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Oceanic anoxia is considered as the immediate cause of the Frasnian–Famennian mass extinction, yet the 
frequency of anoxia and associated environmental modulators remains unknown. Here, we demonstrate 
that astronomical forcing paced oceanic anoxic episodes by mediating land-ocean interactions during 
the Upper Kellwasser (UKW) Event, using an ultra-high-resolution (one centimeter spacing), multi-
proxy geochemical profile of a UKW interval from the Upper Devonian Chattanooga Shale of Tennessee, 
USA. Organic and inorganic geochemical indices for oceanic anoxia/euxinia, marine primary productivity, 
terrestrial plant/soil inputs, and clastic sediment inputs show synchronous fluctuations that were paced 
by the Earth’s orbital precession. This study provides the first mechanistic evidence linking the periodicity 
of Late Devonian oceanic euxinia to astronomical forcing and identifies terrestrial-to-marine inorganic 
and organic fluxes as the driver of this linkage. These results suggest that astronomical forcing modulated 
the expression of environmental stressors that led to the Frasnian–Famennian mass extinction.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Of the Big Five mass extinctions of the Phanerozoic, the Late 
Devonian Frasnian–Famennian (F–F) biotic crisis is known for its 
severe impacts on tropical shallow marine faunas (Bambach et 
al., 2004). The ultimate cause proposed for this biocrisis remains 
in debate, including bolide impacts (Sandberg et al., 2002), sea-
level fluctuations (Copper, 2002), climate change (Joachimski et 
al., 2002), volcanism (Racki et al., 2018), tectonism (Averbuch et 
al., 2005) and land plant evolution (Algeo and Scheckler, 1998). 
However, a wide consensus exists that ocean anoxia, caused by eu-
trophication and/or stratification, was the immediate, direct cause, 
based on widespread deposition of organic-rich sediments contem-
poraneous with marine biodiversity losses across the F–F boundary 
(e.g., Joachimski and Buggisch, 1993). Worldwide deoxygenation 
is proposed to have occurred in the late Frasnian seas, and re-
cent geochemical and sedimentological results demonstrate that 
anoxic/euxinic events occurred episodically in shallow epeiric seas 
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during the Late Devonian (Fig. 1; Supplementary Table S1). The 
episodic nature of anoxia matches well with paleontological ev-
idence that biodiversity losses during the F–F biotic crisis were 
due to recurring environmental stresses to which marine life was 
unable to adapt, resulting in extraordinarily low rates of species 
origination (Bambach et al., 2004; Boyer et al., 2014). However, the 
frequency and duration of oceanic anoxic events, as well as the 
mechanisms that initiated and regulated these episodes, have not 
been determined to date (Carmichael et al., 2019).

Here we test the hypothesis that astronomical forcing con-
trolled the frequency of oceanic anoxic episodes by altering land 
surface processes and terrestrial-marine biogeochemical linkage 
during the Late Devonian Upper Kellwasser (UKW) event. The F–
F biotic crisis was characterized by a series of extinction pulses, 
among which the largest in shallow-marine ecosystems occurred 
during the UKW event (House, 2002). Although astronomical forc-
ing has been identified as a key driver regulating variation in 
lithofacies and geochemical proxies throughout the Devonian (e.g., 
De Vleeschouwer et al., 2013, 2017; Elrick et al., 2009; Liu et 
al., 2019), the role of astronomical forcing during mass extinction 
events remains poorly understood. De Vleeschouwer et al. (2017)

were the first who identified a strong obliquity signal in six glob-
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Fig. 1. Late Devonian global paleogeography showing the location of the Upper Kellwasser (UKW) sections with reported redox data. Late Devonian global paleogeographic 
map (370 Ma) is adapted from Golonka (2020). Red star denotes the present study site, the Chestnut Mound outcrop of the Chattanooga Shale; circles denote the locations 
of UKW intervals reported from previous studies. To date, 92 studies of 46 UKW sections have been published, with 18 sections showing intermittent anoxia, 2 sections 
showing oxic/dysoxic conditions, and 26 sections with anoxia of indeterminate duration (i.e., no clear indication of permanent or episodic). A brief summary of the method 
and results of our literature compilation is available in Supplementary Materials, and the paleogeographic locations, lithologic descriptions, and depositional environments of 
the 46 UKW sections are given in Supplementary Table S1. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
ally distributed stable carbon isotopic values (δ13C) profiles of the 
UKW interval. This observation prompted the authors to specu-
late that the timing of the outbreak of the extinction intervals 
may be controlled by astronomical configurations, although the ul-
timate cause is linked to processes that alter the global carbon cy-
cle. Biogeochemical mechanisms that could drive the link between 
astronomical forcing and carbon cycle, however, have not been elu-
cidated. In the present study, we present an ultra-high-resolution 
(1-cm spacing), multi-proxy geochemical profile from the UKW in-
terval of a Chattanooga Shale outcrop in the southern Appalachian 
Basin, Tennessee, USA. We probe potential links between astro-
nomical forcing and episodic oceanic anoxia and identify terrestrial 
and marine biogeochemical drivers mediating the links during the 
UKW interval. Our results provide the first multi-proxy, mechanis-
tic evidence demonstrating that the frequency and magnitude of 
marine anoxic events were controlled by the frequency and magni-
tude of land-sea interactions that were modulated by astronomical 
forcing across the UKW interval, offering new insights into the 
causative mechanism(s) of the F–F mass extinction.

