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Supplementary Note 1: Additional geological background

The Tannezuft Shale Formation unconformably overlies the Late Ordovician Mamuniyat
Formation and includes the mid-Rhuddanian ‘hot shale’ source rock that has motivated its
extensive biostratigraphic characterization. Graptolite!, acritarch? and chitinozoan?
biostratigraphy all indicate that the E1-NC174 core is Rhuddanian in age. The lowest strata in the
core contain Normalograptus tilokensis, a graptolite species known primarily from the Upper
Ordovician but now believed to have persisted into the early Silurian. It is therefore ambiguous
whether the cored interval contains the Ordovician-Silurian boundary, but E1-NC174 at least
contains all graptolite biozones of the Rhuddanian Age. A continuous sedimentation model,
assuming that the cored interval represents the entire Rhuddanian Age, was used for time-
dependent reconstructions of feux through the Rhuddanian. This depositional model, and the
stratigraphic age model used in Bartlett et al.* (replicated here based on their description and
supporting references), are reliant on Rhuddanian age estimates from the Geologic Timescale
20125 and simplistic assumptions of continuous sedimentation rates. We view this age model as
the most appropriate for the illustration of results in Figures 2-3 and Supplementary Figures 5-6

based on current knowledge of Rhuddanian stratigraphy.

The E1-NC174 core comprises organic-rich, laminated dark grey shales, with the mid-
Rhuddanian ‘hot shale’ interval defined by increased total organic carbon and spectral gamma
ray values®. The general absence of bioturbation has previously been interpreted as indicating
bottom-water anoxia, with two recorded examples of minor (probably chondritiform) burrowing?
requiring only transient local increases in dissolved oxygen at shorter timescales than those
preserved in the geochemical record. Rock-Eval analyses of the ‘hot shale’ interval in other parts
of the Murzuq Basin demonstrate that these organic-rich mid-Rhuddanian shales contain
abundant immature to early mature type II/III kerogen® (approx. 400-450°C Tmax). Core samples
were originally logged in feet and inches; depths have been independently converted to meters

for the purpose of this study.



Supplementary Note 2: Paleobiological context for the Late Ordovician mass extinction
The per-capita brachiopod extinction rates illustrated in Figure 3B are replotted from Finnegan et
al.” using R code available on GitHub
(https://github.com/sethfinnegan/Ord.Brach.Extinctions.Code). The age model used in Finnegan
et al.” was updated here to illustrate the timing of extinction pulses relative to the Geologic
Timescale 20125, The spacing of these data within geological periods is consistent with the
original study (Supplementary Data 2). Per lineage million year graptoloid extinction rates
illustrated in Figure 3B are replotted from Crampton et al®°. The two globally recorded
extinction pulses of the Late Ordovician mass extinction are annotated on Fig. 3 based on Kroger
et al.'%. Capture-recapture analyses of genus diversity through the Cambrian-Silurian were rerun

using R code from Rasmussen et al.!! and plotted in Figure 3D.

Supplementary Note 3: Ordovician-Silurian climate

Clumped isotope data from Finnegan et al.!? are replotted in Fig. 3C. The line describing the data
is fitted to the minimum temperature estimates for each time bin and is intended to match the
interpretations of the original publication. The age model used by Finnegan et al.!? is updated to
include both the ages described in the Geologic Timescale 20125 and the stratigraphic
relationships for Anticosti Island described in Bartlett et al.*. This presentation of the results
therefore differs from the original study but is intended to provide the most useful temporal
comparison with the trace metal isotope modeling presented in Fig. 3A. The same filtering
methods to select samples subject to minimal diagenetic alteration are applied as in the original
study. Reconstructions of peak Hirnantian glaciation followed by rapid late
Hirnantian/Rhuddanian warming are further supported by phosphate oxygen isotope data* and
inferences from the sedimentary record!*~!°. Climatic reconstructions of the Ordovician-Silurian
Earth system commonly invoke elevated atmospheric pCO: levels relative to the modern
atmosphere, with Rhuddanian pCO> estimates reaching approximately 8 times present
atmospheric levels!®, We illustrate the implications of these atmospheric reconstructions on
weathering rates, and by extension metal fluxes, in Scenario 5 of Supplementary Figure 6. In
these calculations, the maximum input fluxes from Table 1 are multiplied by a coefficient of 8%

based on Berner et al.'¢, with 8 PAL representing a minimum estimate for Rhuddanian CO,'3 and



