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Abstract Mercury (Hg) enrichments in sediments are increasingly used as tracer for distal volcanism in
deep‐time investigations. The impact of changes in organic‐matter deposition and preservation on
sedimentary Hg sequestration is, however, poorly understood. In this study, we evaluate the potential role
of intense weathering and postdepositional organic‐matter degradation on the Hg/TOC proxy in
sediments. For this, we investigate weathering proﬁles in organic‐rich sediments from lowermost Toarcian
sediments (T‐OAE; Lafarge cement quarry, France) and organic‐rich deposits from the uppermost
Cenomanian‐lowermost Turonian Bonarelli level (OAE2; Furlo and Monte Velo, Italy; Manilva and El
Chorro, Spain). The comparison of Hg data along weathering proﬁles in lowermost Toarcian sediments
indicates that recent intense oxidation of the originally organic‐rich deposits has removed up to 89% of the
Hg signal. The organic‐rich sediments of the Furlo and Manilva sections are characterized by lower Hg/total
organic carbon (TOC) ratios, which suggest important Hg scavenging by organic matter (OM) deposition.
At the opposite, in equivalent successions, three signiﬁcant positive Hg/TOC excursions persist at El Chorro
and Monte Velo. These samples exhibit low Hydrogen Index (HI) values, which plot in the ﬁeld of type‐III
OM. This resulted from postdepositional degradation of marine OM type II to type III, which largely
modiﬁed the amount and the quality of OM. Consequently, the recorded Hg/TOC ratios do not reﬂect
original Hg drawdown but postdepositional oxidation, suggesting that extreme care is needed in the
evaluation of the history of OM preservation when using Hg as a proxy for volcanic activity.

