic sea level and low seasonality resulting in a low influx 813 

of clays and nutrients from land. C) High-obliquity, high-eccentricity orbital configuration corresponding to relatively 814 

low eustatic sea level and strongest seasonality, resulting in the largest influx of clays and nutrients from land, 815 

increased P-recycling under oxygen-depleted conditions and OM deposition. D) Low-obliquity, high-eccentricity 816 

orbital configuration corresponding to relatively high eustatic sea level and strong seasonality, resulting in large 817 

influx of clays and nutrients from land, maximally increased P-recycling under oxygen-depleted conditions and 818 

maximal OM deposition. Blue arrows indicate influx of clays and nutrients (based on lower coarse-grained input; 819 

Ti), black arrows indicate phosphorus recycling and, hence, benthic anoxic (reducing) conditions. 820 

Lastly, it should be mentioned that the proposed orbital configuration of maximal ~100-821 

kyr eccentricity and obliquity-driven transgression (Fig. 10D) associated with the LKW and 822 

UKW events is not unique. Such an astronomical configuration would have occurred 823 
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frequently, whereas marine anoxia appears to have been less common, indicating that other 824 

factors should be considered to explain marine anoxia development. 825 

Even though many trigger mechanisms may be invoked that could cause regional-to-826 

global climate perturbations and make the Earth system prone to anoxia, evidence from the 827 

WVC record hints, again, at a combined effect of seasonal contrast and sea-level variations. 828 

During the deposition of the pre-KW Crisis sandstones of the Nunda Formation, lowstand (1.2-829 

Myr GO maximum as well as decreased subsidence; Lash and Blood, 2006: Smith and Jacobi, 830 

2023) coincided with a node in eccentricity, during which there is a strong avoidance of 831 

seasonal contrast during a period of 405 kyr (De Vleeschouwer et al., 2024). Potentially, the 832 

termination of such long-term climatic stability during the deposition of the upper Nunda 833 

Formation may have induced rapid bio-evolutionary events (i.e., ‘strong version’ of the land-834 

plant weathering hypothesis, Algeo et al., 1995; Algeo and Shen, 2024). This way, the Earth 835 

system may have been sufficiently stressed and brought close to the tipping point towards 836 

marine anoxia and extinction (Algeo and Shen, 2024). 837 

6. Conclusions 838 

A strong astronomical imprint on the WVC strata is recognized in multiple geochemical 839 

proxies. Short-eccentricity maxima paced enrichment and preservation of OM (TOC), oxygen 840 

depletion suggesting transient anoxia (NiEF, Mo/Al, V/Al) and influx of coarse-grained detrital 841 

material (Ti) indicating reduced monsoonal activity. A strong imprint of obliquity on Ti/Al, ρ1, TOC 842 

and ρ1, Ti/Al – most clearly paced by 1.2-Myr and 2.4-Myr cycles – strongly highlights 843 

astronomical control on eustatic sea-level fluctuations, predominantly through limno-eustasy. 844 

Coinciding orbitally-forced transgression and pacing of oxygen depletion implies strong orbital 845 

control on the Kellwasser Crisis interval and, most strikingly, on the LKW and UKW events. In 846 

the Appalachian Basin, the Kellwasser events are separated by four sharp peaks in TOC, 847 

paced by short eccentricity maxima. OM enrichment during the Rhinestreet Event appears 848 

paced by both 173-kyr obliquity and short- and long-eccentricity cycles, interpreted to be 849 

mediated through relative eustatic highstand. 850 
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Based on the recovered imprint of Milankovitch cycles on the WVC strata, a new model 851 

for astronomical control on the Kellwasser events in the Appalachian Basin is proposed. It 852 

reconciles existing cyclostratigraphic models for the Kellwasser Crisis (Da Silva et al., 2020; 853 

De Vleeschouwer et al., 2017; 2024; Ma et al., 2022; Wichern et al., 2024) in terms of causal 854 

mechanisms, with high eccentricity driving increased nutrient runoff, eutrophication and 855 

marine anoxia as well as the influence of obliquity on eustatic sea-level variations. Yet, it 856 

provides a novel, more detailed synthesis of the orbital configuration commonalities of the 857 

LKW and UKW Event; an interplay of obliquity-forced transgression and eccentricity-forced 858 

increased monsoonal activity. Accordingly, an interplay of eccentricity- and obliquity-forced 859 

mechanisms for anoxia development have governed OM accumulation and preservation in 860 

the Appalachian Basin. However, since the orbital configurations associated with the 861 