2. Geological setting

The Chattanooga Shale was deposited in an epicontinental sea 
from the early Frasnian to late Famennian (Li and Schieber, 2015). 
The study section of the Chattanooga Shale is located at Chest-
nut Mound, central Tennessee (36.207838◦N, 85.834365◦W; Fig. 1). 
The 7.25-m-thick outcrop exposes both the Frasnian-age Dowell-
town Member and Famennian-age Gassaway Member of the Chat-
tanooga Shale (Fig. 2, a detailed description of stratigraphic and 
lithological features can be found in Li and Schieber (2015). The 
presence of UKW interval in this outcrop is evidenced by (i) 
the latest Frasnian conodonts (i.e., Palmatolepis linguiformis) (Over, 
2007), (ii) a volcanic ash bed (i.e., the Center Hill Ash; Over, 2002) 
near the top of the MN 13 Zone, (iii) a pronounced positive ex-
cursion (>2�) of stable carbon isotopic values of organic matter 
(δ13Corg) within the uppermost Frasnian MN 13 Zone, followed by 

a negative shift through the lower Famennian (Fig. 2), and (iv) an 
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increase in C28/C29 sterane ratios within the uppermost Frasnian 
MN 13 Zone (Fig. 2). Positive excursions in both organic carbon 
and carbonate have been used as chemostratigraphic markers for 
the UKW globally (e.g., De Vleeschouwer et al., 2017), although 
the shapes and amplitudes of these excursions as well as their 
stratigraphic positions relative to the F–F boundary are variable 
(Carmichael et al., 2019). The positive δ13Corg excursion observed 
in the uppermost MN 13 Zone here correlates well with those 
records from some UKW sections in Europe (e.g., Joachimski and 
Buggisch, 1993) and North America (e.g., Sageman et al., 2003; 
Whalen et al., 2017). A similar spike in C28/C29 sterane ratios has 
also been reported as a marker in other upper Frasnian sections 
(Schwark and Empt, 2006; Haddad et al., 2016), further supporting 
the identification of the UKW in the study section.

3. Materials and methods

3.1. Sample collection

Thirty samples were collected at an interval of ∼25 cm 
throughout the 7.25-m-thick Chattanooga Shale exposure of the 
Chestnut Mound section and additional thirty-five samples were 
collected at an interval of 1 cm from the UKW interval. In addition, 
193 samples were collected at 2–3 cm intervals from the base to 
4 m of the Chattanooga Shale. Surface and weathered rocks were 
removed before sampling. Prior to geochemical analyses, the sur-
face of each sample was further removed in the lab by knife, and 
only freshly exposed pieces were used for subsequent analyses. All 
samples were washed using ultra-pure carbon-free water.

3.2. Bulk geochemistry

Prior to the analysis of total organic carbon (TOC) and δ13Corg, 
all samples were ground into a 100–200 mesh powder. Approx-
imately 10 mg of black shale or 20 mg of gray-greenish shale 
sample was placed into a tin capsule and decarbonated with 5% 

sulfurous acid. All samples were dried overnight in an oven at 
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Fig. 2. Stratigraphic column, δ13Corg and C28/C29 sterane ratios of the Chestnut Mound outcrop of the Chattanooga Shale, central Tennessee. Lithostratigraphy is modified 
after Li and Schieber (2015), and the conodont biostratigraphy is from Over (2007). Gray bar highlights the Upper Kellwasser (UKW) interval.
50 ◦C. The samples were then submitted to the University of Cal-
ifornia Davis Stable Isotope Facility (California, USA) and analyzed 
on a Micro Cube elemental analyzer (Elementar Analysensysteme 
GmbH, Hanau, Germany) interfaced to a PDZ Europa 20–20 isotope 
ratio mass spectrometer (The Sercon Ltd., Cheshire, UK). δ13Corg
values (�) were calibrated against NIST Standard Reference Ma-
terials (USGS-40, USGS-41) and reported relative to V-PDB. The 
analytical precision was less than 0.2� based on internal stan-
dards that included nylon, bovine liver, peach leaves, and glutamic 
acid.

Trace element concentrations of 35 samples were measured at 
the ALS Chemex Lab, Ltd (Guangzhou, China). Two to five mil-
ligrams of grounded sample was treated using a three-acid (HF-
HNO3-HClO4) digestion method. The residue was then leached 
with HCl. The analysis of the solution was conducted using a 
PerkinElmer Elan9000 element inductively coupled plasma mass 
spectrometer (ICP-MS). The analytical precision for all trace ele-
ments was better than 7%.

We also measured bulk elemental compositions of all collected 
samples using the Bruker Tracer III-SD hand-held XRF under vac-
uum. These data were used only for the time series analysis de-
scribed below. Three measurements were taken on a fresh surface 
of each sample with source energy of 15 keV (no filter, 25 μA) 
and 180-seconds count time. Element intensities were obtained by 
measuring the peak area of raw X-ray spectra using the ARTAX 
software. The ratio between titanium and aluminum counts (Ti/Al) 

was calculated.
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3.3. Biomarker analysis

Sixty-five samples were processed for molecular biomarker 
analyses. About 20 grams of powdered sample material were 
Soxhlet-extracted with a mixture of Dichloromethane (DCM)/
Methanol (MeOH) (97:3, v/v) for at least 72 h. Activated cop-
per was added to remove the elemental sulfur. The extracts were 
concentrated using a rotary evaporator and transferred into a pre-
weighed 4 mL vial. Each sample was subsequently separated into 
aliphatic, aromatic, and polar fractions by silica gel column chro-
matography with a mixture of activated silica gel and alumina (3:1, 
v/v). The aliphatic fraction was eluted with petroleum ether (4 
column volumes) followed by the aromatic fraction eluted with 
benzene and the polar fraction eluted with MeOH. Each of these 
fractions was collected and dried via rotary evaporation and then 
diluted with 1 mL of hexane. The saturated fraction of each sample 
was then separated into straight alkane and branched/cyclic alkane 
(b/c) fractions through urea adduction.

