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It is estimated that 26% of families and 49% of genera of marine 
biota were lost during the Hirnantian extinction1, possibly  
due to glacially-driven reduction in shallow water habitats2–4. 

This climate event is notable for following a period of relatively 
high atmospheric CO2 (refs 5–8). Hypotheses for understanding 
the unique combination of mass extinction with glaciation include 
changes in the balance of the carbon cycle3, enhanced silicate  
weathering9, and increased planetary albedo caused by high rates of 
volcanism10; however, none of these mechanisms can fully explain 
the observations. Perturbation of the carbon cycle is indicated by 
the widespread Hirnantian Isotope Carbon Excursion (HICE)3,11. 
In some interpretations, enhanced organic carbon burial occurred 
simultaneously with the HICE episodes and the Hirnantian  
glaciation; that is, the marine carbon isotope mass balance was 
directly linked with organic burial3,12,13. However, there is an alterna-
tive, model-based interpretation of the record, which finds that the 
positive carbonate δ​13C excursion observed in the early Hirnantian 
is the expected response to increased weathering of carbonate  
platforms during the resulting glacioeustatic sea-level lowstand9. 
This latter scenario is consistent with observations that deposi-
tion of organic-rich shales in the Hirnantian is rather restricted, 
occurring in limited spatial and temporal patterns, with sedimen-
tation instead favouring grey shelly limestone11. Decreased anoxia  
associated with glacially-synchronous cooling and deep ocean 
ventilation14 may have limited organic matter preservation, and 
a high rate of organic burial may not have persisted long into  
the Hirnantian. Such a scenario implies that the mechanisms to 
explain enhanced organic carbon deposition leading up to the 
extreme and abrupt climate change of the Late Ordovician must 
have begun earlier, in the Katian.

Bulk sedimentary nitrogen isotopic analyses (δ​15NTN, total nitro-
gen) provide insight into the marine nitrogen cycle at this time11,14,15 
(Supplementary Fig. 1). Anoxic marine settings during the late 
Katian promoted denitrification, resulting in loss of fixed nitrogen. 
Low values of δ​15NTN are thought to reflect replenishment of this 
nitrogen and therefore a major contribution of N-fixing cyanobac-
teria to the marine nitrogen budget. The importance of bacterial 
inputs during the Late Ordovician is supported by high hopane/
sterane (H/St) ratios16, a qualitative rather than quantitative indica-
tor of community composition, and not necessarily derived from 
photosynthetic taxa17. However, such arguments are distinct from 
information specifically on export production and carbon burial, 
which can be dominated by eukaryotic phytoplankton even under 
conditions of low δ​15NTN (ref. 18). Here we focus on quantitative esti-
mates of phytoplankton community structure and export efficiency 
to determine the resulting effects on the global carbon cycle.

Nitrogen isotopic records of sediments and porphyrins
In sediments from Vinini Creek, coeval bulk organic matter and 
vanadyl (VO) porphyrins (Supplementary Table 1) show isotopic 
trends and patterns that are different for nitrogen when compared 
to carbon (Fig. 1; Supplementary Table 2). A positive excursion in 
the 13C content of organic matter (δ​13Corg) of ~2‰ is coincident 
with the immediate transition from the Katian to the Hirnantian 
(Fig. 1b). However, a better comparison may be between the more 
similar limestone-rich facies of the earlier Dicellograptus ornatus 
zone (mean δ​13Corg ≈​−​30.5‰) and the Hirnantian (mean δ​13Corg≈​
−​29.5‰), which, if δ​13C values of bulk organic and inorganic car-
bon are shifting in parallel, is equivalent to a +​ 1‰ excursion in δ​
13C values of carbonates11,19, or a modest effect on the total carbon 
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cycle. The more negative δ​13Corg values from the organic-rich black 
shale of the Katian Paraorthograptus pacificus zone may reflect a 
change in local organic matter type, indicating a turnover in the phy-
toplankton community and/or a change in factors affecting carbon 
uptake and subsequent diagenesis. In contrast to these facies-related 
carbon differences, the δ​15NTN profile shows a small and consis-
tently positive trend throughout both the Katian and the Hirnantian  
(Fig. 1c). It is unlikely that our δ​15NTN record has been significantly 
altered by diagenesis, as the sediments are organic-rich, of low matu-
rity20,21, and agree well with other Late Ordovician records11,14,15 
(Supplementary Figs. 1–4). A strong positive correlation between TN 
and TOC and zero intercept suggests little or no addition of detrital 
ammonium (Supplementary Fig. 2). Simultaneously, the porphyrin δ​
15N (δ​15Npor) value decreases by ~4‰ throughout the Katian P. pacifi-
cus zone and reaches its most negative value (approximately −​8.5‰) 
near the termination of black shale deposition (Fig. 1d). This is fol-
lowed by a partial rebound in δ​15Npor values during the Hirnantian.

