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RESUMO

A evolugao da Terra é marcada por diferentes periodos de extingdo em massa,
sendo as cinco principais chamadas de Big Five. Muitas vezes estas extingdes estao
associadas as Grandes Provincias Igneas (Large Igneous province — LIPs). A
transicdo Triassico-Jurassico (Triassic-Jurassic boundary - TJB) apresenta uma
dessas extingdes, cujas caracteristicas séo tipicas de eventos hipertermais. Essa
extingao foi associada com a LIP da Provincia Magmatica do Atlantico Central (Central
Atlantic magmatic province — CAMP) cujas consequéncias incluem anoxia, mudancga
climatica e crises de biocalcificagdo. O entendimento destas questbes sao fatores
cruciais, uma vez que se esta a viver atualmente uma nova e possivel extingdo em
massa onde o homem é o principal agente de mudanga climatica. O entendimento do
comportamento dos ecossistemas passados e seu tempo de recuperagcdo nos
ajudarao a entender e prever impactos futuros das atividades antropogénicas. A vasta
concentragcao de pesquisas nas bacias Europeias e Norte Americanas permitem um
entendimento maior para esta transigdo naquelas localidades, sendo que os registros
fora destas ainda s&do escassos. Aqui nos trazemos uma abordagem multiproxie que
correlaciona mudangas climaticas, condigbes de oxigenagao e possiveis registros
distais do vulcanismo CAMP no evento de extingédo do final do Triassico (End Triassic
Extinction- ETE) e no TJB. Os registros intempéricos e climaticos indicam uma
mudanca das condi¢des hidroclimaticas que iniciam com a excursao negativa dos
isétopos de Carbono (carbon Isotopic Excursion -CIE) que precede o TJB. As aguas
de fundo permaneceram oéxicas a disoxicas durante o TJB, conforme evidenciado
pelos proxies redox, contrastando com padrdes descritos em sessdes marinhas rasas.
As concentragdes elevadas de Hg e Hg/TOC ocorreram durante a CIE negativa, o que
sugere o registro da atividade Vulcanica do CAMP para a sessao Levanto-Maino, no
Peru. De modo geral, nosso estudo evidencia a importancia da segéo Levanto-Maino
para compreender as condigdes ambientais marinhas profundas associadas ao ETE
e ao TJB.

Keywords: Extingdo do final do Triassico (ETE), Provincia Magmatica

do Atlantico Central (CAMP), concentra¢des de mercurio, Levanto Peru.



APRESENTAGAO

A transicao entre os periodos Triassico e Jurassico € marcado por uma das
grandes extingdes na historia do planeta, onde cerca de 73% da biodiversidade foi
perdida, tanto nos oceanos quanto nos continentes (Sepkoski, 1996). As causas e
consequéncias desta extingdo tém sido estudadas por tempos e atribuidas a duas
linhas de raciocinio: uma que defende o impacto de bdlidos (Olsen, 2002) e outra que
€ associada ao vulcanismo da Provincia Magmatica do Atlantico Central (CAMP)
(Marzoli et al., 2004; Palfy et al., 2001). Afloramentos da segéo tipica desta transigao
tém sido estudadas em Queen Charlotte Islands (Ward et al., 2001), Csovar na
Hungria (Kovacs et al., 2020; Palfy et al., 2001), sucessées em Nevada (Blackburn et
al., 2013; Guex et al., 2004), Peru (Guex et al., 2012; Hillebrandt, 1994; Schaltegger
et al., 2008; Wotzlaw et al., 2014; Yager et al., 2021, 2017), Austria (Hillebrandt et al.,
2013; Lindstrom et al., 2017a), Stenlille na Dinamarca (Lindstrom et al., 2017a), e em
St. Audrie's Bay na Inglaterra (Hesselbo et al., 2020, 2002; Whiteside et al., 2007).
Esses estudos focaram principalmente em compreender a transicdo entre os dois
periodos, os efeitos da extingdo e as consequéncias do Vulcanismo da LIP (Large
Igneous Province - LIP). Consequéncias da colocagao da CAMP incluem a liberagao
de gases de efeito estufa na atmosfera e nos oceanos, que elevou os niveis
atmosféricos de COz2 levando ao efeito estufa e a intensificagdo do ciclo hidrolégico
(McElwain et al., 1999; Schaller et al., 2012). A alta pCO2 atmosférica pode ter levado
a acidificagao dos oceanos (Greene et al., 2012; Hautmann et al., 2008), agindo como
um mecanismo de extingcdo no ambiente marinho.

