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<! >?1;@ABLI>@7?5
The Triassic Period concluded with one of the most extreme biological upheavals in Earth’s
history — the End-Triassic Mass Extinction (ETME, ~201.6 million years ago (Blackburn et
al., 2013; Davies et al., 2017). The ETME constitutes one of the so-called “big 5”
Phanerozoic mass extinctions (Sepkoski, 1982), ranking in the top 3 for ecologic and
taxonomic severity (McGhee Jr et al., 2013). In particular, coral reefs and other carbonate-
dominated ecosystems were preferentially devastated (Kiessling and Simpson, 2011),
drawing comparisons with the plight of present-day coral ecosystems. The ETME is
coincident with the initiation of the rapid emplacement of the Central Atlantic Magmatic
Province (CAMP) (Blackburn et al., 2013; Yager et al., 2017), a large igneous province (LIP)
related to the rifting of the supercontinent Pangaea (Nomade et al., 2007).

As a result of CAMP volcanism, massive quantities of carbon dioxide (CO,), sulfur
dioxide (SO,), hydrogen sulfide, and other volatiles were released into the atmosphere
(McHone, 2003) in at least three main pulses over ~600 thousand years (Schaller et al.,
2012), but the effects of the volatile release are debated (Guex et al., 2016; McElwain et al.,
1999; Pielkowski et al., 2014; Schaller et al., 2011; Schaller et al., 2012; Schoene et al.,
2010). Greenhouse warming is predicted to accompany the release of CO, into the
atmosphere (McElwain et al., 1999), followed by eventual drawdown of excess CO, by
chemical weathering (occurring on the timescale of 10s to 100s of kyrs) (Schaller et al.,
2012). In addition, initial global cooling has been suggested to follow SO, emissions
predicted to accompany the emplacement of CAMP, triggering a glacial interval
accompanied by acid rain (Guex et al., 2016; Schoene et al., 2010), a state which some have
posited persisted for 10s of kyr (Guex et al., 2016). Thus, both warming and cooling are

considered among the leading possible extinction mechanisms alongside ocean acidification,



anoxia, and photic zone euxinia (Greene et al., 2012; Honisch et al., 2012; Jaraula et al.,
2013; Larina et al., 2019; Schoene et al., 2010; Wignall, 2005; Wignall, 2001). To date, there
are few published temperature reconstructions covering any portion of the T-J transition
(Korte et al.,, 2009; van de Schootbrugge et al., 2007). The paucity of temperature
reconstructions prior to or during the onset of CAMP has hampered efforts to identify the
strength and timing of CAMP-induced warming or cooling and to discern which of these is
coincident with the ETME, or their relative magnitudes, duration, or phasing.

We report sea surface temperature and 180, Values derived from clumped isotope
(""47) measurements from the Cotham Marble (CM), a widespread deposit of calcite
microbialites from the upper Cotham Member of the Lilstock Formation in the southwest
United Kingdom (Fig. 1, Ibarra et al., 2014; Mayall and Wright, 1981), correlative with the
extinction horizon (Mander et al., 2008). Here, the term “Marble” is a historical artifact of its
use as a local decorative building stone (Owen, 1754); indeed, the strata are
unmetamorphosed and well-preserved calcite. We include a comparison of clumped isotope
proxy results to climate simulations from a General Circulation Model (see Supplemental
Information for detailed methods). This work presents the first temperature record of the
onset of the ETME interval, and represents an important step towards quantifying the
magnitude of climate change and potential extinction mechanisms across one of the largest
extinction events in Earth history. !

