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Abstract During the Cambrian Explosion, episodic radiations of major animal phyla occurred in concert
with repeated coupled carbon-sulfur isotope excursions. These isotope patterns are thought to reflect oscillations
in atmospheric and shallow-marine O,, which promoted animal diversification events. However, the driver for
oxygenation pulses is unclear. Here we show that these synchronous carbon-sulfur isotope cycles and marine
oxygenation pulses can be driven by long-period orbital forcing through effects on continental weathering and
nutrient delivery. The impact of orbital forcing is explored using a combined climate-biogeochemical model.
When forced with latitudinally-resolved insolation signals, the model produces long-term variations in nutrient
weathering and carbon burial, which reproduces the co-variation of carbon-sulfur isotopes. We conclude that the
oxygen-driven evolutionary changes in the early Cambrian can be explained by recurrent nutrient inputs to the
ocean, resulting from climate change caused by long-period orbital cycles.

Plain Language Summary During the Cambrian Explosion, many major animal groups appeared in
a relatively short period of time. These evolutionary bursts happened alongside seawater chemical changes
which are thought to reflect variations in the amount of oxygen in Earth's oceans and atmosphere, which could
set the pace of animal diversification. But the cause of these oxygen fluctuations has remained unclear. In this
study, we show that slow changes in Earth's orbit may have played a key role. Our model shows that changing
inputs of solar energy can change weathering processes on land and the flow of nutrients into the ocean, driving
photosynthesis, and increased production of oxygen that occurs in pulses similar to those seen in animal
evolution.

1. Introduction

During the early Cambrian, the rate of animal diversification accelerated, and most modern animal phyla
appeared (Na & Kiessling, 2015), an event known as the Cambrian Explosion. This animal radiation occurred
under a greenhouse climate condition, with atmospheric oxygen levels of perhaps 10%—50% of the present at-
mospheric level (PAL, where 1 PAL = 21% atm) (Mills et al., 2021; Sperling et al., 2013, 2015), and seawater
sulfate concentrations of ~0.4-10 mM (Algeo et al., 2015). Increases in marine biodiversity appear to have
followed an episodic pattern, where either reef-building archaeocyathan or the total animal species show
biodiversity highs at ~2—3 million-year intervals. It coincided with repeated carbon and sulfur isotope excursions
from ~524 to ~514 Ma (He et al., 2019) (million years ago; Figure 1). These isotope excursions are interpreted as
reflecting periodic oscillation in atmospheric O, levels (He et al., 2019; G.-Y. Wei et al., 2018; G. Wei
et al., 2021), implying parallel oscillation in shallow marine oxygen levels—a potential driver of biodiversity.
Redox-sensitive geochemical proxies, including uranium and nitrogen isotopes (Wang et al., 2018), chromium
isotope and cerium-anomaly data (W. Wei et al., 2018), support the occurrence of these oxygenation cycles;
however, it is unknown what drove these periodic variations in Earth's seawater redox state.

Periodic changes at the Earth surface on the order of several million years (Myrs), such as biological turnover
(Van Dam et al., 2006), carbon-cycle variations, and sea-level fluctuations (Boulila et al., 2018), have previously
been linked to astronomical forcing through the long-period ~1.2 and ~2.4 Myr orbital cycles. Changes to these
orbital parameters determine the distribution of solar radiation at the top of Earth's atmosphere and lead to climate
fluctuations, which can subsequently promote changes in global biogeochemical cycles. Such orbital effects are
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Figure 1. Carbonate carbon and carbonate-associated sulfate sulfur isotopes. (a) Records from Cambrian Stage 2 to Stage 4
from the southeastern Siberian Platform. (b) Number of animal species. (c) Wavelet analysis of the carbon isotope record,
and (d—e) 384 Kyr and 1.2 Myr filter output from the sulfur isotope record.

well-documented on shorter timescales in the more recent geological past (most famously perhaps during
Pleistocene glacial cycles (De Boer et al., 2014)), and the longer-term variations have been documented as far
back as the Neoproterozoic and the early Phanerozoic (Sproson, 2020; T. Zhang et al., 2022).