Quase todos os afloramentos estudados se situam no hemisfério norte, sendo
a Bacia de Pucara, no Peru uma das poucas do hemisfério sul. A Formacéao
Aramachay (Grupo Pucara) apresenta um dos melhores registros sedimentares
abrangendo o TJB no mundo, onde afloram varias faixas das unidades do Triassico e
o contato com o Jurassico (Hillerbrandt, 1994). Estudos recentes na sec¢éo entre as
localidades de Levanto e Maino, com novas data¢des de camadas de tufos vulcanicos
(Schaltegger et al., 2008; Schoene et al., 2010), e registros de isétopos estaveis de
carbono (Yager et al., 2017), permitiram que a bacia fosse correlacionada com outras
bacias que registram o TJB. Um novo proxy de anomalia de mercurio (concentragoes
de Hg e razdo Hg/TOC) tem sido utilizado para rastrear o vulcanismo das LIPs (Grasby
et al., 2019; Percival et al., 2017; Thibodeau et al., 2016; Yager et al., 2021), e o0 seu



uso para o entendimento do TJB na sec¢do Levanto-Maino é promissor para a
compreensao das possiveis consequéncias do vulcanismo LIP.

Para expandir o conhecimento sobre esta se¢éo e a possivel correlacdo com o
magmatismo CAMP, este trabalho teve como objetivo realizar uma analise
paleoclimatica e paleoceanografica. Foram utilizados proxies geoquimicos para aporte
sedimentar, mudancga climatica, condicbes de oxigenacdo de massas de agua de
fundo e preservagdo de carbonato e carbono organico. Influéncias do vulcanismo
foram interpretadas a partir das anomalias de mercurio e tentou-se inferir quais as

suas implicagdes para a transi¢céo entre o Triassico e o Jurassico.

Hipétese: Durante o trabalho de conclusao de curso (TCC) foi observada na
secdo Levanto-Maino, uma mudang¢a na paleoprodutividade e aumento do aporte
sedimentar terrigeno na passagem Triassico-Jurassico. Este colapso brusco de
paleoprodutividade foi observado por Ward et al., (2001) em Queen Charlotte Islands
(British Columbia, Canada), que estudou a extingdo dos radiolarios e o
desaparecimento dos bivalves Monotis no limite T-J. Essas mudancas
paleoambientais ocorriam proximas aos niveis de cinza vulcanica, sugerindo uma

possivel relacdo com o CAMP.

A partir destas hipoteses foi desenvolvido um estudo que nos permitiu concluir
que:
« O possivel colapso da produtividade primaria no TJB ¢é
correlacionado com uma CIE negativa, e caracterizado por uma
queda nos teores de carbono organico total (COT) dos
sedimentos.
+ Uma mudanca no hidrolima local, para condi¢dées mais umidas, ocorreu
na passagem Triassico-Jurassico.
Essas mudangas paleoambientais sdo correlacionaveis as primeiras intrusdes
do CAMP datadas

O presente foi desenvolvido desde o (TCC - 2019). Proxies paleoclimaticos
foram medidos durante as atividades do TCC e indicadores das condigbes de

oxigenacao das aguas de fundo e de atividade vulcanica foram medidos durante as
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atividades de mestrado. O artigo foi submetido ao periddico Paleogeography,

Palaeoclimatology, Palaoecology, conceito Qualis-CAPES A2.
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MANUSCRITO

Hydroclimate and deep water oxygenation changes across the Triassic-
Jurassic boundary at the Levanto-Maino section, Peru: Possible volcanic

triggers

Emanuel Mendonga Francisco?, Karlos Guilhnerme Diemer Kochhanna®, Gerson
Fauth?®, Farid Chemale Jr.2, Luiza Carine Silva®, Elvis Sanchez Chimpay®, Valeska

MeirellesP

a Programa de Pds-graduagédo em Geologia, Universidade do Vale do Rio dos Sinos, 93022-220, Sao
Leopoldo, RS, Brazil

b Instituto Tecnoldgico de Paleoceanografia e Mudancgas Climaticas — Itt Oceaneon- Universidade do
Vale do Rio dos Sinos, S&o Leopoldo, RS, Brazil

¢ Instituto Geoldgico, Minero y Metaturgico - INGEMMET, Lima, Peru

Abstract: The Triassic-Jurassic transition records one of the main mass extinctions of
the Phanerozoic, which appears to be linked to environmental changes caused by
volcanism of the Central Atlantic Magmatic Province (CAMP). Evidence of anoxia,
climate change, and a biocalcification crisis are described as effects of the release of
volcanic greenhouse gases. However, paleoenvironmental proxies for deep marine
sections spanning the Triassic-Jurassic boundary (TJB) are scarce outside Europe and
North America. We present geochemical proxies for Peru's Levanto-Maino section,
which presents a complete record across the TJB interval. Log(K/Fe) records depict a
shift from drier to wetter hydroclimate conditions, correlated with the onset of the
negative carbon isotope excursion (CIE) that preceded the TJB. This interval was also
characterized by oxic to dysoxic bottom waters, as evidenced by the U/Mo, V/(V+Ni),
Ni/Co and V/Cr ratios, within the End Triassic Extinction (ETE) interval of the latest

Triassic. Mercury concentrations and the Hg/TOC ratio also increase within negative

" corresponding author. Emanuel Mendonga Francisco.
E-mail adress: emanuelmf.francico@gmail.com
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CIE, suggesting that the Levanto-Maino section also presents a distal (indirect) record
of CAMP activity. From the negative CIE toward the TJB, bottom water oxygenation
improved in opposition to the patterns described for shallower marine sections. In
summary, the Levanto-Maino section can improve our understanding of the ETE and

TJB in a deep marine setting.