The aliphatic fraction was quantified on an Agilent 7890A gas 
chromatograph (GC) equipped with a flame ionization detector 
(FID) and a DB-1MS capillary column (60 m×0.32 mm, 0.25 μm 
film thickness). The initial oven temperature was 60 ◦C, maintained 
for 2 min, and increased at 4 ◦C/min to 295 ◦C, maintained for 30 
min. Nitrogen was the carrier gas at a flow rate of 1.0 ml/min. 
The inlet temperature was set at 295 ◦C and FID temperature was 
300 ◦C. Normal alkanes were quantified by their peak areas rel-

ative to an internal standard (n-C24D50) added prior to GC-FID 
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measurement. The branched/cyclic alkane and aromatic fractions 
were analyzed on an Agilent 7890B GC-5977A mass spectrometer 
(MS) equipped with a DB-1MS capillary column (60 m×0.32 mm, 
0.25 μm film thickness). Using helium as the carrier gas (1.0 
ml/min), GC-oven was heated from 80 ◦C with a 2 min hold to 
220 ◦C at 3 ◦C /min and further increased to 300 ◦C at 2 ◦C /min 
with a 30 min hold. The source was operated in 70 eV elec-
tron impact mode at 230 ◦C. Compounds were identified by mass 
spectra and relative retention times. Selected ion monitoring (SIM) 
was used for quantifying steranes (m/z = 217) in branched/cyclic 
alkane fraction and aryl isoprenoids (m/z = 133) in aromatic frac-
tion. For the quantification of aromatic fractions, known amounts 
of phenanthrene-D10 and dibenzothiophene-D8 were added prior 
to GC-MS measurement.

3.4. Time-series analysis

The detection and interpretation of major Milankovitch cycles 
were conducted on the 193 samples collected at 2–3 cm inter-
vals from the Upper Frasnian to Lower Famennian interval (4 m 
thickness). Prior to the analyses, the Ti/Al data were interpolated 
linearly to a constant 2-cm resolution and subsequently detrended 
by subtracting a linear trend using the “detrending” toolbox in 
Acycle v2.1 software (Li et al., 2019).

The time-series analysis of processed Ti/Al data was performed 
in Acycle v2.1 (Li et al., 2019). Multi-taper method (MTM) (Thom-
son, 1982) was used with three 2π tapers and a time-bandwidth 
product of 2. The MTM power spectra of detrended Ti/Al data 
were tested against first-order autogressive “AR(1)” red-noise mod-
els (Mann and Lees, 1996) at 90%, 95%, and 99% confidence levels 
with a 20% median filter length and linear fitting. Correlation coef-
ficient (COCO) analysis was carried out to evaluate the most likely 
sedimentation rate for the study section, through comparison be-
tween power spectra of proxy series and specific astronomical 
forcing targets (Li et al., 2019). The most optimal sedimentation 
rate would correspond to the highest Pearson’s correlation coef-
ficient, the lowest significance level of the null hypothesis (H0), 
and the largest total number of astronomical parameters (Li et al., 
2019). The targeted theoretical astronomical frequencies included 
main obliquity and precession frequencies (1/34.4 kyr, 1/21.3 kyr, 
1/20.2 kyr and 1/17.4 kyr) at 370 Ma (Waltham, 2015) and three 
orbital eccentricity frequencies (1/405 kyr, 1/128 kyr and 1/95 kyr) 
(Laskar et al., 2004). The sedimentation rates tested by COCO 
spanned from 0.05 cm/kyr to 2 cm/kyr with a step of 0.2 cm/kyr. 
This range of sedimentation rate enclosed the long-term average 
sedimentation rate determined based on conodonts. According to 
the Devonian time scale (Kaufmann, 2006), the upper MN 13 bio-
zone (MN 13 b and c) has a duration of ∼500 kyr and the MN 
13 Zone of the study section spans ∼0.8 m (Over, 2007), giving 
a range of long-term mean sedimentation rate of ∼0.2 cm/kyr. 
The significance of the sedimentation rate was tested using Monte 
Carlo simulation with 5000 iterations. Based on the sedimentation 
rates constrained by the COCO analysis, major cycles recognized in 
the power spectrum were converted from the stratigraphic to time 
domain and isolated by Gaussian band pass filtering (Kodama and 
Hinnov, 2014). The filtered 405-kyr and ∼21-kyr precession cycles 
were extracted by Gaussian filtering with passbands of 0.7±0.1 cy-
cles/m and 11.78±0.08 cycles/m, respectively.

The interpreted 405-kyr eccentricity related sedimentary cycles 
were used to convert data from the stratigraphic to time domain. 
Prior to subsequent analyses, the 405-kyr tuned data series was 
linearly interpolated to a uniform sampling interval of 5.8 kyr. 
To track the presence of eccentricity and precession cycles in the 
time domain, the 2π MTM analysis was performed on the 405 
kyr-tuned data with “AR(1)” model at 90%, 95%, and 99% confi-

dence levels with a 20% median filter length and linear fitting. The 
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Evolutionary Fast Fourier Transform (eFFT) analysis (Kodama and 
Hinnov, 2014) was performed on the Ti/Al data at the stratigraphic 
domain to depict spectral features and corresponding cyclicity re-
lated to variable sediment accumulation rates. The width of the 
sliding window was 0.804 m, and each step was set as 0.02 m.