The εpor proxy for eukaryotic versus cyanobacterial burial
The isotopic difference between porphyrins and bulk nitrogen,  
ε​por (ε​por = δ​15NTN – δ​15Npor), can be used to estimate the fractional 
export production of eukaryotes and cyanobacteria18. The approach 
derives from experiments that examined the offset between chlo-
ropigments and corresponding biomass δ​15N values, indicating 
that ε​por varies taxonomically22. Average chloropigments have  
ε​por =​ 0 ±​ 2‰ for marine cyanobacteria, 6 ±​ 1‰ for anoxygenic  

(sulfur-oxidizing) photosynthetic bacteria, and 5 ±​ 2‰ for eukary-
otic algae22–24. Contributions from anoxygenic photosynthesis are 
not likely to contribute a major fraction of the total porphyrins, as 
there is neither evidence for euxinia at Vinini Creek25, nor for oke-
none, the characteristic carotenoid of purple sulfur bacteria, in the 
Late Ordovician26.

Values of ε​por at Vinini Creek average 6.3 ±​ 1.2‰ (Fig. 1e). Due 
to diagenetic offsets that produce 15N depletions in VO porphy-
rins relative to other chloropigments27, the average value of ε​por for 
our Vinini Creek samples is evaluated on an endmember scale of 
2.5–7.5‰ (100% cyanobacterial to 100% eukaryotic) rather than 
0–5‰ to account for these diagenetic offsets. The significant ambi-
guity in this diagenetic isotope shift contributes uncertainty to our 
estimates of the absolute percentage of eukaryotes, but it will not 
change the relative magnitude of the estimated community shift 
because the scale range remains 5‰. More work is needed to better 
constrain the diagenetic and isotopic fates of porphyrins (discussion 
in the section ‘Consideration of porphyrin diagenesis’ in Methods; 
Supplementary Fig. 9). A minimum ε​por value of ~3‰ is observed 
in the uppermost part of the D. ornatus zone, while a pronounced 
trend of increasing ε​por is observed throughout the P. pacificus zone. 
The absolute values and temporal evolution in ε​por suggest that 
eukaryotes increasingly dominated export production throughout 
the Katian, expanding from ~20% to effectively account for ~100% 
of export by the end of the age. With the glacial onset, values of  
ε​por descend back to ~5‰, perhaps indicating partial re-expansion 
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Fig. 1 | Late Ordovician chronology, stable isotope, lipid biomarker, and sea-level stratigraphic records from Vinini Creek, Nevada, USA. a, Litho- and 
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of cyanobacteria. This turning point at the onset of the Hirnantian 
glaciation, specifically a contraction of eukaryotic algae, is consis-
tent with microfossil analyses of acritarch assemblages28.

Increased biological pump during the Late Ordovician
An interpretation of increased eukaryotic export and burial in the 
Katian contrasts with previous studies that invoked a high appar-
ent abundance of cyanobacteria before the Hirnantian glacia-
tion11,14–16. Lenton et al.29 proposed that marine productivity in the 
Late Ordovician was enhanced by phosphorus weathering from 
continents. However, an increase in surface water productivity is 
not necessarily equivalent to greater biological export30–32. Whereas 
large phytoplankton cells sink passively and quickly, picoplankton, 
including cyanobacteria, are characterized by slow sinking and cor-
respondingly high relative rates of remineralization. Smaller cells 
are easily entrained in resuspension loops, whereas larger cells have 
more chances to escape these loops and sink33, leading to signifi-
cantly amplified export production as the dominance of large-sized 
phytoplankton increases34. Thus, community structure—in addi-
tion to productivity—strongly influences export, favouring the sed-
imentation of larger cells and the sequestration of more CO2 as the 
fractional number of eukaryotes increases32,35.

Simultaneous with the inferred eukaryotic expansion, the pre-
glacial late Boda warming and marine transgression11,36 (Fig. 1f) 
would have created greater accommodation space for bulk sedi-
ment accumulation. Although the magnitude of this increase is not 
well understood for the Late Ordovician, a similar sea-level rise 
during the Cretaceous was estimated to increase organic carbon 
burial by 30% (ref. 37). The late Katian may therefore reflect the first 
convergence of multiple, synergistic factors that together triggered 
sufficient CO2 decline to promote glaciation: enhanced phospho-
rus weathering, increased eukaryotic algal dominance, and a major 
transgression.