Orbital variations can result in increased weathering rates and elevated nutrient fluxes into the ocean (Jen-
kyns, 2010), which can then drive the burial of organic carbon (Leloup & Paillard, 2023; Liu et al., 2024) and
pyrite and thus oxygenate the Earth surface. In this paper, we propose that the long-period orbital forcing is
responsible for the pulses of oxygenation and biological radiation observed during the Cambrian Explosion. To
investigate this idea, we first conduct spectral analysis on published carbon-sulfur isotope records to determine
whether these events are in phase with orbital cyclicity. We then use a climate-biogeochemical model to assess the
effect of orbital variations on weathering, nutrient delivery, and global biogeochemistry.

2. Spectral Analysis and Climate-Biogeochemical Modeling

Following a standard spectral analysis procedure (Li et al., 2019; see Supporting Information S1), we analyzed the
repeated carbon-sulfur isotope variations documented at the Siberian Platform (He et al., 2019) and a global
carbon isotope compilation (Bowyer et al., 2022) (Figures S1-S7 in Supporting Information S1). Carbonate
carbon isotope records spanning from 525 to 512 Ma show a prominent cyclicity with a frequency of around
2.6 Myr, along with more weakly expressed frequencies of ~1.2 and ~4.5 Myr (Figure 1 and Figures S1-S7 in
Supporting Information S1). Meanwhile, the sulfur isotope record from Siberia shows a ~385 Kyr cyclicity from
~516.4 to ~512 Ma, and ~1.2 Myr cyclicity prior to ~520 Ma (Figure 1). Regardless of detrending methods
(Figure S1 in Supporting Information S1), the ~2.6 Myr cyclicity in the carbon isotope records remains stable and
exceeds a 95% false discovery rate-corrected confidence level (Hopkins et al., 2002) based on a smoothed window
average red-noise fit (Weedon, 2022; Weedon et al., 2019) (Figures S2-S5 in Supporting Information S1).
Alternative red-noise models (Figures S6-S7 in Supporting Information S1) also yield the ~2.6 Myr cyclicity in
the carbon isotope records. A ~4 Myr data gap in the sulfur isotope record (Figure 1) prevents direct spectral
detection of ~2.6 Myr cycles, but correlations between the carbon and sulfur isotope data suggest that such a long-
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term cyclicity (Figure S4 in Supporting Information S1) is also be present in the sulfur isotope record. We
acknowledge that the relatively short length of the C-S isotope records (~12 Myr), and the time-uncertainty
inherent in geological records of this age (Martinez & Dera, 2015), add challenges to the detection of long-
period cyclicity. Nevertheless, ~3.45 Myr cycles have previously been identified in ~9 Myr sedimentary re-
cords (Wu et al., 2013), and ~4.5 Myr cycles in ~33 Myr successions (Sproson, 2020). Following these pre-
cedents, we applied Monte-Carlo age-random simulations (Figure S6-S7 in Supporting Information S1) to
account for time uncertainties, and the ~2.6 Myr cyclicity in our data set remains sufficiently robust to warrant
consideration of its potential drivers and biogeochemical impacts.