4. Results

4.1. Organic matter characteristics of the UKW interval

Total organic carbon (TOC) contents range from 0.2 to 5.0%, 
and δ13Corg values were from −30.8 to −23.2�. Both proxies 
show high variability through the UKW interval (Fig. 3, A and B). 
Molecular biomarkers were identified and quantified to reconstruct 
changes in biological sources or environmental conditions dur-
ing the deposition of the Chattanooga Shale. Absolute concentra-
tions of biomarkers show greater coefficients of variation than TOC 
(Supplementary Table S2), demonstrating that variations in TOC-
normalized biomarkers are not primarily driven by TOC.

Depositional redox conditions were evaluated using inter-
mediate-chain aryl isoprenoids (C18–20), which were detected in 
the aromatic fractions of all samples (Supplementary Fig. S1). 
These compounds can be attributed to carotenoids specific to pho-
tosynthetic green sulfur bacteria whose presence is an indicator of 
photic zone euxinia (PZE) (Grice et al., 2005). Their concentrations 
vary from 5.2 to 150.6 μg/g TOC and show frequent fluctuations 
through the upper Frasnian (Fig. 3C).

Marine primary productivity was evaluated using short-chain 
normal alkanes and C27 steranes. The samples yielded normal alka-
nes with carbon numbers ranging from C11 to C36 with a peak 
at n-C17 or n-C19 and no odd-over-even predominance from n-
C23 to n-C31 (Supplementary Fig. S2A). C17 and C19 n-alkanes in 
low-thermal-maturity rocks indicate primary productivity by al-
gae, phytoplankton, and photosynthetic bacteria (Han et al., 1968). 
C27 steranes are a productivity biomarker that is more specific to 
red algae (Kodner et al., 2008) (Supplementary Fig. S2B). In the 
UKW section of the present study, the concentrations of both n-
C17+19 alkanes and C27 steranes show frequent fluctuations (Fig. 3, 
E and F), ranging from 89.6 to 3.8 × 103 μg/g TOC and 1.9 
to 54.2 μg/g TOC, respectively. These proxies exhibit significant 
covariation (Pearson’s r = +0.66, P < 0.001; Supplementary Ta-
ble S3A), supporting the inference that both indices reflect marine 
primary productivity.

A suite of organic compounds was used to evaluate contri-
butions from terrestrial plants. Long-chain n-alkanes (i.e., C27,

C29, and C31) in low-thermal-maturity rocks are commonly em-
ployed as a proxy for inputs from vascular plants, with the 
caveat that some mosses and non-marine algae are also potential 
sources (Eglinton and Hamilton, 1967; Bush and McInerney, 2013). 
C27+29+31 n-alkanes vary from 89.6 to 3.8 × 103 μg/g TOC in the 
samples (Fig. 3G). Norabietane, retene, and tetrahydroretene are 
generally interpreted as compounds from abietic acid produced by 
conifers (Lu et al., 2013), and the presence of abietane-type com-
pounds in Devonian rocks is considered as an indicator of early 
tracheophytes (Lu et al., 2019). Norabietane was identified in all 
samples, ranging between 1.9 and 47.3 μg/g TOC (Supplementary 
Figs. S2C and S3A). Retene and tetrahydroretene were detected in 
the aromatic fraction (Supplementary Fig. S4), varying in the range 
of 0.2–4.8 μg/g TOC and 0.7–8.8 μg/g TOC, respectively (Fig. 3H; 
Supplementary Fig. S3B). These biomarkers are significantly cor-
related with each other (Pearson’s r ≥ +0.38, P ≤ 0.03; Supple-
mentary Table S3B), which is consistent with the interpretation 
that they share terrestrial plants as a common source. In addition, 
dibenzofuran (DBF) serves as an indirect proxy for terrestrial/soil 
inputs to marine sediments and has been used to indicate soil 

erosion intensity of the source areas (Sephton et al., 2005). DBF is 
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Fig. 3. High-resolution profiles of geochemical proxies measured from the Upper Kellwasser (UKW) interval of the Chestnut Mound outcrop, central Tennessee. (A) Total 
organic carbon (TOC). (B) Stable carbon isotopic values of organic matter (δ13Corg). (C) C18–20 aryl isoprenoids, and (D) U/Th are proxies for redox conditions. (E) Short-chain 
normal alkanes (n-C17+19 alkanes) and (F) C27 steranes are proxies for marine primary productivity. (G) long-chain normal alkanes (n-C27+29+31 alkanes), (H) retene and (I) 
dibenzofuran (DBF) are proxies for terrestrial plant and soil organic matter inputs. (J) Zr/Al and (K) Ti/Al are proxies for clastic sediment inputs. (L) The ∼7-cm-thick cycles 
(purple arcs) are interpreted as the ∼17-kyr precession cycle, and (M) the ∼8–9-cm-thick cycles (red arcs) are interpreted as the 21-kyr precession cycle. The gray lines with 
double-headed arrows highlight the shifting correlations across various proxies.
thought to derive from multiple terrestrial sources, including dehy-
drated polysaccharides produced through microbial decay in soils, 
a lignin source common in woody plants (Fenton et al., 2007), and 
biomass combustion (Marynowski and Simoneit, 2009). DBF in the 
study samples fluctuates from 0.1 to 2.0 μg/g TOC (Fig. 3I) and 
covaries positively with the abovementioned land plant-derived 
biomarkers (Pearson’s r > +0.46, P ≤ 0.006; Supplementary Ta-
ble S3C).