2.! GEOLOGIC SETTING AND TIMING OF DEPOSITION

The Cotham Member of the Lilstock Formation was deposited in the latest Rhaetian during
the ETME interval (e.g., (Lindstrém et al., 2017; Mander et al., 2008) during a marine
transgression as part of a shallow, storm-dominated carbonate ramp (Fig. 2). The ramp likely
alternated between periods of restriction and connection to open marine waters (Hesselbo et

al., 2004; Ibarra et al., 2014). The first Jurassic ammonite is found a few meters above the
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CM interval within the Blue Lias Formation (Warrington et al., 2008). The CM microbialites
are characteristically ~20 cm thick calcite deposits that alternate between a finely laminated
stromatolitic mesofabric (L) and a dendrolitic mesofabric (D) (Fig. 1B) (see Wright and
Mayall, 1981; Ibarra et al., 2014; Ibarra et al., 2016; Ibarra and Corsetti, 2016 for details on
the microbialites)./ Typical CM microbialites initiate with a lower laminated layer (L1)
composed of fine-grained calcite (micrite), followed by dendrolite “shrubs” in a micrite
matrix (D1) (Ibarra et al., 2014). The alternation repeats (L2 and D2) and terminates with an
upper laminated layer (L3). Spar, crystal fans, and other obvious secondary precipitation
features are largely absent from the structure, and primary porosity is low. The mineralogy
remains calcitic throughout the structure. Furthermore, the detailed succession of mesofabrics
can be traced from individual CM mounds located over 100 km apart, suggesting the
depositional system was widespread (Ibarra and Corsetti, 2016) and captured a nonlocal
biosedimentary response to the ETME (lbarra et al., 2014; 2016).!

The microbialite unit contains a negative excursion in #3C,,, and an abundance of
prasinophyte algae preserved in between the dendrolites (Ibarra et al., 2016), both features
are most likely correlated to what has been termed the “initial’ negative carbon isotope
excursion and algal blooms found coincident with the extinction horizon in other ETME
successions globally (Gotz et al., 2009; Hesselbo et al., 2002; Ruhl et al., 2011; van de
Schootbrugge et al., 2007). Lindstrim et al. (2017) provide an alternative correlation that
would place the CM slightly later in time, but still well within the extinction interval in the
latest Rhaetian. It is uncertain how much time is represented by the CM. Ruhl et al. (2010)
calculated (via astrochronology) that the sedimentary package hosting the initial carbon
isotopic excursion at nearby St. Audries Bay represents 20-40kyr; and Yager et al. (2017), via
a well-dated succession in Peru, suggest the initial carbon excursion from peak to nadir lasted

85+25 kyr, providing an upper limit. The rate of microbialite accretion, however, is difficult



to estimate. Microfacies analyses of the exceptionally preserved microbialite micritic fabrics
and organic-walled microfossils within the CM point to geologically short precipitation of the
CM (likely on a sub-millennial timescale (Ibarra et al., 2016), while comparison to known
marine microbialite accretion rates would suggest between ~580 and ~1100 years (Chivas et
al., 1990). Extrapolation from known lacustrine microbialite accretion rates suggest the
structure took ~500 to 3000 years to accrete (e.g., (Petryshyn et al., 2012; 2016)). Thus, the
CM potentially provides a relatively high-resolution climate record during the mass
extinction event.

3. METHODS

3.1 Clumped Isotopes Measurements

Calcite powder was drilled from all 5 layers of a CM sample from Bristol (Fig. 1B) for
clumped isotope analysis. Samples were measured on a specially modified Thermo Fisher
253 dual inlet gas source mass spectrometer dedicated to measuring masses 44-49 of CO, at
the Tripati Lab at UCLA. The mass spectrometer is attached to a custom-built automated
system for carbonate sample preparation, purification, and introduction, (after Passey et al.
(2010)). The system is composed of (1) a stainless steel Costech Zero Blank autosampler that
will pull high vacuum, (2) a common phosphoric acid bath for digestion of samples at 90°C,
(3) cryogenic traps (dry ice/ethanol, and liquid nitrogen) for the purification/collection of CO,
and removal of water and other gases with low vapor pressures, (4) a gas chromatograph with
a packed column and a cryogenic trap to further purify CO, through the removal of organic
contaminants with helium as a carrier gas, (5) cryogenic traps to remove the helium, and (6) a
final set of valves and traps to further purify CO,and transfer it into the sample bellows of the
mass spectrometer. Background measurements were performed daily and corrected for.
Approximately six sample analyses and three standard analyses were performed each day.