1. Introduction
During the last few years, mercury (Hg) contents have been increasingly used to investigate the complex relationship between environmental change and the intensity and temporal extension of large igneous province
(LIP) activity (e.g., Charbonnier et al., 2017; Charbonnier et al., 2018; Charbonnier & Föllmi, 2017; Font et al.,
2016; Gong et al., 2017; Grasby et al., 2015; Jones et al., 2017; Percival et al., 2015; Percival et al., 2016; Percival
et al., 2017; Sabatino et al., 2018; Sanei et al., 2012; Scaife et al., 2017; Sial et al., 2013; Sial et al., 2014; Sial et al.,
2016; Thibodeau et al., 2016). Hg emissions from volcanoes represent an important natural source of Hg to
the atmosphere (Pirrone et al., 2010). Due to its relatively long atmospheric residence time (0.5–1 year;
Selin et al., 2008; Driscoll et al., 2013), Hg is transported to distal sites in the form of gaseous elemental mercury (Hg0; Pyle & Mather, 2003; Percival et al., 2015). Recently, Hg enrichments in sediments have been
linked to LIP activity in sedimentary successions of end‐Ordovician, latest Permian, end‐Triassic, Early
Toarcian, Valanginian, latest Hauterivian‐earliest Aptian, Early Aptian, Aptian/Albian boundary,
Cenomanian‐Turonian boundary, and end‐Cretaceous and Paleocene‐Eocene age (Charbonnier et al.,
2017; Charbonnier et al., 2018; Charbonnier & Föllmi, 2017; Font et al., 2016; Gong et al., 2017; Grasby
et al., 2015; Jones et al., 2017; Keller et al., 2018; Percival et al., 2015; Percival et al., 2017; Sabatino et al.,
2018; Sanei et al., 2012; Scaife et al., 2017; Sial et al., 2013; Sial et al., 2014; Thibodeau et al., 2016).
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The enrichment of Hg in sediments results from relatively complex processes (Krupp, 1988). Both in marine
and in freshwater environments, Hg has a strong afﬁnity for organic matter (OM), which is indicated by signiﬁcant Hg enrichments in organic‐rich deposits in comparison to background sediments (Gehrke et al.,
2009; Sanei et al., 2012). Changes in OM deposition affect rates of Hg drawdown (Gehrke et al., 2009;
Outridge et al., 2007; Stern et al., 2009). In modern as in ancient sediments, a strong covariation between
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Hg and organic carbon enrichments has been observed (Gehrke et al., 2009; Grasby et al., 2013; Outridge
et al., 2007; Stern et al., 2009). Consequently, the Hg concentrations are classically normalized against total
organic carbon (TOC) contents in order to identify Hg enrichments not directly related to episodes of
increased OM preservation (Sanei et al., 2012). In cases where positive excursions in Hg/TOC ratios are correlated with the original Hg records, it is usually concluded that the Hg enrichments are not related to
changes in OM deposition alone but rather associated with massive volcanic activity (Charbonnier &
Föllmi, 2017; Font et al., 2016; Gong et al., 2017; Percival et al., 2015; Sanei et al., 2012).
However, the application of Hg and Hg/TOC ratio alone as a proxy for volcanic input and its preservation as
a primary signal has been challenged in more recent studies. For example, for samples with less than 0.2 wt.%
TOC, Hg/TOC ratios are not considered to reﬂect realistic values (Grasby et al., 2015). Also, authors have cautioned that signals may not be indicative of Hg input at high TOC% (Gerkhe et al., 2009; Charbonnier &
Föllmi, 2017). In addition, due to the complexity of the biogeochemical cycle of Hg, local or regional
mechanisms such as local high input of clay, thermogenic release from coal and organic rich deposits, massive wildﬁres and increased soil erosion, and re‐emission processes contribute to increase the global pool of
Hg in surface reservoirs, which makes it difﬁcult to identify the volcanic source (Bergquist, 2018).
Furthermore, mercury is also sensitive to postdepositional processes leading to dissolution‐reprecipitation
and enrichment (Smit et al., 2016). Recently, Them et al. (2019) showed the complexity of the Hg cycle using
a compilation of Hg data during the Toarcian negative carbon isotope event. These authors have shown that
Hg/TOC anomalies were restricted to proximal environments, suggesting that these enrichments reﬂect
regional changes in riverine Hg input rather than direct volcanogenic emissions. Similarly, Shen et al.
(2019) reported several Hg enrichments in Ordovician/Silurian boundary sections. Despite high Hg/TOC
peaks, the Hg signal is mainly associated with pyrite and provide no evidence of any volcanic inﬂuence,
which demonstrates the importance of evaluating the main host phase of Hg in marine sediments (Shen
et al., 2019). For this, Hg isotopes may help to discriminate Hg sources and cycling in marine sediments
between volcanic and terrestrial input (Blum et al., 2014; Thibodeau et al., 2016; Grasby et al., 2017; Shen
et al., 2019; Them et al., 2019. In this context, the effect of OM degradation on Hg sequestration during burial
and exposure remains poorly investigated, and it is yet unclear to which extent the OM preservation history
may affect Hg contents in ancient sediments.
The aims of this study are to investigate (i) the potential consequence of intense weathering on Hg
sequestration in organic‐rich sediments, and more speciﬁcally (ii) the effect of OM degradation during
burial and re‐exposure on the Hg/TOC ratio, which is used as tracer of volcanic activity. For this, we
investigate the relationships between the distribution of Hg and the type and nature of OM in organic‐
rich strata recording the Toarcian Oceanic Anoxic Event (T‐OAE) and the Oceanic Anoxic Event 2
(OAE2). These two episodes of severe and global environmental perturbation led to the widespread
deposition of laminated organic‐rich sediments, which are characterized by high TOC contents of up to
20 and 40wt.% for T‐OAE and OAE2, respectively (e.g., Jenkyns, 2010). The record of the T‐OAE was studied in lowermost Toarcian sediments of the Lafarge cement quarry (Beaujolais, SE France), where
extreme and localized weathering of the organic‐rich strata has been reported (Suan et al., 2013). Thus,
these strata offer the opportunity to monitor the impact of weathering on Hg concentrations. The uppermost Cenomanian‐lowermost Turonian interval, including the OAE2 Bonarelli level and its equivalents,
was studied at Furlo (Umbria‐Marche Basin), Monte Velo (Trento Plateau), Manilva (Betic Cordillera),
and El Chorro (Betic Cordillera). These sections show fundamental differences in abundance, thermal
maturity, and OM type, allowing for detailed comparisons between the quality and the quantity of preserved OM and corresponding Hg contents. We discuss the implications of these results for the use of
Hg as a tracer of volcanic activity through geological history.