4.2. Trace elements of the UKW interval

U/Th and V/(V+Ni) ratios are proxies for redox conditions 
in oceanic bottom waters (e.g., Riquier et al., 2005). U/Th and 
V/(V+Ni) ratios in the study samples vary from 0.3 to 1.0 and 
0.6 to 0.9, respectively (Fig. 3D; Supplementary Fig. S3C). They 
are both positively correlated with C18−20 aryl isoprenoid proxy 
for PZE through the UKW interval (Pearson’s r > +0.5, P ≤ 0.001) 
(Supplementary Table S3A), confirming that all proxies reflect re-
dox variation. All show fluctuations through the UKW interval, 
which indicates rapidly changing redox conditions in the ocean 
(Fig. 3, C and D; Supplementary Fig. S3C).

Ti/Al and Zr/Al ratios can reflect changes in clastic sediment 
influx, with higher values indicating a larger proportion of silt-
fraction heavy minerals that tend to occur under greater riverine 
discharge (Lash, 2017). In the study section, Zr/Al and Ti/Al ra-
tios vary from 9.6 × 10−4 to 3.6 × 10−3 ppm/wt.% and from 2.8 
to 5.1, respectively. Ti/Al covaries positively with Zr/Al (Pearson’s 
r = +0.78, P < 0.001), and both proxies show fluctuations that in-
dicate frequent changes in clastic material inputs during the UKW 

event (Fig. 3, J and K).
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4.3. Time-series analysis

Time-series analysis was conducted on the high-resolution (2–3 
cm interval) XRF-derived Ti/Al record collected from the 4-m-thick 
interval from upper Frasnian to lower Famennian (Supplementary 
Fig. S5A). Multi-taper method (MTM) results in the stratigraphic 
domain reveal three major clusters of significant spectral peaks 
above the 95% confidence level: at ∼0.7–0.9, ∼12, ∼14, ∼22–23 
cycles/m (Fig. 4A). Correlation coefficient (COCO) analysis yields 
two possible ranges of sedimentation rates (0.27–0.39 cm/kyr and 
1.16–1.32 cm/kyr) with a correlation coefficient of >0.4 and a sig-
nificance level of <0.01 to reject the null hypothesis (H0, no astro-
nomical forcing) (Supplementary Fig. S6, A and B). Sedimentation 
rates of 0.27–0.39 cm/kyr conform better to those estimates based 
on biostratigraphic data (i.e., ∼0.2 cm/kyr; see details in Methods), 
and this range yields all seven astronomical components (Supple-
mentary Fig. S6C; see details in Methods). The rate of 0.39 cm/kyr 
shows the highest correlation coefficient (Supplementary Fig. S6A) 
and is thus adopted as the optimal sedimentation rate. At this rate, 
the significant peaks at ∼0.7–0.9, ∼12, ∼14 cycles/m are iden-
tified, which correspond to the ∼405-kyr long-eccentricity cycle 
(Laskar et al., 2004), ∼21-kyr obliquity cycle, and ∼17-kyr preces-
sion cycle (Waltham, 2015), respectively (Fig. 4A). The significant 
peaks at ∼22–23 cycles/m correspond to a cycle of ∼12 kyr and 
probably represent half-precession cycles. In addition, no outstand-
ing spectral peak (0.03 cycle/kyr) that represents the obliquity 
cycle (∼34 kyr) is observed (Fig. 4A). We then applied the eFFT 
analysis to the Ti/Al stratigraphic-series profile. The eFFT results 
show a strong alignment with the eccentricity cycle and higher 

power in the precession band (Fig. 4B).



M. Lu, Y. Lu, T. Ikejiri et al. Earth and Planetary Science Letters 562 (2021) 116839

Fig. 4. Time-series analysis of a high-resolution XRF-derived Ti/Al record from a 4-m Upper Frasnian to Lower Famennian interval of the Chestnut Mound outcrop of the 
Chattanooga Shale, central Tennessee. (A) Results of 2π multiple-taper method (MTM) analysis in the stratigraphic domain. Numbers represent significant peaks shown in 
cycles/m; these peaks exceed the 95% confidence level (CL) based on the AR(1) red-noise model. (B) Evolutionary Fast Fourier transform (eFFT) spectrogram of the Ti/Al series. 
E: 405-kyr eccentricity, P: ∼21-kyr precession, p: ∼17-kyr precession. (C) Results of 2π MTM analysis of 405-kyr tuned Ti/Al series. Numbers represent significant peaks 
shown in cycles/kyr; these peaks exceed the 95% CL based on the AR(1) red-noise model. (D) Linear detrended Ti/Al data series (gray) filtered with the 405-kyr eccentricity 
cycle (blue) and the 21-kyr obliquity cycle (red). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
In order to construct an astronomical timescale, the data were 
converted from the stratigraphic domain to the time domain (Sup-
plementary Fig. S5, B and C). Since the 405-kyr long-eccentricity 
cycle is the strongest periodicity observed (Fig. 4A), it was used to 
tune the Ti/Al record with 0.7 cycles/m assigned to 405-kyr peri-
odicity. The MTM analysis of the tuned Ti/Al record sharpens the 
spectral peaks associated with the precession cycles (∼21 and ∼17 
kyr), providing further evidence for the robustness of the identified 
precession cycles (Fig. 4C).