Our identified carbon isotope cyclicities (~1.2, ~2.6, and ~4.5 Myr) are consistent with those previously
observed in the carbon cycle records for the early Phanerozoic (Sproson, 2020; Zhao et al., 2022). Similarly, the
385 Kyr and 1.2 Myr cyclicity detected in the sulfur isotope record align with those previously reported in
Cambrian sediments (T. Zhang et al., 2022). This observed frequency combination corresponds to orbital cycles,
demonstrating a likely coupling between the carbon-sulfur isotope variation and orbital cycles. Given that the
observed isotopic and biodiversity variations are on similar timescales to orbital periodicity, we now explore
whether the magnitude of the changes brought about by orbital variations could have resulted in the observed
isotope excursions, and what degree of change in atmospheric oxygen levels might be expected. To solve this we
use the SCION model (Mills et al., 2021, 2025), a long-term climate-biogeochemical model that uses a data
structure of physical climate simulations (Donnadieu et al., 2006), to inform a 2D continental weathering scheme
and a nondimensional ocean. The model provides continuous estimates for the chemical composition of the at-
mosphere and oceans and various geochemical proxies.

Because SCION uses a steady-state climate component without accounting for orbital variations, we incorporate
orbital forcing by estimating the orbitally-induced temperature variation at each latitude band over time and
superimposing these temperature deviations directly onto the model's 2D climate grids (Figure 2). In the absence
of an astronomical model for the Cambrian period, and assuming that orbital parameters during this time were not
fundamentally different from more recent intervals of deep time—though precise orbital phasing remain
unresolved—we adopt the orbital solution spanning ~99 to ~89 Ma from previous work (Laskar et al., 2004). We
acknowledge that solar luminosity during the early Cambrian was likely slightly lower than ~99-89 Ma, but this
difference is expected to be minor and does not materially affect our interpretation of the orbital forcing patterns.
The solution exhibits periodicities (~2.4 Myr, ~1.2 Myr, and ~405 Kyr) similar to the carbon-sulfur cyclicity
observed in the early Cambrian records, and thus is used as an external orbital forcing in SCION.

To estimate the surface temperature deviations, we compare the insolation variations at a sample latitude of
65°N with the mean surface-air temperature variations of 40-80°N from foraminifer 8'30 data over the past
1,500-2,450 Kyr (De Boer et al., 2014) (Figure 2). The variations in solar insolation influence surface air
temperature at the chosen latitude (Figure 2a). The conversion factor between solar insolation and air tem-
peratures here is estimated at ~0.97°C/Wm™> (Figure 2b). We use this value to impose orbitally-driven
temperature variations in the SCION model (Figure 2c), and also explore its other potential effects on
weathering and productivity. First, we explore potential temperature-driven changes in runoff using a previ-
ously calculated statistical relationship (Probst & Tardy, 1989), allowing us to impose 2D runoff variations in
the model. Second, we note that simple ocean models like that within SCION have been shown to require ~5
times the P input to drive the same productivity rise as in more complex models (Longman et al., 2021), so to
account for this we explore a potential five-fold wider range in temperature forcing from 0.97 to 5.82°C/Wm™>
(Figure S13 in Supporting Information S1). This wide range is also expected to account for uncertainties in this
conversion factor and the partial influence of varying Earth surface system boundary conditions on the lat-
itudinal temperature gradient, such as land-ocean distribution and orogeny (Scotese et al., 2021).

Finally, to better explore anoxia feedback, the SCION model is further modified to split the single ocean box into
“shelf” and “interior ocean” zones (Wollast et al., 1993), and to update functions for redox-dependent phosphorus
burial based on recent work (Alcott et al., 2019, 2022) (see supplemental materials). Except for these adjustments,
the model structure and boundary conditions follow the original SCION model (Mills et al., 2021). Model un-
certainty is estimated by running a 1,000-member ensemble in which key parameters are varied with +20%
uncertainty (Figure 3 and Figure S14 in Supporting Information S1).
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Figure 2. Solar forcing approximation in the SCION model. (a) Comparison of solar insolation at 65°N with air temperature

variations over 40-80°N in the past 1,500-2,450 kyr. (b) A cross plot of solar insolation at 65°N with the air temperatures.
(c) Insolation-induced air temperature 2D deviation stacks in the revised SCION model schematic diagram.

