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The Toarcian Oceanic Anoxic Event (T-OAE; ~183 Mya) was a globally significant
carbon-cycle perturbation linked to widespread deposition of organic-rich sediments,
massive volcanic CO, release, marine faunal extinction, sea-level rise, a crisis in carbonate
production related to ocean acidification, and elevated seawater temperatures. Despite
recognition of the T-OAE as a potential analog for future ocean deoxygenation, current
knowledge on the severity of global ocean anoxia is limited largely to studies of the trace
element and isotopic composition of black shales, which are commonly affected by local
processes. Here, we present the first carbonate-based uranium isotope (5°°°U) record of
the T-OAE from open marine platform limestones of the southeastern Tethys Ocean
as a proxy for global seawater redox conditions. A significant negative 8°U excursion
(~0.4%o) is recorded just prior to the onset of the negative carbon 1sotope excursion
comprised within the T-OAE, followed by a long-lived recovery of §***U values, thus
confirming that the T-OAE represents a global expansion of marine anoxia. Using a
Bayesian inverse isotopic mass balance model, we estimate that anoxic waters covered ~6
to 8% of the global seafloor during the peak of the T-OAE, which represents 28 to 38
times the extent of anoxia in the modern ocean. These data, combined with 5***U-based
estimates of seafloor anoxic area for other CO,-driven Phanerozoic OAEs, suggest a
common response of ocean anoxia to carbon release, thus improving prediction of future
anthropogenically induced ocean deoxygenation.

climate change | ocean deoxygenation | ocean fertilization | Oceanic Anoxic Event

The Toarcian Oceanic Anoxic Event (T-OAE; ~183 Mya) is a carbon cycle perturbatlon
related to the widespread deposition of organic-rich shales (1). A large negative 8'"°C
excursion (n-CIE) is embedded w1th1n the broad positive 8"°C excursion that characterizes
the T-OAE, with this negative 8'°C anomaly triggered by the release of large amounts of
greenhouse gases to the ocean—atmosphere system related to extensive volcanism from the
Karoo—Ferrar—Chon Aike large igneous province (KFCA-LIP) (1-3). The emplacement
of the KFCA-LIP is estimated to have released 20,500 Gt of carbon in seven pulses, which
led to a stelpW1se increase in pCO, from ~650 ppm to ~1,700 ppm and drove a n-CIE of
~4%p in 8"C_,, and ~6%o in 8"°C,,, (4), with the magnitude of §'°C excursions at dif-
ferent localities influenced by local effects (5). This global carbon cycle perturbation was
linked to significant environmental changes such as an increase in seawater temperatures
(6), a crisis in carbonate production (7) likely related to ocean acidification (8, 9), enhance-
ment of the hydrological cycle (10) and weathering rates (11), enhanced marine primary
productivity (12), and the expansion of marine anoxia (13, 14) that is expressed in wide-
spread deposition of organic-rich sediments across the globe (1, 5, 15). These global
biogeochemical perturbations led to substantial turnover in the marine biosphere, repre-
senting a “second-order” mass extinction characterized by a loss of ~5% of marine families
(16), including major effects on ammonites, benthic foraminifera, and corals (2, 17), as
well as ecological changes in belemnites (18) and ichnofossil assemblages (19).

When comparing the T-OAE with recent changes in the Earth system (and acknowl-
edging disparities in continental configurations over time), the scale of anthropogenic
impact becomes evident. In the brief span from 1850 to 2019, spanning just 169 y, human
activities have contributed an estimated 2,390 + 240 Gt of CO, (20)—an astonishing
12% of the entire CO, release observed throughout the extensive 300 to 500-kyr duration
of the T-OAE n-CIE (21). This evidence underscores the accelerated pace and magnitude
of contemporary CO, emissions, representing 12% of the T-OAE n-CIE’s cumulative
CO, release within a mere 0.035% of its duration. Thus, understanding the response of
ocean anoxia to CO, emissions during the T-OAE n-CIE is highly relevant because CO,
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A significant negative §2*2U
excursion (~0.4%o) starting just
prior to the onset of the negative
carbon isotope excursion within
the Toarcian Oceanic Anoxic Event
(T-OAE) has been recorded,
followed by a long-lived recovery
of 528U values. This excursion
represents a global expansion of
marine anoxia of ~6 to 8% of the
global seafloor during the peak of
the T-OAE, which represents 28 to
38 times the extent of anoxia in
the modern ocean. When
compared with estimates of
seafloor anoxic area for other
CO,-driven global anoxic events,
the T-OAE was the second-largest
anoxic event of at least the last 300
My. As such, the T-OAE represents
a powerful analog for future
anthropogenic ocean
deoxygenation.
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emissions during this event were comparable in magnitude to what
may be expected for Earth in the coming millennia.