2. Studied Areas
2.1. Lower Toarcian Record
The Lafarge cement quarry in the Beaujolais area (southeastern France) exposes a lower Toarcian‐upper
Aalenian shallow‐water fossiliferous succession (Figure 1). The lowermost Toarcian succession comprises
the “Calcaires Jaunes à Ammonitella” Formation and the “Marnes inférieures” Formation (Elmi &
CHARBONNIER ET AL.
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Figure 1. Palaeogeographic map of the western Tethys during the (a) Lower Toarcian (modiﬁed from Mattioli et al., 2008) and the (b) uppermost Cenomanian‐
lowermost Turonian (modiﬁed from Dercourt et al., 1993), showing the location of the studied sections (Lafarge cement quarry, Monte Velo, Furlo, Manilva, El
Chorro).

Rulleau, 1991). The “Calcaires Jaunes à Ammonitella” consists of decimeter‐thick, partly dolomitized,
calcareous beds interbedded with strongly weathered plastic yellow clays (Figure 2). The nonweathered
part of the “Marnes inférieures” is composed of dark gray laminated marls rich in belemnite rostra,
whereas the weathered portions are yellow, plastic, and almost structureless (Figure 2). The temporal
framework is well deﬁned by ammonites and calcareous nannofossil assemblages (Elmi & Rulleau, 1991;
Suan et al., 2013). Furthermore, the lower Toarcian negative carbon isotope excursion is well documented
in the inorganic and organic carbon isotope proﬁles (Suan et al., 2013).
CHARBONNIER ET AL.
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Figure 2. Lithological succession of the Lafarge cement quarry (modiﬁed after Suan et al., 2003). The biostratigraphic
zonation is based on ammonites and calcareous nannofossils (Suan et al., 2013). Stratigraphic position of the weathered
and unweathered bulk rock samples and horizontal proﬁles are shown.

2.2. Cenomanian‐Turonian Boundary Sections
Four sections from the Umbria‐Marche Basin (Furlo section, Central Italy), the Trento Plateau (Monte Velo
section, northern Italy), and the external Betic Cordillera (El Chorro and Manilva sections, southern Spain),
all deposited in pelagic environments, were investigated (Figure 1).
The Umbria‐Marche sedimentary basin (Central Italy) was formed during the Late Triassic as a result of
extensional tectonics related to the opening of the southern Tethys Ocean (Bertotti et al., 1993). This basin
is subdivided into structural highs and basins of varying dimensions and facies. The Furlo section is located
in the northern part of the Umbria‐Marche Basin. This area is characterized by continuous deposition in a
pelagic setting, without any major tectonic disturbance (Arthur & Premoli‐Silva, 1982; Bortolotti et al., 1970;
Coccioni, 1996). The Trento Plateau (northern Italy) is considered as a paleogeographical‐structural unit of
the eastern Southern Alps largely affected by postrift thermal subsidence and Alpine compressional tectonics (Bertotti et al., 1993; Winterer & Bosellini, 1981). During the late Jurassic, it was formed as a submarine pelagic plateau surrounded by two basins: the Lombardian Basin to the West and the Belluno Basin to
the East (Bosellini et al., 1981). The Monte Velo section is situated in the central‐western area of the
Trento Plateau. The external Betic Cordillera Zone is composed of a proximal (Prebetic) and a distal basinal
(Subbetic) area situated along the southern Iberian paleomargin (Martín‐Algarra, 1987; Sanz de Galdeano,
1996). The El Chorro section is located close to the internal‐external Betic Cordillera Zone boundary, in the
most internal part of the Subbetic Zone, which is also called the Penibetic Zone. This zone consists of the
innermost tectonic unit of the external zone of the Betic Cordillera. At the opposite, the Manilva section is
situated in the westernmost part of the Subbetic Zone.
CHARBONNIER ET AL.

4 of 19

Geochemistry, Geophysics, Geosystems

10.1029/2019GC008707

Figure 3. Stratigraphic (short‐dashed line) and carbon‐isotopic (dashed line) correlations of the Cenomanian/Turonian boundary interval of the Manilva (Subbetic
Basin), Monte Velo (Trento Plateau), Furlo (Umbria Marche Basin), and El Chorro (Betic Cordillera) sections (Mort, Jacquat, et al., 2007a, Mort, Adatte, et al.,
2007b). The biostratigraphic framework is based on planktonic foraminiferal assemblages (Mort, Jacquat, et al., 2007a, Mort, Adatte, et al., 2007b).