The bandpass filter generated visible astronomical cyclicities in 
the stratigraphic domain (Fig. 4D). Ti/Al ratios and other geochemi-
cal proxies for marine redox conditions, marine primary productiv-
ity, terrestrial plant and soil inputs all show fluctuations at spac-
ings of ∼8.5 cm and ∼7 cm through the UKW interval (Fig. 3, L 
and M; Supplementary Fig. S3, D and E), suggesting rapid envi-
ronmental oscillations that were significantly influenced by orbital 
cyclicity. The UKW interval of the Chestnut Mound section cor-

responds to five 17-kyr precession cycles, four 21-kyr precession 

6

cycles. Based on the tuning, we calculate a duration of ∼1100 kyr 
for the 4-m-thick Ti/Al profile (Fig. 7A).

5. Discussion

5.1. Oceanic anoxia linked to terrestrial processes

Oceanic anoxic events indicated by the concentrations of 
intermediate-chain aryl isoprenoids (C18−20) and the ratios of U/Th 
and V/(V+Ni) clearly display frequent fluctuations through the 
UKW interval (Fig. 3, C and D; Supplementary Fig. S3C), suggesting 
episodic development of PZE and oceanic anoxia/euxinia. This ob-
servation is in agreement with previous findings from other UKW 
sections around the world, including North America, Australia, Bo-
livia, China, Libya, and Poland (Fig. 1; Supplementary Table S1). 
Previous studies suggested that either excessive primary produc-
tivity (i.e., ‘top-down’ model) or the upwelling of anoxic deep 
waters (i.e., ‘bottom-up’ model) (e.g., Carmichael et al., 2019) could 

account for the occurrence of widespread oceanic anoxia during 
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Fig. 5. Cross-plots of representative inorganic and organic geochemical proxies from the Upper Kellwasser (UKW) interval of the Chestnut Mound outcrop of the Chattanooga 
Shale, central Tennessee. (A) correlations between marine redox indices (C18–20 aryl isoprenoids, U/Th) and marine primary productivity indices (n-C17+19 alkanes, C27

steranes). (B) correlations between marine productivity indices and land plant biomarkers (n-C27+29+31 alkanes, retene). (C) correlations between land plant biomarkers 
and clastic sediment input indices (Ti/Al, Zr/Al). Pearson’s P and r values are shown. Red lines denote the best-fit linear regression line. Gray curve lines denote the 95% 

confidence interval.

the Late Devonian. The primary productivity-derived molecular 
biomarkers (n-C17+19 and C27 steranes) presented here support 
the ‘top-down’ model in the Appalachian Basin — both proxies 
show frequent fluctuations through the upper Frasnian (Fig. 3, E 
and F) and they covary significantly with indices for oceanic anoxia 
(Fig. 5A; Supplementary Table S3A). These observations suggest 
that intermittently elevated marine productivity, probably due to 
eutrophication, was the main factor triggering episodic anoxic/eu-
xinic events during the UKW interval.

Episodic eutrophication during the UKW event could be fur-
ther linked to pulsed inputs of land materials, as revealed by de-
tailed inorganic and organic geochemical analyses. Land plant and 
soil-derived biomarkers also exhibit frequent fluctuations (Fig. 3, 
G to I; Supplementary Fig. S3, A and B) that covary positively 
with those of marine productivity indices (Fig. 5B; Supplementary 
Table S3B), suggesting the importance of terrestrial nutrients in 
eutrophication development. Furthermore, elevated fluxes of ter-
restrial organic matter coincided with the inputs of coarser clastic 
sediments, as shown by synchronous variations between terrestrial 
plant biomarkers and the ratios of Ti/Al and Zr/Al (Fig. 5C; Sup-
plementary Table S3C). The grain size of clastic sediments varies 

with the strength of sediment mobilization and transport, and 

7

large grains often indicate greater weathering intensity and/or in-
creasing riverine fluxes (Lash, 2017). Collectively, the pattern of 
synchronous, high-frequency co-variations of oceanic anoxia/eux-
inia and primary productivity with terrestrial organic and inorganic 
inputs strongly support the idea that land processes and associate 
terrestrial fluxes played a key role in the development of ma-
rine eutrophication and PZE. That is, the frequency and intensity 
of anoxic episodes were modulated by the strength of terrestrial-
marine biogeochemical linkage. To test whether this model is ap-
plicable at a broad geographic scale for explaining the widespread 
continental shelf sea anoxia, high-resolution multi-proxy data be-
yond the Appalachian Basin are needed.