Keywords, Late Triassic extinction (ETE); Central Atlantic Magmatic Province

(CAMP); Hg concentration; Levanto-Maino Peru.

1 INTRODUCTION

Earth's history is marked by several periods of increased speciation and
extinction rates. Five major episodes of mass extinctions, called the “big five” (Raup
and Sepkoski, 1982), occurred during the Phanerozoic and were characterized by
expressive biodiversity declines. The Triassic-Jurassic transition records one of these
mass extinctions, when approximately 40 to 73% of biodiversity was lost (Alroy,
2010; Sepkoski, 1996). This transition was synchronous with the emplacement of a
Large Igneous Province (LIPs), the Central Atlantic Magmatic Province (CAMP),
whose volcanism and release of greenhouse gases and toxic compounds has been
interpreted as the trigger for the observed environmental and climatic changes across
the Triassic-Jurassic boundary (TJB; Marzoli et al., 2004, 1999; Van De
Schootbrugge et al., 2009). The release of these gases into the atmosphere and
oceans raised pCO: levels, leading to greenhouse conditions and intensification of
the hydrological cycle (McElwain et al., 1999; Schaller et al., 2012). Stomatal index

data from plant leaves suggested establishment of a super greenhouse climate state,



when atmospheric CO2 concentrations hovered at around 2000 ppm and global
mean temperatures increased by 3 to 4 °C (McElwain et al., 1999). These high
atmospheric pCO2 may have led to ocean acidification (Greene et al., 2012;
Hautmann et al., 2008), acting as an extinction mechanism in marine environments.

This perturbation of the carbon cycle is recorded as multiple stable carbon
isotope excursions (CIEs) in different basins around the world (Hesselbo et al., 2002;
Lindstrom et al., 2017a; Palfy et al., 2001; Van De Schootbrugge et al., 2008; Yager
et al., 2017). These excursions indicate sudden injections of huge amounts of '3C-
depleted CO: into the ocean-atmosphere system (Marzoli et al., 2018), although its
origin (e.g., dissociation of hydrates from the ocean floor, thermogenic production of
methane from sediments, volcanic CO: release) is still debated (Bachan and Payne,
2016; Hesselbo et al., 2002; Marzoli et al., 2017; Paris et al., 2010; Ruhl et al., 2011).
Several questions are still debated regarding whether volcanism played a key role in
extinction (Whiteside et al., 2007). Alternative scenarios propose an extraterrestrial
impact similar to K-Pg (Olsen, 2002), and rapid changes of sea level with widespread
anoxia (Hallam, 1995; Hallam and Wignall, 1999).

There is a lack of knowledge of paleoenvironmental conditions of deep marine
settings across the TJB, since most of faunal data used to assess ecological
recovery is described from shallow marine sections (Thibodeau et al., 2016).
Additionally, there are only few studies of sections outside Europe and North
America, making it difficult to constrain a TJB scenario in other Panthalassa regions.
Here we present a multiproxy study of the Levanto-Maino section in Peru, a complete
deep marine record of the TJB, spanning the late Rhaetian to the early Sinemurian
(Von Hillebrandt, 2000). Our study allows us to reconstruct hydroclimate conditions,

sedimentary input, and bottom water oxygenation across the TJB. We also compare
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paleoenvironmental proxies with Hg-based volcanic activity tracers to establish
possible links between CAMP volcanic activity and environmental reorganizations

across the TJB.

2 GEOLOGICAL SETTINGS

The Utcubamba Valley in Peru is one of the best locations worldwide where
upper Triassic (Raethian) to lower Jurassic (Hettangian) strata crop out, with
abundant occurrences of fossils such as ammonites (Hillenbradt, 1994). The
sedimentary basins in Peru present remarkable structural control, mainly related to
Neoproterozoic and Middle Proterozoic lineaments, consisting of NNE and NW
structures, respectively (Tankard, 2002). The study area is located in the Pucara
Basin, whose sedimentary record ranges from the Devonian to the Cretaceous, with
deposition predominantly in the NNW direction, extending from northern Peru to the
central part of the country (Rosas et al., 2007). The basin underwent a subsidence
process induced by basement faults, which was followed by a phase of tension
relaxation that caused generalized subsidence with establishment of a broad
epicontinental sea (Rosas et al., 2007).

The Pucara Group ranges in age from the upper Triassic to the middle
Jurassic, and consists of sandstones, claystones, and limestones (Rosas et al.,
2007). It is divided into the Chambara, Aramachay and Condorsinga formations
(fig.1). The fossil-rich Aramachay Formation, the focus of this work, is characterized
by bituminous shales, sandstones, carbonates, cherts, and phosphate concretions
(Hillebrandt, 1994), containing tuffs in the upper section (Rosas et al., 2007).