Kellwasser events are not unique, it is highly probable that astronomical forcing was not the 862 

sole causal mechanism. The LKW Event appears to have occurred after a 405-kyr-period of 863 

prolonged avoidance of seasonal extrema (i.e., a node in 2.4-Myr grand eccentricity) and 864 

marks the onset of the Crisis interval. The UKW Event appears to have occurred on the rising 865 

limb of short eccentricity right after a long-eccentricity minimum, culminating during a short-866 

eccentricity maximum at the F-F boundary. 867 

An astronomical age model encompassing 5.67-Myr is constructed based on the 868 

recovered eccentricity imprint on TOC. The floating astrochronology provides new estimates 869 

for the duration of the Rhinestreet, LKW, and UKW events as well as the Kellwasser Crisis 870 

interval. These align with current estimates from coeval, globally distributed sections. Finally, 871 

the floating astrochronology is put into the Frasnian astrochronozonal framework of Whalen 872 

et al. (2017) and De Vleeschouwer et al. (2017), further putting the WVC record into a global 873 

and astronomical context. Future work may further refine the proposed astrochronology by 874 

increasing data resolution, thereby allowing resolving precession and short obliquity. In 875 

addition, this approach would enable an investigation into the extent to which eccentricity-876 

modulated precession controls anoxia development, as well as whether short-obliquity forcing 877 
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contributed to the stark transgressions associated with the Kellwasser events. Nevertheless, 878 

other potential mechanisms should also be considered to fully capture the complexity of these 879 

sea-level fluctuations during this key interval. 880 

This cyclostratigraphic investigation of the Upper Devonian WVC highlights the intricate 881 

interplay of Milankovitch cycles and their effect on the Rhinestreet and Kellwasser events. By 882 

integrating existing models of anoxia, sea-level change and astronomical forcing, this study 883 

advances our understanding of the causal mechanisms that shaped these key intervals in 884 

Earth’s history. 885 
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Supplemental information 1148 

A. R-script and research data 1149 

All will be made available to the Reviewers and will be accessible online after 1150 

acceptance of this manuscript. 1151 

B. Proxies 1152 

Total Organic Carbon—Total organic carbon (TOC), a proxy for the flux, accumulation and 1153 

preservation of OM (Sageman et al., 2003; Ver Straeten et al., 2011), varies from 0.00 to 4.75 1154 

% throughout the record. The highest values are recorded in the black shales of the basal 1155 

Rhinestreet Formation as well as the Pipe Creek Formation (LKW) and Hanover Formation 1156 

(incl. UKW) (Fig. 2). Petrographic studies indicate that the majority of OM in Appalachian Basin 1157 

Devonian black shales originated from the marine realm (Jaminski et al., 1998; Sageman et 1158 

al., 2003). As a prime indicator for marine anoxic events in semi-restricted basins (Carmichael 1159 

et al., 2019), the TOC proxy signal is the primary target for cyclostratigraphy, with the goal of 1160 

determining whether these events and their pacing are astronomically forced (cf. Liu et al., 1161 

2025). 1162 

Detrital Input (Ti)—Titanium is a conservative, redox-insensitive, diagenetically resistant 1163 

element that is associated with the coarse-grained, detrital fraction of the sedimentary record 1164 

and is commonly transported from the continent into the ocean (Calvert and Pedersen, 2007; 1165 

Croudace and Rothwell, 2015). For the Appalachian foreland Basin, the majority of Ti 1166 

originated from dense, silt-to-sand-sized grains from the surrounding Euramerican continent 1167 

and is interpreted to reflect increased influx of coarse-grained material due to reduced 1168 

monsoonal activity during periods of increased aridity (;Jaminski et al., 1998; Liu et al., 2019; 1169 

Wichern et al., 2024). Most likely, the prograding Catskill Delta complex as a result of the 1170 

Acadian Orogeny further contributed to the Ti-budget (Ver Straeten, 2009; Smith and Jacobi, 1171 

2023). 1172 
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Sea Level (Ti/Al)—Often, elemental proxy concentrations are normalized versus immobile 1173 

elements such as Al to account for facies changes, dilution, etc. (Calvert and Pedersen, 2007; 1174 

Croudace and Rothwell, 2015), which has proven useful for interpreting geochemical element 1175 

profiles (Van der Weijden, 2002). Moreover, normalization to Al is also utilized for the 1176 

calculation of trace-metal enrichment factors (Algeo and Liu, 2020; McLennan, 2001; 1177 

Tribovillard, 2021). Here, both Ti and Al can be attributed to the detrital fraction of the sediment.  1178 

Generally, Ti/Al is interpreted as a sedimentary grain-size proxy (Calvert and Pedersen, 1179 