All successions are situated in the same facies zone and are composed of white limestone and mudstone
separated by the expression of the Bonarelli level. It consists of an interval between 1 and 2 m thick of laminated organic‐rich shale with biogenic phosphate fragments, diatoms, and radiolarian sand (Luciani &
Cobianchi, 1999; Figures 3 and 4). These successions of late Cenomanian–early Turonian age are well dated
and correlated by planktonic foraminiferal biostratigraphy and carbon‐isotope chemostratigraphy (Mort
et al., 2007a, Mort et al., 2007b; Figure 3).

3. Material and Methods
3.1. Material
At Lafarge cement quarry, strongly weathered and unweathered, ﬁnely laminated organic‐rich samples
were collected in two sections separated by about 200 m and equivalent in age along the ﬁrst meter of the
“Calcaires Jaunes à Ammonitella” Formation, which correspond to the T‐OAE (Figure 2). In addition, bulk
rock powders were obtained by producing successive, <1‐mm‐deep trenches on the surface of three slabs
using a minidrill equipped with tungsten carbide drill bit. The three slabs correspond to three distinct horizontal horizons (Harpoceras serpentinus and Hildoceras bifrons ammonite Zones) and show moderately to
deeply weathered edges (Figures 2, 5, and 6).
The CT boundary interval at Furlo, Manilva, El Chorro, and Monte Velo was sampled at high resolution,
including the organic‐rich sediments of the Bonarelli level and its equivalents (Figure 3).
3.2. Methods
A total of 246 samples were measured for their Hg contents, using a Zeeman R‐915F (Lumex, St. Petersburg,
Russia) high‐frequency atomic absorption spectrometer at the University of Lausanne. Analyses are based
on the direct thermal evaporation of Hg from solid samples. Measurements were systematically conducted
on two aliquots. The accuracy was conﬁrmed by the analysis of certiﬁed reference materials (GSD‐11 standard, Chinese alluvium: 72.0 ppb; Zintwana et al., 2012) with a correlation coefﬁcient of 0.99 and a standard
residual deviation of 5% (±3.6 ppb for the standard). In complement to the Rock‐Eval pyrolysis data measured at Manilva and Furlo (Mort et al., 2007a, 2007b), the pyrolysable carbon (PC), the TOC content,
CHARBONNIER ET AL.
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Figure 4. Microfacies photomicrographs of El Chorro, Monte Velo, Manilva, and Furlo sections showing typical laminated organic‐rich layers with radiolarians,
diatoms, and biogenic phosphate fragments.

CHARBONNIER ET AL.
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Figure 5. Hg (ppb), TOC (wt.%), HI (mg HC/g TOC), OI (mg CO2/g TOC), and Hg/TOC (ppb/wt.%) ratios along horizontal
proﬁles (a) CI and (b) CII (H. serpentinus ammonite Zone, T‐OAE). The yellow bars represent the weathered edges of the
horizontal horizons.

hydrogen index (HI), oxygen index (OI), and Tmax were measured in the samples from the Lafarge cement
quarry, El Chorro, and Monte Velo sections using a Rock EvalTM 6 at the University of Lausanne (Behar
et al., 2001; Espitalié et al., 1985; Lafargue et al., 1998). Samples were calibrated using the IFP160000
standard with an instrumental precision of <0.1 wt.% for TOC, 1.5 °C for Tmax, 10 mg HC/g TOC for HI,
and 10 mg CO2/g TOC for OI.

4. Results
4.1. Lower Toarcian Sediments
Along the CI, CII, and MA horizontal proﬁles, the Hg content decreases (from 507 to 317 ppb, from 784 to
647 ppb, and from 578 to 61 ppb, respectively) from the unweathered to weathered bulk rock portions
(Figures 5a, 5b, and 6). The organic‐carbon record expressed as percent TOC ﬂuctuates between 9.29 and
10.51 wt.% and between 7.09 and 13.30 wt.% in the CI and CII proﬁles, respectively (Figures 5a and 5b).
The OI values vary from 13 to 71 mg CO2/g TOC and from 17 to 86 mg CO2/g TOC, and the HI index
CHARBONNIER ET AL.
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Figure 6. Hg (ppb), TOC (wt.%), HI (mg HC/g TOC), OI (mg CO2/g TOC), and Hg/TOC (ppb/wt.%) ratios along horizontal
proﬁle MA (H. bifrons ammonite Zone). The yellow bars represent the weathered edges of the horizontal horizons.