According to Rosas et al. (2007), it records the deepening of a carbonate platform in
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a dominantly anoxic environment, ranging in age from Raethian to Sinemurian, and
adjacent to a volcanic arc that was active between the late Triassic (Norian) to early
Jurassic (Schaltegger et al., 2008). Schaltegger et al. (2008) classified the
stratigraphic ranges of ammonite in the Levanto section, which allow correlation with
other basins.

The section studied in our work is located between the localities of Levanto
and Maino (fig.1) and has well-constrained ammonite biostratigraphy (Schaltegger et
al., 2008), as well as of dated ash layers (Guex et al., 2012; Schoene et al., 2010;
Wotzlaw et al., 2014). Field observations demonstrate a relatively uniform section,
composed of thin to thick layers of carbonates and claystones, with some carbonate
concretions at the session’s top. The lower part of the section (0-62m) is stratified
with centimetric to millimetric ash layers. From 62 to 105 m ash layers are often
occurring, and sediment beds become thicker. Petrographic data from Yager et al.
(2017) confirmed no sudden variation in lithology throughout the Levanto-Maino

Section.
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Fig. 1 - Location of the studied section and detailed map of the Levanto—Maino road

with the location of some marker ammonites (modified from Guex et al., 2012)

3 MATERIAL AND METHODS

3.1 Section location and sampling strategy

We collected 124 samples within a 97.5 m-long section between the cities of
Levanto and Maino (Fig. 1; 06°18'15,1"S, 77°53'03,7"W). The studied sedimentary

succession is dominantly composed of limestone, interbedded with shale levels.

12

Sampling was performed every 50 cm up to a height of 54 m in the profile, and higher
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than that samples were collected every 30 cm because of the proximity to the TJB.

Highly weathered samples were avoided, and only fresh rocks were collected.

3.2 Carbonate and organic carbon contents

For the determination of total carbon (TC), sediment aliquots of 0.26 g were
measured on a LECO SC-144DR carbon and sulfur analyzer by combustion at
temperatures between 1300 °C and 1350 °C. For total organic carbon (TOC)
analyses, sediment aliquots of 0.26 g were acidified with HCI, and, afterward, washed
with deionized water heated to 100 °C until neutral pH was achieved (repeated about
eight times). After drying at 40 °C, samples were measured as with TC analyses.
Carbonate (CaCOs) content was estimated based on TOC and TC measurements
according to the equation: CaCOs (%) = (TC — TOC) * 8.33 (Stax and Stein, 1995).
All analyses were performed at the Technological Institute for Paleoceanography and

Climate Change (itt Oceaneon; UNISINOS University).

3.3 Sediment elemental ratios

For elemental analysis, an Epsilon 1 X-ray fluorescence spectrometer
(Panalytacal) was used. Samples were initially fragmented in an agate mortar, and
~5 g sample aliquots were dried in an oven at 40 °C for 2 hours. Elemental analyzes
are reported as raw intensities (cps; counts per second) and the values were later
interpreted in the form of elemental logarithmic ratios. Measured element intensities
depend on the element concentration, but also on matrix effects, physical properties,
and sample geometry (Weltje and Tjallingii, 2008). To minimize these effects,
logarithmic ratios or normal ratios of two elements are used, which can be interpreted

directly as the relative concentration of the concentration of these elements (Tjallingii
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et al., 2010; Weltje and Tjallingii, 2008). The specific filter types, voltages and
amperages used in the analyzes are summarized in Supplementary Table S1. All
analyses were performed at itt OCEANEON (UNISINOS University). Log(K/Fe) was
used to characterize weathering intensity throughout the section (Croudace and

Rothwell, 2015; Jaeschke et al., 2007; Kwiecien et al., 2009).

3.4 Mercury analyses

Mercury (Hg) measurements were run with a direct mercury measuring device,
model DMA-80 evo tricell double bean (Millestone). Sediment aliquots of 0.03 g were
analyzed without any pre-treatment. Accuracy of Hg measurements was checked by
measuring the certified reference material (CRM) NIST 1646a, as reported in
Supplementary Table S2. All analyses were performed at itt OCEANEON (UNISINOS

University).

3.5 Redox proxies

Sample preparation for analysis of redox sensitive elements (Ni, Mo, V, U)
was performed by partial digestion using microwave digestion (Mars6; CEM
Corporation). Sediment aliquots of 0.25 g we put into a PTFE vessel (EasyPrep) and
was added 6 mL of HNO3 65% and 1 mL of HCI 27%. Both acids were previously
purified by sub-boiling distillation using a quartz sub-boiling distillation system duo
PUR (Milestone). Ten minutes after adding the acids, digestions were run in closed
vessels for 30 minutes at 210 °C. Certified reference material as TILL-1 (CCRMP),
BCR-2 and BHVO-2 (USGS) were also prepared to verify the accuracy of

measurements.