0.22 a fixed scaling factor. As shown in Supplementary Figure 6, these increased weathering

fluxes have little impact on our model results.



Supplementary Figure 1: Silurian tectonic reconstruction based on Blakey'”, projected from the South Pole,
with the approximate location of the Murzuq Basin and E1-NC174 core annotated based on Loydell et al.2.
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Supplementary Figure 2: Correlations between molybdenum and uranium enrichment factors for E1-NC174
samples described in this study. Lines describe seawater Mo-U ratios based on Algeo & Tribovillard®, fine-
grained sediments deposited in the presence of a significant particulate shuttle are expected to plot above the 3
x SW line (3-10 times seawater Mo-U ratios?’).
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Supplementary Figure 3: Correlations between redox sensitive metal and total organic carbon (TOC)
concentrations for the E1-NC174 samples described in this study. A) Molybdenum vs TOC. B) Uranium vs
TOC.
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Supplementary Figure 4: Additional geochemistry of the E1-NC174 core. Core depth is presented alongside
the global and regional Rhuddanian graptolite biozones based on Loydell"'8. A) Organic carbon isotope
values are presented from Loydell et al.>. B) Total organic carbon concentrations (TOC) are presented from
Loydell et al.2. C) Mo concentrations are expressed in ppm, relative to average crustal values from Rudnick &
Gao'. D) U concentrations are expressed in ppm, relative to average crustal values from Rudnick & Gao'®. E)
Mo concentrations are standardized to total organic carbon concentration (ppm/wt%), as in Fig. 1. F) U
concentrations are standardized to total organic carbon concentration (ppm/wt%), as in Fig. 1. G) Pyrite sulfur
isotope (8**S) values. H) V concentrations, relative to average crustal values from Rudnick & Gao'?. T) Cr
concentrations, relative to average crustal values from Rudnick & Gao'®. As in Figure 1, in Mo and U
concentration plots, white points represent bulk measurements, and grey points represent measurements
corrected for detrital input, with associated error (for molybdenum, the difference between these values is often
negligible). Error bars associated with Mo and U concentrations illustrate 2SD uncertainty on crustal
concentrations used in detrital corrections.
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Supplementary Figure 5: All uranium isotope data (and associated stratigraphic age models presented in this
study). Bartlett et al.* data are from shallow-water carbonates, data in this study are from euxinic shales. An
offset of ~0.5 %o is observed between Rhuddanian carbonates and shales, consistent with a ~0.8 %o
fractionation between euxinic shales and contemporaneous seawater?'?2, Error bars associated with trace metal
isotopes illustrate combined analytical error (2SE) and 2SD uncertainty on crustal concentrations used in
detrital corrections.
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Supplementary Figure 6: Alternative Monte Carlo parameterizations of key model variables. For each scenario,
smoothed density distributions represent the distributions of f,,, scenarios compatible with the measured

" Ueux, 88 Ucar* ,6”*Mo0eux, and combined carbonate* and euxinic shale Mo-U isotope data (6***Ueyy +

8% Ucarb + 8”*Moeux) (labelled, from top to bottom). The fully coupled carbonate and euxinic shale Mo and U
isotope distribution is taken as the best-constrained model of f,x through the Rhuddanian. Specifics of
alternative scenarios are annotated on each boxplot (Scenario 5 is described in full in Supplementary Note 3).
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