The n-CIE interval within the T-OAE is characterized on the
North European Shelf (Cleveland, German, and Paris basins) by
a8"C,,, excursion of -5 to ~7%o and a 8"°C,_,, excursion of -3
to —6%o (5), as well as substantial local enrichment in total organic
carbon (TOC) with rock TOC values normally between ~5 and
10 wt.%, reaching as high as ~17 wt.% (5, 22). However, the
magnitude of the SBCMg and 8"C_,, excursion through the
n-CIE interval is highly variable across the rest of the Tethys Ocean
and at a global scale, ranging from -0.8 to -8.6%o and -0.6 to
~6.0%o, respectively (5). In addition, relatively high TOC strata
(>2.5 wt.%) are typically thought to record anoxic to euxinic
(anoxic + sulfidic) local depositional conditions during the T-OAE
(22), but the highest TOC strata (>5 wt.%) are only found in
hydrographically restricted basins with low sedimentation rates
[mostly, the North European Shelf (13, 22)], and many other
basins only show a modest to negligible enrichment in TOC (5,
22). Consequently, our knowledge of the global extent of marine
anoxia during the T-OAE n-CIE is derived mostly from local
redox proxies applied to sections in the northern hemisphere
deposited in restricted basins, challenging the global significance
of marine anoxia during the T-OAE.

Transition metals and their isotopes represent powerful proxies
for global redox conditions, and previous application of Mo and
Tl isotopes to organic-rich mudrocks (23-26), as well as trace
metal concentration modeling (14, 27) have shed light on the
dynamics of ocean deoxygenation during the T-OAE. For example,
low 8”*Mo values of euxinic shales from Europe across the T-OAE
indicate expanded global ocean euxinia [~2 to 10% of the global
seafloor (23)]—however, the potentially highly restricted nature
of these sedimentary basins has led to challenges of this
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interpretation (28). Conversely, €*° Tl in shales would be expected
to shift to higher values associated with expanded ocean anoxia,
and Canadian shales indeed exhibit two shifts to higher 2Tl
values across the T-OAE interval—one beginning ~500 to 600 kyr
before the onset of the n-CIE and a second, larger excursion asso-
ciated with the onset of the n-CIE (25). Modeling of these T1
isotope data indicates that seafloor Mn oxide burial decreased by
at least 50% during the peak T-OAE; however, Tl isotopes are not
a direct proxy for seafloor anoxic area, leaving remaining uncer-
tainties in the global extent of marine anoxia. The elemental mass
balances of Re and Mo were applied to Canadian black shales to
estimate anoxic and euxinic seafloor area, respectively, across the
T-OAE, concluding that there was a minor expansion of seafloor
anoxia preceding the n-CIE followed by a maximum of ~7%
global seafloor anoxic area (dominated by euxinia) at the onset of
the n-CIE (14). Although these data are robust, metal isotopes
and abundances in organic-rich mudrocks are highly sensitive to
local conditions, and fluctuating local redox conditions [i.c., the
lack of consistent local euxinia throughout the entire studied sec-
tion in Canada (14)] can introduce substantial uncertainties in
interpreting global signals.