Both carbonate standards and ‘equilibrated gases’ were analyzed. Equilibrated gases are



composed of CO, that has been equilibrated at either 25 or 1000°C with different bulk 180
and !3C ratios. At 1000°C, CO, has a stochastic distribution of isotopes between
isotopologues. Gases in quartz breakseals are heated to 1000°C for two hours and then
quenched at room temperature. These two types of standard gases are then purified and
analyzed using the same protocol as samples and standards. Carbonate standards of known
isotopic composition (Bernasconi et al., 2018) were used for the calculation of sample $4,
values on the Carbon Dioxide Equilibrium Scale (CDES-90; Bernasconi et al., 2018; Dennis
et al., 2011). Typical precision is 0.009 %o (1 s.e.), equivalent to about 2°C (cf. (Dennis et al.,
2011; Eagle et al., 2010; Eiler, 2007; Guo et al., 2009; Henkes et al., 2013; Huntington et al.,
2009; Passey et al., 2010; Thiagarajan et al., 2011; Tripati et al., 2010)). Average slopes and
intercepts for the nonlinearity correction and the empirical transfer function (ETF) were
calculated on a month-by-month basis (Table 1). Samples were run in three separate batches
in separate months (March 2014; October 2014; and November 2014) in order to ensure that
no mass spectrometric effects or short-term machine instabilities were responsible for the
observed temperatures. Organic contamination of the system can bias results towards lower
temperatures. To screen for this contamination, we monitored CO, mass 48 and 49 in
addition to 44 through 47. Large, irregular variations in mass 48 or 49 would indicate the
presence of a system contaminant; no such signals were observed. All data are reported using
the Brand parameter set (Daéron et al., 2016). Data were processed using Easotope software

(John and Bowen, 2016).

3.2 Clumped Isotope Temperature Calibration

"7 (CDES-90) values were converted to temperatures using the methods of Bernasconi et al.,

(2018). This method calibration equates "";; to temperature via equation 1:

"*;=(0.0449 + 0.001 x 10°)/T2 + (0.167 £ 0.01) (1)



where T is the temperature in degrees Kelvin. Errors in reported **;; values and calculated
temperatures include the propagated uncertainty in heated gas determination and in sample

measurement (Huntington et al., 2009).

3.3 Modeling

For this study, we employed HadCM3L, a version of the UKMO Unified Model. HadCM3L
is very similar to the HadCM3 (Gordon et al., 2000) fully coupled Atmosphere-Ocean
General Circulation model, but with a lower resolution ocean (2.5° latitude by 3.75°
longitude compared with 1.25° by 1.25°). The atmospheric and oceanic components of the
model comprise a resolution of 2.5° by 3.75°, with 19 vertical levels in the atmosphere and
20 vertical levels in the ocean. A Hettangian (201.3-199.3 Ma) model configuration was
constructed utilizing high-resolution (0.5° x 0.5°) paleogeographic boundary conditions
created by Getech Plc under the framework of Markwick and Valdes (2004) and interpolated
to the HadCM3L grid. The paleogeography can be considered as representing the midpoint of
the Hettangian (~200 Ma). Our paleoclimate simulation uses a modern orbital configuration,
but with an appropriate reduction in solar constant following Gough (1981) (1342.34 W/m?
vs. 1367 W/m? for the modern). The experiment was initialized at 280 ppmv atmospheric
CO; (preindustrial level) and run for 50 years, after which atmospheric CO, was prescribed at
1120 ppmv (4x preindustrial level) and run for a further 1372 years (1422 model years in
total) to allow surface and intermediate ocean conditions to approach equilibrium (Fig. S1).
The initial 422 years of the model simulation have a purely baroclinic ocean circulation to
ensure stability during spin-up; the barotropic circulation is initialized after 422 years for the
remaining 1000 model years. The model simulation is configured and run using an identical
methodology to that described in detail in Lunt et al. (2016) and has been succesffuly applied

for various stuides (Farnsworth, et al. 2019a,b), the only differences between our Jurassic



simulation presented here and the Cretaceous/Paleocene/Eocene simulations in Lunt et al.,

2016 being the paleogeography and solar constant.

This simulation yielded monthly output; we extracted annual, decadal, and centennial SST
variability from the final 900 years of the experiment where SSTs have approached near-
equilibrium (Fig. S1). The 900-year time series was detrended using a linear regression
model (Eg. 2) to remove any linear trend in the series allowing the mean to then be removed

to leave the residual.