3. Results and Discussion

With the imposition of an artificial insolation forcing, we observe an oscillating pattern in the model output
(Figure 3). The amplitudes of insolation vary most at high latitudes (Figure S8 in Supporting Information S1),
which results in larger temperature fluctuations (Figure 2¢) and therefore runoff fluctuations in these regions. The
resulting global air temperature fluctuations are generally within 2°C (Figure S14 in Supporting Information S1).
Temperature proxy records, such as 8'%0 values, are often affected by diagenetic alteration and reliable records
for early Cambrian are currently scarce (e.g., (Goldberg et al., 2021)), making it difficult to resolve such small
fluctuations. This highlights the need for future high-resolution temperature proxy studies to further validate the
magnitude of the temperature changes predicted here. With the large land area present at high latitudes during the
Cambrian (Scotese, 2021) (Figure S9 in Supporting Information S1), weathering fluxes from high latitudes exert
substantial control over the weathering signal (Figure S16 in Supporting Information S1). A large marine
phosphate reservoir (Alcott et al., 2019) helps to dampen its responses to the high-frequency fluctuations in
weathering supply (e.g., 400 kyr cycles). Consequently, while the weathering input of phosphorus tends to follow
the insolation curve in Figure 2, the size of the marine phosphorus reservoir itself tends to increase where the
amplitude of insolation variation is larger, and decrease when insolation variations are smaller (Figure 3a and
Figure S14 in Supporting Information S1).
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Figure 3. Model outputs with key parameters varied within 20% uncertainty. (a) Shelf nutrient phosphorus reservoir size.
(b) Anoxic seafloor extent compared to uranium isotope and iron speciation data. (c—d) Marine organic carbon and pyrite
burial on the shelf. (e-f) Carbon-sulfur isotopes. Full model outputs are shown in Figure S14 in Supporting Information S1.

This feature, alongside a large surface carbon reservoir in the Cambrian ocean (Mills et al., 2021), results in muted
responses of the seawater carbon-sulfur isotopes to short-term (i.e., <100 kyr) weathering fluctuations (Leloup &
Paillard, 2023). By contrast, long periods of increased phosphorus concentration (i.e., >1 Myr) drive widespread
seafloor anoxia, increasing the burial rate of both organic carbon and pyrite (Figure 3). The modeled anoxia is
largely consistent with redox proxy records, including uranium-isotope nadirs (G.-Y. Wei et al., 2020) and
elevated reactive iron/total iron ratios from South China (Liu et al., 2024) across this interval (Figure 3b).
Notably, marine anoxia predicted at the onset of Stage 3 is absent in the uranium-isotope record but manifest in
the local iron-speciation record (Liu et al., 2024) and molybdenum isotope record (Dahl et al., 2019), highlighting
the need for additional global redox proxy work to test this modeled scenario. Because organic carbon and pyrite
burial are increasing and decreasing simultaneously, the model provides a qualitative fit to the carbon-sulfur
isotopic couplings observed in the lower Cambrian successions as well as being consistent with other key
boundary conditions (e.g., seawater sulfate concentration (Brennan et al., 2004) and atmospheric O, levels
(Sperling et al., 2013, 2015), Figure S14 in Supporting Information S1). The rising limbs of the carbon-sulfur
isotope curves—associated with higher nutrient inputs—are accompanied by increasing atmospheric (and
therefore also shallow marine) O, levels. These generally coincide with Siberian biodiversity highs in the total
animal species, including the first appearance of archaeocyaths (~524 Ma) and trilobites (~521 Ma). Conversely,
the falling limbs—Ilinked to reduced nutrient inputs and declining atmospheric O, levels—correspond to observed
biodiversity declines (Figure 3c). Notably, modeled atmospheric O, maxima lag burial flux peaks by ~0.5 Myr
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Figure 4. Isotope signal amplitudes for different sulfate and oxygen levels. The corresponding sulfate and oxygen levels in
each scenario are shown at the top of each panel. (a) Scenario 1: low sulfate, low oxygen. (b) Scenario 2: low sufate, high
oxygen. (c) Scenario 3: extremely low sufate, low oxygen. (d) Scenario 4: relatively high sulfate, low oxygen.

