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The expansion of land plants during the Late
Devonian contributed to the marine mass
extinction

Matthew S. Smart® 2% Gabriel Filippelli T William P. Gilhooly Il 1 Kazumi Ozaki® 3,
Christopher T. Reinhard® 4, John E. A. Marshall® > & Jessica H. Whiteside>®

The evolution and expansion of land plants brought about one of the most dramatic shifts in
the history of the Earth system — the birth of modern soils — and likely stimulated massive
changes in marine biogeochemistry and climate. Multiple marine extinctions characterized by
widespread anoxia, including the Late Devonian mass extinction around 372 million years
ago, may have been linked to terrestrial release of the nutrient phosphorus driven by newly-
rooted landscapes. Here we use recently published Devonian lake records as variable inputs
in an Earth system model of the coupled carbon-nitrogen-phosphorus-oxygen-sulfur bio-
geochemical cycles to evaluate whether recorded changes to phosphorus fluxes could sustain
Devonian marine anoxia sufficient to drive mass extinction. Results show that globally scaled
increases in riverine phosphorus export during the Late Devonian mass extinction could have
generated widespread marine anoxia, as modeled perturbations in carbon isotope, tem-
perature, oxygen, and carbon dioxide data are generally consistent with the geologic record.
Similar results for large scale volcanism suggest the Late Devonian mass extinction was likely
multifaceted with both land plants and volcanism as contributing factors.
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Frasnian-Famennian extinction and alternatively the

Kellwasser Event, terminating at 372 Ma) is one of the “Big
Five” Phanerozoic biotic crises’:2. It is characterized by two dis-
tinct episodes of widespread marine anoxia>* expressed in the
sedimentary record by the deposition of distinct black shale
horizons3->. This marine biotic crisis is largely thought to have
occurred in two distinct pulses, the earliest being the Lower
Kellwasser (LKW) and the latter the Upper Kellwasser (UKW).
Both pulses are associated with sizeable global carbon cycle per-
turbations, with positive carbon-isotope excursions (8!3C) ran-
ging up to 4%o reported in numerous studies in both carbonates
and bulk organic matter~7. The development of sustained marine
anoxia is linked to the demise of bottom-dwelling marine
species>$?, and it is also thought that water column oxygen
depletion played a direct role in the catastrophic collapse of
Devonian reef ecosystems>10. Proposed mechanisms for the Late
Devonian extinction have included a wide range of hypotheses
which include ultimate triggers such as astronomical forcing! 112,
bolide impacts!®14 and large igneous province (LIP) eruptions or
similar large regional events!>19, to proximate causes such as
climate perturbations (both warming and cooling!7-21), enhanced
terrestrial weathering associated with mountain building?>»?3 and
the evolution and expansion of land plants?4-2, Despite the lack
of agreement on ultimate causes and proximate (or resultant)
triggers, a commonality amongst many of these competing the-
ories is excess nutrient influx either from elevated terrestrial input
or marine upwelling®26:27.

Global biogeochemical perturbations associated with the Late
Devonian extinction have been widely reported (i.e., global positive
813C excursions). Numerous investigations into the geologic record
across the KW events revealed additional global trends which exist
independent of extinction ascription, such as a precipitous decline
in atmospheric CO,28-31, a rise in atmospheric O, to near modern
levels31-3* and cooling associated with each of the Kellwasser
events®. Given the wealth of information in the geologic record,
the question arises as to whether global biogeochemical cycling
supports any of these theories regarding the causal factor (or fac-
tors) driving the Late Devonian extinction.

The Late Devonian mass extinction (also called the

Extinction mechanisms. While the various theories listed above
have each been used to explain the Late Devonian extinction, it is
prudent to first discuss some of the theorized mechanisms.
Extinction mechanisms can be divided into two general cate-
gories, the ultimate causes and their resultant impacts on Earth’s
surface, or proximate causes®®3’. For example, large scale vol-
canism has been implicated in many extinction events, however it
is generally not volcanism itself which is the ultimate kill
mechanism, but rather the eruption volume and the resultant
effects on global temperature and atmospheric composition. In
the case of the eruption of extensive areas of flood basalts or LIPs,
both their size (which can range up to several million km?) and
their duration (generally less than one million years) make them
ecologically significant. While the eruption of LIPs are most
commonly associated with extinction level events, regional arc
volcanism and submarine volcanism can also induce ecological
stress, but may leave only a regional footprint in the geologic
record or sometimes no footprint at all in the case of submarine
volcanism which would be neatly erased through eventual
subduction!>16:38, Eruptions of LIPs or regional arc volcanism
produce both short and long-term effects, the severity of each
ultimately depending on the size and duration of the eruption (or
series of eruptions as is often the case). Short-term cooling results
from the production of sulfate aerosols which block incoming
solar radiation. This is commonly referred to as “volcanic winter”

and lasts only one to two years, on average and depending on the
severity of the eruption as mentioned above, as the sulfate aero-
sols are rapidly removed by rainfall. This cooling effect may be
prolonged during LIP eruption, but is not likely to induce sub-
stantial climate change3°. Importantly, aside from being short-
lived, this cooling effect is also self-limiting as the size of sulfate
aerosols generally decreases as more sulfur dioxide is erupted3°.
The more substantial and long-term impact from LIP eruptions is
increased atmospheric CO, concentrations. As CO, is emitted
rapidly and sequestered only over the course of geologic time via
weathering, organic matter burial and photosynthesis, this effect
is compounding the longer the eruption!®3¢. The immediate
impact of increased atmospheric CO, concentrations is an
increase in global temperatures. A secondary impact of increased
atmospheric CO, concentrations is ocean deoxygenation!®36.
Warmer water holds less dissolved oxygen. Additionally, warmer
temperatures are generally associated with increased rates of
precipitation. Increased precipitation enhances the runoff of
terrestrial nutrients into oceans, which results in the bloom of
primary producers such as plankton!62426:36, The decomposition
of organic matter in the ocean utilizes dissolved oxygen, thus
plankton blooms will supply additional organic matter to the
ocean bottom, ultimately decreasing dissolved oxygen
concentrations®0. A large LIP eruption could result in a high
enough atmospheric CO, concentration to drive widespread
ocean anoxia, such as that which occurred during the end-
Permian extinction3?.