2007). Grain-size variations may be the result of a wide range of paleoclimatic and 1180 

paleoenvironmental changes, such as a shift in climatic conditions (e.g. wet/dry cycles) 1181 

causing a shift in eolian versus fluvial influx (Croudace and Rothwell, 2015; Lourens et al., 1182 

2001) or eustatic sea-level variations (Calvert and Pedersen, 2007; Chen et al., 2013). 1183 

Specifically for the West Valley core, the Ti/Al ratio is interpreted – based on geochemical and 1184 

petrographic data – to reflect relative sea-level changes and related aggradation/progradation 1185 

(Sageman et al., 2003). Thus, an increase Ti/Al is interpreted to primarily reflect progradation 1186 

and relative sea-level fall (and vice-versa). In addition, trends in Ti/Al match well with regional 1187 

stratigraphic trends (Sageman et al., 2003), further justifying its use as a proxy for sea-level 1188 

change. Yet, a minor eolian contribution to variations in the Ti/Al signal is not excluded by 1189 

Sageman et al. (2003). Therefore, it is highly likely that Ti/Al represents an amalgamated 1190 

signal, containing long-term global signals (e.g. sea level changes) with superimposed 1191 

shorter-term regional-to-global changes in the composition of terrigenous influx (e.g. due to 1192 

increased aeolian supply). 1193 

Trace Metal Proxies—A plethora of trace metal paleoredox proxies are readily available 1194 

from the geochemical dataset by Sageman et al. (2003). In this study, three proxies are 1195 

included that provide insight on paleoredox conditions, as well as paleoproduction and -1196 

hydrography. 1197 

NiEF is an efficacious proxy across the redox-spectrum and can be strongly enriched under 1198 

sulfate-reducing conditions (Algeo and Liu, 2020). This enrichment factor was calculated as: 1199 
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NiEF = [(Ni/Al)sample/(Ni/Al)upper crust] according to McLennan (2001) using Alcrust = 8.04% and 1200 

Nicrust = 44 ppm. In addition, re-assessment of the geochemical database of Algeo and Liu 1201 

(2020) by Tribovillard (2021) highlights that NiEF equally has merit as a paleoproductivity proxy. 1202 

Enrichment of Ni in association with other paleoredox proxies (e.g., V, Mo) and elevated TOC-1203 

values indicate paleoproductivity and anoxia were intertwined (Tribovillard et al., 2006). 1204 

Conversely, absence of Ni in otherwise anoxic sediment may be explained by restricted water-1205 

mass renewal or stagnation (Tribovillard et al., 2006). Thus, an increase in NiEF is interpreted 1206 

to reflect increased paleoproductivity and, if accompanied by an increase of other paleoredox 1207 

proxies, a decrease in bottom water oxygenation. The Pearson’s correlation indicates positive 1208 

correlation between NiEF and TOC (r = +0.67, p < 2.2e-16).  1209 

Sedimentary Mo is generally enriched in organic-rich marine facies deposited under 1210 

anoxic conditions and is classically used as a benthic redox potential proxy, especially in 1211 

association with other paleoredox proxies such as V (i.e., paleoredox proxy; Algeo and Lyons, 1212 

2006; Tribovillard et al., 2006) Typically, Mo burial peaks in weakly sulfidic paleoenvironments 1213 

and is lower under strongly sulfidic conditions (see Algeo and Lyons, 2006). Hence, lower Mo-1214 

values during an anoxic interval may be indicative of stronger reducing (sulfidic) conditions. 1215 

However, this proxy is highly susceptible to reservoir effects in anoxic silled basins (Algeo and 1216 

Lyons, 2006), as was most likely – at least intermittently – the case for the Late Devonian 1217 

Appalachian Basin (Algeo et al., 2025). As such, Mo/Al is also linked to hydrographic restriction 1218 

of the deep-water mass and is therefore interpreted as an amalgamated signal. This 1219 

interpretation is complemented by Mo/TOC (Algeo and Lyons, 2006). The Pearson’s product-1220 

moment correlation indicates correlation between Mo/Al and TOC (r = 0.7342, p < 2.2e-16). 1221 

V is considered a redox proxy with minimal detrital influence (Tribovillard et al., 2006), 1222 

undergoing a two-step reduction process that is strongly dependent on the intensity of 1223 

reducing conditions (Tribovillard et al., 2006). Through comparison of its covariation with other 1224 

paleoredox proxies (e.g., Ni, Mo) and TOC, it enables distinguishing anoxic and euxinic 1225 
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paleoconditions (Tribovillard et al., 2006). The Pearson’s product-moment correlation 1226 

indicates moderate correlation between V/Al and TOC (r = 0.3838, p < 1.25e-09).  1227 