(Figure S12 in Supporting Information S1). This lag reflects the timescale of atmospheric O, responses to organic
carbon and pyrite burial during the early Cambrian, but whether a similar delay is present in biodiversity re-
sponses remains uncertain due to the relatively low temporal resolution of available fossil data.

Here, the modeled §'°C-5>*S variation range captures the detrended 8'*C and &>*S record, but the modeled
averages (shown by the dark orange line in Figures 3e and 3f) are more muted. It may be the case that more
complex models with more explicit process representation would produce larger changes in phosphate inventories
and larger isotopic swings under our mean calculated insolation-temperature relationship, as discussed earlier,
and represented by the high end of our uncertainty range (Alcott et al., 2019; Longman et al., 2021). Alternatively,
other biogeochemical factors could also amplify these isotopic signals, which we explore below.

The positively coupled carbon-sulfur isotope cycles that we observe in the geological record (and in our model)
are a distinct feature of the Cambrian, whereas the long-term record in the Phanerozoic shows these isotope
records to be negatively correlated (Garrels & Lerman, 1981). Usually, it is thought that high organic carbon
burial would result in excess atmospheric O, production, which would limit rates of pyrite burial by limiting the
prevalence of anaerobic environments (Garrels & Lerman, 1981). In Figure 4 we investigate the response of our
modeled carbon-sulfur perturbations to different background seawater sulfate concentrations and atmospheric
oxygen levels. These are achieved by modifying the sizes of initial reservoirs in the Earth surface and background
phosphorus weathering inputs (see details in Supporting Information S1), and we choose our average insolation-
temperature conversion factor of ~2.91°C/Wm™2. Note that the many interlinked feedbacks in the model make
the sulfate and oxygen concentrations to be co-dependent, meaning that the solutions for their background
concentrations are not always integer values. Nevertheless, we can create model runs with low O, (~8%-11%
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atm) and either very low (0.72 mM), low (2.9 mM) or moderate (6.1 mM) sulfate concentrations, and an addi-
tional high oxygen run (18.4% atm) to test how these affect the isotope cycles.

In the low oxygen—Ilow sulfate (2.9 mM) scenario (Figure 4a), the modeled variations of seawater carbon and
sulfur isotopes are positively correlated and in pace with the insolation modulation cycles (~2.4 Myr) and the
sulfur isotopes show similar amplitude changes relative to the geological record, while those of carbon are more
muted (A8">C > 1%o0 and A&>*S > 4%o). With a similar sulfate concentration but under high atmospheric oxygen
concentration (Figure 4b), we see a slight reduction in the amplitudes of 8'*C and 8*S (~1%o for 8'*C and ~4%o
for **S) and a reduced duration of the positive excursions, which may be expected with less prevalence of anoxia
and therefore less phosphorus recycling. If we instead maintain atmospheric O, at low concentrations and
decrease marine sulfate levels to be close to the lower limits proposed for the early Cambrian (~0.7 mM (He
et al., 2019)), the amplitudes of C-S isotopic fluctuations are increased (AS'3C > 2%0 and AS*S > 5%o;
Figure 4c). In contrast, if we increase the sulfate level, the carbon-sulfur isotopic fluctuations are almost
completely flattened (Figure 4d).

