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The end-Triassic extinction (ETE) ranks as one of the ‘Big Five’ biotic crises of the Phanerozoic and is 
thought to be triggered by volcanism of the Central Atlantic Magmatic Province (CAMP). However, the 
proximal causes of the extinction and the factors responsible for the delayed biotic recovery remain 
debated. Here we use uranium isotopes and geochemical models to constrain the evolution of global 
seafloor anoxia during the latest Triassic and earliest Jurassic. We document a major negative uranium 
isotope anomaly from carbonates in a western Tethyan continuous marine Triassic-Jurassic boundary 
section. The onset of the δ238U anomaly is coincident with the initial negative carbon isotope anomaly 
that is correlative with the extinction horizon and a major pulse of intrusive CAMP volcanism. The U 
isotope values remain low throughout most of the Hettangian indicating persistent, widespread anoxia. 
Our coupled C-P-U Earth system and U-cycle box model results show that the maximum extent of 
anoxia (∼13%) was reached 200–250 kyr after the extinction, probably as a consequence of extrusive 
CAMP pulses. The anoxic extent remained high (1–6%) throughout the Hettangian. We suggest that the 
continuing volcanic activity, recorded by the successive negative carbon isotope anomalies and Hg peaks 
in the section, inhibited any rapid recovery from anoxia. Our results indicate that the spread of marine 
anoxia and the ETE have a common cause rather than a cause-and-effect relationship but anoxia played 
a key role in hindering the biotic recovery of benthic ecosystems following the extinction.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons .org /licenses /by-nc -nd /4 .0/).
1. Introduction

The end-Triassic mass extinction (ETE) occurred 201.4 million 
years ago (Schoene et al., 2010) and ranks as one of the ‘Big 
Five’ biotic crises in the Phanerozoic, marked by the extinction of 
∼80% of the species (Sepkoski, 1996). The leading hypothesis to 
explain the extinction proposes that the ecosystem collapse was 
the consequence of environmental changes triggered by volcan-
ism of the Central Atlantic Magmatic Province (CAMP) (Marzoli et 
al., 2004). The duration of the main CAMP volcanism was ∼850 
kyr (Schaller et al., 2011), however, the volcanic activity continued 
for several million years (Marzoli et al., 2019). The cause-and-
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effect relationship is suggested by the synchrony of the extinc-
tion horizon with a carbon isotope anomaly in several Triassic-
Jurassic boundary (TJB) sections (Hesselbo et al., 2002; Korte et 
al., 2019). This large and rapid negative initial carbon isotope ex-
cursion (ICIE) is linked to the onset of CAMP activity (Davies et al., 
2017; McElwain et al., 1999; Pálfy et al., 2001). However, the proxi-
mal trigger mechanisms for the ETE remain debated. The proposed 
main drivers include lethally elevated temperatures (McElwain et 
al., 1999; Schaller et al., 2011), ocean acidification (Greene et al., 
2012), and anoxia (Hallam, 1995; Jost et al., 2017b; Wignall and 
Atkinson, 2020). Oxygen-depleted conditions during the boundary 
interval are recorded by widespread black shale deposition and 
were inferred in previous studies from local paleoredox proxies 
(Hallam, 1995), δ238U anomaly (Jost et al., 2017b), δ34SCAS anomaly 
(He et al., 2020), and biomarker data (Richoz et al., 2012; van de 
Schootbrugge et al., 2013).
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The uranium isotope ratio (238U/235U, expressed as δ238U) in 
marine carbonates is an established proxy for reconstructing the 
extent and temporal evolution of seafloor anoxia in ancient oceans. 
Uranium is strongly redox-sensitive, with the reduction of U(VI) to 
U(IV) predominantly occurring within anoxic sediments. The re-
duced, insoluble uranium favors 238U, leaving the soluble U(VI) in 
the water column preferentially enriched in 235U (Andersen et al., 
2014; Weyer et al., 2008). Since the residence time of uranium 
is ∼450–500 kyr in the modern ocean (Dunk et al., 2002), sig-
nificantly longer than the mixing time of seawater (∼1–2 kyr), 
the uranium isotopic composition is homogeneous in the world 
ocean (Weyer et al., 2008). Consequently, variations of seawater U 
isotopic ratios can reflect the changes in the redox conditions of 
the oceans at a global scale. Since primary calcium carbonates can 
directly record seawater δ238U with negligible isotope fractiona-
tions (<0.1 per mil; Chen et al., 2018a; Livermore et al., 2020), 
the U isotope signature preserved in limestones can serve as a 
global proxy for the areal extent of anoxic sediment at the time 
of their deposition (Zhang et al., 2020). Indeed, negative δ238U 
excursions have been identified for several mass extinction and de-
oxygenation events (Lau et al., 2016; Jost et al., 2017b; Bartlett et 
al., 2018; Clarkson et al., 2018; Zhang et al., 2018). The global re-
producibility of δ238U signals has been confirmed by some studies, 
in particular for the end-Permian mass extinction (Brennecka et 
al., 2010; Lau et al., 2016; Zhang et al., 2018), which is important 
for identifying the true magnitude and timing of δ238U changes 
in light of possibly significant diagenetic modification of δ238U in 
marine carbonates that tend to increase δ238U (Romaniello et al., 
2013; Chen et al., 2018a, 2021, 2022; Tissot et al., 2018). For the 
Triassic-Jurassic boundary interval, so far only one study reported 
a negative δ238U excursion from two closely located sections in the 
Lombardy Basin in Italy (Jost et al., 2017b) but no attempt has yet 
been made to replicate this result and to explore extended Late 
Triassic baseline values.

Here we present a new δ238U dataset from a Triassic-Jurassic 
boundary section at Csővár (Transdanubian Range, Hungary) which 
was among the first localities worldwide where the TJB event 
was recognized in the carbon isotope record (Pálfy et al., 2001). 
The available multiproxy geochemical data include recently gen-
erated high-resolution carbon isotope and mercury concentration 
data (Kovács et al., 2020). The joint assessment of the uranium cy-
cle with that of carbon and mercury gives new insights into the 
Earth system processes and the possible causes of anoxia.

