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Abstract

The Late Ordovician (~459-444 million years ago) was characterised by global cooling,
glaciation and severe mass extinction. These events may have been driven by increased
delivery of the nutrient phosphorus (P) to the ocean, and associated increases in marine
productivity, but it is not clear why this occurred in the two pulses identified in the
geological record. We link both cooling phases, and the extinction, to volcanic eruptions
through marine deposition of nutrient-rich ash and the weathering of terrestrially
emplaced ash and lava. We then reconstruct the influence of Late Ordovician volcanic P

delivery on the marine system by coupling an estimate of bioavailable phosphate supply
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(derived from a depletion and weathering model) to a global biogeochemical model. Our
model compares volcanic ash P content in marine sediments before and after alteration
to determine depletion factors, and we find good agreement with observed carbon isotope
and reconstructed temperature shifts. Hence, massive volcanism can drive substantial
global cooling on million-year timescales due to P delivery associated with long-term
weathering of volcanic deposits, offsetting the transient warming of greenhouse gas
emission associated with volcanic eruptions. Such longer-term cooling and potential for

marine eutrophication may be important for other volcanism-driven global events.
Main Text

The Late Ordovician mass extinction (LOME) occurred in two phases, and in terms of species
loss was the second greatest extinction event in Earth’s history’. The Late Ordovician is
characterised by a number of carbon isotope excursions (CIEs), with two globally-represented,
the Guttenburg (GICE) at ~454 Ma, and Hirnantian (HICE) at ~ 445 Ma®*. The GICE coincides
with global cooling, and the beginning of the HICE is associated with widespread glaciation,
with the cooling periods generally implicated in instigating the LOME>,

The primary driver behind the CIEs and associated cooling is uncertain. One possibility
is that the emergence of early nonvascular land plants amplified terrestrial weathering and
increased the delivery of the key limiting nutrient phosphorus to the oceans®. Greater
availability of phosphorus increases marine productivity and organic carbon burial, driving a
reduction in atmospheric CO; and a positive excursion in carbonate 5*°C (ref.%). Other proposals
include an increasing fraction of eukaryotic marine production strengthening the biological
pump®, and increased tropical weathering resulting from orogenesis augmenting the supply of

phosphorus to the oceans!!.

The concept that Late Ordovician cooling was driven by organic carbon burial is

supported by observations'?, but why this occurred in two distinct pulses during the GICE and
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HICE is unclear. This pulsing may have arisen from early plants colonising new terranes®, but
there is little evidence for this, although poor fossil preservation cannot be ruled out®3. Further,
the pace of early plant evolution remains highly uncertain'® and there is no evidence that
eukaryotic evolution, or tropical uplift, occurred in distinct pulses. Existing global
biogeochemical models cannot reliably reproduce the Hirnantian glaciation (or isotope
excursions) associated with the HICE when based on known long-term tectonic cycles of uplift
and degassing, and the positioning of the continents®, even though these models can accurately
reproduce the Permo-Carboniferous and late Cenozoic icehouses®. This suggests that the
Hirnantian icehouse was driven by some climatic forcing mechanism currently not well-

represented in these models.

Given the potential association between volcanism and global climate change'**°, we
explore the concept that Late Ordovician marine productivity and cooling episodes were
directly related to subaerial volcanic activity. The Late Ordovician was characterised by
extensive volcanic eruptions, preserved in the sedimentary record as bentonites!®!’. These
bentonites represent some of the largest volcanic eruptions in Earth’s history, with estimates
indicating some of the better studied events (Millbrig, Deicke and Kinnekulle) erupted >1000
km? of pyroclastic material'®. In addition, there are hundreds of spatially extensive bentonites
of Late Ordovician (459 — 444 Ma) age preserved across North America®®, Northern Europe?,
and China®2!, prompting suggestions of a causal link between volcanism and global cooling
during this period®*17. Most recently, several studies have employed the total organic carbon
to mercury ratio (TOC/Hg), to directly link volcanic Hg emission to Late Ordovician climatic
change (e.g. refs.?2%%). However, it remains uncertain whether cooling was driven by rapid
sulfate emissions, through the immediate weathering of ash and lava, or by longer-term
weathering of volcanic arcs and uplifted terranes!’?, a problem compounded by poorly