Yi = by +byX; (2)

Where: Y; is the estimated value for observation i (the timeseries of model monthly mean

SST)

ho is the estimate of the regression intercept

b, is the estimate of the regression slope

X; is the value of X for observation i

A further 31-year simulation with extended 6-hourly model output was run to determine the
diurnal component of SST variability. A 10-year and 100-year running mean was performed
on the time series and then analyzed to ascertain the decadal and centennial signal
respectively using a boxcar averaging filter. In our Hettangian paleogeographic
reconstruction, Bristol is located at 37.25°N, 9.4°W, an ocean grid-point. We produce ,!).*$!
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Seasonality along the northern edge of the Tethys (including paleo-Bristol) is especially
strong in the model because a) Compared with equatorial regions, the mid-latitudes (paleo-
Bristol is at ~37°N) are generally regions of high seasonality due to large seasonal differences
in insolation; b) the shallow water depth (Fig. S3) and year-round rainfall in the region limit
vertical mixing. The resulting highly-stratified water column means local SST is primarily
driven by seasonal changes in insolation; and c) continental land-masses have large
seasonality and, due to the prevailing winds (west to east), this seasonality is communicated

to the ocean to the east of the continent.

4! RESULTS
Carbonate stable isotopes (#°C, ##0) and "*,; temperatures from the CM vyield plausible

primary values that are internally consistent within layers. Overall, the dendrolitic layers



formed at lower temperatures (13.1 £ 3.6°C, SD) than the laminated layers (29.6 £ 4.7°C,
SD), for a difference of 16.5°C between layers (Fig. 3; Table 1B). The carbonate #*0O and
#13C values of the CM microbialite have low variability (within 1%. V-PDB) are not
correlated (R? = 0.33).

"' temperature values and carbonate #0 values were used to calculate the #20 of
water from which the mineral precipitated using the temperature-dependent fractionation
between the two phases (Kim and O'Neil, 1997). Individual results range from +3.3%o V-
SMOW to -1.6%0 V-SMOW, with laminated layers averaging heavier values (+2.2 £ 0.9%o),
and dendrolitic layers averaging lighter values (-1.1 + 0.8%o) (Table 1B).

Using the fully coupled atmosphere-ocean general circulation climate model
HadCM3L (see Supplemental Information), simulated annual global mean sea surface
temperature (SST) for the Hettangian (the earliest stage of the Jurassic) at 4x preindustrial
CO; is 21.8°C, with paleo-Bristol (~37.3°N paleolatitude, ~9.4°E paleolongitude derived from
the Getech Plc. plate model) averaging 23.5°C (Fig. 4A). In paleo-Bristol, summer (Jul-Sep)
and winter (Jan-Mar) SSTs average 30.9°C (Fig. 4B) and 14.1 °C (Fig. 4C), respectively,
giving a seasonal range of 16.7°C (Fig. 5).

4.1 Veracity of clumped isotope temperatures

Any deep-time clumped isotope study must address the potential for solid-state reordering,
whereby solid-state diffusion of C and O atoms into the mineral lattice can reorder bonds
without obviously changing the mineral microstructure (Henkes et al.,, 2014). On the
timescales of 105-108 years, such as those considered here, a mineral need only be heated to
100°C before reordering commences (Henkes et al., 2014) with temperatures of 150°C (or 5-6
km of burial) sufficient to entirely reorder a calcite in 10® years (Henkes et al., 2014).
However, if the burial temperature remains under 100°C, little to no solid-state reordering

will occur, even on geologic timescales (Henkes et al., 2014). Here, the CM layers record



different, but internally consistent "",; temperatures. Wholesale reordering via burial
temperature increase would erase differences between the two facies. The fact that the two
mesofabrics maintain the same mineralogy but record significantly different temperatures
(i.e., were not homogenized) argues against solid state reordering. In addition, the
preservation of the organic matter within the CM (amber appearance of microfossils (Ibarra
et al.,, 2016)) suggests that it is low on the thermal alteration index, indicating that these
samples have likely remained at temperatures below 100°C. Cathodoluminescence (CL) was
also performed as a means of detecting readily apparent post-depositional alteration
(Kaufman and Knoll, 1995). Micrite in all facies of the CM shows mild-to-no luminescence,
which is indicative of low levels of diagenesis (Fig. 6). While low levels of luminescence do

not preclude that solid-state reordering has taken place, they show that to a first order, no

wholesale recrystallization has taken place in the different facies.