15

With digestion complete, vessels were allowed to cool to room temperature
before opening them. Samples were filtered and diluted to 50 mL with deionized
water. For analysis in an ICP-MS iCAP Qc (Thermo Fisher Scientific), the working
standard solutions were prepared by diluting the stock solutions 1000 mg L' in 2%
nitric acid to obtain a concentration ranges of calibration solutions for all elements
from 0.10 to 100 ug L-'. Rhodium (Rh) 10 pg L-' was used as internal standard to
check the drift during analysis, and measurements were performed in KED mode. All

analyses were performed at itt OCEANEON (UNISINOS University).

4. RESULTS

4.1 Correlation with previous studies

Our section is located in the same area as in the works of Guex et al. (2012),
Schaltegger et al. (2008), Schoene et al. (2010), Wotzlaw et al. (2014) and Yager et
al. (2017), spanning the Raethian-Hettangian interval. Our TOC series enables a
direct correlation with the TOC data of Yager et al. (2017) (Fig. 2) and, consequently,
the succession described by Schaltegger et al. (2008). Therefore, during the
fieldwork, we located in our section stratigraphic positions of U-Pb dating published
by Guex et al., 2012 and Wotzlaw et al., 2014) as well as the position of ammonite
events according to Yager et al. (2017). The last occurrence of Choristoceras
crickmayi marks the onset of the late Triassic extinction (ETE; just before 201.51 +
0.15 Ma; Wotzlaw et al., 2014), whereas the first occurrence of Psiloceras spelae
characterizes the TJB (TJB; 201.36 £ 0.17 Ma; Wotzlaw et al., 2014). We could not
represent all ash layers in the studies section because of limitations of the graphic
scale, since they range from millimeter to centimeter in thickness, and several ash

levels can be found within a single meter. Thus we focus on the ash layers dated by
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Guex et al. (2012), Schaltegger et al. (2008), Schoene et al. (2010) and Wotzlaw et

al. (2014) which characterize the T-J transition. Later, we used these dated ash

layers to derive an age model for the studied section Supplementary Table S3.
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4.2 Proxies for weathering intensity, and carbonate and organic carbon

preservation

Within the Raethian, log(K/Fe) shows a negative excursion in the basal portion

of the ~14 m section (Fig. 3). It is followed by an interval characterized by low
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amplitude oscillations, with a progressive overall K enrichment between ~10 and ~60
m. Near the onset of the end Triassic extinction (ETE) interval, just below the TJB, a
marked negative excursion, from -0.83 to -1.02 log(K/Fe), occurs. Log(K/Fe) recovers
to pre-excursion values at ~77 m in the section, ~7 m above the TJB (Fig. 3).

Within the Raethian interval, average CaCOQOs is 46.7% and average TOC is
1.8% (Fig. 3). Slightly below the ETE, there are increases of both TOC and CaCOs,
reaching maxima of 3.6% and 76%, respectively. At the TJB, TOC values drop from
1.2 to 0.7% and remain relatively low up to the top of the section, except by a positive
excursion centered at ~77 m. As a result, CaCOs content falls at the TJB by about
70%, showing high-amplitude variability up to ~75 m in the section (Fig. 3). At ~77 m,
the CaCO3 content recovers the pre-excursion values, but presenting high-amplitude

oscillations.
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4.3 Proxies for volcanic activity

The Levanto-Maino Section records three peaks of mercury (Hg) enrichment,
even when normalized against TOC content. The first Hg enrichment peak occurs at
the extinction horizon (62 m), the second and highest peak occurs at ~70 m (TJB),
and the last and smaller peak occurs within the Hettangian (Fig. 3). Mercury
concentrations and the Hg/TOC ratio present mean values of 51.5 ug/kg and 60.3,

respectively, for the Raethian interval in the Levanto-Maino section (Fig. 3; only
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Hg/TOC are shown). Both proxies peaked above 204 ug/kg (Hg concentration) and
259.6 (Hg/TOC ratio) at the center of the ETE interval (~65 m). After the ETE within
the Hettangian interval, there are two smaller (than in the extinction horizon), followed

by a gradual decline for both proxies within the Hettangian (Fig. 3).

4.4 Proxies for bottom water redox condition during the ETE

During the ETE, the redox ratios Mo/U, V(V+Ni), Ni/Co, and V/Cr present

mean values of 3.37, 0.63, 6.8, 2.47, respectively (Fig. 4).
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5 DISCUSSIONS

5.1 Hydroclimate changes across the TJB

The Mesozoic was generally a warmer period than the present day, about 6 °C
or more (Sellwood and Valdes, 2006). This was due to the configuration of the
continents that were united in a single land mass forming a supercontinent (Pangea),
which was centered on the at the Equator and emerged and was spreading between
85° N and 90° S (Ziegler et al., 1982). Modeling studies of Late Triassic evaporation
and precipitation indicate a hot semi-arid to arid climate (Simms and Ruffell, 1989;
Whiteside et al., 2011). These relatively arid global climate conditions remained until
the end of the Triassic, when a mass extinction occurred associated with drastic
climate changes (Preto et al., 2010). This climate change would be driven by the
emission of volcanic greenhouse gases by the CAMP (Hesselbo et al., 2002;
McElwain et al., 1999).