Although the end-Permian extinction was a direct result of LIP
eruption®, not all LIPs are large enough nor ecologically
catastrophic to produce mass extinction. This was most effectively
demonstrated by Arens and West? in the development of their
press-pulse extinction theory which contends that an environ-
mental stress (press) such as the eruption of LIPs can be
ecologically damaging due to its sustained duration, but must
generally be followed by an additional catastrophic event (pulse)
to produce broad extinction. While it is possible for LIPs to
produce both press and pulse disturbances resulting in mass
extinction such as in the end-Permian37 and possibly the Triassic-
Jurassic extinctions*! (two of the “Big Five” Phanerozoic
extinctions), this should be considered the exception rather than
the rule (Arens and West* find little correlation between
extinction events in the Mesozoic and Cenozoic and LIP
volcanism). Even so and as discussed above, as a sole kill
mechanism the extinction power of LIPs lies in second order
effects such as climate change and global carbon cycle
disruption3%3740, Thus, to truly produce the theorized press-
pulse response for an extinction such as the Late Devonian
extinction (again, it is worth restating this is one of the “Big Five”
Phanerozoic extinctions), LIP volcanism would have to be
substantial indeed, and evidence for such an event would be
expected to be found globally.

Of all the potential kill mechanisms, there is a growing body of
evidence to support LIP eruptions as at least a contributing factor
(primarily based on mercury enrichments and stratigraphic
correlations, see refs. 151642 and references contained therein).
Three LIP eruptions occurred in the Late Devonian (Fig. 1b): the
Viluy Traps in Siberia, the Kola LIP in the Kola Peninsula and the
Pripyat-Dnieper-Donets (PDD) LIP in East Europe!>.
Although current age estimates place the arguably smaller Kola
and PDD LIPs loosely in the Late Devonian, the Viluy Traps have
been much more closely associated with the Late Devonian
extinction, having likely occurred in two distinct pulses at
374.5+3.5Ma and 363 + 0.7 Ma#344, the former roughly coin-
cident with the Frasnian-Famennian boundary. Given the
potential ecological effects (specifically, ocean anoxia) discussed
above and the existence of two distinct black shale horizons
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Fig. 1 Study location. a Location of the study site from which model data is derived (indicated by a red star). b Late Devonian (~370 Ma) paleogeographic
reconstruction with the study location indicated by a red star as well as the relative locations of Late Devonian large igneous provinces (LIPs) indicated with
orange triangles. LIPs include the Viluy LIP in Siberia, the Kola LIP in the Kola Peninsula and the Pripyat-Dnieper-Donets (PDD) LIP in East Europe. The base
map was created using GPlates with reconstructions from ref. 80, Locations of LIPs as described by Racki'®.

concurrent with the Late Devonian extinction, the presence of at
least one (and possibly more) LIPs in temporal proximity to the
Late Devonian extinction offers a compelling possibility that large
scale volcanism had some impact on biogeochemical cycling, and
may have played a role in contemporaneous mass extinction.
Concurrently in the Late Devonian, land plant evolution
reached a zenith as the earliest trees with substantial root systems,

such as Archaeopteris, achieved hegemony by the late
Famennian#>-47. The development of root systems was a critical
biologic innovation which subsequently enabled land plants to
spread and colonize continental interiors, where previously their
limited root systems confined them to areas immediately adjacent
to bodies of water?#2°. It is this geologically rapid colonization
that has been inferred to contribute in numerous extinctions of
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varying severity from the Mid to Late Devonian?4-2°. Prior to
colonization by land plants, continental interiors were relatively
unweathered, with vast amounts of the nutrient phosphorus
confined to the mineral phase?*-26. Upon colonization, young
landscapes were rapidly weathered in the nascent stages of soil
formation, releasing large amounts of phosphorus which was
eventually transported to Devonian oceans**-26, This flush of
nutrients would have a similar effect as that of large scale
volcanism, stimulating a bloom in primary producers in the
ocean leading to an increase in accumulation of organic matter
and subsequent decrease in dissolved oxygen?4-26. On a global
scale, this sudden and substantial nutrient influx could have been
sufficient to drive widespread anoxia24-26, While ocean anoxia
does not always result in mass extinction, it proved catastrophic
in the Late Devonian2-38-10,

Large scale volcanism and enhanced terrestrial nutrient export
and their connection to the Late Devonian extinction have been
the subject of much debate (e.g., refs. 1>-16:20,21,23,27,42,48,49) Both
extinction mechanisms are rooted in events which are known to
have occurred in the Late Devonian (i.e., there are three known
temporally proximal LIPs!>16 and deeply rooting plants such as
Archaeopteris also proliferated*>=47). These tectonic and biotic
events potentially influenced global geochemical cycles, each
leaving their own forensic footprint in the geologic record. Here
we investigate the global geochemical impact of each of these
events by utilizing new lacustrine records of phosphorus
accumulation rate changes and employing an Earth system box
model to simulate the carbon, nitrogen, phosphorus, oxygen and
sulfur biogeochemical cycles. We explore both pulses of the Late
Devonian extinction to determine whether large scale volcanism
and its associated feedbacks or the expansion of deeply rooting
land plants could plausibly result in the observed geochemical
changes recorded in the rock record.

Enhanced phosphorus export during the Late Devonian mass
extinction. The role of land plants in Devonian biotic crises has
long been a subject of debate. As proposed by Wilder>" and later
refined by Algeo et al.?4, the expansion of land plants into con-
tinental interiors along with the development of large and com-
plex root systems and arborescence led to an unprecedented flux
of terrestrial nutrients into Devonian seas. The relatively large
and geologically rapid nutrient load would have stimulated pri-
mary productivity leading to eutrophication, elevated organic
matter deposition and subsequent bottom water anoxia. Occur-
ring on a large enough scale, this could drive widespread marine
anoxia, something which was relatively common throughout the
Devonian?426, Until recently however, no studies have focused
on quantifying a potential terrestrial nutrient pulse from land
plant expansion by interrogating weathering-proximal terrestrial
lacustrine records. Smart et al.2® conducted such a study and was
able to establish a relational link between the colonization of
deeply rooting land plants and multiple episodes of elevated
terrestrial nutrient export from the Mid to Late Devonian. Two
such pulses were identified in a fluvial sequence from Heintzbjerg
in the Devonian Basin of East Greenland associated with the
LKW and UKW (Fig. 2)%0. These and similar pulses discovered
earlier in the Devonian are accompanied by macro and micro-
fossil evidence of the progymnosperm Archaeopteris, thus estab-
lishing a causal link between the proliferation of deeply rooting
land plants and elevated terrestrial nutrient exportZ®. In several
cases, these nutrient export events were both substantial in
magnitude and sustained in duration (lasting up to several hun-
dred thousand years in some cases and coinciding with smaller
marine anoxic events, such as the Kacak event in the Mid
Devonian)?®, enabling their use in geochemical models. The

increases in phosphorus accumulation rates at Heintzbjerg?®
compare favorably to revegetation following glacial retreat in
Holocene analogs, lending confidence in the utility of their data
(Extended Data Table 1). Furthermore, the paleogeographic
location of the Heintzbjerg study site was on the flanks of the
Caledonian mountains and within a drainage basin that ulti-
mately fed into the Rheic Ocean (Fig. 1). Thus, elevated nutrient
export from this location likely had a direct impact on biogeo-
chemical cycling within the Rheic Ocean.