constrained volcanic fluxes.
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Volcanism may cool the climate on non-transitory timescales due to enhanced
productivity and organic carbon preservation?*, with one of the key drivers being enhanced P
supply derived from leaching of volcanic ash?. It is not currently clear how much P may have
been supplied from ash during the Late Ordovician, or how input of volcanic P may have
influenced the marine environment. To answer these questions, we compile global data on P
depletion in tephra layers today, as a method of quantifying P release to the ocean during ash
deposition and diagenesis. We couple our estimates of P flux to a global biogeochemical model
to investigate the potential impact of such nutrient supply to the Late Ordovician marine carbon

cycle.

Timing and extent of volcanism during the Late Ordovician

To estimate timing of volcanic activity, we compile 43 Ar-Ar and U-Pb dates from
North American and Scandinavian bentonites (Fig. 1a), and 24 dates from Chinese bentonites
of Late Ordovician age (Fig. 1b). Our reconstruction indicates that bentonite deposition
occurred in two discrete pulses (Fig. 1c), corresponding to the eruption of two geographically
distinct volcanic provinces (Figure 2). The first pulse represents North American/Scandinavian
volcanism and is well-constrained, with the greatest depositional intensity occurring between
454.5 — 453 Ma, peaking at 453.5 Ma (Fig. 1c). This peak primarily represents highly-precise
measurements of the North American “big” bentonites, the Deicke and Millbrig>%, and the
Grimstorp bentonite?®®. A slightly earlier peak is also apparent (c. 456.5 Ma), representing
potentially uncertain estimates of the Kinnekulle bentonite age?’, and other unnamed bentonites
from Oslo? (see Supplementary Table 4). Chinese bentonite ages exhibit more spread, with
fewer highly precise dates (Fig. 1c). Our compilation suggests the most intense volcanism in
the China region occurred between 445.25 — 442.5 Ma, with a peak at about 444 Ma (Fig. 1c),
corresponding to some of the most accurate dates from outcrop in the south-western Yunnan

province?8, and central Hubei province?®. These two volcanic pulses correspond well to the two
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primary carbon isotope excursions of the Late Ordovician, the GICE and HICE, and may thus

support a link between volcanism and climate change.

P release during ash deposition, diagenesis and weathering

To investigate this hypothesis, we estimate the amount of P which may have been
supplied by the two main pulses of volcanism. To estimate the percentage of P released during
ash deposition and diagenesis, altered ash compositions are compared to unaltered protolith
compositions to estimate metal mobility*>!, using protolith data from the GEOROC database

(http://georoc.mpch-mainz.gwdg.de) and our data from altered tephras (see Methods).

Specifically, marine sediment-hosted tephras from the Lesser Antilles and the Aleutian arcs
have been analysed and compared to similar data from eight additional modern volcanic
provinces (Fig. 1). In addition to direct input of P from volcanic ash deposition, the
emplacement and subsequent terrestrial weathering of extensive ash beds would have led to a
secondary source of P to the oceans. The scale of this P flux has been estimated from a Monte
Carlo simulation of inputs using published variables including the number, and scale of

eruptions (Methods, Extended Data Figures 1, 2).