Stable Carbon Isotopes—Carbon cycle perturbations are tracked using δ13Corg (from 1228 

Murphy et al., 2000; Sageman et al., 2003). A positive carbon isotope excursion (pCIE) is 1229 

interpreted to reflect reservoir shifts (e.g., net atmospheric CO2 drawdown and carbon burial) 1230 

and can be associated with climatic cooling (and vice-versa) (Murphy et al., 2000; Algeo and 1231 

Shen, 2024). Two pCIE’s, reaching peak values of -26.88‰ and -26.92‰ (δ13Corg ‰ vs. PDB) 1232 

characterize the LKW and UKW, respectively (Sageman et al., 2003).  1233 

Phosphorus—The key role of phosphorus (P) during the Kellwasser Crisis as a limiting 1234 

nutrient for primary production and, consequently, as a proxy for nutrient flux, has been 1235 

thoroughly highlighted by Percival et al. (2020) for the WVC. Land-plant-mediated nutrient 1236 

influx, combined with ocean circulation changes and upwelling as well as P-recycling in 1237 

reducing sediment offer multiple mechanisms via which the global phosphorus cycle may have 1238 

contributed to marine anoxia development and sustenance (Algeo and Scheckler, 1998; 1239 

Murphy et al., 2000; Percival et al., 2020; Sageman et al., 2003).  1240 
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C. eTimeOpt Analyses (TOC, Ti) 1241 

 1242 

Fig. S1. eTimeOpt analysis of TOC and Ti. The ASR curve of the astronomical TOC age model is 1243 

superimposed (dashed red).  1244 
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D. Alternative Age Model (TOC) 1245 

 1246 

Fig. S2. Tuned TOC and eccentricity bandpass filter output. Detrended TOC (%, black), bandpass filters 1247 

corresponding to 100-kyr SE (red), its envelope (black), 405-kyr LE(i) extracted from the envelope of SE (black), 1248 

405-kyr LE (red). Green boxes indicate a consistent phase relationship; the red box indicates an inconsistent 1249 

phase relationship between the envelope of SE (LE(i)) and LE. Note relative time based on floating 1250 

astrochronology. 1251 

  1252 
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E. Time-Domain Cyclostratigraphy (Ti) 1253 

 1254 

Fig. S3. Time-domain cyclostratigraphic analysis of Ti. A) Detrended Ti and bandpass filters corresponding to 1255 

100-kyr SE (red; 1/150 to 1/80 kyr-1), its envelope (black), 405-kyr LE extracted from the envelope of SE (black; 1256 

1/505 to 1/305 kyr-1), 405-kyr LE (red; 1/505 to 1/305 kyr-1), its envelope (black), 2.4-Myr GE extracted from the 1257 

envelope of GE (GE(i), black, scaled by factor 3; 1/2900 to 1/1900 kyr-1), 2.4-Myr GE (red, scaled by factor 2; 1258 

1/2900 to 1/1900 kyr-1), 173-kyr LO (red; 1/213 to 1/133 kyr-1), its envelope (black), 1.2-Myr GO extracted from the 1259 

envelope of LO (GO(i), black, scaled by factor 3; 1/1500 to 1/900 kyr-1) and 1.2-Myr GO (red; 1/1500 to 1/900 kyr-1260 

1), respectively. B) Average and evolutive wavelet periodogram. Target periodicities (kyr) indicated by dashed 1261 

vertical lines for GE (2.4 Myr), GO (1.2 Myr), LE (405 kyr), LO (173 kyr) and SE (131 and 95 kyr, respectively). 1262 

Note that both average and evolutive power spectra were calculated on detrended Ti to highlight higher frequency 1263 

components (see R-script in Suppl. A for details). C) Assigned astrochronozones (Whalen et al., 2017; De 1264 

Vleeschouwer et al., 2017). The cone of influence was removed from the wavelet periodogram for visual clarity 1265 

(see Suppl. A). Note relative time based on floating astrochronology.  1266 
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F. WVC Age-Depth Model 1267 

 1268 

Fig. S4. Stratigraphy, lithostratigraphy and sedimentation rate curve. Note relative time based on floating 1269 

astrochronology. 1270 

G. MTM spectra of redox-sensitive proxies 1271 

 1272 

Fig. S5. Multitaper method (MTM) power spectra of TOC, NiEF, Mo/Al and V/Al. ~100-kyr short eccentricity 1273 

(SE), 405-kyr long eccentricity (LE) and ~2.4-Myr Grand eccentricity (GE) marked by gray vertical lines. Full, 1274 

dashed and dotted lines indicate AR1 90%, 95% and 99% confidence intervals, for indicative purposes only. 1275 
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