To systematically quantify Late Ordovician organic carbon 
burial, we compiled a database for the D. ornatus, P. pacificus and 
Hirnantian intervals for all available sections (Supplementary Fig. 5 
and Supplementary Table 3). Normalized to the D. ornatus zone, the 
observed marine organic carbon burial flux appears to have been 
higher by a factor of 3.9 (min: 3.2 and max: 4.4) during the P. pacificus  
zone and by a factor of 1.8 (min: 1.6 and max: 2.0) during the 
Hirnantian (Supplementary Fig. 6), indicating that the increase in 
carbon burial occurred prior to glacial onset. Although the sedi-
mentation database (Supplementary Table 3) certainly must reflect 
locations that had different degrees of upwelling-driven produc-
tion, all sites except one show enhancement in the Late Ordovician. 
Because the δ​15NTN records from Vinini Creek are well correlated 
with other available Late Ordovician records from other palaeo-
continents (Supplementary Fig. 1), the observed biogeochemical 
trends are likely to be global, and Vinini Creek may generally repre-
sent productive upwelling zones during the Late Ordovician. Since 
coastal upwelling regions, which support high export production, 
are critical determinants of global carbon and nitrogen cycles38, 
the data reported here can be generalized—especially because, for 
modelling purposes, they are averaged with the rest of the Late 
Ordovician sedimentation database (Supplementary Table 3) and 
are not the sole factor driving our results.

Biological pump effects on organic carbon burial
Given the hypothesized increase to the efficiency of the Katian 
biological pump we evaluate the expected CO2 decrease using an 
adapted Carbon Oxygen Phosphorus Sulphur Evolution (COPSE) 
model29,39 (see Methods). A baseline run, with no change in produc-
tion or burial, a constant global average temperature of 17 °C, and 
eight times present atmospheric level (8 PAL) CO2, yielded back-
ground conditions consistent with prior model implementations 
and proxy constraints7,8,29 (dashed lines, Fig. 2). Directly forcing 

burial by the flux database amplification factors of 3.9 for the latest 
Katian and 1.8 for the Hirnantian (green lines, Fig. 2) resulted in a 
CO2 decrease to ~5 PAL at 445 million years ago (Ma) and a con-
tinued decline to ~4 PAL at 444 Ma (Fig. 2a). This is consistent with 
the consensus that the glaciation expanded, reaching maximum ice 
extent in the Early–Middle Hirnantian11. These changes translate 
in the model to a global cooling to ~14 °C at 445 Ma and ~13 °C 
at 444 Ma (Fig. 2b), in agreement with the apparent cooling trend 
in the Hirnantian reconstructed from carbonate clumped isotope 
thermometry, but with a smaller magnitude (3–4 °C global cooling 
predicted in COPSE model runs versus an up to 7 °C drop in tropical 
sea-surface temperatures from proxy data2). The difference between 
model and observational data may be due to a greater climate sen-
sitivity in the Ordovician40, possibly in response to differences in 
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palaeogeography; the COPSE model assumes the present-day sensi-
tivity of 3 °C per CO2 doubling. The model results demonstrate that 
the increased organic burial flux before the Hirnantian could have 
resulted in rapid cooling of the global climate.

To examine how this burial amplification was promoted, we 
subsequently removed the constraint of directly forced burial, 
instead modelling it using two new variables—phytoplankton 
export efficiency and sea-level change—in combination with phos-
phorus forcing as implemented by Lenton et al.29. Phytoplankton 
export efficiency was implemented by dividing the community 
into small (cyanobacterial) and large (eukaryotic) fractions based 
on ε​por data, and then varying the export probability for each pool 
according to relative cell sizes (Supplementary Fig. 10). The export 
efficiency terms, plus sea-level and phosphorus variables, were 
then optimized to fit the observed organic burial record (sensi-
tivity analyses; Supplementary Fig. 8 and Supplementary Tables 
4–5). A solution in which accommodation space is increased by 
30% to account for the transgression37, phosphorus weathering is 
amplified by a factor of approximately two (instead of the factor 
of three used in earlier simulations29), and burial efficiency of the 
eukaryotic fraction of export production is increased by a factor 
of four (consistent with doubling the average cell size according 
to Stokes’ Law, assuming that burial efficiency scales with veloc-
ity, a conservative estimate41), adequately simulates the glacial 
scenario (orange lines, Fig. 2). All three variables appear to play 
significant roles in the increased organic burial flux; and impor-
tantly, together they alleviate some of the need to greatly enhance 
continental weathering (that is, they reduce the phosphorus 
amplification) at a time when the expansion of terrestrial plant 
biota—which changed continental weathering regimes—was still 
in its relative infancy. Nutrient-driven expansion of larger-celled 
eukaryotic production in association with a marine transgression 
was a calamitous combination that promoted glaciation and, ulti-
mately, shallow-water extinctions.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41561-018-0141-5.
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Methods
Materials. Samples were collected from the Vinini Creek section (Supplementary 
Fig. 5), Nevada, United States, which was deposited continuously in an intense 
upwelling zone in western Laurentia during the Late Ordovician44,45. The 
Vinini Creek section sediments were deposited in an off-platform to basinal 
environment20,21 and contain four graptolite zones including D. ornatus, P. pacificus, 
Metabolograptus extraordinarius and Metabolograptus persculptus. The Vinini 
Creek succession has excellent biostratigraphic records of conodonts, graptolites 
and chitinozoans20. All 89 rock samples were collected from outcrops where 
fresh surface layers were exposed to avoid weathered or otherwise contaminated 
rock. Most samples were organic-rich, and 25 of the samples contained sufficient 
porphyrins in total lipid extracts for nitrogen isotopic analysis.