Depletion factors indicate between 31% (mean) and 48% (median) of the P originally
hosted in tephra is lost during early diagenesis (Fig. 3). The potential scale of this process is
calculated in the modern oceans, using an average of 1.14 + 0.6 km® ash deposited per year,
with 70 + 7.5 % falling into the ocean®!, an ash density of 1400 + 130 kg/m? (ref.%?), and an
original P content in tephra of 0.41 + 0.19 wt% (ref.33). For each variable, a Monte Carlo-based
approach is applied, using the average and standard deviation to develop 10,000 possible
iterations of each variable. From this calculation, the most likely annual P flux from ash
deposition and diagenesis is estimated to be approximately 3 x 10 mol P yr. This is similar
to estimates of global dust input to the P cycle today (3.2 x 10*° mol P yr?), and exceeds the

dissolved riverine input (0.6 — 1.1 x 10'° mol P yr?; ref.34). Present-day volcanism is thought
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to be far smaller in scale than in periods such as the Ordovician®*>®. Therefore, enhanced P
supply tied to volcanism likely played an even more important role in biogeochemical cycles

of P during the Ordovician.

Impact of volcanic ash supply on Late Ordovician climate

The depletion factors and estimates of ash supply during the Late Ordovician can be
used to quantify the scale of P supply during the two studied events. For the GICE, our
simulations indicate a mean of 2.29 x 10%° mol P (Fig. 4), which increases to 6.49 x 10* mol P
in the upper estimates of the simulations (95" percentile). For the volcanic episode covering the
HICE, our simulations suggest a mean supply of 2.89 x 10™ mol P, with an upper estimate of
8.24 x 10 mol P (95" percentile) (Fig. 4). In addition to ash falling into the ocean, the impact
of erosion of terrestrially emplaced ash and lava on the P cycle is considered by estimating
weathering fluxes of P (Methods). Newly emplaced ashes and basaltic rocks weather
rapidly®”38 such that in Earth’s modern configuration, despite representing only 3 — 5% of land
area, chemical weathering of basalt contributes ~30% of the total CO> consumption by silicate
weathering®"%. Our approach to quantifying the impact of this process results in a mean
additional (riverine) P flux from weathering of 7.51 x 10'* mol P Myr? in the millennia after
emplacement (Fig. 4c), with an upper estimate of 1.23 x 10 mol P Myr?* (95" percentile),

providing another source of bioavailable P to the ocean system.

The impact of this level of volcanic nutrient supply on Ordovician climate is estimated
using the COPSE global biogeochemical model*®. The GICE and HICE P inputs are represented
by Gaussian functions with their maxima at the times of highest depositional intensity noted
above (i.e., 453.5 and 444 Ma) and with a width of 2 Myrs, constrained in part by the duration
of the carbon isotope excursions. The total P input is calculated for both the means and 95"
percentiles and is summed from the P depletion model and weathering inputs. A further factor

is also added into the P delivery calculation to represent the recycling of P from sediments,
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because P loading and eutrophication in marginal settings leads to a substantial recycling flux
of P from the sediments*°, due to the increase in anaerobic processing of organic matter and the
scarcity of Fe(lll) phases that scavenge P. The COPSE model does not represent these
feedbacks well, because it has a well-mixed global ocean and no consideration of continental
margins, with substantial recycling of P relying on eutrophication of the global ocean rather
than productive shelves and slope environments alone®. This is relevant to the Ordovician, a
time when sea level was perhaps 300 m higher than present*!, with extensive shelf
environments*. Hence, parallel experiments were run to determine the degree to which P
recycling is dampened in COPSE versus a published P cycle model in which the shelves are
considered separately (see Methods, ref.*?). We conclude that a 5-fold larger P input is required
in COPSE to produce the same spike in marine P concentration observed in the multi-box model
(Extended Data Figure 3). Thus, P inputs in the additional COPSE simulations are increased 5-
fold to represent both the initial input and the additional recycling of P. The large size of this
factor is related to the relatively small size of the ocean shelves (as a fraction of the whole

ocean) compared to their disproportionately large contribution to organic matter burial.