5.2. Astronomical-forcing mediated cycles in terrestrial-marine linkage

The time-series results presented here show prominent influ-
ence of precession during the UKW interval (Fig. 4; Supplementary 
Fig. S3). Precession cycles can modulate the input of terrestrial 
materials by mediating monsoonal precipitation and freshwater 
fluxes. During the Late Devonian, the paleolatitude of the study 
section is estimated to be 33◦S (Fig. 1), a location where pre-

cessional influence dominates the fluctuations of incoming solar 



M. Lu, Y. Lu, T. Ikejiri et al. Earth and Planetary Science Letters 562 (2021) 116839

Fig. 6. Conceptual models of precession regulating the occurrence of oceanic anoxia via modulating land-ocean connectivity during the Late Devonian Upper Kellwasser 
(UKW) event. The seasonal references in the orbital configurations are for the Late Devonian Southern Hemisphere. (A) Intensified monsoons during the precession maximum 
enhanced terrestrial fluxes that lead to photic zone euxinia. (B) Weakened monsoons during the precession minimum reduced terrestrial fluxes and lead to an oxygenated 
ocean. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
radiation. Periods of precession maximum in the Southern Hemi-
sphere correspond to hotter summers at perihelion and a stronger 
seasonal contrast (De Vleeschouwer et al., 2012). Consequently, 
summer monsoonal rainfalls were intensified, enhancing weather-
ing intensity and river discharge and magnifying terrestrial inputs 
that led to higher marine productivity and oceanic anoxia/euxinia 
(Fig. 6A). In contrast, the precession minima reduced the sea-
sonal contrast, thereby limiting rainfalls and the associated dis-
charged of terrestrial materials to the ocean (Fig. 6B). Previously, 
De Vleeschouwer et al. (2017), based on time-series analysis of 
δ13C of organic matter and carbonate, reported orbitally-controlled 
periodicity of the Late Devonian extinction intervals and noted 
a similar astronomical configuration for the Cretaceous Oceanic 
Anoxic Event-2, and they hence suggested a close link between 
astronomical forcing and global organic carbon burial could exist 
in general. Although δ13C is a good tracer for global carbon cycle 
changes, it offers limited information on biogeochemical processes 

and mechanisms underlying organic carbon burial. The findings 

8

of the present study, derived from multiple provenance-specific 
or process-specific proxies, are significant in revealing the role of 
astronomical forcing in pacing the Late Devonian oceanic anoxic 
events through modulating the strength of land-ocean interactions.

Our data further show the influence of eccentricity from the 
Late Frasnian to Early Famennian (Fig. 4). This observation allows 
chemo-stratigraphically correlating the Chestnut Mound section 
with previously reported F–F sections across the globe. Previous 
studies, using Ti or magenetic susceptibility (MS) time-series pro-
files (both proxies can indicate detrital inputs, suggested that the 
UKW and LKW (Lower Kellwesser) are separated by one long-
eccentricity cycle (∼405 kyr) (Fig. 7) (De Vleeschouwer et al., 
2017; Da Silva et al., 2020). The UKW interval of Chestnut Mound 
and other F–F sections all show highly variable Ti or MS values, 
with an increase and a high variability immediately following low 
values at the beginning of the UKW (Fig. 7). All LKW intervals are 
characterized by steeply increasing and highly variable Ti or MS 

values (Fig. 7).
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Fig. 7. Chemostratigraphic correlation of Chestnut Mound with five globally distributed Frasnian–Famennian (F–F) sections. (A) 405-kyr tuned Ti/Al series of the Chestnut 
Mound outcrop of the Chattanooga Shale, central Tennessee. (B) Log Ti profile of Steinbruch Schimidt section, Germany (adapted from Da Silva et al. (2020)). (C) Magnetic 
susceptibility profiles of four F–F sections (adapted from De Vleeschouwer et al. (2017)). Green bars highlight UKW (Upper Kellwasser) and LKW (Lower Kellwasser) intervals.
Two contrasting hypotheses have been proposed to explain the 
possible link between eccentricity and carbon cycle perturbations. 
The first argues that the eccentricity maxima can amplify the in-
fluence of precession (Rohling et al., 2015), which leads to a strong 
seasonal contrast that intensifies weathering and fluvial discharge 
and hence promotes organic carbon burial. This hypothesis is well 
integrated with the precessional influences observed in the Chest-
nut Mound UKW interval. The second hypothesis suggests that the 
eccentricity minimum favors organic carbon burial by lowering the 
seasonal contrast, which provides a stable condition for organic 
matter accumulation and preservation, including constant nutrient 
supplies, a steady level of marine productivity, and stratified water 
masses (Lanci et al., 2010).

5.3. Implications for the Late Devonian mass extinction

Despite some variation in the inferred intensity and secular 
pattern (most likely due to varying sampling resolutions), UKW 
anoxia has been identified as episodically occurring events pervad-
ing continental shelf seas around the world (Fig. 1; Supplemen-
tary Table S1). The periodicity of these events and the underlying 
mechanism, however, have not been firmly established in earlier 
studies. As such, how this periodic nature of anoxia/euxinia in-
fluenced the contemporaneous extinction patterns among marine 
organisms remains untested. Current data on the extinction tim-
ing and pattern do not yet have the scale of resolution that is 
necessary to answer this question. To date, no episodic extinction 
patterns at the strata- or layer-level within the UKW interval have 
been reported for any taxonomic groups. However, a five-stage ex-
tinction pattern was reported for the uppermost Frasnian or the 
UKW interval (McGhee, 2013). Some marine animal taxa also dis-
played a stepwise extinction process throughout the UKW inter-
val in a specific site or region (e.g., Denayer and Edouard, 2010; 
Over et al., 2019). These studies documented a series of UKW ex-
tinctions, which argues against a single catastrophic cause (e.g., 
the Viluy Trap, the Alamo Impact, Ilyinets Impact, or Kaluga Im-

pact) but favors a model based on recurrent environmental stres-
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sors, such as intermittent anoxia/euxinia synchronized globally by 
astronomical forcing. However, to further test and establish the 
anoxia-extinction linkage during the Late Devonian, future work 
must significantly improve the temporal resolution of both marine 
redox and extinction datasets by collecting samples at the highest-
possible resolution through extinction intervals, as demonstrated 
in the present study.