Here, we present the first complete carbonate-based uranium
isotope (8§7°U) record across the T-OAE, providing an independent
and unique constraint on global seafloor anoxic area. The &7%U
composition of marine carbonates has emerged as a powerful proxy
for the global extent of marine anoxia (29, 30), and here we present
5?®U data from limestones of the Mercato San Severino section
(MSS) of southern Italy (Fig. 1). These strata are part of the
Apennine Carbonate Platform (ACP), which consists of a
5-km-thick pile of Upper Triassic to Upper Cretaceous
shallow-water carbonates deposited at tropical latitudes on the
southern margin of the Tethys Ocean. Stratigraphically, the section
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Fig. 1. Map of localities in which the T-OAE was previously recognized, along with our study site. Local anoxia refers to sites where redox proxy data reveal
locally dysoxic to anoxic conditions. The site of the MSS is shown by the star in the Inset. KFCA-LIP: Karoo-Ferrar-Chon Aike Large Igneous Province. Sections
numbered: 1: Arroyo Lapa and Arroyo Serrucho, Argentina; 2: Asientos, Chile; 3: El Pefion, Chile; 4: Haida Gwaii, Canada; 5: East Tributary of Bighorn Creek,
Canada; 6: Kelimyar River, Anabar Bay, and Polovinnaya River, Russia; 7: Sichuan Core A, China; 8: Sakuraguchi-dani Valley, Japan; 9: Katsuyama, Japan; 10:
Sakahogi, Japan; 11: Suobucha, China; 12: Niandou, China; 13: Wélong, China; 14: Foum Tillicht, Morocco; 15: Amellago, Morocco; 16: Boumardoul n”Imazighn,
Morocco; 17: Mellala, Morocco; 18: Rabacal, Portugal; 19: Peniche, Portugal; 20: Rodiles, Spain; 21: Es Cosconar, Spain; 22: Fuente Vidriera and La Cerradura,
Spain; 23: Mochras Borehole, Wales, UK; 24: Yorkshire, England, UK; 25: Bornholm, Denmark; 26: Mechowo, Poland; 27: Gorzow Wielkpolski, Poland; 28: Kozlowice,
Poland; 29: Brody-Lubienia, Poland; 30: Varbanchovets, Bulgaria; 31: Réka Valley, Hungary; 32: Creux de |”Ours, Switzerland; 33: Dotternhausen, Germany; 34:
Rietheim, Switzerland; 35: Sancerre Core, France; 36: Breggia, Italy; 37: Monte Mangart, Slovenia-Italy; 38: Gornje Jelenje, Croatia; 39: Velebit A and Velebit B,
Croatia; 40: Toka and Petousi, Greece; 41: Livartzki and Kastelli, Greece; 42: Monte Sorgenza, Italy; 43: Valdorbia, Italy; 44: Mercato San Severino, Italy (this study)
(for references and table listing these localities, the reader is referred to S/ Appendix).
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comprises the Lower Jurassic Palacodasycladus Limestones, charac-
terized by the abundance of the calcareous alga Palaeodasycladus
mediterraneus. The upper part of this unit is known as the Lithiotis
Member, due to the large abundance of lithiotid bivalves, organized
into large biostromes (31). Overlying this unit, a sharp transition
leads to the deposition of the Oolitic Limestones, marked by the
disappearance of the lithiotid bivalves and of P mediterraneus (8).
'The Lithiotis Member has been interpreted as having been deposited
in a very shallow marine environment in an inner platform setting,
far from the platform margin (31). The Oolitic Limestones consist
of very clean and well-sorted oolitic grainstones deposited in open
lagoonal and marginal shoal environments. Overall, both formations
represent shallow-marine carbonates, without any evidence of lim-
ited oxygen availability. While modest diagenetic alteration of ura-
nium isotope signatures can occur in such settings (discussed below),
this lithology can provide valuable insights into the uranium isotope
composition of ancient seawater.