Sample preparation and isotopic analysis. Sample cleaning and extraction. 
All rock samples were sonicated in three solvents, including methanol (MeOH; 
Honeywell, GC230-4), dichloromethane (DCM; Honeywell, GC299-4) and 
hexane (Honeywell, GC215-4). The samples were broken into pebbles using a 
steel/chrome puck mill (CHRO-100-B; ROCKLABS Bench Top Ring Mill) in a 
ShatterBox (SPEX 8530), and the pebbles were again cleaned by all three solvents. 
Cleaned pebbles were crushed to a fine powder in the steel/chrome puck mill and 
the powder was collected into a combusted jar for storage. Samples were extracted 
using a MARS Microwave Reaction System (Model: MARS 230/60; Model number: 
907501) in 9:1 DCM/MeOH at 100 °C to obtain total lipid extracts.

Porphyrin purification and collection. Porphyrin preparation followed a 
previously published method46. Total lipid extracts were separated using SiO2-gel 
chromatography with a 22 ml column (254 mm ×​ 10.5 mm, Ace Glass PN#5888-10) 
to obtain four bulk fractions. Vanadyl (VO) porphyrins were eluted in Fraction 3 
(F3) using 100% DCM. F3 was further purified using Normal phase (NP) high-
performance liquid chromatography (HPLC, Agilent) on a ZORBAX SIL column 
(4.6 ×​ 25 mm, 5 μ​m) with an elution program (a 37 min gradient from 100% hexane 
to 100% ethyl acetate, at a 1 ml min−1 flow rate). Absorbance was monitored at 
405 nm for VO porphyrins; verification of VO porphyrin identity is shown in 
Supplementary Table 1. The entire VO porphyrin elution window was collected using 
an automated fraction collector. Each HPLC-purified porphyrin contained at least 
50 nmol N. Vanadyl octaethylporphine (VO-OEP, Frontier Scientific) was used as the 
standard for both spectroscopic identification and nitrogen isotope composition46. 
Procedural blanks were used to confirm insignificant endogenous N contamination.

Nitrogen isotopic analysis. Porphyrin nitrogen isotopic analysis. HPLC-collected 
porphyrin fractions were oxidized to nitrate following a previously published two-
step process46: photooxidation under ultraviolet light in quartz tubes for 6 h in a 
Baker SterilGard III biological cabinet; followed by reaction with recrystallized 
persulfate oxidizing reagent (K2S2O8/NaOH, 0.05 mM and 0.15 mM, respectively) 
in an autoclave for 30 min at 121 °C. Nitrate concentration and nitrogen isotopic 
composition were analysed at Woods Hole Oceanographic Institution. Nitrate 
concentration was measured by chemiluminescent detection of NO after conversion 
in a hot solution of V(III) (ref. 47). Samples containing at least ~10 nmol N were 
measured for nitrogen isotopic composition by the denitrifier method48, with a 
precision of generally <​ 0.3‰. Selected samples were replicated through the entire 
process—authentic complete replication of the data starting with initial rock powders.

Bulk nitrogen isotopic analysis. Bulk sedimentary nitrogen isotopic values (δ​15NTN) 
were analysed on a Thermo-Finnigan MAT 253 isotope ratio mass spectrometer 
coupled with the Thermo Scientific Flash HT Plus elemental analyser using 
USGS40 as a standard. All bulk nitrogen isotope analyses were measured at 
the University of Science and Technology of China. All data are reported using 
standard δ​ notation relative to atmospheric N2. Standard precision is better than 
0.25‰ and triplicate measurements of selected samples are 0.25‰.