An important parameter in COPSE is the degree to which land plants amplify
continental weathering rates. This value is poorly constrained and is typically varied in
sensitivity analyses between around 2- and 7-fold, giving a wide range of possible background
CO2 concentrations for the early Palaeozoic*. We choose a factor 2 enhancement for the model
runs in this work, which gives a relatively low background Ordovician CO2 concentration of
around 1000 ppm, consistent with more recent proxy data*®. Other than the new P inputs and
choice of biotic weathering parameter, the model remains identical to the long-term baseline
shown in ref.>°. Figure 5 shows the model outputs for atmospheric CO,, average surface
temperature, marine anoxia, and the §**C of new sedimentary carbonates. The model outputs
show that the P release from volcanic ash deposition and weathering, combined with the

recycling of P from sediments, is sufficient to cause large-scale changes in climate and
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biogeochemistry as observed in the geological record'®4, In the “95™ percentile + recycling”
input scenario, carbon isotope excursions of ~3%. and ~4%. are predicted, which are
synchronous with the GICE and HICE, respectively, and are of similar magnitude. In this
scenario, maximum global cooling at the HICE is around 3°C, and a global average surface
temperature of below 15°C is reached at the nadir. These temperature predictions are in line
with clumped isotope thermometry which suggests the Hirnantian icehouse was relatively short

lived and represented a similar global average temperature to recent Pleistocene glaciation®4®.

The extent of marine anoxia increases during the P input events in the model, although
given the global well-mixed ocean in the model, shelf anoxia would be expected to increase by
a larger fraction than the global ocean. This is against a backdrop of marine oxygenation
through the Ordovician and Silurian predicted by COPSE®. One of the major features of the
HICE in the geological record is the widespread formation of organic-rich shales, in particular
in China*'“8, potentially linked to widespread ocean anoxia'®*°, In COPSE, the relative increase
in anoxia is much larger during the HICE — close to a doubling in the “95" percentile +

recycling” scenario.

Implications for the LOME

Our model results suggest that volcanic ash diagenesis and weathering of erupted
products likely played a key role in the Late Ordovician Earth system. In order to reproduce the
magnitude of Earth system change, we require that these inputs are at the 95" percentile of our
analysis. However, given the relatively sparse nature of the geological record of the Palaeozoic,
and the conservative approach utilised here to derive estimates of P supply from ash (Methods),
we stress that our analysis likely underestimates the number of volcanic events. This is
supported by the close comparison between the model output of the “95th percentile +
recycling” input scenario and proxy data (Fig. 5, ref.>%). Our results may explain several features

of the LOME, which do not follow trends associated with other mass extinctions, in particular
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their link to cooling, rather than warming. Volcanic activity has been invoked as the driver
behind a number of short-term climatic upheavals and mass extinctions®, including those at the
end of the Permian® and in the Triassic periods®?, resulting in the rapid fluctuations between

icehouse and greenhouse conditions known to stress faunas and drive biodiversity loss®°2,

For the Late Ordovician, it appears that the long-term nature of nutrient supply from
weathering of eruptive products such as volcanic ash plays a more dominant role than the
medium-term warming associated with CO injection. When comparing to climatic change, it
is clear that the first stepped decrease in faunal diversity occurred soon after the GICE, with
two further decreases occurring temporally close to the HICE®®*, Our approach considers many
eruptions to estimate nutrient supply on a coarse scale. The super-eruptions represented by
bentonites would likely have led to initial cooling (due to injection of stratospheric aerosols),
followed by warming (from CO: injection), before cooling because of increases in nutrient
supply and associated productivity levels. The warming/cooling cycles this scenario represents
are purportedly dangerous for organisms, with biodiversity loss occurring when temperatures
fall outside the optimal window?, potentially explaining the LOME initiation. Due to their
global nature, we focus on the HICE and GICE, and only model two P pulses. However,
bentonite ages suggest that multiple eruptions occurred between the two largest volcanic
episodes and CIEs (Fig. 1), which may have led to transient local CIEs, such as those reported

in the Scandinavian sections’.