Mineralogic differences between facies can result in different apparent temperatures
due to non-linear isotope mixing effects, if those facies have vastly different #80 and #'3C
values (Defliese et al., 2015). For example, an apparent temperature difference of ~13°C
could result from mixing sources that have -15 %o offset between their stable isotope values,
and ~7 °C of apparent change could result from a -10 %o offset in initial stable isotope values.
However, isotopic offsets between facies of less than -2 %0 cannot produce large artificial

differences in the measured "°;; values (Defliese et al., 2015). Although the
macromorphologies of the two CM facies are distinct, both are comprised of micritic calcite
(as opposed to sparry or blocky calcite), with stable isotopic signatures that are largely within

1 %o of each other, limiting the chances of non-linear isotope mixing effects.

Rapid precipitation rate (on the order of mm/day) may impart a kinetic isotope effect

on "";; values (e.g, (Affek et al., 2008; Tripati et al., 2015)), while “slow” crystal growth (on



the order of %m/year) favors attainment of bond equilibrium (Tripati et al., 2015). The only
modern environments in which calcification is rapid enough to impart a kinetic effect on the
"*4 values are extremely supersaturated carbonate hot springs and fast-drip speleothems
which also form by the vigorous degassing of CO, (Fouke, 2011). Given the micritic
microstructure of the CM, and timing of the negative carbon excursion reported by Yager et
al. (2017), it seems very unlikely that the microbialite accreted quickly enough to produce

strong kinetic isotope effects.

There are reported deviations between the isotopic compositions of biogenic
carbonates (e.g. corals, mollusks, brachiopods, and echinoderms) and those of inorganic
carbonates precipitated under identical conditions (Bajnai et al., 2018; Davies and John,
2019; Dennis et al., 2013; Henkes et al., 2013; Thiagarajan et al., 2011). This ‘vital effect’
occurs when the fluid at internal calcification sites has a different pH or DIC composition
than the external seawater (e.g., Davies and John, 2019). Seawater DIC is predominantly in
the form of bicarbonate (HCO; ). Higher internal pHs favor speciation into the carbonate ion
(COs %) while a lower pH will shift the speciation toward carbonic acid (H,COs). The
speciation of the DIC pool can impact clumped isotope temperatures, with the difference
between **;; (HCO; ") and **4; (CO;?) ranging between 0.018 %o to more than 0.033 %o (Hill
et al., 2014). Microbialites, however, are not actively biomineralizing organisms with
internal calcification sites. These structures form via the activity of microbes, which change
the seawater carbonate saturation index by increasing alkalinity/removing DIC, or trap and
bind local sediment into the structure. Thus, the precipitated carbonate is in isotopic
equilibrium with seawater and not likely subject to vital effects. Modern lacustrine
microbialites and microbially-induced tufa deposits from sites with a range of salinities (from
freshwater to hypersaline) have been found to yield clumped isotope temperatures that are in

equilibrium with the surrounding waters (Arnold et al., in review; Petryshyn et al., 2015;



Petryshyn et al., 2016). While it is impossible to know the exact microbial communities
present during the accretion of the CM, it is likely that some photosynthesizing organisms
(represented by mat-liftoff structures and prasinophyte algae) and sulfate reducers (as
indicated by the presence of pyrite-coated microfossils) were present (lbarra et al., 2014;
2016). Both of these metabolic reactions tend to increase the saturation state of calcium
carbonate in surrounding waters (photosynthesis, by consuming DIC; and sulfate reduction

by producing bicarbonate).