Nitrogen isotope values of bulk sediment. All bulk elemental content and 
isotopic data presented herein are new (Supplementary Table 2). The base of 
the M. extraordinarius graptolite zone is the start of the Hirnantian stage, which 
is accompanied by the onset of the δ​13Corg positive excursion. Our δ​13Corg and 
δ​15NTN profiles are well correlated with other Late Ordovician records11,14,15 
(Supplementary Fig. 1), as similar ranges and temporal patterns of δ​15N profiles 
exist in coeval sections (mean excursion of 1.6 ±​ 0.7‰, with average maximum 
δ​15NTN value of 2.3‰). Lack of correlation between TOC, TN and δ​15NTN 
indicate that δ​15NTN trends are not dependent on organic carbon concentrations 
(Supplementary Figs. 3 and 4). Thus, it is unlikely that our bulk isotopic records 
have been extensively thermally altered prior to burial.

Consideration of porphyrin diagenesis. Interpretation of our bulk sediment 
(δ​15NTN) and porphyrin nitrogen isotope data depends on understanding how 
porphyrin diagenesis affects the magnitude of ε​por. For Vinini Creek, ε​por applies 
specifically to VO porphyrins, because the other major porphyrin types either were 
not assessed (free base porphyrins, FB), or were assessed but found to be in low 
concentration (zinc porphyrins, Zn). Junium et al.27 proposed that porphyrin δ​15N 
values become isotopically fractionated during sequential diagenesis of chlorophyll 

→​ free base (FB) →​ Zn →​ VO porphyrins. The fractional distribution of final 
products, plus the values of ε​Zn and ε​VO, therefore determine the final δ​15N values of 
the individual porphyrin pools.

The allowed isotope space for diagenetic porphyrins under any scenario is 
governed by the following equations (derived from relationships in ref. 49).
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At values of ε​Zn and ε​VO consistent with the experiments and data of Junium et al.27, 
the solutions to these equations require that VO porphyrins have the most negative 
δ​15N values (δ​VO <​ δ​FB and δ​Zn). More importantly, it is possible to have a diverse 
range of values of δ​VO under conditions of ε​por =​ 5‰ (which is the proposed 
endmember for 100% eukaryotic export production in refs 18,22).

Viewed in this context, the scatter in values for VO porphyrins from Vinini 
Creek probably reflects a combination of genuine heterogeneity of porphyrin 
sources and diagenetic fates, compounded with analytical error. Adopting values 
of ε​Zn and ε​VO implied by ref. 27, a maximum estimate of 10% Zn porphyrins for our 
samples (qualitatively, they contained VO ≫​ Zn porphyrins), an average value of δ​
15NTN =​ 0‰, and an average value of δ​VO =​ −​6.3‰, we find that approximately all 
diagenetic yields of >​ 35% FB porphyrins will yield values of δ​VO <​ −​6‰ (and can 
be below −​8‰ at >​ 80% FB porphyrins).

Organic burial flux database. Organic-rich late Katian shales are found in a wide 
range of depositional settings. The prevalence of this lithofacies appears to indicate 
relatively hypoxic to anoxic ocean conditions and high levels of organic carbon 
sequestration associated with a strong transgression45,50,51. Although Melchin et al.11 
made a thorough and global compilation of the distribution of black shales during 
the Ordovician–Silurian transition, to date there is no quantitative assessment of 
how much the organic carbon burial flux actually changes during this time.

For this study, we set up an organic carbon burial flux database to 
quantitatively investigate the expansion of burial flux during the late Katian. This 
database is sorted into three specific time intervals: two preceding (D. ornatus, 
P. pacificus) and one during the Hirnantian glaciation. The data include profile 
records from different palaeo-continental regions (Supplementary Fig. 5). We 
compiled published data including sample depth, timescale, rock density, and 
total organic carbon (TOC) concentrations, and then determined burial flux by 
calculating the TOC accumulation rate:

Δ
ρ= × ×− z

t
Organic Carbon Burial Flux(g m per 10 yr) %TOC (1)2 6

where z is thickness, Δ​t is the time interval and ρ is density. Supplementary Table 3 
shows the burial flux results, localities, data sources and a data quality assessment. 
Due to lack of good age control, our calculated burial flux is especially uncertain 
for the late Katian D. ornatus stage. To minimize this uncertainty, we utilized the 
known sedimentation rates of the P. pacificus stage and the Hirnantian interval 
to get maximum and minimum estimates of burial flux for the D. ornatus stage, 
as well as an average value. Records assessed as ‘poor’ by our quality criteria 
(biostratigraphy, hiatus and %TOC data) were discarded before the calculations.