Results

In the MSS section, 8”°U values begin near modern carbonate
values (average of -0.16%so for the first five data points) prior to
the n-CIE, followed by a sharp decline to -0.50%o0 ~2 m below
the onset of the n-CIE (Fig. 2). 87U values then reach a nadir
of -0.62%o at the onset of the n-CIE, followed by a progressive
rise back to near-modern carbonate values over the entire course
of the n-CIE. Above this, U values rise above modern car-
bonate values with an average §%°%U value of +0.07%eo for samples
above the n-CIE. We compared our *U data to diagenetic indi-
cators such as 8'*O and Mn/Sr ratios, as well as to Mg/Ca ratios
(an indicator of dolomitization) and sedimentary facies to assess
any diagenetic or local depositional effects on 8**U signals. Mn/
Sr ratios are exceptionally low throughout the study section (<0.12),
well below commonly employed diagenetic cutoff values of 2 or 10,
and there is little relationship between Mn/Sr and 57U (R?=0.25;
SI Appendix, Figs. S1 and S2). In addition, 8'%0 values are between
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-1.55%o0 and -3.79%so for the entire section (87 Appendix, Fig. S2),
which matches global Pliensbachian—Toarcian trends (32), arguing
against substantial diagenetic alteration. There is no relationship
between 8'°0 and §°U in our dataset (R* = 0.10; ST Appendix,
Fig. S1). Mg/Ca ratios are consistently <0.05, indicating that the
section has not experienced dolomitization, and U is substantially
enriched above crustal values (U enrichment factors = 32 to 379
based on sample U/Al ratios compared to the upper continental
crust), indicating that the majority of U in our samples originated
authigenically from seawater and is not detrital in origin
(81 Appendix, Fig. S2). In addition, the shallow-water, fossiliferous
nature of the sedimentary facies indicates locally well-oxgrgenated
conditions, which is preferable for capturing seawater §*>°U values
without the addition of isotopically heavy authigenic U(IV) under
conditions of local anoxia. There is also no clear relationship
between 8”°U and sedimentary facies as the major negative §*>*U
shift occurs within the Lithiotis Member and there is no change
in 8”°U values across the transition to the overlying Oolitic
Limestone. Thus, we are confident in the ability of the MSS sec-
tion to record seawater 8*°°U trends.

Discussion

Uranium in nature is dominated by two long-lived isotopes (*>U
and **U) whose half-lives are 0.7 and 4.5 Ga, respectively. Uranium
also exists in two main oxidation states: soluble U(VI) and insol-
uble, particle-reactive U(IV). Soluble U(VI) forms stable, unre-
active calcium—uranyl-bicarbonate complexes in seawater and
thus has a long residence time (~400 to 500 kyr), making it well-
mixed and isotopically homogenous in the modern ocean with an
isotopic composition *dur~u, expressed in delta notation as
57*U) of —0.379 + 0.023%o (33). Among various sinks for U in
the ocean, the strongest isotopic fractionation is associated with
removal of U to anoxic sediments, which preferentially sequester
the heavier isotope **U, thereby leaving residual seawater more
enriched in the lighter isotope *”U. Thus, an expansion of ocean
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Fig. 2. Chemostratigraphy of the MSS section. This includes lithostratigraphy, biostratigraphy, sedimentological 10g, 8"*Cpyr 8'°Corg and 872°U (8"*Coopy
and §'°C,, data from ref. 8). n-CIE = negative carbon isotope excursion within the T-OAE. LOWESS fit through §7*°U data was constructed using a span that
minimizes the corrected Akaike Information Criterion. Optimal span was chosen to be 0.7364 and the fit was implemented in the fANCOVA R package.
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anoxia will drive the §*U composition of global seawater toward
lower values. Recent data suggest that substantially less fraction-
ation occurs under ferruginous (anoxic + iron-rich) conditions
(34) and suboxic conditions (35) than under euxinic conditions,
and several recent studies (36, 37) found a relationship between
the degree of isotopic fractionation imparted during U removal
to anoxic sediments and hydrographic factors such as primary
productivity and basin restriction in both euxinic and noneuxinic
settings. Despite these complications, the size of the anoxic sink
for U in the oceans clearly exerts the dominant control on seawater
5**U values.

The 87*U composition of seawater can be faithfully recorded
in marine carbonate sediments under certain conditions. Modern
Bahamian carbonates show a modest but consistent isotopic offset
between seawater and sediment, with sediment enriched in **U
on average by +0.23%o [Bahamas median = -0.15%o vs. sea-
water = -0.38%o0 (33, 38, 39)]. Such positive offsets are
observed at different burial depths and across different carbonate
mineralogies, meaning they are pervasive but not systematic and
readily correctable. Still, shifts toward lower §***U values in ancient
carbonates are likely to derive from the expansion of global marine
anoxia, and this relationship can be quantified with associated
uncertainty using inverse isotopic mass balance modeling (40, 41).