Using the input of geochemical datasets, we also present a dy-
namic uranium cycle box model and a coupled C-P-U model to 
develop a quantitative reconstruction of seafloor redox conditions 
and characterize the response of carbon, phosphorus, and uranium 
cycles to volcanic CO2 degassing. The interpretation of the geo-
chemical data and model results helps to elucidate the role of 
anoxia in triggering the marine ETE and hindering the subsequent 
biotic recovery.

2. Geological setting

The Csővár section exposed on Vár-hegy (“Castle Hill”) is lo-
cated 45 km north-northeast of Budapest, near the village of 
Csővár, east of the Danube River. The predominantly limestone suc-
cession is exposed in outcrops that constitute the northeastern ter-
mination of the Transdanubian Range. In the tectonostratigraphic 
sense, it is part of the Alcapa Unit (Haas et al., 2010). The study 
area lies within the fault-bounded, uplifted Nézsa-Csővár block 
(Pálfy et al., 2001, 2007). The carbonates were deposited in an in-
traplatform basin in slope, toe-of-slope, and basinal environments 
(Haas et al., 2010). The water column was thought to be well-
oxygenated as indicated by the low Mn and V content (Vallner 
et al., 2023) and the presence of benthic micro- and macrofossils 
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(Pálfy et al., 2007). Thus uranium isotopes measured from carbon-
ates (δ238Ucarb) is expected to faithfully record the value of the 
contemporaneous world ocean (δ238Usw). The studied succession 
is assigned to the Csővár Limestone Formation and the sampled 
interval was deposited between the late Rhaetian and late Hettan-
gian, representing 2.9–3 Myr based on an astrochronological age 
model, 1.08–1.21 Myr assigned for the Rhaetian and 1.73–1.81 Myr 
for the Hettangian, respectively, supporting a short (∼2 Myr) du-
ration for the entire Hettangian stage (Vallner et al., 2023). The 
Csővár section is well-suited for geochemical analyses for its ho-
mogenous lithology and continuous deposition across the TJB, con-
strained by ammonoid, conodont, radiolarian, and foraminiferan 
biostratigraphy (Pálfy et al., 2001, 2007) (for details, see the Sup-
plementary material).

3. Material and methods

The sample preparation and the geochemical analyses were car-
ried out at the Isotope Climatology and Environmental Research 
Center at Institute for Nuclear Research (ATOMKI) in Debrecen, 
Hungary. Twenty-eight limestone samples were powdered and 1 
g of fresh rock powder from each sample was digested in 2% twice 
distilled HCl overnight. The supernatants containing the carbonate 
fraction were separated from the undissolved residues and were 
filtered and evaporated. Subsequently, a 2000-fold diluted IRMM 
3636a spike was added to each sample to obtain a 235U:233U sam-
ple to spike ratio of ∼2:3. Uranium was isolated and purified via 
column chemistry using the UTEVA ion exchange resin following 
the procedures adapted from Weyer et al. (2008). The uranium-
enriched samples were treated with cc. HNO3 and evaporated, then 
dissolved in 2 ml 3% HNO3 for uranium isotope analysis. For a 
summary of the preparation steps, see Table S1 (Supplementary 
material).

δ238U measurements were performed using a Thermo Scien-
tific™ NEPTUNE Plus™ MC-ICP-MS. Results were calibrated us-
ing the international standard synthetic reference material CRM 
112A. Each sample has been measured a minimum of three times 
with standard–sample bracketing. Analytical errors of measure-
ments range from 0.02� to 0.12� (±1σ ) which is consistent 
with the analytical errors of previously published uranium isotope 
data. To assess the external reproducibility, we measured modern 
seawater samples with reported uranium isotope values (Table S3, 
Andersen et al., 2017). These samples underwent column chem-
istry in the same manner as the limestone samples. The modern 
seawater standard gave a mean δ238U value of −0.409 ± 0.029�
(1 SD) which is in agreement with the previously published value 
−0.39 ± 0.01� (2 SD, Andersen et al., 2017).

U, Th, Al, Mn, Sr, Mg, and Ca concentrations were measured 
using an Agilent 8800 Triple Quad ICP-MS. A full description of the 
sample preparation procedure and analytical methods is included 
in the Supplementary material. The analytical data from this study 
are also presented in the Supplementary material.

4. Results

The Csővár section yielded uranium isotopic values ranging 
from −0.94� to 0.26� (Fig. 1, Table S3). In the lower part of 
the section, δ238U oscillates around an average value of 0.077�. 
At 17.6 m, in the interval also marked by the ICIE, δ238U declines 
abruptly from −0.39� to −0.63�. The decreasing trend contin-
ues towards the TJB with a minimum value of −0.94� at 20.8 
m, c. 240 kyrs after the onset of the uranium isotope anomaly. 
The age estimate is based on the astrochronological age model of 
the section (Vallner et al., 2023). The negative δ238U excursion ob-
served in the lower part of the section continues through the TJB 
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Fig. 1. Uranium isotope, mercury (Kovács et al., 2020), and carbon isotope data (Kovács et al., 2020) from the Csővár section. LOESS smoothed curves are shown for uranium (in 
light blue, f=0.06) and carbon isotopes (Kovács et al., 2020) (in light green, f=0.1). The lower gray band marks the ICIE and the extinction, the upper gray band highlights one 
of the subsequent Hettangian carbon isotope anomalies (NCIE-5 in Kovács et al., 2020). The astrochronological age model is from Vallner et al. (2023), lithostratigraphy and 
carbonate microfacies log from Haas and Tardy-Filácz (2004). Rw: radiolarian wackestone, La: calcisiltite-calcilutite laminate, Ft: fine-grained turbidite, Mt: medium-grained 
turbidite, Lb: lithoclastic-bioclastic grainstone/packstone, On: oncoid, grapestone/packstone/wackestone. The uranium isotope record covers the entire section representing 
1–1.2 Myr for the Rhaetian, and 1.7–1.8 Myr for the Hettangian (early to late Hettangian). The Hg content already starts to increase at the onset of the carbon and uranium 
isotope anomaly (10-fold increase) before reaching its maximum value (more than 100-fold increase above 18.5 m).
interval. Higher upsection, δ238U values do not return to the pre-
anomaly background but remain low (average of −0.54�) and 
steady throughout the Hettangian.