In addition to releasing nutrients, it is possible that other toxic metals are also released
during ash alteration and diagenesis®. During the Hirnantian glaciation and the HICE, there is
evidence for metal-induced malformations in fossil plankton assemblages®. Further, volcanic
ash may lead to the formation of large-scale anoxic conditions below deposited blankets?,
which may have further enhanced redox-based recycling of toxic metals® and led to the

deposition of widespread black shales*’. Using the evidence presented here, we conclude that
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the pulsed nature of global cooling at this time appears to be a result of the eruption of two
distinct volcanic provinces, one in what is now North America and the Baltic, and one in what
is now Southern China. Further, our models suggest that the deposition of extensive ash
blankets and weathering of lavas emplaced during Late Ordovician volcanism, supplied

sufficient P to drive global cooling, glaciation, and the LOME.
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Figure Captions

Figure 1: Compilation of Late Ordovician bentonite ages from North America and China.
Bentonites ages in North America/Scandinavia (a), and China (b). Each age is represented by
a probability density curve derived from published mean and standard deviation, from which
10,000 Monte Carlo simulations were completed and binned at 0.25 Myr intervals to attain
probability densities of the eruption occurring in each bin. Colours correspond to the studies
from which each age is obtained. ¢, Average probability densities for each 0.25 Myr bin, for
the North American (blue) and Chinese bentonites (red). Vertical lines indicate the bin in which

bentonite deposition is most likely. (See Supplementary Tables 4 and 5 for references).

Figure 2: Paleogeographic reconstruction for the Late Ordovician at ¢. 450 Ma (Katian).
Marked with ellipses are the two volcanic provinces investigated in this study, with blue ellipses
representing the North American and Scandinavian province, and a green ellipse to represent
the Chinese province. The base map was constructed using the plate tectonic reconstructions
from ref.*® and is based partly on ref*’.Figure 3: Box and whisker diagrams of phosphorus
depletion, an indicator of the amount of phosphorus lost to the ocean, from ten present-
day representative volcanic provinces (a). Boxes are defined between the first and third
quartile (the interquartile range, IQR), with minimum and maximum whiskers representative of
1.5 times the IQR. Also shown is a map of each volcanic province used for this reconstruction
(b), with the provinces identified by numbers given in panel (a).Figure 4: Monte Carlo
simulations of phosphorus supply from volcanic weathering during the Late Ordovician,
with variable distributions defined by our ash depletion and weathering model. (a) and (b)
represent P supply from ash deposition and diagenesis. In both panels, the total ash volume is
presented along the x-axis, with total phosphorus supply on the y-axis. Each Monte Carlo
simulation is indicated by a circle, with the colour indicating the depletion factor. (c) Estimate

of P flux resulting from weathering of terrestrial volcanic matter (y-axis), plotted against the
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area covered by this ash and lava. Again, each simulation is indicated by a filled circle, with

the colour denoting the rate of phosphorus supply.

Figure 5. Biogeochemical model outputs for impacts of volcanism during the GICE and
HICE. COPSE model baseline runs® plus P supply from ash. a, Grey lines show the P input
Gaussian functions (see text). The P input magnitude follows the mean or 95" percentiles of
the values derived for ash supply and weathering combined, with or without recycling of P from
sediments (see main text). b, Modelled §'3C of carbonates (with colours defined in panel e)
compared to data® (yellow circles). ¢, Modelled atmospheric CO.. d, Modelled global average
surface temperature. e, Degree of marine anoxia (represented as the modelled proportion of
anoxic seafloor). Solid lines show the same simulations as the dashed lines, but with additional

P input to represent sedimentary recycling of P (see text).
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Methods