Expanded organic carbon burial appears to be widespread during the 
P. pacificus stage of the late Katian, occurring in five of the seven localities 
(Supplementary Fig. 6). When the average across all regions is normalized to the  
D. ornatus zone (including average, max and min values), burial flux appears to 
have been higher by a factor of 3.9 (min: 3.2 and max: 4.4) during the P. pacificus 
stage and by a factor of 1.8 (min: 1.6 and max: 2.0) during the Hirnantian. If 
normalized to the Hirnantian interval, burial flux during the P. pacificus stage 
appears to have been higher by a factor of 2.1. Hence, these results demonstrate 
that there was a maximum in organic carbon burial flux in P. pacificus, prior to 
the onset of glaciation. Although the reported sections are strongly biased by 
continental shelf sites, 80% of global marine organic matter is accumulated on 
continental shelves52, so the data are believed to be representative of conditions 
during the Late Ordovician. Similarly, although the magnitude of the estimated 
burial flux increase is influenced strongly by the high TOC content of the 
Vinini Creek section, the section may be representative of other, similar, burial 
environments; and the general phenomenon of increased carbon burial is seen 
at most sites, not only at Vinini Creek. Therefore we believe that this database—
although containing relatively few sections—provides a reasonable assessment 
of organic burial flux changes during the Late Ordovician and is suitable for 
constraining model input scenarios.

Modelling. The COPSE model is presented in ref. 39, which can be run with a 
resolution of 1 Myr. Here we modified it by two separate approaches, and then we 
compared those two approaches.

First, we directly modified the value of marine organic carbon burial (mocb) 
according to changes in burial flux prescribed by Supplementary Table 3. We call 
this version ‘direct burial forcing’. Second, we removed the prescribed direct burial 
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forcing and instead changed mocb to be a function of three variables: phosphorus, 
phytoplankton community structure, and sea level. We call this version ‘community 
and environmental parameters’. Details of these implementations are described below.

COPSE Model: Direct burial forcing. Model adaption. In order to examine the CO2 
draw-down caused by increased marine organic carbon burial during the late 
Katian, marine organic carbon burial was controlled using an external forcing 
parameter (called JH). The value of JH was prescribed based on the flux database 
results (Supplementary Table 3). Parameter JH was used to scale the value of 
marine organic carbon burial (mocb) at ~447 Ma. Specifically, JH =​ 1 until 447 Ma, 
then rises to 3.9 at 445 Ma, drops to 1.8 at 444 Ma, and declines to 1 at 442 Ma (Fig. 
2, green lines). For the upper error limit, JH =​ 1 up to 447 Ma, then rises to 3.2 at 
445 Ma, drops to 1.6 at 444 Ma, and declines to 1 at 442 Ma (Fig. 2, upper limit of 
shaded grey areas). For the lower error limit, JH =​ 1 up to 447 Ma, then rises to 4.4 
at 445 Ma, drops to 2.0 at 444 Ma, and declines to 1 at 442 Ma (Fig. 2, lower limit of 
shaded grey areas).

Choice of initial conditions. The model was initiated using background conditions 
to simulate CO2 and temperature before invoking any changes in mocb. The results 
are therefore sensitive to the model's geological forcing factors (degassing, D; uplift, 
U), as described in refs 29,39. We then varied D and U over 1.2–1.8 and 1.2–0.8, 
respectively, to find lower and upper limits for the CO2 and temperature scenarios 
when mocb is forced by JH (Supplementary Fig. 7).

The results suggest an upper scenario for the evolution of Late Ordovician 
atmospheric CO2 of 11.3 PAL at 450 Ma, reduced to 7.8 PAL at 444 Ma 
(Supplementary Fig. 7, orange dashed lines). The lower scenario suggests an initial 
CO2 value of 5.5 PAL at 450 Ma, reduced to 1.9 PAL at 444 Ma (Supplementary Fig. 7,  
purple dashed lines). We chose a consensus estimate for these parameters that 
yields a global temperature of 17 °C and an atmospheric CO2 of 8 PAL at 450 Ma 
to initiate the model (Supplementary Fig. 7, green solid line); our final parameter 
choices for initial conditions are thus the same as ref. 29 (D =​ 1.5 and U =​ 1). A CO2 
concentration in this range is consistent with previous proxy constraints7,8.