The uranium concentrations are relatively high (average of 3 
ppm) at the base of the section (Table S3), but similar to primary 
shallow water carbonates Romaniello et al., (2013). The samples 
from the lowermost 9.2 m yielded the three highest [U] values in 
the section (Fig. 1, Table S3). After a decrease from 3.063 to 1.483 
ppm (0–3.2 m) the values show a clear increasing trend up to 9.2 
m where they reach the peak value of 5.129 ppm followed by an 
abrupt drop to 0.868 ppm at 11 m. Above 11 m the values remain 
low throughout the section. Up to 17 m there is a slight increase 
toward higher values, the concentration of 2.099 ppm measured at 
3

17 m represents the highest value above 9.2 m. After that, the U 
concentration abruptly decreases to 0.413 ppm. Between 17.6–21.6 
m the values remain low and fluctuate with relatively high ampli-
tude showing no clear trend. The lowest value of the section occurs 
in this interval (0.317 ppm at 21.6 m). Above 24.6 m up to the up-
permost part of the section the U concentrations do not increase 
towards higher values, the samples from this interval yielded an 
average value of 0.867 ppm with a local maximum of 1.803 ppm 
at 34.2 m. Moreover, the data points do not show any significant 
oscillation.

We also analyzed the Th, Al, Mn, Sr, Mg, and Ca content to 
evaluate the potential effect of diagenesis and terrestrial input on 
δ238U. The concentrations of these elements do not show signifi-
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cant variation across the section and their magnitudes are similar 
to those of other marine limestones (Fig. S1, Table S3).

5. Discussion

5.1. Effects of diagenesis and local redox conditions on preservation of 
seawater δ238U signal

The δ238Ucarb of the Csővár section likely represents the 
δ238Usw. The most important evidence for this is the similarity 
of its uranium isotope data to those of the Lombardian Triassic-
Jurassic boundary sections (Jost et al., 2017b). In all the three TJB 
sections a negative uranium isotope anomaly was detected at the 
stratigraphic position of the initial CIE below the TJB indicating a 
global δ238U signal (Fig. 3). δ238Ucarb remains low in the Lower 
Jurassic parts of the sections. The uranium isotope data of Csővár 
and the Lombardian sections are compared in detail later in this 
section.

Uranium isotope ratios are sensitive to diagenesis (Romaniello 
et al., 2013; Chen et al., 2018a, 2018b; Hood et al., 2016; Tissot et 
al., 2018; Chen et al., 2022). Therefore, we performed geochemical 
tests to assess the degree of diagenetic alteration in the studied 
samples. Excluding a single outlier at 21 m, the samples yielded 
an average δ18O value of −2.57� (Table S3), hence the effect of 
meteoric diagenesis was probably not significant based on the oxy-
gen isotope ratios. Similarly, the Mn/Sr ratios that range between 
0.015–0.128 (Table S3) are well below the proposed maximum ac-
ceptable ratio of 2 (Brand, 2004). The correlation of δ238U with 
Mn/Sr, Mn/Ca, and Sr/Ca is weak, −0.08, −0.05, and 0.05, respec-
tively (Fig. S2). The Val Adrara and Italcementi sections in Lom-
bardy that yielded the first uranium isotope data across the TJB 
(Jost et al., 2017b) have similar oxygen isotope values and Mn/Sr 
ratios to those in the Csővár section. Importantly, however, the tra-
ditional geochemical tools for screening diagenetic alterations are 
not sufficient to exclude potential alterations in the original ura-
nium isotope signal.

The δ238U values in the lower part of the section are signif-
icantly higher than the uranium isotope composition of modern 
seawater (−0.39 ± 0.01�) (Weyer et al., 2008). These positive 
values are in agreement with the previously published uranium 
isotope data of shallow marine carbonates and were also observed 
in modern platform carbonate settings (Romaniello et al., 2013; 
Chen et al., 2018a). The positive offset is likely developed dur-
ing early diagenesis as a result of the incorporation of reduced 
U with a heavier isotopic ratio. In general, shallow marine set-
tings tend to produce greater diagenetic offsets than pelagic en-
vironments which appear to record the original δ238U signal more 
directly (Clarkson et al., 2018). However, the shallow marine Val 
Adrara-Italcementi sections have baseline isotopic values closer to 
the seawater, probably indicating a greater degree of diagenesis 
in the uppermost Triassic part of the Csővár section. Therefore, 
we applied a diagenetic correction factor of −0.27� based on 
the average observed offset between seawater and modern carbon-
ate sediments (Romaniello et al., 2013; Tissot and Dauphas, 2015; 
Chen et al., 2018a) (Fig. S3). Some of the corrected isotopic values 
are still higher than the δ238U of the modern ocean, that can be 
explained by the high degree of scatter observed due to diagenesis 
(±0.14, 1σ ; Chen et al., 2018a).

A plausible explanation for the anomalously high uranium iso-
tope values of the section is the addition of calcitic cement en-
riched in heavier uranium during diagenesis (Chen et al., 2022). 
The carbonates of the Csővár section have a primary calcitic min-
eralogy that preserves the δ238U signal with a larger positive offset 
compared to aragonite. Aragonite contains an order of magnitude 
more uranium compared to calcite (>1 ppm vs. <0.1 ppm), con-
sequently, the effect of heavy uranium produced by porewater U 
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reduction during diagenesis is smaller (Chen et al., 2022). The U 
concentration of the Csővár section is higher than that of primary 
calcite (>0.4 ppm vs. <100 ppb) indicating authigenic U(IV) incor-
poration. The accumulation of U(IV) in reducing porewater below 
the sediment-water interface can cause an isotopic offset of up 
to 0.59� (Chen et al., 2022), which may explain the observed 
offset of +0.46� between δ238Ucarb and δ238Usw in the lower 
(pre-anomaly) part of the Csővár section (Fig. 1). We evaluated the 
potential impact of the detrital component of terrestrial U input 
on the δ238Ucarb and U concentration trends by comparing [U] and 
δ238U to concentrations of Al and Th (Table S3). The weak corre-
lations support the independence of the major changes in δ238U 
from weathering processes.