Major and trace element geochemistry

Tephra layers from IODP cores 1396C (Lesser Antilles) and U1339D (Bering Sea) were
analysed for their phosphorus content. Tephras were identified visually, and microscopically,
in core 1339D and through their low CaCO3 content in U1396C. P was analysed in tephra layers
after mixed acid (HNO3-HCI-HF) bench-top digestion. Samples were then analysed on a Perkin
Elmer 2000B at the University of Oxford. Analysis was completed in both standard mode (m/z
31) and in reaction mode, with O as reaction gas and analysis on m/z 47. In all cases, data were
more accurate and detection limits were sufficient from standard mode analysis and so we
present these results here. Blanks and standards (BHVO2 basalt) were prepared and analysed
in the same manner (Supplementary Table 1). For cores U1396C and U1339D, Al and Zr were
determined after digestion using the same procedure as above, again alongside standard
BHVO?2 and blanks. Concentrations of these elements were determined using a Thermo X-

Series ICP-MS at the University of Southampton (Supplementary Table 1).
P depletion factors and P release

We used the GEOROC database to estimate the protolith composition of volcanic
material from each of the source regions. These data were filtered to remove any data related
to non-outcrop samples, xenoliths and any mineral-specific analyses. This database was used
to estimate the composition of tephra prior to dissolution and diagenetic alteration. By
normalising P to Zr and plotting this ratio against Ti/Zr (elements which are largely immobile
during diagenesis), the empirical relationship between the two ratios can be used to estimate
the original protolith composition following the method of ref.>°, developed to estimate metal
mobility in Cretaceous tephras (Supplementary Table 2). The linear regression representing this

relationship is then used back-calculate the original composition of altered tephra
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(Supplementary Tables 2, 3, refs.>®-%4). These compositions, along with compositions of altered

tephra, are then used to calculate depletion factors using the following equation (Equation 1):

ce

we (&)
=P _q_ Eq. 1

o,

The left side of the equation is the depletion factor, where MSoriginal P mass in the protolith,
M5 is the loss of P. C5¢and C5¢ are the mass of P and Zr in tephra, and C2 /C2, represents the
ratio of P to Zr in the protolith, back-calculated from the linear regression of GEOROC data

(Fig. 3, Extended Data Figures 1, 2).
Estimating the extent and timing of volcanism during the Late Ordovician

We use Monte Carlo simulations of variables associated with bentonite deposition
during the Late Ordovician to estimate the size of the volcanic eruptions and associated ash
deposition . For the GICE period, we use values from published compilations of North
American bentonites>!® (Supplementary Table 4), and for the HICE we collate ages from
published bentonites from China (Supplementary Table 5). For the period 455 — 450 Ma
(corresponding to period covering the GICE), we take the number of ash layers to be 100 based
on observations®. We assume these ash layers represent eruptions of VEI 8 due to the location
and characteristics of these bentonites, which constitute discrete centimetre-thick horizons
thousands of kilometres from any proposed source'®°, We assume each eruption contained on
average 1000 km? erupted material'®. To estimate how much erupted material was ash, we use
a value of 50%, representing the likely proportions in Ultraplinian eruptions®®2t, Since we are
only interested, in the first instance, in the ash which may directly supply P to the ocean, we
use an estimate of 50% ashfall in the ocean basins. This number is based upon estimates of
ashfall which has been subducted since the Ordovician, using isopachs constructed from North

American outcrops®®, and paleogeographic reconstructions which indicate volcanism was
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linked to the opening of the lapetus Ocean (Figure 2). For all variables used in equation 2, we
apply standard deviations of all variables set at 25% of the variable mean, unless stated
(Supplementary Table 6). 10,000 simulations of all variables were performed using the r

package rtrucnnorm, and outputs were used to reconstruct likely ash volumes (in km®).

For the period 450 — 440 Ma (corresponding to period covering the HICE), a similar set
of likely values for variables was constructed using published data on Chinese bentonite
deposits?. In this case, we use 88 ash layers as our mean, derived from the subtraction of 16
Silurian ashes from a compilation of Late Ordovician—early Silurian Chinese bentonites?:®°,
We use 75% as the oceanic fraction because this volcanism was linked with subduction of the
Zhenge-Dapu Ocean (Figure 2), and so a high proportion will be deposited in this
environment?!. Again, we apply standard deviations of 25% to each of these variables to

consider the uncertainty.