The most parsimonious explanation for the pronounced nega-
tive 8°U excursion recorded in the MSS section is that it repre-
sents a global expansion of seafloor anoxia across the T-OAE. This
record represents the first independent, carbonate-based confir-
mation of the T-OAE as a global expansion of marine anoxia. Our
record suggests that anoxic conditions predated the n-CIE, reached
their peak just after the onset of the n-CIE, and recovered to
well-oxygenated conditions within the course of the n-CIE. We
used the most commonly accepted durations of the n-CIE [300
to 500 kyr (21)] to assign a chronology to our section based on
the assumption of uniform sedimentation rates. We then applied
a Bayesian inverse isotopic mass balance model (40) to the dataset
to estimate seafloor anoxic area over the course of the n-CIE. We
find that peak T-OAE anoxia likely represented ~6 to 8% of the
global seafloor, which is 28 to 38 times greater than the modern
extent of seafloor anoxia (Fig. 3). The inferred intensity of the
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event depends on its duration, with the shorter duration scenario
(300 kyr) implying a more severe event (~8% of seafloor anoxia,
with 16® to 84™ percentile CI of 5 to 13%) than the longer sce-
nario (500 kyr; ~6% of seafloor anoxia, with 16" 10 84™ percentile
CI of 4 to 10%). These results match well with recent estimates
of ~7% peak anoxic seafloor area using Re and Mo elemental mass
balance models based on data from organic-rich mudrocks (14),
suggesting that both shale- and carbonate-based approaches can
converge on consistent estimates of seafloor anoxic area in the
geologic past given optimal behavior of both shale- and carbonate-
based global paleo-redox proxies.

We can also compare our results with peak seafloor anoxic areas
for other Phanerozoic OAEs caused by volcanogenic CO, injec-
tion into the ocean—atmosphere system (Fig. 4). For example, our
estimate of ~6 to 8% seafloor anoxic area for the T-OAE n-CIE
is similar to §**U-based estimates of seafloor anoxic area during
the LIP-induced Triassic-Jurassic boundary event (40, 42). Our
estimates also suggest that the T-OAE was more severe than
Cretaceous OAE 2 across the Cenomanian—Turonian boundary
according to the 87%U-based estimates of ref. 43, although the
828U record of ref. 44 suggests that OAE 2 had a similar magni-
tude as the T-OAE. Similarly, our data suggest that the T-OAE
was more severe than the Paleocene—Eocene Thermal Maximum
(PETM) event (40, 44). In contrast, however, the T-OAE appears
to have been less severe than the Permo—Triassic boundary event
(40, 45), potentially explaining the large differences in marine
extinction severity between the two events. In addition, 578U
data suggest that many Paleozoic OAEs [e.g., Ordovician—Silurian
boundary event, Late Devonian Kellwasser and Hangenberg
events (40, 46—48)] were at least as severe if not more severe than
the T-OAE. In contrast to the CO, injection events described
above, however, these Paleozoic events were characterized by car-
bon burial and global cooling in an atmosphere with generally
lower pO,, making them less direct analogs for future ocean
deoxygenation.

Opverall, results from global paleo-redox proxies such as 5*8U
across multiple events paint a consistent picture of LIP-driven
CO, injection to the ocean—atmosphere system causing rapid
ocean deoxygenation that ultimately engulfs 5 to 10% of the
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Fig. 3. Inversion results for seafloor anoxic area (f,,o,) assuming (A) 300 kyr or (B) 500 kyr duration of the event. Black lines denote median; shading denotes
16" to 84" percentile Cl using a uniform correction of -0.23%o (39). Dashed red lines denote 16th to 84th percentile Cl using a randomly distributed diagenetic
offset of —0.23 + 0.15%o (the mean and 1 SD of ref. 39). SW = seawater. A shorter event implies a slightly greater expansion of seafloor anoxia to explain the

magnitude of isotopic shift over the interval.
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Fig. 4. Comparison of seafloor anoxic area (f,,,,) modeled using 5°*®U data
for avariety of Phanerozoic OAEs. These include the Permo-Triassic boundary
event (PTB, 252 Ma) (46), Triassic-Jurassic boundary event (T)B, 201 Ma) (42),
T-OAE (183 Ma, this study), Cretaceous OAE 2 (OAE-2, 94 Ma) (43, 44), and the
PETM (56 Ma) (45). Figure modified from ref. 39.

global seafloor and drives mass extinction of marine fauna. These
scenarios from the geologic past are highly relevant for modern
Earth as anthropogenic CO, release is already causing ocean deox-
ygenation (49) on an unprecedently rapid scale. Analogs from the
geologic past such as the T-OAE may aid in predicting the timing
and scale of future ocean deoxygenation, as well as its effect on
the marine biosphere.