Our log(K/Fe) records at the Levanto-Maino section depict remarkable
regional climate reorganizations during the TJB interval. Potassium is mainly
delivered to deep ocean sediments in the structure of phyllosilicates such as illite
(Yarincik et al., 2000), which is usually formed in relatively dry regions with low
chemical weathering rates (Zabel et al., 2001). Iron is a main component of
siliciclastic deep ocean sediments (Arz et al., 1998; Kwiecien et al., 2009), being
mainly delivered by suspended riverine input of oxi-hydroxides, generated under wet
climate conditions (e.g., Arz et al., 1998; Govin et al., 2012; Mulitza et al., 2008).
Thus, we interpret that the Levanto-Maino section recorded relatively drier climatic
conditions during the Triassic (Raethian), evidenced by relatively high log(K/Fe)

values (Fig. 3 and 5; interval I). This climatic state transitioned to a relatively wetter
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configurations that began within the Late Triassic ETE interval, just before the TJB,
as evidenced by a sharp drop of log(K/Fe) at 62 m in the Levanto-Maino section (Fig.
3 and 5; interval Il), which is correlated with the onset of negative CIE (Yager et al.,
2017). Drier climate conditions were recorded again above ~76 m at the Levanto-

Maino section (Fig. 3 and 5; interval Ill).
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Fig. 5 Log 10 -scaled boxplots of the log (K/Fe) data in each age range (million
years) of the Levanto-Maino section. Numbers of measurements samples (n):
Interval | (202.6-201.5 Ma; n = 55), interval Il (201.5-200.7 Ma; n = 46), interval lll

(200.7-199.0 Ma; n = 22). As identified in Fig. 3

This observation is in line with the onset of the environmental disturbances
described (Hesselbo et al., 2002, 2007) at various locations in Europe for marine and
non-marine settings (Guex et al., 2004; Hesselbo et al., 2002, 2007; Sellwood and
Valdes, 2006; Williford et al., 2007). In southern Sweden, the Skane the Kagerod
Formation (upper Norian) is dominated by smectites, and transitions to kaolinite-rich
clays in the H6gana Formation (Raethian-Hettangian), which suggests a transition to

warmer and wetter climate conditions (Ahlberg et al., 2003). This transition was also
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observed in the Tratan Mountains, in the Furkaska section of Slovakia. In these
sections smectite and illite-rich clays indicate an arid climate for the Fatra Formation
(Rhaetian) and transition to kaolinite-enriched clays in the Kopeniac Formation
(Hettangian), indicating the onset of greenhouse humid conditions (Michalik et al.,
2010, 2013). A change in palynomorph assemblages at the TJB boundary was
observed in the Furkaska section (Ruckwied and Goétz, 2009), where a spore shift
was associated with a sudden increase in humidity. According to Bonis et al. (2010)
this shift to greenhouse conditions, with increased freshwater runoff, is also recorded
by mineralogical and palynological data from the Kendlbach Formation in Austria.
Mineralogical studies of late Triassic strata in Germany, with trilete spores (Van De
Schootbrugge et al., 2009), suggest the onset of climate humid conditions. Our
interpretations are consistent with Igbal et al. (2019), who analyzed weathering
trends in the Salt Range, Pakistan, using the chemical index of alteration (CIA) as
well as clays and paleosol analyses. These authors suggests the occurrence of a
relatively arid climate in the Triassic, evidenced by high illite contents, lower values of
CIA and poorly drained paleosols, and wetter climate conditions at the TJB, as
evidenced by increased abundance of kaolinite in paleosols and high CIA values in
laterite/bauxite horizons.

The onset of this hydroclimate reorganization is marked by a negative CIE at
the Levanto-Maino Section (Fig. 3) and at other TJB sections (Guex et al., 2004;
Hesselbo et al., 2002; Williford et al., 2007). For instance in the northern calcareous
Alps, Austria, a change in the weathering regime was also observed at the TJB,
which is interpreted as a consequence of a transient shift to greenhouse climate
conditions, and correlates with the onset of a major negative CIE (Palfy and Zajzon,

2012). In the Levanto-Maino Section, the onset of the climatic reorganization
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precisely coincides with the beginning of the CIE (Fig. 6), but peak wet climatic
conditions occurred after the TJB, between 70 and 75 m in the section (Fig. 3). We
suggest that increased weathering intensity at the TJB may have acted as a negative
feedback mechanism that help withdrawing atmospheric COz2 (e.g., Foster et al.,

2018) released by CAMP activity (see Section 5.3).
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5.2 Carbon cycle perturbation and bottom water oxygenation at the TJB

Disruptions of the carbon cycle occurred during the Late Triassic and were
recorded in several basins worldwide (Bachan et al., 2012; Fujisaki et al., 2016;
Hesselbo et al., 2020, 2002; Lindstrom et al., 2017b), including the Levanto-Maino
section (Yager et al. (2017). These disruptions were captured in the geological record
as multiple positive and negative CIEs. The magnitudes and duration of the Levanto-
Maino CIEs were discussed in Yager et al. (2017), dividing CIEs into three groups.
First, there is a positive 3'3Corg excursion below the extinction horizon, followed by a
negative excursion that starts at the extinction horizon, which is followed by a second
positive excursion at the TJB, followed by the early Jurassic recovery to pre-
disturbance levels.