The evolution of δ238U tracks the global redox conditions re-
liably only if measured in sedimentary rocks deposited in oxic 
waters (Clarkson et al., 2021; Chen et al., 2021) which can pre-
serve the uranium isotope ratio with only negligible fractiona-
tion. To exclude the possibility that potentially hypoxic bottom 
waters in the Csővár basin resulted in δ238U values not repre-
sentative of the world ocean, local paleoredox proxies were also 
utilized. The low whole-rock V (<0.18%) and Mn (<0.46%) con-
tent within the section (Vallner et al., 2023) indicate an oxic local 
depositional environment. The abundance of Ce shows opposite 
trends compared to other redox-sensitive elements during redox-
state changes (Tostevin, 2021). Anoxic sediments do not produce 
Ce anomalies whereas negative Ce anomalies of the carbonate 
fraction reflect oxygenated water during deposition. Importantly, 
Ce/Ce* does not give information on the redox conditions below 
the sediment-water interface. Carbonates deposited in oxic wa-
ter but affected by reduced porewaters may show negative Ce 
anomaly as well (e.g. Csővár section and PETM carbonates from 
ODP Hole 871C, Chen et al., 2022). The negative Ce/Ce* anomaly 
(Ce/Ce* ratios: 0.48–0.74) of the broader TJB interval indicate sta-
ble, well-oxygenated local bottom-water conditions in the Csővár 
basin throughout the major negative shift of δ238U (Fig. 2, Ta-
ble S3).

5.2. Comparison of the δ238U trends in Csővár and the Lombardian 
sections

In the first study published that reports δ238U data from the 
TJB interval (Jost et al., 2017b), uranium isotope data were ob-
tained from the Val Adrara and Italcementi sections that were 
deposited in the Lombardy Basin, located in the Italian Alps. The 
correlation between the Csővár section and those in Lombardy 
is hampered by the application of different stratigraphic methods 
that yielded partly contradictory age models. For the Csővár sec-
tion, the time of deposition (2.9–3 Myr), the sedimentation rates 
(1.73–1.79 cm/kyr), the position of the TJB (∼22 m), and the dura-
tion of the initial carbon isotope anomaly (∼40–80 kyr) are well-
constrained (Vallner et al., 2023). The age model is based on as-
trochronology and chronostratigraphic correlation developed using 
congruent biostratigraphy of different fossil groups (ammonoids, 
conodont, radiolarians, palynomorphs) and carbon isotope stratig-
raphy (Kovács et al., 2020; Pálfy et al., 2001, 2007; Vallner et 
al., 2023) (see Supplementary material). On the other hand, no 
cyclostratigraphic analysis is available for the Val Adrara and Ital-
cementi sections that prevents astrochronological correlation. Mag-
netostratigraphy is available from the Italian sections (Muttoni et 
al., 2010), however, the paleomagnetic signal of the Csővár sec-
tion is overprinted (Pálfy et al., 2007). The large (∼4�) positive 
carbon isotope anomaly in the Val Adrara section detected above 
the boundary is confined to the oolitic dolomite of the Albenza 
Fm. (van de Schootbrugge et al., 2008) and was not reproduced in 
most other TJB localities including Csővár, hence it cannot be used 
for precise correlation of these sections (Korte et al., 2019).
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Fig. 2. Uranium isotope and Ce/Ce* data from the TJB interval of the Csővár section. 
Low Ce/Ce* values (<0.9, Sholkovitz et al., 1994) indicate well-oxygenated local re-
dox conditions. Higher Ce/Ce* values indicate less oxygenated local redox conditions 
as it is illustrated in the upper colored bar (blue to gray – oxygenated to less oxy-
genated local bottom waters). Negative δ238U values (<δ238USW=0.39�, Weyer et 
al., 2008, gray part of the lower colored bar) indicate an increased extent of global 
seafloor anoxia. The position of the TJB and the ICIE is marked by gray shade, based 
on the combination of carbon isotope- and cyclostratigraphy (Kovács et al., 2020; 
Vallner et al., 2023).

The frames of reference to correlate the sections include the 
position of the TJB and the negative uranium and carbon isotope 
anomalies, of which the ICIE is of prime importance (Galli et al., 
2007). Besides the ICIE, the other NCIEs and age models are used 
here to compare the three sections. We present two different solu-
tions for the correlation, one that relies on published carbon cycle 
modeling results (Bachan and Payne, 2015) (Fig. 3A) and our pre-
ferred alternative that utilizes sedimentation rate estimates for the 
Val Adrara section and is validated by biostratigraphy (Fig. 3B). 
Based on the carbon cycle model results and their correlation with 
the NCIEs of the Val Adrara section, the upper part of the sec-
tion that lies above the ETE interval would represent 620 and 840 
kyr, respectively, of which the latter was used in interpreting the 
U data (Jost et al., 2017b). If this were the case, the Hettangian 
segment of δ238U data from Csővár (representing ∼1.8 Myr) (Vall-
ner et al., 2023) represents approximately twice as much time as 
that from the Val Adrara section (Fig. 3A). We propose an alter-
native correlation (Fig. 3B) based on sedimentation rate estimates 
for the Albenza Formation of the Val Adrara section (Jadoul and 
Galli, 2008). A sedimentation rate of 125 m/Myr was calculated 
5

for the Albenza Formation, suggesting that the Sedrina Formation 
extends into the upper Hettangian. This indicates a ∼1.9 Myr inter-
val of deposition and implies that the Hettangian uranium isotope 
data of the Csővár and Val Adrara sections represent approximately 
the same time (Fig. 3B). The well-preserved ammonoids identified 
as Schlotheimia sp. from the upper part of the Sedrina Formation 
are assigned to the base of the upper Hettangian Angulata Zone 
(Gaetani, 1970). The occurrence of Schlotheimia sp. also near the 
top of the Csővár section (Kovács et al., 2020) supports an ap-
proximate biostratigraphic correlation between the top of the two 
sections compared here. Note that independent of these correla-
tion options, the decrease of the δ238U values coincides with a 
major negative carbon isotope anomaly, identified as the ICIE in 
both sections (Galli et al., 2007; Kovács et al., 2020; Pálfy et al., 
2007) (Fig. 3).