Large-scale changes in salinity or pH are also predicted to have impacts on apparent
clumped isotope temperatures if carbonate minerals are precipitating quickly and are not in
full isotopic equilibrium with seawater, as these environmental changes alter the speciation of
the DIC pool (Hill et al., 2014). For instance, a carbonate precipitated rapidly from freshwater
at 25°C and a pH of 7 could give a very different apparent clumped isotope temperature than
the same mineral precipitated at a pH of 12. The offset is predicted to be as high as 9°C (Hill
et al., 2014). Salinity is also predicted to have an effect; increasing from freshwater to 50ppt
salinity is theorized to cause ~ 3.6°C underestimation of temperature (Hill et al., 2014). In
order to produce the temperature swings on the order of magnitude observed in the CM,
salinity would have had to doubled, and pH would have had to moved from circumneutral to
~12 between layers (and then back again). We see no evidence of such drastic cyclical
environmental changes. Furthermore, as stated above, it is unlikely that the CM precipitated

quickly enough to be out of equilibrium with surrounding seawater.

5.! DISCUSSION

Our results represent the first temperature record from at or near the ETME horizon and thus
allow the warming or cooling hypotheses to be addressed. One previous study, which

captures the tail end of the ETME interval, calculated paleotemperatures on least-altered

"%



oyster calcite of between 7-22°C (Korte et al., 2009) by assuming a #*0O of seawater of -
1.2%0 V-SMOW. The traditional oxygen isotope paleothermometer exploits the temperature-
dependence of the isotopic fractionation between the #20O of the fluid of formation (e.g.
seawater) and the ##0O of the carbonate. ,-./0/1, using this method, the isotopic
composition of seawater, which is variable over time and space (LeGrande and Schmidt,
2006), must be assumed to calculate a temperature (Epstein et al., 1953; Kim and O'Neil,
1997). While the carbonate #20 values we report for the laminated and dendrolitic facies in
the CM are nearly identical to the previous study’s values (Korte et al., 2009), the **4
temperatures do not correlate with carbonate #%0 in the CM (Fig. 7) emphasizing the
problematic nature of the seawater #20O assumption necessary in the traditional ##O
paleotemperature proxy.

The cause of the large temperature difference (~17 °C) between the laminated and
dendrolitic facies was investigated via comparisons with output from the HadCM3L model
results. We first consider the possibility that the temperature swings are driven by cyclic
climate variability. In our simulation, in which pCO, was prescribed at 4x preindustrial
levels, seasonal SST variability for paleo-Bristol is 16.7 °C (Fig. 4) and in line with the
measured temperatures from the CM (Figs. 3, 5B). Other modes of cyclic SST variability in
our model (diurnal, inter-annual, inter-decadal, centennial, and orbital, Fig. 5B) yielded
regional SST variability (35-45°N, 0-20°E) that was one or more orders of magnitude smaller
than the inter-facies temperature variability measured in the CM (0.39°C for diurnal, 0.91°C
for inter-annual, 0.42°C for inter-decadal, 0.26°C, and 2.26°C for orbital, respectively, Fig
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If the temperature swings in the CM instead represent non-cyclical variation over
time, one possible interpretation is that the cooler, dendrolitic facies record true ‘background
climate’ with the warm temperatures in the laminated facies representing temperature spikes
due to stochastic periods of pCO, increase. However, there are several arguments against this
scenario. If the dendrolitic facies represent true ‘background climate’, then the CM records at
least three temperature spikes of ~17°C followed (at least twice) by a cooling and a return to
‘background’ temperatures. Given a climate sensitivity of between 1.5 to 4.5°C (IPCC, 2014),
at least three atmospheric pCO; increases on the order of 8- to 1024-fold (three to ten
doublings) would be required to explain the CM temperature record. By way of comparison,
Huynh and Poulsen (2005) modeled the end-Triassic climate at 2, 4, 6, and 8 times pre-
industrial pCO,, finding that global mean SSTs increased by only 5.4°C over this pCO, range
(<10°C for the paleo-Bristol region), short of the temperature increases recorded by the CM.
T-J pCO; reconstructions from fossil plant stomata and pedogenic carbonates indicate 1-4
instances of pCO, doubling to quadrupling in association with the T-J transition (McElwain
et al., 1999; Schaller et al., 2011; Schaller et al., 2012), well short of that required to explain
our data. Moreover, the natural atmospheric CO, relaxation timescale in models is on the
order of 100s of kyr (Lord et al., 2015), which matches the observed timescales of T-J pCO,
drawdown from pedogenic carbonate records (Schaller et al., 2011; Schaller et al., 2012).
Thus, each transition from laminated to dendrolitic facies would need to represent 100s of
kyr, an order of magnitude longer than plausible given the depositional scenario (Ibarra et al.,

2016: Ruhl et al., 2010).



