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Abstract
The evolution of land plants in terrestrial environments 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. In particular, multiple marine mass extinctions characterized by
widespread anoxia, including the Late Devonian mass extinction around 375 million years ago (Ma), may
have been linked to terrestrial nutrient release driven by newly-rooted landscapes. Here, we use recently
generated constraints from Earth’s lacustrine rock record as variable inputs in an Earth system model of
the coupled C-N-P-O2-S biogeochemical cycles in order to evaluate whether recorded changes to
phosphorus fluxes would be adequate to sustain Devonian marine biogeochemical perturbations and
extinction dynamics. Results show that globally scaled riverine phosphorus export during the Late
Devonian mass extinction generates widespread marine anoxia and produces carbon isotope,
temperature, oxygen, and carbon dioxide perturbations generally consistent with the geologic record.
Similar results for a competing extinction mechanism, large scale volcanism, suggest the Late Devonian
mass extinction was likely multifaceted with both land plants and volcanism as contributing factors.

Introduction
The Late Devonian mass extinction (also called the Frasnian-Famennian extinction and alternatively the
Kellwasser Event) is one of the “Big Five” Phanerozoic mass extinctions1,2. It is characterized by two
distinct episodes of widespread marine anoxia3,4 expressed in the sedimentary record by the deposition
of distinct black shale horizons3-5. It 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 significant global carbon cycle perturbations, with positive carbon-isotope excursions (d13C) ranging
up to 4‰ reported in numerous studies4-7. The development of sustained marine anoxia is linked to the
demise of bottom-dwelling marine species3,8,9, and it is also thought that water column oxygen depletion
played a direct role in the catastrophic collapse of Devonian reef ecosystems2,10. Proposed mechanisms
for the Late Devonian extinction include climate perturbations (both warming and cooling11-15),
astronomical forcing16,17, bolide impacts18,19, large igneous province (LIP) eruptions20,21, enhanced
terrestrial weathering associated with mountain building22,23 and the evolution and expansion of land
plants24-26.   Despite the lack of agreement on a single initiating event, many studies cite nutrient influx
either from elevated terrestrial input or marine upwelling as a contributing factor4,26,27.

Global biogeochemical perturbations associated with the Late Devonian extinction have been widely
reported (i.e., global positive d13C excursions). Numerous investigations into the geologic record across
the KW events revealed additional global trends which exist independent of extinction ascription, such as
the precipitous decline in atmospheric CO2

28-31, the rise in atmospheric O2 to near modern levels31-34 and

the overall increase in global average temperature35. Given the wealth of information in the geologic
record, the question arises as to whether global biogeochemical cycling supports any of these theories
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regarding the causal factor (or factors) driving the Late Devonian extinction. This question is particularly
relevant as it relates to two diverging theories regarding extinction initiation, large scale volcanism and
enhanced terrestrial nutrient export related to land plant evolution and expansion. Three significant LIP
eruptions occurred temporally proximal to the KW events (Fig. 1b), suggesting large scale volcanism had
some impact on biogeochemical cycling, and may have played a significant role in contemporaneous
mass extinction. At the same time, land plant evolution reached a zenith in the Late Devonian as the
earliest trees with significant root systems achieved hegemony by the late Famennian37-39. These
tectonic and biotic events potentially influenced global geochemical cycles in the Devonian, 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 proximal continental 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 which of these two processes, tectonic or biologic, could most 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. First suggested by
Algeo et al.24, the theory proposes that the expansion of land plants into continental interiors along with
the development of significant root systems and arborescence led to an unprecedented flux of terrestrial
nutrients into Devonian seas. The relatively large and rapid nutrient load would have stimulated primary
productivity leading to eutrophication, elevated organic matter deposition and subsequent bottom water
anoxia. Occurring on a large enough scale, this could drive marine mass extinctions, which were relatively
common throughout the Devonian24. 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.26 reported two such pulses in a fluvial sequence in the Devonian
Basin of East Greenland associated with the LKW and UKW (Fig. 2). These pulses are directly associated
with land plant expansion and were both significant in magnitude and sustained in duration26, enabling
their use in geochemical models. The increases in phosphorus accumulation rates26 compare favorably
to revegetation following glacial retreat in Holocene analogues, 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 fed the Rheic Ocean
(Fig. 1). Thus, elevated nutrient export from this location likely had a marked impact on the relatively
restricted Rheic Ocean, making this site an ideal candidate from which to estimate global phosphorus
flux.