Model description. In this study, we employ an Earth system box
model of the coupled C-N-P-O,-S biogeochemical cycles devel-
oped by Ozaki and Reinhard®!. The basic model design is based
on the Carbon Oxygen Phosphorus Sulfur Evolution (COPSE)
model®2>3. The model includes a series of biogeochemical pro-
cesses operating on the planetary surface but is abstracted enough
to allow the simulations on geologic time scales (see Methods and
Supplementary Information).

We investigate several different scenarios in which we explore
biological and tectonic factors individually. First, we explore the
possible impacts of enhanced phosphorus weathering by land
plant colonization using both P/Al and phosphorus accumulation
rate data from Heintzbjerg, Greenland. In the sensitivity
experiments, discrete episodes of phosphorus weathering are
assumed with different timing and amplitude. Sharp increases
followed by decreases of phosphorus weathering are meant to
represent possible phases of selective phosphorus weathering
associated with land plant colonization and a subsequent drop
due to the establishment of phosphorus recycling in soil
systems®3. We also explore the impacts of variations in degassing
rates from LIPs that were active during the upper Devonian
(Fig. 1b). While the exact timing and magnitude of Devonian
volcanic eruptions are difficult to constrain, Late Devonian
mercury (Hg) records indicate enrichment relative to total
organic carbon in multiple locations during both the LKW and
UKW!516, Hg enrichment can be used as a proxy for large scale
volcanism, but its application is not straightforward as Hg
enrichments can be caused by other factors unrelated to
volcanism (e.g., soil weathering, variations in sedimentation rate,
etc) (see refs. 1654 and references contained therein). However, a
study by Kaiho et al.>* compared Hg enrichments observed in
several Devonian biotic crises to coronene, a polycyclic aromatic
hydrocarbon associated with large scale volcanism and discovered
a correlation between Hg and coronene during the LKW and
UKW, concluding that volcanism was likely during both pulses®*.
Thus, based on Hg records we simulate two episodes of large-
scale volcanism, a smaller event at the onset of the LKW and a
larger event at the onset of the UKW.

In the COPSE type model, the ocean-atmosphere system is
treated as a single reservoir. Therefore, the model is only
appropriate for timescales longer than the mixing time of the ocean.
More specifically, processes such as the solubility pump and the
impact of ocean circulation on biogeochemical cycles are beyond
the scope of this model, and simulated atmospheric CO, levels
could fail to capture variability on timescales of <~10 kyr.

In the original COPSE model (e.g., refs. 3°2), the ocean
alkalinity balance was assumed (i.e., input flux of alkalinity equals
the output flux via carbonate burial). In contrast, our model®!
explicitly calculates the alkalinity budget in the ocean by evaluating
the carbonate system. This approach enables us to assess the time
evolution of seawater pH on timescales longer than 10 kyr.

Results and discussion
Results for the enhanced terrestrial nutrient export scenario are
shown in Fig. 3. Several different scenarios are explored: red and

4 COMMUNICATIONS EARTH & ENVIRONMENT | (2023)4:449 | https://doi.org/10.1038/s43247-023-01087-8 | www.nature.com/commsenv


www.nature.com/commsenv

COMMUNICATIONS EARTH & ENVIRONMENT | https://doi.org/10.1038/s43247-023-01087-8

ARTICLE

P/AI P Accum. Rate (pmol cm? kyrs™)
1100
sel | > a b
aul: Sk
S BSE
c Sl
10004 < < SR
© —E®©
8 Y
5| | (38
QS 3f:
Q
900 % “(_; g‘é’
| 8|85k
® |3 O
'% ©O Frasnian/Famennian Boundary
800 i) 371.870 Ma
S — _ . =2fhergMa o L —_ e — —
(®]
N
700 ] (=)
©
3
| |2 >
= 800- 2| €l = UKW Nutrient Pulse
£ 600 8 Il
= 25|
) gld|2
O 500 S|l of 8
% (O]
(=5
- n
o >
4004 &
£ =] UKW Onset__ _ _
c — 372.000 Ma
300 "
ol I
Q| o
213
®| o
| cl|la
200 S|a
=13 —_ _ _LkwEnd -
1o 8 372.450 Ma
ol €| ©
1004 |59 3|5
B ni< .
33| LKW Nutrient Pulse
]
<5
0
0 | T T T T T T T T
0 002 004 006 008 010 0 1000 2000 3000 4000 5000 6000

Predominantly silt/shale/fines

Predominantly sandstone with fines intercalated

3> Fossilized fish remains

@= Fossilized plant remains

Fig. 2 Geochemical source data from the Heintzbjerg study location. The Heintzbjerg sequence contains 1100 m of continuous fluvial record capturing a
portion of the Lower Kellwasser (LKW) as well as the entirety of the Upper Kellwasser (UKW) events comprising the Frasnian-Famennian extinction.
Stratigraphy has been simplified due to the size of the sequence. The three distinct palynozones used for the relative placement of the Frasnian-Famennian
boundary and the UKW are noted to the left of the stratigraphy©®79. Black dashed lines represent the age control points used to calculate sedimentation
rates based on recent age estimates'"27. Shaded regions represent nutrient pulses during the LKW and UKW based on P/Al data2®. a Phosphorus/
aluminum ratios used to estimate riverine phosphorus flux. Based on this data, two distinct nutrient pulses can be identified. b Phosphorus accumulation
rate data calculated using estimated sedimentation rates based on cyclostratigraphy and used to simulate terrestrial phosphorus input in a separate
simulation. These data show a greatly reduced nutrient pulse during the LKW and a large and sustained nutrient pulse during the UKW.