Our analysis in Figure 4 suggests that large-scale co-variation in organic carbon and pyrite burial rates (and thus,
pulsed oxygenation of the atmosphere and surface ocean) is a feature of a low oceanic sulfate system and is less
dependent on atmospheric oxygen levels. When ocean sulfate levels are extremely low, an orbitally-paced
weathering influx of sulfate from the continents—applied by the presence of large high-latitude land masses
during the Cambrian (Scotese, 2021) (Figure S16 in Supporting Information S1)—can change the marine sulfate
concentration substantially and would lead to large variations in the pyrite burial rate (Figure S17 in Supporting
Information S1). This highly variable rate of pyrite burial impacts the 8°*S record directly (as pyrite is isotopically
lighter than sulfate), but it also makes atmospheric and oceanic oxygen levels more variable, which then impacts
the carbon cycle. As a result, the superimposed variations of organic carbon and pyrite burial during low-sulfate
conditions should result in large amplitude cycles in seawater '°C and 8*S records.

Another key time of low sulfate concentrations was the Early Jurassic (Newton et al., 2011), which had a high
atmospheric oxygen level (Mills et al., 2021). During that time, the 8'>C record is paced by orbital modulation
cycles (~2.5 Myr) and has a magnitude of around 1%o0—2%o (Storm et al., 2020), similar to the magnitude of the
early Cambrian 8'>C cycles (~2%—3%). As shown in our model (Figure 4b), this example suggests that the higher
Jurassic level of atmospheric oxygen did not greatly affect the Earth-system response to cyclical weathering
inputs induced by orbital variations. Our hypothesis, that high seawater sulfate concentration reduces both carbon
and sulfur cycle variability, is consistent with the observation that the general coupling of the carbon-sulfur
isotope records becomes weaker after the mid-to-late Paleozoic (Gill et al., 2007) when long-term sulfate
levels appear to have risen (Algeo et al., 2015). These findings also suggest that mid-Proterozoic isotope records
might exhibit a similar cyclicity, given the generally low sulfate levels expected at this time. Currently, suffi-
ciently high resolution isotope records are not available to test this.

Overall, long-period effects of astronomical forcing provide a possible explanation for the ~2.6 Myr cyclicity
observed in carbon-sulfur isotope records during the Cambrian Explosion. This mechanism can account for the
timing of surface ocean oxygenation pulses and associated episodes of ecological expansion. Interestingly,
shorter-period effects appear to have been buffered by the large nutrient and inorganic carbon reservoirs in the
Cambrian ocean. Key to these environmental upheavals was concentrated land distributions at high latitudes
during early Cambrian and an early Cambrian ocean with low sulfate concentrations, which was very sensitive to
varying sulfate inputs from the continents. It also highlights the important role of low-sulfate conditions in
increasing Earth system sensitivity to external forcings. Such a low sulfate ocean appears to have allowed for
significant changes in the burial rates of organic carbon and pyrite, periodic oxygenation of the atmosphere and
surface ocean, and ultimately, the boom and bust of Cambrian radiation.

4. Conclusion

Our modeling results suggest that astronomical forcing played a critical role in driving cyclical climate and
biogeochemical dynamics during the early Cambrian. In the model, these oscillations were most pronounced at
high latitudes, where larger land areas and stronger insolation variability controlled continental weathering and
phosphorus weathering fluxes. Under conditions of low marine sulfate and with a large land area present at high
latitudes, as inferred for the early Cambrian, the weathering inputs of phosphorus significantly modulated the
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burial of organic carbon and pyrite, leading to positively correlated 8'*C and &°*S isotope values that broadly
match the pacing of those observed in the geological record.

This study highlights the importance of low oceanic sulfate concentrations in enhancing Earth system sensitivity
to external orbital forcings. When sulfate availability is limited, orbitally-driven phosphorus weathering inputs
can produce substantial shifts in pyrite burial and oxygen levels, thereby amplifying isotopic signals and shaping
the timing and intensity of redox fluctuations. These conditions likely contributed to the pulsed nature of the
Cambrian radiation pattern. Thus, long-period astronomical forcing, modulated by sulfate-dependent feedbacks,
offers a new framework for understanding both the isotope record and the episodic nature of early animal
diversification during the early Cambrian. Such long-period cyclicity may also be applied to other geological
periods that saw biogeochemical oscillations and oceanic redox on these timescales.
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