COPSE Model: Substitution of community and environmental parameters. Model 
adaptation. Two new external forcing parameters–phytoplankton community 
structure and sea-level change–were introduced into the COPSE model, combining 
them with the phosphorus forcing as implemented by ref.29 in order to examine 
how the marine organic carbon burial (mocb) amplification was promoted.  
We made the following three changes.

•	 Phosphorus weathering (F) was included as a normalized forcing parameter as 
proposed in ref. 29.

•	 Phytoplankton community structure (Ag) was introduced as a forcing param-
eter scaled between 0 and 1 to indicate the proportion of eukaryotes. The values 
prescribed for this forcing are calculated from our porphyrin biomarker results 
(ε​por), which allow prediction of the fraction of the population that is eukary-
otic. The lipid biomarker stratigraphic records only span from just before 446.5 
to 444 Ma, which means we are only able to get three “known” Ag values: at 
446 Ma (the base of P. pacificus zone), 445 Ma (uppermost part of the P. pacificus 
zone) and 444 Ma (uppermost part of the P. persculptus zone). Thus, Ag values 
for these times are 0.6, 1 and 0.8, respectively (Supplementary Figs 9 and 10).  
A variable to modify the burial efficiency of these eukaryotes, denoted as kk_Ag, 
was also included to represent the organic carbon burial efficiency by eukary-
otes, in order to differentiate large and small cells, using the principle that larger 
cells will have faster sinking and therefore more efficient carbon removal from 
the surface. The proposed kk_Ag has a larger value than kk2 (burial efficiency in 
the original COPSE Model39). Hence, the new mocb flux function (Eq. 2) con-
tains two terms in which different phytoplankton burial efficiencies are assigned 
to the two components of biomass, an average “small” biomass community with 
presumed slow sinking rates (kk2) and an average “large” biomass community 
with high sinking rates (kk_Ag). The time-evolving quantity of carbon parti-
tioned between the two terms Ag and (1-Ag) is prescribed by the  
ε​por results. These variables were used instead of the monotonic organic carbon 
burial efficiency that was prescribed in the original COPSE model.

•	 Sea-level forcing (Sl) was introduced as a flag parameter to indicate when 
more marine organic carbon burial (denoted by a constant, α) was promoted 
due to the rise of sea level (marine transgression).

With these modifications, the new mocb flux function was expressed as follows, 
and used instead of equation (30) in ref. 39.

α= − × × + × × + ×′ ′
−mocb Ag kk newp Ag kk Ag newp Sl(1 ) 2 ( ) ( ) (2)2 2

where kk2 is the export efficiency of cyanobacteria, and newp′ means the 
normalized oceanic new production. We ran the model with the following 
parameter variations (Fig. 2, orange lines).

Set 1: F =​ 1 until 446 Ma, increase to F =​ 2.2 between 446 Ma and 445 Ma, then 
linear decline to F =​ 1 at 443 Ma, constant thereafter.

Set 2: Sl =​ 1 between 446 Ma and 445 Ma, otherwise Sl =​ 0.
Set 3: Ag =​ 0 until 446 Ma, increase to Ag =​ 0.6 between 446 Ma and 445 Ma, 

increase to Ag =​ 1.0 between 445 Ma and 444 Ma, then drop to Ag =​ 0.8 between 
444 Ma and 443 Ma, and linear decrease to 0 at 442 Ma, constant thereafter 
(Supplementary Fig. 10).

Sensitivity analysis. We examined the sensitivity of the model results to the values 
assigned to phosphorus weathering (F), increased sea level (Sl), and phytoplankton 
export efficiency (kk_Ag). The values of the Ag forcing were not adjusted, as 
they are assigned based on our porphyrin biomarker results (ε​por). All sensitivity 
analyses and results are summarized in Supplementary Table 4(A-C) and 5, and 
Supplementary Fig. 8.

Step 1: Sensitivity to phosphorus weathering (F)
To reproduce the Hirnantian carbon isotope excursion (HICE), a temporary 

tripling of global phosphorus weathering was required in the ref. 29 modification 
of the COPSE Model. Lenton et al.29 hypothesized that this increased pulse of 
phosphorus weathering might have been enabled by the colonization of the first 
terrestrial vascular plants. Their simulations required temporary amplification of 
the phosphorus weathering parameter (F) by a factor of three at ~445 Ma, causing 
CO2 to reduce to 4.5 PAL. Although the magnitude and timing of this phosphorus 
pulse is somewhat uncertain because of the uncertainty of the HICE magnitude 
and the presumably small total size and activity of the early terrestrial plant biota 
during the Late Ordovician, evidence from the sedimentary record does show 
increased phosphorus deposition at around 500 Ma (ref. 53). However, we found 
that the magnitude of F could be reduced in our revised model. Reduction of F to a 
uniform value of two (instead of three in ref. 29) partially achieves the required CO2 
decrease (Supplementary Table 4(A), step 1.1), but a small adjustment of both the 
timing of maximum phosphorus weathering to ~446 Ma (instead of 445 Ma) and 
to a magnitude of F =​ 2.2 shows better alignment with the peak of organic carbon 
burial (Supplementary Table 4(A), step 1.2). The resulting atmospheric CO2 and 
temperature trends are shown in Supplementary Fig. 8 (step 1.1 and step 1.2).