In both cases, to estimate ash density, and the amount of P contained in the original
ashes, we use measured values from Icelandic ashfall®233, with standard deviations derived from
the measurements. Using the ash volume estimates derived from these variables, and our
depletion factors, we simulate 10,000 iterations for total P supply for each period (in mole P),

using the following equation (Eq. 2):

P release (mole) = (VASth‘;S(;’::AShXPD) X P, .eqan (EQuation 2)

where Vash, pash and Pash are the volume of ash (in km?), density of ash (in kg/m®) and
phosphorus content in ash (in wt %). Pp is the depletion factor of phosphorus, Pocean IS the
proportion falling into the ocean and 30.97 is the molecular weight of P, to convert from grams
to moles. Such an exercise provides an absolute amount of P released for each period, but for

modelling purposes, we must convert our total P supply values into flux (in mol P myr?).
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To do this, we develop a dataset of all reliably dated (i.e., excluding K-Ar or fission
track dates) bentonites of Late Ordovician age from across the two primary volcanic provinces,
China and North America/Baltica (Figure 2, refs, 52021:26-29.6580) 'Eqr each of the dates, we use
a Monte Carlo based approach to generate 10,000 possible ages, constrained by published age
and error values. We group the outputs of this exercise into 0.25 Myr bins and produce
probability density estimates for each bin (Fig. 1a, b). For each of the two volcanic provinces,
we average across each bin to result in a probability density of each 0.25 Myr period (Fig. 1c).
This exercise results in two distinct peaks, representing the most likely period of volcanism for
both provinces. For North America/Scandinavia, this peak is centred on 453.5 Ma. For China,
the volcanic peak occurs 444.0 Ma. To represent these events in the model we then use a
standard Gaussian curve with ¢=0.4, giving an event duration of around 2 Myrs. This width is

informed by the duration of the carbon isotope excursions.
Estimating P flux from weathering

We estimate the spatial extent of erupted material during the Late Ordovician using an
averaged value from a modelling study of Ordovician volcanism (1.56 x 10% km?; ref.t%). We
then use P release value of 29.77 kg P km2 yr* as measured from basalts®?. We estimate that
50% of the ash and lava was terrestrially emplaced based on the observations of ash deposition
considered previously®2?!, By applying 20% errors to all of these values, we then carried out
10,000 Monte Carlo simulations of each variable, before calculating the final flux (in mol P

myr1) by multiplying each iteration of each variable.
Biogeochemical modelling

We use the latest COPSE biogeochemical model®. We run the model baseline and add
Prorce t0 the global bioavailable phosphorus weathering flux (Equation 3). This adds additional

phosphorus input during the Late Ordovician to the baseline model run.
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norm(t,—453.45,0.4)
norm(—453.45,—453.45,0.4)

norm(t,—444,0.4)
norm(—444,—444,0.4)

Pforce = 10_6PGICE + 10_6P1-11CE (Eq 3)

Here Pcice and Price are the total P inputs from ash, weathering, and recycling in moles. Here
norm is a normal function defined as norm(time,midpoint,a). Prorce is multiplied by 5 in some
simulations to represent the additional recycling of P which is not captured in the COPSE
model. This factor is determined by running a P-C cycling model which has an explicit
representation of the shelf*® and comparing the ratio between P input from weathering and
overall marine P concentration versus the same metric in COPSE. The reader is referred to

Extended Data Figure 3 for the model comparison plots.
Data Availability

The authors declare that data supporting the findings of this study are available within the article
and Supplementary Information and Extended Data. All data have also been uploaded to
Figshare, at the following DOI addresses: http://dx.doi.org/10.6084/m9.figshare.14914893,
http://dx.doi.org/10.6084/m9.figshare.14914911,

http://dx.doi.org/10.6084/m9.figshare.14914896 and

http://dx.doi.org/10.6084/m9.figshare.14914890.

Code availability

COPSE model code can be downloaded at https://github.com/bjwmills
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