blue lines assume episodes with linear increases and decreases
around the LKW and UKW, and the black line is obtained by
scaling the P/Al (left panel) and phosphorus accumulation rate
(right panel) records from Heintzbjerg, Greenland. Our model
demonstrates the increase in riverine phosphorus flux, scaled
from the Heintzbjerg data, promotes oceanic eutrophication and
deoxygenation (as shown as increases in DOA, or degree of
anoxia). For the LKW, the enhanced burial of organic matter in
the ocean leads to a drop in atmospheric CO, levels (from ~10.5
present atmospheric level (PAL) to ~7.5-9 PAL) and associated
climate cooling of 0.5-1.5 °C. This is accompanied with a positive
excursion in 813C of 1.5-3.0%o. These trends are observed in both
the red/blue simulations as well as the scaled P/Al data from

Heintzbjerg (black line in Fig. 3). Also observed is that greater
phosphorus weathering results in larger environmental changes.
In the large linear simulation (blue line in Fig. 3), atmospheric O,
levels exhibit a stepwise increase to the modern level of 21%. On
the other hand, the sulfur isotopic value of seawater sulfate is
largely insensitive to the variations of phosphorus weathering.
Results based on the phosphorus accumulation rate data are
similar, with a notable difference being the much smaller per-
turbations associated with the LKW.

Results for the enhanced volcanic degassing scenarios are
shown in Fig. 4. A two-fold increase in degassing rate produces a
positive excursion in 813C (1%o) for the LKW, and a five-fold
increase is required to produce the 2%o excursion for the UKW.
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Fig. 3 Biogeochemical dynamics induced by elevated episodes of P weathering on land. Gray shaded regions represent the two pulses of the Kellwasser
extinction. a Phosphorus weathering forcing factor, fop. Several different scenarios are explored: red and blue lines assume episodes with linear increase and
decrease around the LKW and UKW, and black line is obtained by scaling the P/Al (left panel) and phosphorus accumulation rate (right panel) records from
Heintzbjerg, Greenland. b Riverine P flux to the ocean. ¢ Degree of oceanic anoxia. d Atmospheric O, level. e Atmospheric CO, concentration indicated as multiples
of present atmospheric level (PAL). f Global average surface temperature. g Carbon isotopic value of burying carbonates. h Seawater sulfate sulfur isotope.

Such an enhanced volcanic flux during the UKW results in
atmospheric CO; levels of >20 PAL and associated >4 °C increase
in global temperatures. Under such conditions, an enhanced
greenhouse accelerates terrestrial phosphorus weathering, pro-
moting oceanic eutrophication and deoxygenation. This, in turn,
leads to the enhanced burial of organic matter in marine sedi-
ments and a stepwise increase in atmospheric O,.

The terrestrial nutrient export scenarios and volcanic activity
scenarios both demonstrate enhanced riverine phosphorus input
flux, resulting in similar behaviors with respect to oceanic

biogeochemical dynamics (eutrophication, deoxygenation, and
enhanced burial of organic matter) and the secular evolution of
atmospheric O, levels. In contrast, these scenarios demonstrate
different climatic variations. Specifically, the enhanced terrestrial
nutrient export scenarios suggest a marked decrease in atmo-
spheric CO, and global cooling of >1°C whereas the enhanced
volcanic activity results in the two-fold increase in atmospheric
CO;, levels and global warming of >4 °C. Additionally, while both
scenarios achieve the positive §!13C excursion recorded in the
geologic record, the longevity of the excursions tends to be greater
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Fig. 4 Biogeochemical dynamics induced by enhanced volcanic activity.
Black line represents two distinct volcanic events, one during the LKW and
a second during the UKW based on the presence of two distinct weathering
events in the Heintzbjerg, Greenland data. Gray shaded region represents
the two pulses of the Kellwasser extinction. a Degassing factor, f p.

b Riverine P flux to the ocean. ¢ Degree of anoxia. d Atmospheric O, level.
e Atmospheric CO, concentration indicated as multiples of present
atmospheric level (PAL). f Global average surface temperature. g Carbon
isotopic value of burying carbonates. h Seawater sulfate sulfur isotope.

in the enhanced volcanic activity scenario than those of the ter-
restrial nutrient export scenarios because of the increased resi-
dence time of inorganic carbon in the ocean-atmosphere system.
Additionally, maxima in climate cooling in the enhanced terres-
trial nutrient export scenario correspond to the largest positive
excursion in 8!13C, whereas in the enhanced volcanic activity
scenario, the 8!3C excursion is delayed and occurs after the
temperature maxima.

Both scenarios are somewhat at odds with the geologic record
in differing respects. While an overall warming trend is observed
through the Late Devonian, conodont oxygen isotope records

from numerous studies suggest cooling leading into both the
LKW and UKW20-2536 (although it is also worth noting that in
some cases, cooling is reported as post-dating the onset of the
813C excursion®). If large scale volcanism (either from LIP or
multiple arc volcanic events!®) was an initiating mechanism, the
enhanced volcanic activity scenario requires warming on a global
scale (Fig. 4f) which is not supported by conodont oxygen isotope
records. Additionally, atmospheric CO, decreased substantially
throughout the Devonian. Our model predicts large scale vol-
canism sufficient to drive anoxia would have increased atmo-
spheric CO, to levels which are likewise not supported in the
geologic record. A compilation published by Franks et al.?’
compares Paleozoic CO, estimates from paleosol carbonates,
fossil records and model estimates using GEOCARBSULF and
reports a likely atmospheric CO, range of between 500-3000 ppm
for the Late Devonian, substantially below >20 PAL required by
our model (see also refs. 3931). Furthermore, values closer to the
lower end of that range appear most likely based on a recent
model of lycophyte leaf gas-exchange published by Dahl et al.>’
suggesting atmospheric CO, values of between 525-715 ppm for
the Mid to Late Devonian. However, many of these records lack
the temporal resolution to detect ephemeral perturbations, so
although current evidence does not support rapid and dramatic
increases in atmospheric CO, due to large scale volcanism it
cannot be completely ruled out.