Conversely, it is possible that the warmer, laminated facies record true ‘background
climate’, with the dendrolitic facies recording short-term sulfur aerosol-induced stochastic
cooling events (e.g. (Guex et al., 2016; Landwehrs et al., 2020)). We consider that a
background mean annual SST of 32°C for paleo-Bristol (located at ~37°N latitude) would
imply unrealistic equatorial SSTs (given a reasonable pole-to-equator temperature gradient)
and unrealistic summertime SST along the northern edge of the Tethys (given the strong
seasonality in the region). Furthermore, sulfur aerosols have a very short residence time in the
atmosphere (3-10 years if the eruption penetrates the stratosphere) (Rasch et al., 2008), thus
any substantial global cooling requires that the eruptions are massive and rapidly pulsed
(Mussard et al., 2014; Landwerhs et al., 2020) or sustained (Schmidt et al., 2016). LIP-
sourced massive and pulsed or sustained sulfur aerosol and ash injections should be
accompanied by CO, emissions (which are isotopically depleted relative to the dissolved
inorganic carbon (DIC) composition of the surface ocean). The faster the CO, pulse to the
atmosphere, the larger the #3Cpc excursion in the surface ocean (Kirtland Turner and
Ridgwell, 2016). We do not observe a consistent pattern of lighter #'C.,,, associated with the
dendrolitic facies (Table 1). Landwehrs et al. (2020) modeled coupled carbon and sulfur
emission pulses during the ETME and quantified the results in terms of maximum possible
warming and cooling. Pulses of high volcanic activity were found to give rise to transient
cold phases and subsequent warming. The maximum total predicted warming from the
modeled scenarios is 4.4°C, while at the more extreme ends of sulfur emissions, as much as
25°C cooling was predicted. While this is a large enough magnitude of cooling to explain the
temperature variations found in the CM, the authors found such a scenario to be unlikely
(Landwehrs et al., 2020). Fifteen to 25°C cooling over such geologically short time periods
would predict the onset of ‘snowball Earth’ conditions, and the ETME lacks evidence of

widespread glaciation (Landwehrs et al., 2020). While we cannot rule out the possibility of



short-lived aerosol-induced cooling intervals as the CM may simply lack the resolution to
capture it, we consider it highly unlikely that the cooler temperatures we observe in the
dendrolitic facies are attributable to this mechanism.

Given that temperature decreases with depth in the ocean, we consider whether the
temperature differences between laminated and dendrolitic facies could have resulted from
changes in sea-level. In the model, surface-benthic mean annual temperature difference in the
Bristol region is 9.8°C (maximum model water depth in the region is 139m) (Fig. S3). To
produce 5 layers alternating between high and low temperatures by sea level change alone
requires at least 4 sea level changes, each on the order of >100m. We consider this scenario
highly unlikely - especially as outcrop localities in the southwest UK do not record evidence
for repeated sea-level changes of this magnitude at the level of the CM. Moreover, the
depositional timescale of the CM necessitates that these sea-level fluctuations occurred on the
order of kyrs or faster.

Alternatively, the temperature variations could be interpreted as patterns of restricted
versus open marine conditions. Water isotope calculations indicate mildly evaporative
conditions in the warmer, laminated facies and open marine conditions in the cooler,
dendrolitic facies, and rare pseudomorphs of gypsum (indicating some evaporative
conditions) have been documented near the base of the lowest laminated CM layer (Ibarra et
al., 2014). In the paleo-Bristol region of our model, mean annual SST is very tightly coupled
to mean annual surface air temperatures over the adjacent land mass (<1.5°C difference for all
three orbital configurations) largely because the prevailing winds communicate the
continental temperatures to the adjacent shallow marine setting. A restricted basin in this
region would experience amplified seasonality (warmer summertime temperatures and colder
wintertime temperatures), but a similar mean annual temperature compared to the nearby

open marine setting. It is also possible that some unknown variable other than the ones



discussed above (pH, salinity, solid-state reordering, non-linear mixing effects, fractionation
due to changes in microbial community, and rate-dependent kinetic isotope fractionations)
may have impacted the apparent clumped isotope temperatures. However, we have no
evidence at this time that leads us to doubt the veracity of the temperatures recorded by the
CM.