Although astronomical forcing exists through the geological 
time, the tight linkage between such forcing and severe anoxia 
established here is a feature specific to the Late Devonian that 
provides new clues regarding the ultimate causal mechanism for 
UKW anoxia and extinction. For example, progressive volcanism is 
hypothesized to have been responsible for the intermittent pattern 
of oceanic anoxia during the Late Devonian (Racki et al., 2018), 
yet the frequency of volcanic activity is unlikely to have been 
connected to orbital cycles. Rather, volcanic eruptions may have 
altered the chemistry of terrestrial environments (e.g., fertilizing 
soils) that could contribute to eutrophication and anoxia through 
orbitally-paced land inputs. Similarly, processes that respond to 
astronomical forcing and operate through land-ocean interactions 
(e.g., river fluxes) are plausible candidates, including early land 
plant evolution, sea level fluctuation, and global cooling. The exist-
ing Late Devonian sea-level and temperature records (e.g., Joachim-
ski and Buggisch, 2002) do not offer a sufficient temporal reso-
lution to evaluate synchronicity (or desynchronicity) with oceanic 
anoxic episodes. On the other hand, the present study documented 
synchronous changes in oceanic redox conditions and terrestrial 
plant/soil fluxes, providing evidence for a significant global influ-
ence of early land plants (Fig. 6). The dominant arborescent ligno-
phyte taxon of the Late Devonian (Archaeopteris) began to expand 
during the early Frasnian, and early forests were widely distributed 
across the eastern Euramerica by the late Frasnian (Lu et al., 2019). 
The initial radiation of forests is likely to have significantly altered 
terrestrial weathering patterns and liberated massive amounts of 
nutrients that were washed from continents into the ocean (Algeo 
and Scheckler, 1998). The present study area, i.e., southernmost Eu-

ramerica, was likely invaded by the early forests prior to the very 
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early Famennian (Lu et al., 2019). An expansion of the early forests, 
coupled with augmented terrestrial-to-marine fluxes paced by as-
tronomical forcing, is likely to have been the trigger of recurrently 
lethal environmental conditions that were responsible for the UKW 
biotic crisis.
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Racki, G., Rakociński, M., Marynowski, L., Wignall, P.B., 2018. Mercury enrichments 
and the Frasnian-Famennian biotic crisis: a volcanic trigger proved? Geology 46, 
543–546. https://doi .org /10 .1130 /G40233 .1.

Riquier, L., Tribovillard, N., Averbuch, O., Joachimski, M.M., Racki, G., De 
Vleeschouwer, X., Riboulleau, A., 2005. Productivity and bottom water redox 
conditions at the Frasnian-Famennian boundary on both sides of the Eovariscan 
Belt: constraints from trace-element geochemistry. In: Over, D.J., Morrow, J.R., 
Wignall, P.B. (Eds.), Developments in Palaeontology and Stratigraphy. Elsevier, 
pp. 199–224.

Rohling, E.J., Marino, G., Grant, K.M., 2015. Mediterranean climate and oceanography, 
and the periodic development of anoxic events (sapropels). Earth-Sci. Rev. 143, 
62–97. https://doi .org /10 .1016 /j .earscirev.2015 .01.008.

Sageman, B.B., Murphy, A.E., Werne, J.P., Ver Straeten, C.A., Hollander, D.J., Lyons, 
T.W., 2003. A tale of shales: the relative roles of production, decomposition, 
and dilution in the accumulation of organic-rich strata, Middle–Upper Devonian, 
Appalachian basin. Chem. Geol. 195, 229–273. https://doi .org /10 .1016 /S0009 -
2541(02 )00397 -2.

Sandberg, C.A., Morrow, J.R., Ziegler, W., 2002. Late Devonian Sea-Level Changes, 
Catastrophic Events, and Mass Extinctions. Geol. Soc. Am. Spec. Pap., vol. 356, 
pp. 473–488.

Schwark, L., Empt, P., 2006. Sterane biomarkers as indicators of Palaeozoic algal 
evolution and extinction events. Palaeogeogr. Palaeoclimatol. Palaeoecol. 240, 
225–236. https://doi .org /10 .1016 /j .palaeo .2006 .03 .050.

Sephton, M.A., Looy, C.V., Brinkhuis, H., Wignall, P.B., De Leeuw, J.W., Visscher, H., 
2005. Catastrophic soil erosion during the end-Permian biotic crisis. Geology 33, 
941–944. https://doi .org /10 .1130 /G21784 .1.

Thomson, D.J., 1982. Spectrum estimation and harmonic analysis. Proc. IEEE 70, 
1055–1096. https://doi .org /10 .1109 /PROC .1982 .12433.

Waltham, D., 2015. Milankovitch period uncertainties and their impact on cy-
clostratigraphy. J. Sediment. Res. 85, 990–998. https://doi .org /10 .2110 /jsr.2015 .
66.

Whalen, M.T., De Vleeschouwer, D., Payne, J.H., Day, J., Over, D.J., Claeys, P., 2017. Pat-
tern and timing of the Late Devonian biotic crisis in Western Canada: insights 
from carbon isotopes and astronomical calibration of magnetic susceptibility 
data. In: Playton, E., Kerans, C., Weissenberger, J.A.W. (Eds.), New Advances in 
Devonian Carbonates: Outcrop Analogs, Reservoirs, and Chronostratigraphy. So-
ciety for Sedimentary Geology, pp. 185–201.
11