Model description

In this study, we employ an Earth system box model of the coupled C-N-P-O2-S biogeochemical cycles

developed by Ozaki and Reinhard40. The basic model design is based on the Carbon Oxygen Phosphorus
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Sulfur Evolution (COPSE) model41,42. The model includes a series of biogeochemical processes operating
on the planetary surface but is abstracted enough to allow the simulations on geologic time scales (see
Methods and Supplementary Information). 

We conduct several different runs 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 systems42.  We also explore the
impacts of variations in degassing rates from LIPs that were active during the upper Devonian (Fig. 1b).
 In this scenario, 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. 

Results And Discussion
Results for the enhanced terrestrial nutrient export scenario are shown in Fig. 3. Our model demonstrates
the increases in riverine phosphorus flux to the ocean 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 CO2 levels (from ~10.5 present atmospheric
level (PAL) to ~7.5-9 PAL) and associated climate cooling of 0.5-1.5℃. This is accompanied with a
positive excursion in d13C of 1.5 to 3.0‰. 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 O2 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 perturbations 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 d13C (1‰) for the LKW, and a five-fold increase is
required to produce the 2‰ excursion for the UKW. Such an enhanced volcanic flux during the UKW
results in atmospheric CO2 levels of >20 PAL and associated >4˚C increase in global temperatures. Under
such conditions, an enhanced greenhouse accelerates terrestrial phosphorus weathering, promoting
oceanic eutrophication and deoxygenation. This, in turn, leads to the enhanced burial of organic matter in
marine sediments and a stepwise increase in atmospheric oxygen (O2). 

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
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evolution of atmospheric O2 levels. In contrast, these scenarios demonstrate different climatic variations.
Specifically, the enhanced terrestrial nutrient export scenarios suggest a marked decrease in atmospheric
CO2 and global cooling of >1˚C whereas the enhanced volcanic activity results in the two-fold increase in
atmospheric CO2 levels and global warming of >4℃. Additionally, while both scenarios achieve the

positive d13C excursion recorded in the geologic record, the longevity of the excursions in the enhanced
volcanic activity scenario tends to be longer than those of the terrestrial nutrient export scenarios
because of the increased residence time of inorganic carbon in the ocean-atmosphere system.
Additionally, maxima in climate cooling in the enhanced terrestrial nutrient export scenario correspond to
the largest positive excursion in d13C, whereas in the enhanced volcanic activity scenario, the d13C
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 End Devonian, conodont oxygen isotope records from numerous
studies suggest cooling leading into both the LKW and UKW6,14,43,44. If large scale volcanism (either from
LIP or multiple arc volcanic events20) was an initiating event, the enhanced volcanic activity scenario
requires warming on a global scale (Fig. 4f) which is not universally supported by conodont oxygen
isotope records. Additionally, atmospheric CO2 decreased substantially throughout the Devonian. Our
model predicts large scale volcanism sufficient to drive anoxia would have increased atmospheric CO2 to

levels which are likewise not supported in the geologic record.  A compilation published by Franks et al.29

compares Paleozoic CO2 estimates from paleosol carbonates, fossil records and model estimates using
GEOCARBSULF and reports a likely atmospheric CO2 range of between 500-3000 ppm for the Late

Devonian, substantially below >20 PAL required by our model (see also30,31). However, many of these
records lack the temporal resolution to detect short-time scale perturbations, so although current evidence
does not support rapid and dramatic increases in atmospheric CO2 due to large scale volcanism it cannot
be completely ruled out.

Our model results are most consistent with enhanced terrestrial nutrient export as an important causal
factor in at least the UKW extinction pulse as the predicted cooling, decrease in atmospheric CO2, and
increase in atmospheric O2 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 significant. This contrasts with phosphorus accumulation rate-based data which accurately
predicts the UKW as the more significant 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 pulses26 seems to preclude plant expansion as an initiating event. Although there is
evidence of elevated nutrient export during the LKW and at the start of the UKW, the most significant 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
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extinction mechanisms. Rather than singular triggers, we suggest multiple elements of current theories
contributed to biotic crises in the marine biosphere.  