Thus, seasonal temperature variability (perhaps amplified by changes in restriction)
remains the only plausible driver of the observed large magnitude temperature swings in the
CM. Our favored interpretation is that the laminated facies reflect periods of carbonate
precipitation predominantly during warmer times of year (e.g. summertime) compared with
the dendrolitic facies. We do not imply that the entire CM was deposited in a matter of three
years, rather that each facies switch (from laminated to dendrolitic) represents a change in the
predominant seasonality of carbonate precipitation.

The oscillation between an intermittently stable period of deposition favoring warmer
months and a subsequent stable period favoring cooler months is highly plausible in large,
marginal marine lagoon systems (e.g., (Vasconcelos et al., 2006)). The reconstructed #20 yater
in the CM is consistent with a lagoon system intermittently connected to, or restricted from,
open marine conditions (e.g., (Hesselbo et al., 2004)), where the barrier responsible for the
minor restriction is breached/reestablished on the timescale of the facies switch from
laminated to dendrolitic (in this case, likely kyr in duration). Breach/reestablishment of such
barriers is a common feature in large lagoon systems!(Vasconcelos et al., 2006) and can take
place on a variety of timescales (from annual to multi-millennial). We posit that the
laminated facies would form during minor restriction from open seawater, where slightly
restricted conditions would favor carbonate precipitation aided by evaporative processes and

enhanced summertime warmth relative to the open ocean. The dendrolitic facies would form

e



when the system is more open to the ocean, either without seasonal bias or preferentially
during cooler months.

We interpret the CM temperature record to represent seasonality over a period of a
few thousand years within the ETME interval. Crucially, this interpretation holds whether the
CM precedes, coincides with, or postdates any particular pulse of CAMP volcanism. Our
analysis is based on what we consider the most likely position of the CM relative to CAMP
volcanism. Current evidence would suggest the CM was deposited during the negative carbon
isotope excursion coincident with a large pulse of CAMP volcanism. If the timeline is
revised, such that the CM is definitively pre- or post-CAMP pulse(s), then this temperature
record could be reinterpreted and, in conjunction with General Circulation Models, be used as
a tie point to reconstruct climate during or after CAMP volcanism.

6.! CONCLUSIONS AND SIGNIFICANCE FOR THE ETME
Our results show multiple changes in temperature of ~17 °C at the ETME interval, which we
conclude, given the implausibility of other scenarios, must represent a strong seasonal
temperature signal. This interpretation closely matches the local strength of seasonality in
general circulation models (both this study and Huynh and Poulsen (2005), lending credence
to our interpretations of the timescale represented by the proxy data.

The exact mechanism for the ETME remains the subject of intense debate. While we
cannot rule out a brief global-cooling event on timescales faster than the resolution of our
record, we find no evidence for millennial-scale global cooling (Guex et al., 2016) following
the initiation of CAMP volcanism. Additionally, we cannot resolve millennial-scale increases
in temperatures in the region, implying that, at least locally, the initial extinction is not
attributable to extreme warming. Thus, factors other than temperature change (e.g. ocean
acidification, anoxia, or euxinia, as suggested by a number of recent studies; (Jaraula et al.,

2013; Jost et al., 2017; Kasprak et al., 2015; Richoz et al., 2012; van de Schootbrugge et al.,
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2007) may have been responsible for the initial onset of the ETME, one of the most severe
ecological crises in the last 500 million years. Our results constitute the oldest non-
biomineralized marine seasonal temperature record, and demonstrate the potential for
capturing high-frequency climate variability in the ancient rock record using archives with
extraordinary resolution and preservation.
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