Although the Csővár, Val Adrara, and Italcementi sections yield 
congruent δ238U trends, a difference in the magnitude of the neg-
ative δ238U anomaly is observed, and the isotopic values of the 
Csővár section are systematically lower than that of the Val Adrara 
section throughout the Hettangian. We note that a diagenetic cor-
rection factor of −0.27� has been applied for the δ238U curve 
of Csővár, whereas the δ238U values of the Val Adrara and Ital-
cementi sections were not corrected. If the diagenetic correction 
factor is applied for the Lombardian sections, the δ238U curve 
reaches a minimum of −0.96� which is still higher than the cor-
rected minimum value of the Csővár section (−1.11�). Moreover, 
regardless of the application of the diagenetic correction factor, a 
more significant relative drop (∼-0.75�) from the Rhaetian base-
line δ238U characterizes the Csővár section compared to the Val 
Adrara-Italcementi sections (∼-0.5�). This discrepancy is probably 
caused by different magnitudes of diagenesis in the Lombardy and 
Csővár basins. The difference may be accounted for by the facies 
changes of the Lombardian sections, albeit the processes leading to 
disparate δ238U in different depositional settings are poorly known. 
Importantly, there are no significant facies changes in the TJB in-
terval of the Csővár section. However, in the Lombardian sections, 
the onset of the uranium isotope anomaly approximately coincides 
with the boundary between the Zu and Malanotte formations that 
marks a change in sedimentation and represents a major lithofa-
cies change from coralline packstone to thin-bedded marly mud-
stone (Galli et al., 2005; Jost et al., 2017b, Fig. 3). However, in gen-
eral, δ238U is considered as largely independent of facies changes, 
as long as the depositional environment remains oxic, hence the 
magnitude difference is unlikely to be the result of facies changes 
in the Lombardian sections.

Another possible reason for the offset in the uranium isotopic 
values of the sections is the geographical variability in U specia-
tion as a consequence of the altered seawater carbonate chemistry 
at times of environmental perturbations (Chen et al., 2017). Based 
on laboratory experiment results (Chen et al., 2016), in contrast to 
uncharged species, charged U species favor the light uranium iso-
topes. However, the spatial variability of U speciation in the late 
Triassic ocean is poorly constrained. Variable U speciation is pro-
posed to have led to heterogenous uranium isotope values across 
the Permian-Triassic boundary interval (Chen et al., 2017; Lau et 
al., 2016). More acidic pH and higher seawater [Ca2+] result in a 
greater offset between the δ238Useawater and δ238Ucarb. The chang-
ing seawater chemistry and the altered U speciation may cause 
fractionation up to +0.18� (Chen et al., 2017), so it would only 
partially explain the observed magnitude difference of the ura-
nium isotope anomalies. The prevalence of aragonite mineralogy 
in a brief interval above the TJB in the Val Adrara section sug-
gests transitional seawater chemistry after ocean acidification (Jost 
et al., 2017a, 2017b). Similarly to anoxia, ocean acidification may 
have been induced by the CAMP volcanism and was proposed as 
a trigger of the ETE (Kiessling et al., 2010). The recovery from the 



A. Somlyay, L. Palcsu, G.I. Kiss et al. Earth and Planetary Science Letters 614 (2023) 118190

Fig. 3. Comparison of measured U isotope data from the Csővár section (this study) with the Val Adrara and Italcementi sections in Lombardy (Jost et al., 2017b) using 
alternative solutions for correlation. (A) Correlation in Jost et al. (2017b) based on carbon cycle model results (Bachan and Payne, 2015) (B) Our preferred correlation is based 
on sedimentation rate estimates (Jadoul and Galli, 2008). The blue dots represent the Csővár section, the red and light red dots represent the Val Adrara and Italcementi 
sections, respectively. As the measured baseline values are negative, no diagenetic correction factor was applied for the Lombardian sections (Jost et al., 2017b). The horizontal 
gray bar marks the ICIE identified in both sections. F.: Formation, Mal.: Malanotte, Sedr.: Sedrino. See text for details.
acidification is marked by the prevalence of aragonite mineralogy 
in the Lombardian sections. This change has not been observed in 
the limestones of the Csővár section where calcite mineralogy is 
predominant. The changing seawater pH indicated by the calcite-
aragonite transition in the Lombardy Basin might have slightly in-
fluenced the uranium isotope fractionation (up to 0.18�, Chen et 
al., 2016). The transition from calcite to aragonite mineralogy itself 
is probably also significant in altering the δ238Usw preservation.

The mineralogy change affected the δ44/40Ca values of the Lom-
bardian sections and it might have also altered the magnitude of 
uranium isotope offset. Aragonite is shown to perverse the origi-
nal uranium isotope signal with a smaller positive offset compared 
to calcite (Chen et al., 2022). Consequently, immediately above the 
TJB, the uranium isotope values should be more negative in the 
Lombardian sections where the mineralogy is aragonitic compared 
to the Csővár section where the mineralogy remains calcitic. In 
contrast, the δ238Ucarb values of this part of the Csővár section are 
lower and the negative shift is larger. Hence the observed differ-
ence in the magnitude of the negative anomaly cannot be caused 
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by the different effect of authigenic U incorporation into calcite vs. 
aragonite on the original δ238U signal.

Aragonites are proposed to preferentially incorporate heavier 
uranium isotopes at pH 8.5 (Chen et al., 2016). This can par-
tially explain the heavier uranium isotope ratios of the Val Adrara-
Italcementi sections compared to the Csővár section, but it is not 
yet supported by sufficient data or observations.

It is possible that the combination of the above mentioned fac-
tors led to altered uranium isotope signals, but available evidence 
for each hypothesis is limited and further research is needed to 
constrain the influence of the seawater chemistry on the δ238Ucarb
and the magnitude of fractionation.