Our model results are more consistent with enhanced terres-
trial nutrient export as an important proximate causal factor in at
least the UKW extinction pulse as the predicted cooling, decrease
in atmospheric CO,, and increase in atmospheric O, are all
supported by the geologic record. The P/Al based model predicts
larger geochemical perturbations during the LKW, which is
inconsistent with most records that suggest the UKW was the
more severe. This contrasts with phosphorus accumulation rate-
based data which accurately predicts the UKW as the more severe
event. Additionally, the similarities in geochemical response
between the Heintzbjerg sequence and the linear simulations
further reinforce the supposition that the terrestrial nutrient
export model is the more likely of the two scenarios. However, the
timing of the terrestrial nutrient pulses?® seems to preclude plant
expansion as an ultimate cause of extinction. Although there is
evidence of elevated nutrient export during the LKW and at the
start of the UKW, the most substantial and sustained nutrient
export event occurs in the second half of the UKW, closer to the
Frasnian-Famennian boundary (Fig. 2). While land plants may
not have directly initiated the UKW, the concurrent extinction of
both benthic species and the collapse of Devonian Reefs systems
suggest the possibility of multiple extinction mechanisms. Rather
than singular triggers, we suggest multiple elements of current
theories contributed to biotic crises in the marine biosphere.

Comparison with global records. One of the inherent advantages
to utilizing fluvial and lacustrine records to track terrestrial
phosphorus export is their capacity to record local and basin-
scale variations, which can more directly be compared with
macro- and micro-fossil evidence of land plant activity, thereby
establishing a causal link?®. Indeed, palynological records from
Heintzbjerg support the presence of deeply rooting land plants
such as Archaeopteris®®. Therefore, the Heintzbjerg site was
chosen to drive inputs for the geochemical model utilized herein.
The question arises however, can events at Heintzbjerg truly be
representative of global trends and thus justifiably used to drive a
global model? Unfortunately, similar but geographically distinct
fluvial and lacustrine records do not yet exist for the late Frasnian,
hindering efforts to further support the assertion that events at
Heintzbjerg were indicative of global trends. However, there are a
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Panthalassa

Fig. 5 Geographic distribution of Late Devonian phosphorus records. Marine records (B-E) are shown in relation to the Heintzbjerg study site (A),
indicated as red stars. Marine records include: (B) Steinbruch Schmidt, Germany; (C) Kowala, Poland; (D) Coumiac, France; and (E) H-32 Core, lowa, USA.
The Viluy large igneous province (LIP) is indicated by the orange triangle. The base map was created using GPlates with reconstructions from ref. 80.

Locations of LIPs as described by Racki'®.

number of marine records which overlap and include both
phosphorus data and cyclostratigraphic timescales like those
employed here. Figure 5 notes the locations of four such records
from several studies: Steinbruch Schmidt in Germany!!27,
Kowala Quarry in Poland?”->8, Coumiac in France?” (this section
lacks a cyclostratigraphic study, but includes a Global Boundary
Stratotype Section and Point for the base of the Famennian) and
the H-32 core in Towa, USA®%°%. The section at Steinbruch
Schmidt was deposited in a pelagic marine setting east of
Euramerica® and contains distinct sedimentary expressions of
both extinction pulses®. Kowala Quarry was deposited on a car-
bonate platform to the northeast of Euramerica and likewise
contains sedimentary expressions of both extinction pulses?”->8.
Coumiac represents a pelagic marine setting on the southeastern
edge of the Rheic Ocean and also includes both extinction
pulses?’. Finally, the H-32 core is sourced from the Illinois Basin,
an epicontinental basin off the western coast of Euramerica, and
includes sedimentary expression for the UKW only>3°°, Toge-
ther, these four sites substantially expand the geographic range of
phosphorus records with which the Heintzbjerg record can be
compared.

Much like the study at Heintzbjerg by Smart et al.2%, all four
sites include both P/Al and organic carbon to total phosphorus
ratios (CorgiPior). While P/Al data can be informative of
phosphorus flux relative to detrital input, Corg:Pror is a widely
used paleoredox proxy and the combination of the two proxies
can establish a causal relationship between elevated phosphorus
input and any subsequent anoxia which develops (see refs. 23-29).
In the case of all four sites, periods of either anoxia or at least
dysoxia are associated with the UKW interval (see refs. 23-27->9
and references contained therein). What makes all four sites
compelling however, is that much like Heintzbjerg, each contain
elevated values of phosphorus with respect to detrital input (P/Al)
during the UKW (Fig. 6). Whilst the timing of the P/Al maxima
during the UKW amongst the four sites is not synchronous, the
magnitudes compare strikingly well to those at Heintzbjerg
(Fig. 6). While variations in timing may at first glance seem
contradictory, it is important to consider that land plant
evolution and expansion was likely episodic, occurring at
different times in distinct geographic regions?®. As noted by
Smart et al,, geographically punctuated phosphorus weathering
events would be expected in order sustain or exacerbate large
scale ocean anoxiaZ®. Moreover, enhanced terrestrial nutrient flux
has been implicated directly as a driver for anoxia during the

UKW interval at Kowala?3 and indirectly in the Illinois Basin at
the H-32 core® (although it should be noted that while there is
no conclusive evidence linking enhanced terrestrial nutrient flux
to anoxia at Coumiac and Steinbruch Schmidt?3, that possibility
cannot be completely ruled out). While Smart et al. attributed the
elevated influx of phosphorus at Heintzbjerg to the spread of land
plants through the local basin, no such attribution exists for the
other four sites described above. However, the presence of similar
magnitude P/Al perturbations at all five sites during the UKW
suggests a distinct geochemical similarity between them. The
similar timing and magnitude may simply be circumstantial, but
more likely it is indicative of broader scale trends impacting the
basins surrounding Euramerica. It is on this basis that
Heintzbjerg is deemed a suitable location from which to base
the forcing factor for our geochemical model.

A multifaceted extinction mechanism. The Heintzbjerg
sequence is a terrestrial equivalent to marine expressions of the
KW events and is characterized by the deposition of two intervals
of thick sandstones representing intense fluvial activity followed
by stacks of palaeosols representing intense and prolonged
intervals of aridity (see Fig. 2)°l. These sedimentary markers
suggest that the deposition of the UKW horizon at Heintzbjerg
marks a defined shift in climate regimes from arid to warm and
wet2001, Concurrent with this shift in climate regimes is evidence
of elevated terrestrial phosphorus export (Fig. 2). Such a climate
shift would bring about conditions generally more favorable for
plant growth, potentially explaining enhanced terrestrial phos-
phorus export at the start of the UKW. Marine records from
other sites report similar (and generally higher) rates of phos-
phorus export (Fig. 6), suggesting this scenario could indeed be a
global one. Additionally, it is possible that at least one pulse of the
Viluy Traps LIP (the largest Devonian LIP and the one which has
been most closely associated with the Late Devonian extinction)
occurred during the UKW1642, While precise timing of the other
two LIPs discussed here prevent their definitive association with
either of the KW events, it is possible that either or both played a
role as well*2, While our model predictions appear to rule out
cataclysmic volcanism as a sole extinction mechanism, they do
not discount it completely.