In our work, TOC concentrations were high within the Raethian, peaked in
tandem with the positive CIE preceding the TJB, and remained low throughout the
Hettangian (Fig. 3). Therefore, we assume that organic carbon burial and/or
preservation were enhanced before TJB and decreased afterward at the Levanto-
Maino Section. Comparable trends were identified by Yager et al. (2017) at the
Levanto-Maino section and mainly interpreted in terms of changing regimes of
surface productivity. However, opposite trends were observed in European sections
(Hesselbo et al., 2002), where bottom-water anoxia may have increased organic
matter preservation during the Hettangian (Michalik et al., 2010; Van de

Schootbrugge et al., 2013; Yager et al., 2017). Our proxy records suggest that
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bottom waters remained oxic-dysoxic during the CIE that preceded the TJB at the
Levanto-Maino Section (ETE interval; Fig. 4). Thus, we suggest that organic matter
preservation is not the main factor controlling TOC content at the Levanto-Maino
Section. Our findings, therefore, support the interpretation of Yager et al. (2017) that
surface productivity changes controlled TOC content variability at the studied
succession.

Based on model calculations, Huynh and Poulsen (2005) proposed that
increased pCO2 led to deep ocean oxygen depletion at the TJB. Some works, such
as that of Bonis et al. (2010), suggest anoxia in tethyan sections. Based on
biomarkers, euxinic conditions have been also proposed for shallow marine
sediments deposited in the Tethys and Panthalasa oceans during the TJB (Richoz et
al., 2012 Richoz et al., 2012 Jaraula et al., 2013 Kasprak et al., 2015). Our redox
element data point to a different oxygenation setting at TJB boundary at the Levanto-
Maino section, where the oxygenation conditions suggest the occurrence of general
oxic to disoxic bottom water conditions and not anoxic conditions as suggested in
other sections. This pattern could be related to paleogeographic conditions of
Levanto-Maino Section. Fujisaki et al. (2018) analyzed the Katsuyama section
(Japan) that records the TJB. They observed that the development of anoxia and
euxinia was recorded only in shallow water environments, which would have probably
been caused by intensification of continental weathering that would promote primary
productivity and accumulation of organic matter.

Between 60 and 80 m at the Levanto-Maino Section, CaCOs3 content depicts
high-amplitude oscillations (Fig. 3). Marked drops of CaCOs content occurred in
tandem with the negative CIE recognized by Yager et al. (2017) at the Levanto-

Maino Section at the TJB (Fig. 3). In many European basins, the negative CIE
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interval is characterized by a collapse of carbonate productivity (Greene et al., 2012).
Although a biotic crisis of calcifying organisms occurred at the time, when primary
production may have shifted to a biogenic/non-skeletal mode (van de Schootbrugge
et al., 2007). Other factors such as carbonate dissolution and dilution by terrigenous
components may have played an important role in controlling carbonate
accumulation (e.g., Zeebe and Zachos, 2007). In fact, Quan et al. (2008) suggested
that increased input of terrigenous material drove the drop in carbonate content
recorded at the Mingolsheim TJB Section in Germany. The increase in weathering
rates across the TJB was detected by a sharp increase in a '8’0Os/'8Q0s isotope
record from England (Cohen and Coe, 2002). According to Fujisaki et al. (2018) this
process resulted in increased continental runoff and, consequently, increased input
of terrigenous components. The increase in continental runoff may also have
promoted primary productivity in shallow environments, which could lead to the
accumulation of organic matter in the bottom sediments and explain the occurrence
of anoxic-euxinic conditions (Hallam, 1995). It is also likely that oscillations in
carbonate content at the Levanto-Maino Section between 60 and 80 m were
controlled by dilution by terrigenous components since this interval was also
characterized by a shift to wet climate conditions (see section 5.1). We also assume
that the deposition of volcanic ash could dilute the CaCOs content during the ETE,
along the TJB, and between 85 and 97.5 m in the studied section (Fig. 3). However,
we cannot rule out a possible carbonate dissolution effect, as calcareous fossils are

relatively rare throughout the succession.