5.3. Modeling the expansion of anoxia as a consequence of CAMP pulses

The major δ238U decline from −0.39� to −0.93� in the 
Csővár section at 17.6 m (Fig. 3) suggests a rapid increase in the 
global extent of seafloor anoxia. The beginning of the negative 
uranium isotope excursion corresponds with the negative δ13C ex-
cursion at 17–18.4 m which is the most prominent δ13C anomaly 
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of the section identified as the ICIE and with a minor increase in 
the Hg content (Kovács et al., 2020) (Fig. 1, Table S3). The carbon 
isotope anomaly is thought to be associated either with thermo-
genic methane release related to the intrusive CAMP activity and 
metamorphism of organic-rich country rock (Davies et al., 2017; 
Heimdal et al., 2020) or with warming-induced methane-hydrate 
dissociation (Pálfy et al., 2001). The limited enrichment in Hg seen 
concomitantly in the Csővár section is consistent with a predom-
inantly intrusive initial phase of volcanism. By contrast, the onset 
of extrusive CAMP volcanism is marked by the most significant 
Hg peak at 19.4 m and episodic enrichments higher in the sec-
tion (Kovács et al., 2020) (Fig. 1). The concurrent drop of δ13C and 
δ238U indicates a coeval global perturbation of the carbon and ura-
nium cycles, suggesting a cause-and-effect relationship between 
CAMP activity and marine anoxia. As the ICIE coincides with the 
extinction horizon (Korte et al., 2019; Ruhl et al., 2009), the global 
redox state change of the ocean appears nearly synchronous with 
the collapse of the marine ecosystem at the end of the Rhaetian. 
However, the interpretation of the δ238U values is not entirely 
straightforward. The uranium system has a delayed response time 
to the changes in the areal extent of the seafloor anoxia because of 
the long residence time of the element (∼490–500 kyr). Hence, the 
samples yielding the most negative values do not strictly represent 
times with the most severe anoxic conditions and the duration of 
the uranium isotope anomaly might be longer than the duration 
of the anoxic event. To account for the delayed response time of 
uranium and to quantify the extent of the marine anoxia and its 
temporal evolution we applied a dynamic Earth system model.

The C-P-U model (Clarkson et al., 2018), which is derived from 
the COPSE model (Lenton et al., 2018), links the carbon, phospho-
rus, and uranium cycles. In cases when environmental perturba-
tions (including anoxia) are induced by CO2 injections, the cou-
pled modeling of carbon, phosphorus, and uranium cycles provides 
valuable insight into the feedback mechanisms of the Earth system 
(for the model equations, see Supplementary material, whereas a 
full model description is given in Clarkson et al., 2018.) In the 
model, elevated atmospheric CO2 levels lead to global warming 
and high weathering rates. Intense weathering at the end of the 
Rhaetian is indicated by observed shifts in strontium and osmium 
isotope ratios (Cohen and Coe, 2007). Enhanced silicate weathering 
acts as the long term sink for atmospheric carbon and, on shorter 
timescales, results in enhanced riverine P (and U) input into the 
ocean. The increased availability of P in surface waters promotes 
high primary productivity and enhanced marine organic carbon 
burial, that in turn induces marine anoxia via the greater oxygen 
demand required for organic matter decay. The recycling of phos-
phorus from anoxic sediments induces a positive feedback loop by 
further stimulating primary productivity. Under anoxic and euxinic 
seafloor conditions, both the organic carbon and uranium burial 
rates increase, removing isotopically lighter carbon and heavier 
uranium from the seawater. The model tracks relative changes in 
the seawater uranium inventory and isotopes, allowing the estima-
tion of the history of redox state changes in the ocean responsible 
for the observed [U] and δ238U pattern.

The model was set up for Late Triassic background conditions 
(see Supplementary material), with atmospheric pO2 estimated as 
equal to modern. Model scenarios tested different fractionation 
factor estimates to account for the variable magnitude of U isotope 
fractionation into anoxic sediments under predominantly diffusion-
limited reduction regimes (Andersen et al., 2014). As commonly 
used in other studies (e.g. Clarkson et al., 2021; Zhang et al., 2020) 
the effective U enrichment factor (�anox) was set to +0.4, +0.6, 
and +0.8� (Fig. 4F), covering the range of values observed in 
modern euxinic basins (Andersen et al., 2014; Noordmann et al., 
2015; Rolison et al., 2017).
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The model was forced by episodic carbon emissions, where 
emission scenarios were tuned to produce good agreement be-
tween the δ13C and δ238U records. Essentially the magnitude of 
emission dictates the total seafloor anoxia response and hence de-
creases in δ238U. The δ13C value of the carbon input (δ13Cinput) 
is then treated as a free parameter and tuned to help meet the 
constraints of the two records. In this way, the δ13C record helps 
diagnose the source of the carbon, identifying the mixture of man-
tle derived carbon (−5�) and isotopically lighter thermogenic 
methane (Fig. 4B). The nature of CAMP volcanism was pulsatory 
with an initial intrusive and a delayed major extrusive phase in 
the late Rhaetian and early Hettangian, followed by less intense 
volcanic phases in the Hettangian (Davies et al., 2017; Marzoli et 
al., 2019; Percival et al., 2017). The pulsatory behavior is indicated 
by the distinct Hg peaks and negative carbon isotope anomalies 
detected from TJB sections (Thibodeau et al., 2016; Percival et al., 
2017; Lindström et al., 2019; Ruhl et al., 2020; Kovács et al., 2020). 
Uncertainty remains, however, in the global significance and corre-
lation of subsequent NCIEs after the ICIE (Kovács et al., 2020). In 
the Csővár section, NCIE-5 might correspond to the so-called ‘main’ 
NCIE seen elsewhere (Ruhl et al., 2009). As such we do not use 
NCIE-2–4 as model targets, but explore the possibility that NCIE-5 
is a global anomaly.

Our model results indicate that the first, intrusive CAMP phase 
is responsible for the highest carbon emission magnitude (2.6 ×
1014 molC), generating the main negative δ238U excursion. This 
emission requires a δ13Cinput as low as −20� to reproduce the 
ICIE (Fig. 4A,B) consistent with previous suggestions that intrusive 
volcanism metamorphosed organic-rich country rocks and global 
warming may have driven the dissociation of methane hydrates 
(Ward et al., 2001; Pálfy et al., 2001). The elevated Hg content of 
the layers marking the intrusive CAMP phase indicates a smaller 
scale of extrusive volcanism accompanied the mainly intrusive vol-
canism.