At the onset of the UKW, our model predicts substantial
geochemical changes with increased terrestrial nutrient delivery
driving positive 813C excursions, corresponding increases in O,
and DOA as well as decreases in CO, and temperature. One
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Fig. 6 Comparison of Heintzbjerg data to similar marine records. P/Al (black line) and Cy¢:Piot (blue line) data from Heintzbjerg2® (a) compared with the
following marine records from several other studies: (b) Steinbruch Schmidt, Germany?’; (¢) Kowala, Poland?; (d) Coumiac, France?’; and (e) H-32 Core,
lowa, USA5®. The pulses of the Kellwasser event are indicated by the shaded regions. The placement of the extinction pulses and timing for each site are as

established in the referenced studies.

possibility suggested by the model data is that a volcanic event
increased atmospheric CO, prior to the UKW, but was
insufficient in magnitude to drive extinction on its own. Far
from being an extinction level event, such an event may have been
relatively short in duration, so short that it has not been recorded
in the relatively coarse geologic records currently available. A
substantial (but not cataclysmic) volcanic event would still have
released large quantities of CO,. The resultant increase in
greenhouse gases could have catalyzed a shift in climate to wetter
conditions, thereby driving increased rates of silicate rock
weathering, increased carbon sequestration and eventually
drawing down atmospheric CO,. While the coarse nature of
current geologic records provides no direct evidence for short-
term CO, increases prior to the Kellwasser Events, sedimentary
markers and strontium/copper records from Heintzbjerg support
the distinct shift in climate conditions from cool and arid to
warm and wet?®. While these climate shifts could be a result of
factors other than CO,-induced warming (e.g., orbital forcing2°),
a large LIP-driven coupled CO,/warming event such as that seen
during the end-Permian extinction would not necessarily be
required to create favorable conditions for plant growth, merely
an eruption which elevates atmospheric CO, above ambient
levels. Atmospheric CO, enrichment increases plant growth as
well as water use efficiency (i.e., the CO, fertilization effect®2).
Indeed, our model predicts an increase in net primary production
on land for the enhanced volcanic degassing scenario accom-
panying both the LKW and UKW extinction pulses on the order
of 2.5 and 6.2 Gt C yr~! for each, respectively (Extended Data
Fig. 1). However, a large-scale eruption such as our modeled
volcanic degassing scenario is not required to induce fertilization.
CO, fertilization has been observed to result in substantial (nearly
30%) increases in plant biomass in experiments on extant
temperate ecosystems with CO, increases of between 100-300
ppm above ambient concentrations®?, levels which fall well inside
uncertainty regarding atmospheric CO, concentrations in the

Late Devonian. Reduced volcanic degassing could be attributed to
regional arc volcanism and perhaps not even associated with a
LIP at all. Such a scenario has been proposed for the Late
Devonian and could explain both the lack of global evidence for
large scale LIP eruption synchronous with the LKW and UKW as
well as the lack of large scale CO, increases immediately prior to
both events!>1638. The role of regional arc volcanism in
environmental calamities is gaining traction and has been
invoked as a contributing factor in the end-Permian mass
extinction®®, CO, emissions of this magnitude would likely be
ephemeral as the resultant expanding forests, increasing rates of
silicate rock weathering and ocean sequestration of carbon would
quickly return CO; levels to background (as well as any associated
atmospheric temperature perturbations), leaving no long-term
trends recorded in the rock record®®. While such a muted flux of
CO, (when compared with that of the end-Permian extinction) is
not likely to bring about substantial global temperature or
precipitation changes (though there certainly would have been at
least minor effects), orbitally induced climate change could
account for this discrepancy. This explanation has been invoked
by recent studies as a contributing factor in Late Devonian
climate instability! 126866, Ma et al. reported the alignment of
high orbital eccentricity and obliquity during both the LKW and
UKW in two marine sequences in South China®. Such an
alignment would result in enhanced seasonality, specifically
driving warmer and wetter summers which would result in
similar favorable conditions for land plant expansion as those
invoked above for a LIP eruption scenario®®. This type of orbitally
induced climate change could also explain the climate shifts
observed at Heintzbjerg during both the LKW and UKW.
Proliferation of the earliest trees such as cladoxylopsids (e.g.,
Wattieza) and archaeopteridaleans (e.g., Archaeopteris) has been
associated with warmer and wetter conditions as well as periods
of increased atmospheric CO, concentrations®>~%8. The spread of
cladoxylopsids occurred primarily in the Mid Devonian (see
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refs. 2665 and references contained therein), and may have been
associated with smaller ocean anoxic events20. Archaeopteris
however, while first-appearing in the Givetian, did not achieve
hegemony until the Frasnian. Being the first tree with extensive
root systems, stepwise colonization of Archaeopteris would have
had substantial impacts on regional biogeochemical cycling in the
Frasnian®. Regardless of the mechanism for climate change
discussed above, a large but transitory increase in atmospheric
CO; (and associated climate changes) resulting from volcanic
degassing, possibly in conjunction with orbitally induced climate
fluctuations, may have been sufficient to sustain a rapid
expansion of land plants in the late Frasnian. The expansion of
land plants, and in particular Archaeopteris with its larger and
more complex root systems, could have resulted in the observed
increases in terrestrial export of phosphorus®®. Exported
phosphorus would have made its way to the Rheic Ocean,
driving anoxia not only in the deeper portions of the basin, but
also eutrophication of the shallower margins, partially explaining
the collapse of Devonian reef systems observed at the
Frasnian-Famennian boundary. A similar mechanism has been
proposed as an explanation for the staggered expansion of land
plants in the Mid Devonian of New York State, USA®> and
appears possible in the Devonian Basin in East Greenland as
well26, Arens and West in the development of their press-pulse
theory concluded that volcanism (press) must be followed by an
additional trigger (pulse) in order to drive mass extinction. Our
model, supported by geochemical data, suggests that large scale,
but not catastrophic, volcanism served as the “press”, catalyzing
atmospheric and climate changes. These changes resulted in
substantial environmental stress, but also encouraged plant
expansion in East Greenland, subsequently enhancing terrestrial
nutrient flux on a massive scale which then provided the “pulse”
that tipped the biosphere into mass extinction. The inclusion of
orbitally induced climate fluctuations provides the vector for an
additional “pulse” which would only have exacerbated the stress
on the biosphere and potentially could have strengthened the
stress created by land plant expansion. The concurrence between
Heintzbjerg and the records from the other sites discussed here
showing similar rates of phosphorus export are supportive of the
global nature of these events (Fig. 6). The geochemical instability
initiated by large scale volcanism combined with the rapid
geochemical feedbacks produced by the collective effects of
increased rates of silicate rock weathering and land plant
expansion would have been sufficient to drive widespread ocean
anoxia culminating in mass extinction.