27

5.3 Volcanic trigger for environmental changes across the TJB

Our data demonstrate an enrichment in Hg and Hg/TOC values during ETE
and at the TJB at the Levanto-Maino section (Fig. 3). Hg/TOC enrichments recorded
in Phanerozoic sediments range between 400 and 800 ppb/wt. %. Mercury spikes
correlate with three of the five major depletions of Fanerozoic biodiversity (see
Charbonnier et al., 2020). Grasby et al. (2019) point to the difficulties in interpreting
Hg/TOC peaks when TOC is <0.2% since it could induce to biases of Hg/TOC
values. Fortunately, our values are within expectations when compared to the
Hg/TOC of Percival et al. (2017) and Thibodeau et al. (2016), with the lowest TOC
value of 0.27% (usually varying from 0.4 to 3.7%). These observations imply that the
trends depicted at the Levanto-Maino section are indeed robust. Another aspect that
could influence Hg deposition would be the presence of sulfides (Shen et al., 2020,
2019), still, neither petrographic slides (Yager et al., 2017) nor field evidence
supports the presence of pyrite in the studied section. Shen et al. (2020) suggested
that values of total sulfur (TS) >1.0% and TS/TOC >0.35 generally conform to a
sulfide host phase for Hg, whereas TS <1.0% or TS/TOC <0.35 suggests an organic
host phase. At the Levanto-Maino Section, mean TS is 0.16 and mean TS/TOC is
0.13, thus excluding a Hg enrichment controlled by S host phases (online
supplementary material Table S4). According to Shen et al. (2020), high
sedimentation rates could also influence Hg concentrations, since they tend to dilute
the main sediment components (organic matter, sulfides) that store Hg. Additionally,
peaks of Hg/TOC at the studied section occur in an interval characterized by relative
wet climate conditions and increased continental runoff when sedimentation rates
were likely to be relatively high. However, Mercury Independent Fractionation data

from Yager et al. (2021) for the Levanto-Maino Section also suggest that the section
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was not receiving Hg from continental runoff, once this type of Hg enrichment would
be more common in shallow marine settings (Them et al., 2019).

Our peaks of Hg concentrations and the Hg/TOC ratio are correlated with a
well-constrained negative CIE (Fig. 6) suggesting that this is not a local feature of the
Lavanto-Maino Section, but instead the record of a global signal related to the TJB
environmental perturbation. Several works in Triassic-Jurassic successions (Kovacs
et al., 2020; Percival et al., 2017; Ruhl et al., 2020; Thibodeau et al., 2016; Yager et
al., 2021) demonstrate this relationship between negative CIEs and enrichment in
Hg. For instance, Thibodeau et al. (2016), studying the TJB section of Muller Canyon,
Nevada, found peaks of Hg and Hg/COT in the late Triassic correlated with a
negative CIE with low TOC. Yager et al. (2021), comparing the TJB records of
Hg/TOC of Levanto-Maino Section with the basins of St. Audrie's bay (England),
Lombardia (Italy), Monte Sparagio (Sicily), and New York Canyons Nevada, identified
the Hg/TOC remained high during the Hettangian. However, this pattern does not
appear in our record, possibly due to the lower sampling resolution of our study. High
Hg/TOC values after the TJB were also observed in other basins by Percival et al.
(2017), who presented a correlation between six different locations in North and
South America, Europe and Africa. These authors also noticed that five of the six
analyzed sessions recorded Hg enrichments at the TJB, at the extinction level, and
associated with carbon cycle disturbances.

Percival et al. (2017) correlated the oldest preserved fluxes of the CAMP with
Hg enrichment levels in the sedimentary record. This correlation supports a volcanic
origin for the increases in sedimentary Hg around the TJB. Davies et al. (2017)
mapped and dated the CAMP intrusions that precede the TJB, which could have

triggered environment instability, with the oldest CAMP intrusions dated as
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201.635+0.029 Ma. Median ages of these intrusions are correlated with age
estimated for the highest Hg enrichment peak at the Levanto-Maino section (~201.5
Ma; Fig. 6), making us suggest that the hydroclimate reorganization described here
was, in fact, triggered by CAMP volcanic activity. However, Hg concentrations and
Hg/TOC remained high until ~200.1 Ma at the Levanto-Maino section (Yager et al.,
2021), suggesting that local depositional and/or diagenetic processes may have also

influenced Hg concentration and the Hg/TOC ratio (Yager et al., 2021).

6 CONCLUSIONS

Here we analyzed the deep marine Levanto-Maino section, Peru, seeking to
correlate geochemical proxies for climate and paleoceanographic conditions across
the TJB with tracers for CAMP volcanic activity. Our main conclusion are:

e We note that the Levanto-Maino section records a hydroclimate shift
from relatively dry conditions at the end of the Triassic to wetter climate
conditions, associated with increased terrigenous input, at the Triassic-
Jurassic transition. This interval of climate change is coeval with the
beginning of CAMP volcanic activity.

¢ Volcanic activity is indirectly recorded at the studied section by peaks of
Hg concentrations and the Hg/TOC ratio, which were coeval with the
negative CIE associated with the first CAMP intrusions that preceded
the TJB.

e Bottom water were oxic to dysoxic at TJB, suggesting that anoxia
during the Triassic-Jurassic transition was mostly restricted to shallow

marine settings.
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Our results highlight the potential of the Levanto-Maino section in
improving our understanding of ETE and TJB at deep marine settings,
since we can correlate climatic and paleoceanographic reorganizations

with trends identified worldwide.
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