This single LIP pulse is not able to reproduce the measured pro-
longed δ238U and [U] excursions. Such a scenario would result in 
a significantly shorter uranium isotope excursion as the system 
quickly recovers. The δ238U and U concentration of the seawater 
reflects the balance between U removal to anoxic and oxic sedi-
ments and U delivery from the rivers. When anoxia is widespread, 
U is intensely removed from the seawater to the anoxic sediments 
leaving the water column depleted in uranium. The small amount 
of U remaining in the ocean has low δ238U (below −1� according 
to our modeling) because 238U is preferentially removed into the 
anoxic sediments. However, the amount of U arriving to the ocean 
does not change (or even increases if the weathering intensifies) 
and riverine U has a constant less negative δ238U. Consequently, as 
U becomes depleted in the seawater due to the intense removal 
to the anoxic sediments, the inflowing ‘less negative’ riverine U 
becomes increasingly proportional in the U-depleted ocean and 
pushes the δ238USW back towards more positive values. Because 
of these U-cycle dynamics, low δ238USW cannot be sustained af-
ter a single C cycle perturbation. Instead, the prolonged negative 
uranium isotope excursion can be sustained by repeated expan-
sion of marine anoxia as a consequence of recurrent pulses of 
volcanic activity. We use the Hg peaks to constrain the timing 
of later extrusive volcanism episodes in the model assuming pre-
dominantly mantle derived C (δ13Cinput = −5�). With repeated 
volcanic emissions, the marine uranium inventory only partially 
recovers between the anoxic phases allowing δ238Usw to remain 
steadily low. Our model results suggest that the later extrusive 
phases produced less amount of volcanic carbon with a maximum 
total emission magnitude of 1 × 1014 molC/year during the first 
major extrusive phase (Fig. 4A) but lasted longer than the intrusive 
phase. Interestingly, if NCIE-5 is used as a model target, assuming 
it is global in nature, the model requires this emission phase to 
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Fig. 4. Modeling of anoxia as a consequence of CAMP volcanism. The changes are given relative to the onset of the initial CIE (Vallner et al., 2023) which coincides with the 
main phase of the extinction. (A) Estimated model forcing carbon input (red peaks), estimates are based on the Hg data of the Csővár section (black dots, Kovács et al., 2020); 
calculated removal rates due to silicate weathering (green) and marine organic carbon burial (blue). (B) Estimated δ13C composition of carbon input. (C ) Modeled δ13C curve 
(black solid line) compared to the carbon isotope data of the section (purple dots, (Kovács et al., 2020)). (D) Estimated extent of seafloor anoxia based on the C-P-U model 
(gray) and U-cycle box model (orange line). (E) Calculated response of marine U-cycle normalized to the U concentration of the modern ocean (U0). (F ) Modeled evolution 
of δ238Usw for pO2 =1 PAL using �238Uanox= +0.8 (solid line), �238Uanox = +0.6 (long-dashed line) and �238Uanox = +0.4 (dashed line) compared to the uranium isotope 
data of the section (blue dots).
have a greater contribution of more isotopically light carbon, with 
an average of −15�. This finding therefore hypothesizes a later, 
more minor intrusive phase of volcanism associated with the lib-
eration of thermogenic methane.

Based on the C-P-U model calculations, only 1–3% of the 
seafloor was covered by anoxic sediments during the main ex-
tinction phase at the ICIE, which nevertheless indicates a ∼10-fold 
increase in the extent of the seafloor anoxia at the end of the Tri-
assic compared to the modern steady-state value (0.21%, Andersen 
et al., 2014). Due to the longer residence time of P in the ocean 
(∼40 kyrs) and the action of positive feedback mechanisms from 
P recycling, peak anoxia was reached about 200–250 kyr after the 
extinction, when c. 13% of the global ocean floor was depleted in 
oxygen, representing a 60-fold increase. The C-P-U model suggests 
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that the extent of anoxia remained elevated (0.7–1.5%) as long as 
∼1.9 Myr after the onset of environmental perturbations.

We also performed dynamic marine U-cycle box modeling (Lau 
et al., 2016). Similarly to the C-P-U model, this forward model 
also allows the quantitative evaluation of the redox changes in 
the ocean. However, it does not link the changes of the U-cycle 
to those of other geochemical cycles (e.g. C, P), hence it cannot 
give direct insight into the causes of anoxia and its relation to 
the LIP pulses. The initial, perturbing parameter is an assumed 
change in the extent of seafloor anoxia, and the altered uranium 
fluxes and related isotopic fractionation are modeled under non-
steady-state conditions (Supplementary material). Overall, the U-
cycle box model shows a similar trend compared to the C-P-U 
model indicating a prolonged anoxic event in the Hettangian with 
the most severe anoxic conditions (∼11%) reached 210–260 kyr af-
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Fig. 5. (A) The uranium isotope and (B) uranium concentration data of Csővár over-
lain with the results of U-cycle box modeling (purple curves).

ter the main extinction phase (Fig. 5, Fig. 4D, Table S2). However, 
it estimates more anoxia for the first 100 kyr of the environmen-
tal perturbation. Note that there is a lag between the onset of 
the measured and the C-P-U modeled uranium isotope anomaly 
(Fig. 4F). Modeling the observed abrupt drop of uranium isotope 
values is only possible by assuming highly unrealistic volcanic C 
emission rates. One explanation for the observed lag involves that 
the C-P-U model does not account for additional anoxia-inducing 
mechanisms that may have been significant at the beginning of the 
perturbation, e.g. temperature-related water-column stratification, 
decreased solubility of O2 in the ocean due to greenhouse climate, 
and changes in the atmospheric O2 level (Falkowski et al., 2005).

Despite the useful insights that can be gained from the models, 
there are limitations to the U-cycle and C-P-U modeling. Signifi-
cantly different histories of anoxia can be modeled by using the 
minimum, maximum, or average estimated fractionation factors 
(Fig. 5F, Fig. S5), riverine δ238U, and initial seawater δ238U. The 
uranium isotope ratios of the ancient ocean and rivers remain un-
known, and the mechanisms controlling the fractionation factors 
are yet to be fully understood.