 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)45.
 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 wet26,45. Concurrent with this shift in climatic
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
phosphorus export at the start of the UKW. Additionally, at least one pulse of both the Viluy and Pripyat-
Dnieper-Donets (PDD) LIPs (the largest Devonian LIPs and the two most closely associated temporally
with the KW events) occurred during the UKW21,47. 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 δ13C excursions, corresponding increases in O2 and DOA and significant
decreases in CO2 and temperature. One possibility suggested by the model data is that a significant
volcanic event increased atmospheric CO2 prior to the UKW, but was insufficient in magnitude to drive
extinction on its own. A high CO2 environment catalyzed by large scale volcanism combined with a
climatic shift to wetter conditions at the UKW onset would drive increased rates of silicate rock
weathering, increase carbon sequestration and eventually draw down atmospheric CO2. Additionally, high
atmospheric CO2 would create a favorable environment for plant growth (i.e., the CO2 fertilization

effect48). Indeed, our model predicts an increase in net primary production (NPP) on land for the
enhanced volcanic degassing scenario accompanying both the LKW and UKW extinction pulses on the
order of 2.5 and 6.2 Gt C yr-1 for each, respectively (Extended Data Fig. 1). Combined with a warm and
wet climate, a large but transitory increase in atmospheric CO2 may have been sufficient to sustain a
rapid expansion of land plants in the late Frasnian, resulting in the observed massive terrestrial export of
phosphorus26. This 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
decimation of Devonian reef systems observed at the Frasnian-Famennian boundary. Plant expansion
tied to transitory increases in atmospheric CO2 concentrations and climatic shifts has previously been

proposed as an explanation for the staggered expansion of land plants in Mid Devonian New York, USA46

and appears possible in the Devonian Basin in East Greenland as well26. Our model, supported by
geochemical data, suggests that climatic changes possibly in concert with large scale volcanism
encouraged plant expansion in East Greenland. The geochemical instability initiated by large scale
volcanism combined with the rapid geochemical feedbacks produced by the collective effects of
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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 initiating factor in the KW event. Instead, the KW event was the timely combination
of multiple events ultimately resulting in the decimation of Devonian seas. Evidence presented here
challenges a single extinction mechanism and demonstrates the need for further work integrating
multiple theories to bring together the exact timing and sequence of events which culminated in one of
the Phanerozoic’s most significant mass extinctions.   

Methods
P/Al and Phosphorus Accumulation Data

P/Al data was taken directly from26 (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 and thus, 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 the significant number of samples in the Famennian). Age control points were available for the end of
the LKW, base of the UKW and the Frasnian-Famennian boundary and were used to calculate average
sedimentation rates and phosphorus (P) accumulation rates between each of those sections26. 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 by land plants and subsequent landscape
stabilization (see26,49,50). 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 sequences16,27 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 41 kyr and varying periods in deep time51) and precession (with a modern period of 20 kyr and
also varying in deep time51). Meyers52 (further refined in53) utilized a statistical optimization method
called TimeOpt in the Astrochron package in the R platform54 in order to correlate climatic changes in the
stratigraphic record with Milankovitch cycles to establish relative age of a sedimentary sequence. We
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employ a similar approach here, but utilize the timeOptTemplate function which was designed for more
complex sedimentation models53 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 from26 ultimately selecting Rb/Sr and Log Ti as proxies which produced the
best spectral alignment and overall fit (e.g., 16). Eccentricity periods of 94.9, 98.9, 123.8, 130.7 and 405
kyr55 along with precession periodicities for the Devonian of 16.85 and 19.95 kyr51 were utilized. The
sedimentation rates estimated using timeOptTemplate were compared with sections calculated by26 and
found to be of similar magnitude (Midnatspas average sedimentation rate = 43 cm kyr-1 (see 26)
compared with 71.9 cm kyr-1 (timeOptTemplate); UKW average sedimentation rate = 272 cm kyr-1 (see 26)
compared with 228.6 cm kyr-1 (timeOptTemplate). Age estimates were then determined based on the
Frasnian-Famennian boundary (371.870 Ma16) as an anchor point and compared with age estimates for
similar published sequences16,27. 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 on16,27) and the end of the
LKW at 372.49 Ma (compared with 372.45 Ma based on16), a mere 40 kyr difference for each and lending
confidence in the validity of the timeOptTemplate results. 