Materials and Methods

Analytical Methods. Thirty samples covering 39.2 m of strata were collected
from the MSS section and crushed to a fine powder using an agate ball mill at
the Potomac Science Center of George Mason University, taking care to avoid
veins or other clear diagenetic features. Then, ~2 g of powder was reacted with
35 mLof TM HNO, and 5 mL of concentrated HNO- overnight, followed by cen-
trifugation and separation of the supernatant. All acids used in this study were
trace metal grade. Following that, 200 pL of supernatant was then diluted with
9.8 mL of 2% HNO; and analyzed for a full suite of major, trace, and rare earth
element abundances using a Thermo iCAP™ quadrupole ICP-MS at Arizona State
University. Typical precision is reported based on repeated analysis of simultane-
ously run standards, and in this study, relative percent s.d. was better than 6%
forall reported elements. An amount of original solution containing 250 ng of U
was then dried down and used for 57*U analysis. §”*°U was determined using a
26731 double-spike (IRMM-3636) to correct for instrumental mass fractiona-
tion. Before column chemistry, 0.8 mLof a 10.7 ppb double-spike solution was
added per 500 ng of U to achieve a Ugyye/Usypgle ratio of ~1.7%(50, 51). Samples
were treated with reverse aqua regia (3:1 HNO5:HCI), H,0,, and concentrated
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HNO, and ultimately redissolved in 3M HNO;. Uranium was separated from
matrix elements through ion-exchange chromatography using UTEVA resin. After
column chemistry, samples were treated twice with concentrated HNO, and H,0,
to remove residual organics from the resin and then redissolved in 6M HNO.
Samples were then subject to a second ion-exchange chromatography using DGA
resin to remove excess Na that persists after UTEVA column chemistry. Ultimately,
separated U was dissolved in 2% HNO, to a concentration of 40 ppb and analyzed
for its isotopic composition using a Neptune Plus multicollector ICP-MS at the
University of Maryland.The standard solution (CRM 145) was analyzed every two
samples, with these values used to normalize sample 522U values via standard-
sample bracketing. A second standard solution (CRM 129a) was analzyzed after
every ten analyses to ensure analytical reproducibility. The median 87U value
we measured for CRM 129a is —1.72 = 0.10%o (2 SD), which is in good agree-
ment with previous measurements in our lab (36, 52, 53). Precision of sample
8%%8U values is reported as 2 SD of replicate measurements of the same sample
solutions. Average precision for the sample set is =0.10%o.. We also assessed
precision using the reproducibility of the bracketing standard CRM 145, which
was also +0.10%o (2 SD, n = 42). The LOWESS fit through 8°*U data was con-
structed using a span that minimizes the corrected Akaike Information Criterion
(54).The optimal span was chosen to be 0.7364 and the fit was implemented in
the fANCOVAR package.

Geological Setting and Age Constraints. The MSS section is part of the thick
shallow-marine carbonates of the ACP, which were deposited during the Late
Triassic to the Late Cretaceous on the southern margin of the Tethys Ocean (54).
The ACP was part of a system of carbonate platforms separated by deep basins
which developed during the Mesozoic at subtropical latitudes at the margin of
Adria (55, 56).The shallow-water carbonates of the ACP are now part of the south-
ern Apennines fold-and-thrust belt (57), a segment of the orogenic system which
formed by the convergence between the African and Eurasian continents, and
rims most of the western Mediterranean Basin (58).