Our results are in broad agreement with the first published 
δ238U study about the ETE (Jost et al., 2017b) which indicates ex-
tensive (40–100-fold) and prolonged bottom-water anoxia based 
on U-cycle box modeling results, but a duration of only 50 kyr is 
suggested for the anoxic event. Uncertainties in the correlation of 
TJB sections also affect the comparison of the model results (Fig. 
S5). Whilst we infer that the duration of the anoxic event was 
longer based on the astrochronology at Csővár, our results con-
firm the suggestion that marine anoxia developed at the end of 
the Triassic and continued until the Hettangian (Jost et al., 2017b).

There are relatively few observations available about the redox 
conditions during the later part of Hettangian, but the majority of 
them support our findings. Data from different European epicon-
tinental locations indicate that anoxia persisted from the middle 
Hettangian until the early Sinemurian (Luo et al., 2018; Richoz et 
al., 2012) but other observations from Panthalassa suggest mainly 
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oxic conditions (Fujisaki et al., 2016; Wignall et al., 2010) except 
for one study (Kasprak et al., 2015). The deposition of organic-rich 
mudrocks during the early Hettangian was widespread in the well-
studied sections of the northwest European epicontinental sea (van 
de Schootbrugge et al., 2013). Our results are only in partial agree-
ment with the suggestion of two phases of anoxia for the ETE, the 
first one being short and intense and the second one is longer and 
more widespread, with a long, relatively oxygenated interval be-
tween them (Wignall and Atkinson, 2020). The model estimates 
of the extent of anoxic seafloor are lower than those for the end-
Permian extinction (>18%, Zhang et al., 2020), but comparable to 
the estimates for the mid-Cretaceous Oceanic Anoxic Event 2 (8-
15%, Clarkson et al., 2018).

5.4. Causes of persistent anoxia and its effect on biotic recovery

After the ETE, mass mortality may have exacerbated oxygen de-
pletion as large amounts of degrading organic matter consumed 
the dissolved oxygen in seawater. However, enhanced marine or-
ganic matter burial, resulting from high productivity and increased 
burial in anoxic sediments, act as a sink for CO2, and sequestra-
tion of this greenhouse gas induces a negative feedback loop that 
would lead to decreasing temperatures and weathering intensity, 
and consequently, decreasing anoxia. Counteracting this effect, the 
repeated pulses of CAMP eruptions injected excess CO2 into the 
atmosphere, thereby sustaining the biogeochemical perturbations 
and preventing the rebound from anoxia. The interval of the most 
severe anoxia (13%, Fig. 4D) 200–250 kyr after the onset of the 
perturbations was likely the consequence of the initial extrusive 
CAMP phase marked by the most prominent Hg peaks of the sec-
tion (Fig. 1, Fig. 4A). The prolonged CAMP activity and concomitant 
CO2 degassing are thought to sustain the protracted anoxia, as in-
dicated by both the very low δ238U values (average of −0.84�, 
Fig. 1) and the modeled high anoxic seafloor extent (1–6%, Fig. 4D) 
throughout the early to middle Hettangian. Indeed, for the ben-
thic fauna, it took much longer to recover after the biotic crisis 
than for the nektonic fauna (Damborenea et al., 2017; Wignall and 
Atkinson, 2020). Thus the bottom-water anoxia probably played an 
important role in delaying the biotic recovery after the ETE.

6. Conclusions

A new uranium isotope dataset from the TJB section of Csővár 
shows a major negative anomaly. We employed Earth system mod-
eling to estimate the changes in parameters that may drive this 
anomaly, especially to understand the role of anoxia in driving 
the extinction and/or delaying the subsequent biotic recovery. Al-
though the low Mn/Sr ratios and other geochemical evidence in-
dicate only limited diagenetic alteration, the U concentrations are 
higher than expected for the primary calcite mineralogy and may 
suggest some authigenic U incorporation.

The low TOC, whole-rock V, and Mn content reflect the oxic 
depositional environment in the Csővár basin. The presence of a 
negative Ce anomaly within the boundary interval suggests well-
oxygenated bottom-water conditions in the Csővár basin during 
the global perturbation events. Hence, in the lack of indication of 
local hypoxia, we infer that δ238U values are representative of the 
world ocean. The position of the negative uranium isotope anomaly 
and the trends of the δ238U curve are similar to those of the Lom-
bardian TJB sections confirming that the δ238U signal of the Csővár 
section is a global phenomenon.

Comparison of the uranium isotope data from the Csővár sec-
tion with the only previously published δ238U record across the TJB 
is hampered by uncertainties of correlation. Nevertheless, the ura-
nium isotope trends of the three sections are similar, but the dif-
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ferent magnitudes of the δ238U excursions observed in the Csővár 
and the Lombardian sections warrant further study.

The abrupt and major δ238U decline from −0.39� to −0.93�
before the TJB suggests a rapid increase in the global extent of 
bottom-water anoxia and confirms the observations and findings 
of the previous δ238U study across the TJB. This anomaly coin-
cides with the previously detected carbon isotope anomaly (ICIE) 
which is associated with the first, major intrusive phase of the 
CAMP activity and marks the extinction horizon (ETE). Our results 
support the hypothesis that volcanism indirectly induced anoxia in 
the ocean.

Results of the C-P-U and the dynamic uranium box modeling 
indicate that anoxia did not reach its maximum extent during the 
extinction but only 200–250 kyr later, when approximately 13% of 
the global ocean floor may have been anoxic. The extent of seafloor 
anoxia likely remained high (1–6%) throughout most of the Het-
tangian. The severity of anoxia during the extinction event might 
be slightly underestimated as certain potentially anoxia-inducing 
mechanisms are not included in the models.

The delayed peak of anoxia is probably the result of the later, 
extrusive phase of the CAMP that is marked by the prominent Hg 
peak of the section. The subsequent minor Hg peaks and NCIEs 
recorded in the upper part of the section indicate further volcanic 
pulses in the Hettangian. Our data and modeling results confirm 
that the prolonged CAMP activity and related CO2 degassing are 
probably responsible for the persistent anoxia. The existence of 
anoxia in the middle Hettangian explains the slow rebound of 
benthic fauna after the extinction. Our findings indicate that the 
spread of anoxia and the ETE have a common cause rather than 
a direct cause-and-effect relationship, but prolonged bottom-water 
anoxia delayed the biotic recovery after the extinction.
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