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 in26 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 by26. 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
(COPSE) model41,42, which has been extensively tested and validated against geologic records during the
Phanerozoic. We incorporate refinements to this model from Ozaki and Reinhard40 and extend the
biogeochemical framework for the global methane (CH4) cycle without altering the basic behavior of the

model. While Ozaki and Reinhard40 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 model

To test the enhanced P export hypothesis, we introduced a forcing factor, fpP, which represents the
amplification factor for the terrestrial phosphorus weathering flux:
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where JP
w, Jsil

w, Jcarb
w, and Jorg

w 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; see40,41). To assess the uncertainty in the timing and
amplitude of pulses in phosphorus weathering, we explored the following different scenarios: (i) In an
attempt to reproduce the 2-3‰ positive excursions in d13C, the following forcing factors were assumed;
(LKW) fpP = 1→2→1 over 372.72-372.54-372.36 Ma. (UKW) fpP = 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) fpP based on the P/Al data from Heintzbjerg, Greenland (Fig. 3,
left panel), with a scaling factor of 0.5 (see below). (v) fpP based on P accumulation 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 by26,46, assuming a maximum value of fpP = 3.35.

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

where X denotes the sedimentary data of P (P/Al or P accumulation rate) and a represents the scaling
factor. When a = 1, fpP (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 d13C (10‰),
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 value of a was tuned so that the model
produces a reasonable positive excursion of d13C of 2-3‰.

Enhanced volcanic activity model

To understand the biogeochemical consequences of the enhanced volcanic activity, we introduced a
forcing factor, fLIP, which is multiplied by the degassing rate of CO2 via carbonate and organic carbon
metamorphisms:
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where Jcarb
m and Jorg

m denote carbon dioxide (CO2) degassing flux via metamorphism of sedimentary

carbonate (C) and organic carbon (G), respectively (* represent reference values found in41). fG 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 fLIP, we explore the possible impacts of CO2 degassing rate on
global biogeochemistry (Fig. 4): fLIP = 1→2→1 over 372.72-372.54-372.36 Ma. (UKW) fLIP = 1→5→1 over
372.1-371.91-371.73 Ma.
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Figure 1

A. Location of the study site from which model data is derived (indicated by a star).  B. Late Devonian
(~370 Ma) paleogeographic reconstruction with the study location indicated by a star as well as the
relative locations of significant Late Devonian large igneous provinces (LIPs) indicated by triangles.
Significant LIPs include the Viluy LIP in Siberia, the Kola LIP in the Kola Peninsula and the Pripyat-
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Dnieper-Donets (PDD) LIP in East Europe. The base map was created using GPlates with reconstructions
from36. Locations of LIPs as described by21. 

Figure 2

Geochemical source data from the study location26. 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. Black dashed lines represent the age control points used to
calculate sedimentation rates based on recent age estimates16,27. Shaded regions represent nutrient
pulses during the LKW and UKW based on P/Al data26. A. Phosphorus/aluminum ratios used to estimate
riverine phosphorus flux. Based on this data, two distinct nutrient pulses can be identified. B. Phosphorus
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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.

Figure 3
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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, fpP.
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. (c) Degree of oceanic anoxia. (d) Atmospheric O2 level. (e) Atmospheric CO2 level. PAL = present
atmospheric level. (f) Global average surface temperature. (g) Carbon isotopic value of burying
carbonates. (h) Seawater sulfate sulfur isotope.
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Figure 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, fG. (b) Riverine P flux to the ocean. (c) Degree of anoxia.
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(d) Atmospheric O2 level. (e) Atmospheric CO2 level. PAL = present atmospheric level. (f) Global average
surface temperature. (g) Carbon isotopic value of burying carbonates. (h) Seawater sulfate sulfur isotope.
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