The average thickness of the ACP is about 5 km and covers a stratigraphic
interval extending from the Upper Triassic to the Upper Cretaceous, representing
nearly 150 Myr of shallow-marine carbonate sedimentation (59). The section
studied in this paper comprises the Lower Jurassic Palaeodasycladus Limestones,
named after the dasycladalean green alga P mediterraneus, which is the most
significant fossil, commonly reaching rock-forming abundance. The upper part
of this unit is known as the Lithiotis Member, due to the great abundance of
lithiotid bivalves, organized into large tabular biostromes (8, 31). The bivalve
biostromes alternate with coarse-grained peloidal-intraclastic grainstones and
rudstones with abundant remains of P mediterraneus. The Lithiotis Member was
deposited in an inner platform lagoon at very shallow-water depth, as indicated
by the abundance of the bivalve genus Mytiloperma and of the dasycladalean
algae (31). This unit is sharply overlain by the Oolitic Limestones, which consist
of well-sorted grainstones deposited above fair-weather wave base. Overall, the
whole studied section was deposited at very shallow depth, and there is no sed-
imentological evidence of restricted circulation nor of oxygen-poor conditions.

In Jurassic shallow-marine carbonates, it can be difficult to precisely define
the chronostratigraphic ages due to the lack of fossils used as chronostratigraphic
markers, such asammonites and calcareous nannofossils. However, the age of the
studied section has been constrained by integrating the available low-resolution
biostratigraphy and chemostratigraphic correlation with well-dated deep-marine
sections (S/ Appendix, Fig. S3)(8). The extinction of P mediterraneus can be con-
fidently placed near the Plienshachian-Toarcian boundary (60, 61). The Lithiotis
Fauna is globally limited to the Plienshachian-lower Toarcian (62), and its distri-
bution reached a peak at the end of the Pliensbachian both in the classical area
of the Trento Platform (63) and elsewhere in the western Tethys (62). The most
significantfeature of the carbon isotope profiles (§'°C,,;, and 8"°C,,,) of the stud-
ied section is a negative excursion starting at the boundary between the Lithiotis
Member and Oolitic Limestones. The reliability of the carbon isotope record of
the MSS section was evaluated and correlated with the n-CIE associated with the
T-OAE in the reference sections of Peniche (Portugal) and Yorkshire (England;
SI Appendix, Fig. S3), which both have detailed ammonite biostratigraphy and
have been geochemically well characterized (8).

Also in the Adriatic Carbonate Platform, the onset of n-CIE associated with
the T-OAE was documented just above the boundary between the Lithiotid
Limestones and the "Spotted Limestones"” (64) (S Appendix, Fig. S3), mirroring
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the findings in the MSS section under study here (8) (S/ Appendix, Fig. S3).The
stratigraphic relation between the T-OAE n-CIE and the extinction of lithiotid
bivalves has been documented also in the carbonate platform sections of
the Tibetan Himalaya (65) and of the Central High Atlas (66). In conclusion,
despite the inherent challenges of defining ages in shallow-water carbonates,
we can confidently assign the n-CIE observed in the MSS section to the T-OAE
n-CIE (8).

Modeling Methods. The 5°*°U time series data were used to infer the most likely
extent of seafloor anoxia (f,,,,) through the T-OAE using the inverse isotope mass

anox:

balance model of ref. 39. In brief, a Markov Chain Monte Carlo (MCMC) approach
was used to optimize the fit of simulated 8*°U trajectories to the isotopic data.
Convergence of the MCMC algorithm on the stationary distribution was assessed
using trace plots and the Gelman-Rubin statistic, or potential scale reduction
factor, for three or more parallel chains, each of which took =10° steps. Upon
converging on the optimized fit, uncertainty in the isotope mass balance was
propagated by sampling published parameter ranges (appendix A in ref. 40 in
1,000 forward model realizations). Two inversion approaches were used. In the
first approach, the measured 57**U data were corrected for diagenetic altera-
tion using a uniform correction of 0.23% (i.e., the average offset from seawater
observed in modern Bahamian carbonates in ref. 39). These resulting time series
are plotted (Fig. 3) with gray shading denoting the median and 16™ to 84™ per-
centile range of these model realizations. In the second approach, the diagenetic
offset was randomly drawn from a normal distribution of 0.23 + 0.15%. (i.e.,
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