Extinction events are complex systemic responses, and with rare
exceptions have seldom been attributed to a single cataclysm. The
various theories regarding the initiation of the KW events may
each be correct in that they likely contributed to the ecological
crisis, although their true timing and sequence clearly need
refinement. Our results suggest that neither large scale volcanism
nor land plant evolution can be implicated as the sole extinction
mechanism in the KW event. Instead, the KW event was probably
the timely combination of multiple events ultimately resulting in
the collapse of life in Devonian seas. Evidence presented here
challenges a single extinction mechanism and demonstrates the
need for further work, such as more complex biogeochemical
modeling which incorporates both ultimate trigger mechanisms
and proximate causes (i.e., press-pulse). Additionally, greater
fidelity on the global CO, record leading up to, and during, the
KW Events as well as more accurate dating of Late Devonian LIPs
would greatly aid our understanding of extinction mechanisms
and timing. Regardless, only through integration of multiple
theories can we hope to bring together the exact timing and
sequence of events which culminated in one of the Phanerozoic’s
most devastating mass extinctions.

Methods

P/Al and phosphorus accumulation data. P/Al data was taken
directly from Smart et al.26 (Fig. 2) and scaled as described below.
Due to limitations in the sample repository at the University of
Southampton from which the Heintzbjerg samples were sourced,
the initiation of the LKW was not covered in the Heintzbjerg
sample set. Although the onset of the LKW is not recorded, data
from the LKW section that was recorded was used to drive the
model as described below. Additionally, without the base of the
LKW, Smart et al.26 were unable to establish an age control point at
the base of the LKW (nor were they able to establish an age control
point for samples in the Famennian). Age control points were
however, established for the end of the LKW, base of the UKW and
the Frasnian-Famennian boundary as described in Smart et al.2® by
recognizing palynozones combined with distinct sedimentary
events available at Heintzbjerg. The palynological assemblages at
Heintzbjerg were consistent with subzones established for North-
west Russia (which falls in the same phytogeographic province as
East Greenland) where Corbulispora vimineus-Geminospora vasja-
mica is the basal Famennian zone, Grandispora substuta is the latest
Frasnian and Auroraspora speciosa is late Frasnian (pre-UKW)0970
(Fig. 2). Distinct sedimentary events associated with drastic shifts in
climate conditions during the LKW and UKW were used to further
support the placement of these age control points26. While it should
be noted that distinct sedimentological changes by themselves
cannot necessarily be used to define a boundary (as their expression
may vary depending on location and are also heavily impacted by
local sedimentation processes), Smart et al. employ the paleoclimate
proxy strontium/copper which is generally corroborative of the
sedimentological interpretations2®. Here we further build on the age
control points established in Smart et al.?® by incorporating a
cyclostratigraphic age model to confirm our placement of the end of
the LKW, onset of the UKW and Frasnian-Famennian boundary
(see below). The concurrence of these three distinct methods lends
confidence to our placement of the boundaries at Heintzbjerg.
These age control points were used to calculate average sedi-
mentation rates and phosphorus (P) accumulation rates between
each of those sections?®. Although the P/Al data is informative of
terrestrial phosphorus export, P accumulation rate is a more robust
parameter from which to gauge phosphorus weathering and sub-
sequent landscape stabilization (see refs. 267172), In the case of the
Heintzbjerg study site, these increases in P accumulation were
shown to be directly correlated with the presence of deeply rooting
land plants such as Archaeopteris, suggesting a link between land
plant colonization and elevated P export2. In order to use P
accumulation data as an input into our model however, it was
critical that sedimentation rates, and thus P accumulation rates, be
calculated for the entire sequence to capture not only the LKW, but
also the post-UKW geochemical response.

Recent refinements in the age of the Frasnian-Famennian
boundary from similar sequences':? make it possible to use
relative dating techniques to established estimated ages for the
entire sequence based on this anchor point, thus allowing
calculation of sedimentation rates and P accumulation rates for
the entire Heintzbjerg sequence. The field of astrochronology has
long used Milankovitch cycles to gauge the passage of time in
sedimentary sequences. Climatic oscillations recorded in the
sedimentary record can be tied to changes in the Earth’s orbital
parameters. Specifically, the ellipticity of Earth’s orbit (referred to
as eccentricity, with periods of 405 kyr, 123 kyr and 95 kyr), tilt
(referred to as obliquity, with a modern period of 41kyr and
varying periods in deep time’3) and precession (with a modern
period of 20kyr and also varying in deep time”3). Meyers’*
(further refined in ref. 7°) utilized a statistical optimization
method called TimeOpt in the Astrochron package in the R
platform”’® in order to correlate climatic changes in the
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stratigraphic record with Milankovitch cycles to establish relative
age of a sedimentary sequence. We employ a similar approach
here, but utilize the timeOptTemplate function which was
designed for more complex sedimentation models’> which we
expected to encounter given the wet/arid climatic shifts noted in
the Heintzbjerg sedimentary sequence. The timeOptTemplate
function allows the use of proxy or lithology-specific templates
which greatly enhance the spectral alignment and overall fit for
complex sedimentary sequences. We evaluated the utility of
multiple climate-related proxies using this method along with
geochemical data from?® ultimately selecting Rb/Sr and Log Ti as
proxies which produced the best spectral alignment and overall fit
(e.g., ref. ). Eccentricity periods of 94.9, 98.9, 123.8, 130.7 and
405 kyr’’ along with precession periodicities for the Devonian of
16.85 and 19.95kyr’3 were utilized. The sedimentation rates
estimated using timeOptTemplate were compared with sections
calculated by?® and found to be of similar magnitude (Midnatspas
average sedimentation rate = 43 cm kyr~! (see?®) compared with
71.9 cm kyr~! (timeOptTemplate); UKW average sedimentation
rate =272 cm kyr—! (see ref. 26) compared with 228.6 cm kyr~!
(timeOptTemplate). Age estimates were then determined based
on the Frasnian-Famennian boundary (371.870 Mal!l) as an
anchor point and compared with age estimates for similar
published sequences!!:2”. Using timeOptTemplate estimations,
we calculated the base of the UKW of our sequence at 372.06 Ma
(compared with 372.00-372.02 Ma based on!1-27) and the end of
the LKW at 372.49 Ma (compared with 372.45 Ma based onll), a
mere 40 kyr difference for each and lending confidence in the
validity of the timeOptTemplate results. The concurrence of our
cyclostratigraphic age model for Heintzbjerg with those of similar
Late Devonian sequences supports our boundary placement here.