Step 2: Sensitivity to sea-level increase (Sl)
Pre-Hirnantian sea levels were among the highest stands in geological history. 

Large-scale transgression occurred in the late Katian11,36,54, which created an 
environment that had more accommodation space for sediment accumulation 
and organic carbon burial. Although the magnitude of this increase is not well 
understood for the Late Ordovician, a similar (or slightly smaller) sea-level rise 
during the Cretaceous was estimated to increase organic carbon burial by 30% 
(ref. 37). Here we accounted for this transgression by introducing a flag parameter 
forcing (Sl) to indicate when more mocb was enhanced; we assumed the increase 
was 30% compared to baseline mocb, although it may have been larger. We kept the 
values of F from Step 1.2, where F =​ 2.2 at ~446 Ma, F =​ 1.8 at ~445 Ma and F =​ 1.4 
at ~444 Ma. And furthermore, since we focus on the time immediately preceding 
and during the Hirnantian period, Sl was increased between 446 Ma and 445 Ma, in 
the late Katian (Supplementary Table 4(B), step 2). The resulting atmospheric CO2 
and temperature trends are shown in Supplementary Fig. 8 (step 2).

Step 3: Sensitivity to phytoplankton export efficiency (kk_Ag)
Plankton community structure can influence organic carbon burial due to 

different cell size, density and transfer behaviour32,35,55,56. Our porphyrin biomarker 
results suggest that around ~20% eukaryotic biomass in the D. ornatus zone 
gradually expanded and then reached nearly 100% in the uppermost P. pacificus 
zone (Supplementary Fig. 9). This indicates the expansion of large-sized eukaryotes 
having high export efficiency, before the onset of Hirnantian glaciation. Here we 
explore the change in burial efficiency caused by increased size of eukaryotic algae 
using a parameter for sinking efficiency (kk_Ag).

To achieve the agreement with the direct burial forcing scenario—that is, with 
the sediment flux database (Fig. 2 green lines)—we examined the relationship 
between kk_Ag and kk2 with five different runs for sensitivity analyses. In each 
run, kk_Ag is one to five times higher than kk2, respectively, while keeping F and 
Sl unchanged compared to Step 2, where F =​ 2.2, Sl = 1 at ~446 Ma, F =​ 1.8, Sl =​ 0 at 
~445 Ma, F =​ 1.4, Sl =​ 0 at ~444 Ma. The resulting CO2 and temperature trends are 
shown in Supplementary Fig. 8 (step 3.1–step 3.5, step 3.1 is similar to step 2 since 
kk_Ag = kk2).

Step 4: Summary
Based on the sensitivity analyses above, we found that the best simulation 

(Fig. 2, orange lines) to achieve the same carbon burial as the directly observed 
mocb (Fig. 2, green lines) is when the marine burial efficiency of eukaryotes 
is increased by a factor of four (kk_Ag =​ 4 ×​ kk2) (Supplementary Table 5). 
According to Stokes’ Law, fourfold export efficiency is expected from a doubling 
in cell size. In this best solution, phosphorus weathering is amplified by a factor 
of approximately two and burial is increased by 30% due to the transgression as 
noted above. Our results therefore support the idea that these three parameters 
can work synergistically to play important roles in the expansion of organic burial 
flux and rapid decrease in atmospheric CO2. Although the fine-scale temporal 
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complexity of the marine carbon cycle is not well captured by the COPSE model, 
our model simulation helps clarify how rates of carbon burial could be associated 
with broad changes in phytoplankton community structure and how this may 
change in tandem with (or nonlinearly with) changes in nutrient loading. Future 
work must focus on constraining the burial efficiency of different phytoplankton 
groups to rigorously clarify the links between community succession and carbon 
burial in the geologic reservoir.

Code availability. The code used to perform COPSE simulations can be accessed 
at https://figshare.com/s/8b7830d6ef1cbde44428.

Data availability. The authors declare that data supporting the findings of this 
study are available within the article and its Supplementary Information files. 
Complied data derive from previously published studies (see reference lists).
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