Based on the relative confirmation of the timeOptTemplate
results, new P accumulation rates were calculated for the entire
Heintzbjerg sequence. Once again, these results were compared
with those sections calculated in ref. 26 and found to be strikingly
similar in overall trends, but notably with somewhat differing
magnitudes (Extended Data Fig. 2). The differences in magnitude
however, do not change the overall interpretation by Smart et al.
26, Thus, these new P accumulation rates were used as input into
our model as described below.

Earth system box model. The basic model design in this study was
based on the Carbon Oxygen Phosphorus Sulfur Evolution
model°>%3, which has been extensively tested and validated against
geologic records during the Phanerozoic (e.g., refs. 31:5273). We
incorporate refinements to this model from Ozaki and Reinhard®!
and extend the biogeochemical framework for the seawater car-
bonate system and global methane (CH,) cycle without altering the
basic behavior of the model. While Ozaki and Reinhard®! include
the mass exchange between the surface system (atmosphere-ocean-
crust) and the mantle, we ignore this in this study. We initialized
the model at 600 Ma and ran the model forward in time until the
end Famennian. Specific model parameters for each experiment are
outlined in the following two sections.

Enhanced terrestrial nutrient export scenario. To test the
enhanced P export hypothesis, we introduced a forcing factor, f,p,
which represents the amplification factor for the terrestrial
phosphorus weathering flux:
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where Jp%, Ji"s Jears™> and Jor" denote the rates of phosphorus
weathering, silicate weathering, carbonate weathering, and the
oxidative weathering of organic matter on land, respectively, and *
represents the reference value (pre-industrial flux; see refs. >1°2),
To assess the uncertainty in the timing and amplitude of pulses in
phosphorus weathering, we explored the following different sce-
narios: (i) In an attempt to reproduce the 2-3%o positive excursions
in 813C, the following forcing factors were assumed; (LKW) f,p =
1—2—1 over 372.72-372.54-372.36 Ma. (UKW) fp=1—2
— 1 over 372.1-371.91-371.73 Ma. (ii) As i but decreasing the
forcing factor to 1.5 for both the LKW and UKW. (iii) As i but
decreasing the forcing factor to 1.5 for the LKW only. (iv) f,p based
on the P/Al data from Heintzbjerg, Greenland (Fig. 3, left panel),
with a scaling factor of 0.5 (see below). (v) f,p based on P accu-
mulation data from Heintzbjerg (Fig. 3, right panel) and applying a
scaling factor of 0.15 to account for the hypothesized episodic
expansion of land plants as predicted in refs. 205, assuming a
maximum value of f,p = 3.35.

To convert the sedimentary data of P (P/Al or P accumulation
rate) into the forcing factor of f,p in (iv) and (v), we first calculate
the typical ‘non-event’ value by averaging data between LKW and
UKW (Midnatspas Fm.), X.s. Then, fp is calculated, as follows:

avg

pr =i Xan “
where X denotes the sedimentary data of P (P/Al or P
accumulation rate) and a represents the scaling factor. When
a=1, f,p (and global P loading flux) simply reflects the variation
of P flux observed at Heintzbjerg. But, in this case, our model
predicts an extremely large positive excursion of 813C (10%o),
inconsistent with geologic records. The scaling factor is therefore
introduced to represent the relationship between the Heintzbjerg
P records to global P export flux. The scaling factor value was
tuned so that the model produces a reasonable positive excursion
of §13C of 2-3%o.

()

Enhanced volcanic activity scenario. To understand the bio-
geochemical consequences of the enhanced volcanic activity, we
assume that the volcanic activity would have had to occur during
the KW events in order to bring about an extinction level event
(with current geologic records suggesting the eruption of the
Viluy Traps as the most likely culprit). We introduced a forcing
factor, fi1p, which is multiplied by the degassing rate of CO, via
carbonate and organic carbon metamorphisms:

C. m* m C.
]grb = fLIPfoC(F)]ca;b’ ]carb =fLIPfoC(F)]carb (3)

m G m,* ym G m,*
]org = fLIPfG(?)]or;g ]org = fLIPfG (F)]org ) (4)

where J,x™ and J,;™ denote carbon dioxide (CO,) degassing
flux via metamorphism of sedimentary carbonate (C) and organic
carbon (G), respectively (* represent reference values found in2).
fc and fc represent the forcing factors of degassing flux and
pelagic carbonate deposition which are used in the original
model. By varying the value of fi;p, we explore the possible
impacts of CO, degassing rate on global biogeochemistry (Fig. 4):
fup=1—2—1 over 372.72-372.54-372.36 Ma. (UKW) fi1p=
1—5—1 over 372.1-371.91-371.73 Ma. Here we try and
reproduce key changes in the 8!3C record with plausible geolo-
gical forcing scenarios. While such an increase in CO, degassing
rates is highly plausible based on reported mercury enrichments
concurrent with the KW events!>16-478 it is worthy of note that
not all mercury records universally support global volcanism387,
and thus an increase in degassing rate. However, global Paleozoic
atmospheric CO, records are coarse in nature and may not
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necessarily record transient increases in atmospheric CO, levels.
Transient increases in atmospheric CO, may also have been
overprinted by resultant feedback mechanisms, preventing their
obvious expression in the geologic record.

Data availability

The datasets generated and/or analyzed during the current study are available within the
paper, the supplementary information files or available on Figshare (https://doi.org/10.
6084/m9.figshare.23398124.v1).
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