values vary from 498 to 311 mg HC/g TOC and from 433 to 244 mg HC/g TOC, respectively (Figures 5a and
5b). Along the MA horizontal proﬁle, TOC contents are marked by a gradual decrease from 5.3 to 0.93 wt.%
from the unweathered to weathered bulk rock portions (Figure 6). The OI values show a signiﬁcant increase
from 31 to 238 mg CO2/g TOC, and the HI values vary from 520 to 78 mg HC/g TOC (Figure 6). The Hg/TOC
ratios in bulk‐rock samples along these proﬁles are characterized by relatively stable values (~100 ppb/wt.%).
The Hg and TOC values measured in strongly weathered and unweathered bulk‐rock samples of the T‐OAE
are plotted in Figure 7. In the section preserving dark gray marl, Hg contents range from 34 to 177 ppb. The
TOC values ﬂuctuate between 0.98 and 11.39 wt.% (Figure 7). High TOC values correspond to low OI
CHARBONNIER ET AL.
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Figure 7. Hg (ppb), Total organic carbon (TOC, wt.%), HI (mg HC/g TOC), OI (mg CO2/g TOC), and Hg/TOC (ppb/wt.%) ratios data from (a) weathered samples,
(b) unweathered samples of the T‐OAE interval equivalent.

(<20 mg CO2/g TOC) and high HI (515–696 mg HC/g TOC) values. The Hg data obtained in the strongly
weathered samples show more or less similar values, ﬂuctuating between 65 and 207 ppb. In strong
contrast, measured TOC values do not exceed 0.1 wt.% in the same stratigraphic interval in the weathered
section (Figure 7). Samples display low HI (<90 mg HC/g TOC) and high OI (up to 2,500 mg CO2/g TOC)
values. The Hg/TOC ratio is rather low and stable in the section preserving dark gray marl, whereas it
shows signiﬁcant high values in weathered sections (up to 5,100 ppb/wt.%).
4.2. Cenomanian‐Turonian Boundary Sediments
The Hg records at Furlo, Manilva, Monte Velo, and El Chorro show similarly strong enrichments in the
interval corresponding to the Bonarelli level (Figure 8). The Hg variations range from 24 to 233 ppb at
Furlo, from 78 to 861 ppb at Manilva, from 13.3 to 394 ppb at Monte Velo, and from 10 to 583 ppb at El
Chorro (Figure 8). The Hg values are rather low and stable below and above this interval, not exceeding
40 ppb (Figure 8). The TOC values ﬂuctuate between 0.66 and 17.09 wt.% and between 0.33 and 23.55 wt.%
at Furlo and Manilva, respectively (Mort, Jacquat, et al., 2007a, Mort, Adatte, et al., 2007b). High TOC
values correspond to low OI (from 21 to 91 mg CO2/g TOC and from 37 to 105 mg CO2/g TOC) and high
HI (up to 608 and 556 mg HC/g TOC) values (Figure 9). The TOC contents are comparatively moderate at
Monte Velo (0.14–1.96 wt.%) and low at El Chorro (0.05–0.94 wt.%; Figure 8). Samples from the Bonarelli
equivalent exhibit a low HI (from 49 to 173 mg HC/g TOC and from 3 to 44 mg HC/g TOC) and high OI
(up to 463 and 493 mg CO2/g TOC) values (Figure 9). At Furlo and Manilva, the Hg/TOC ratio displays
rather low values along the uppermost Cenomanian‐lowermost Turonian interval, ﬂuctuating around 100
ppb/wt. % (Figure 8). In strong contrast at El Chorro and Monte Velo, three signiﬁcant peaks in the
Hg/TOC ratio is observed in the same stratigraphic interval (up to 606 ppb/wt. % at Monte Velo and 1,000
ppb/wt.% at El Chorro; Figure 8).

5. Discussion
5.1. Effect of Surface Weathering on Hg Sequestration
5.1.1. Impact of Moderate to Intense Weathering conditions
The HI (mg HC/g TOC), OI (mg CO2/g TOC), and TOC (wt.%) values are usually used to estimate the type
and quality of preserved OM (Baudin et al., 1998; Espitalié et al., 1985; Hunt, 1995; Suan et al., 2013). High
HI values associated to the highest TOC contents indicate a type‐II marine OM, which corresponds to a well‐
preserved OM generally derived from phytoplankton biomass reworked by bacteria. Low HI and high OI
values associated with low TOC contents can be a result of a strong alteration of laminated OM (an altered
type II).
CHARBONNIER ET AL.
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Figure 8. δ Corg (‰ VPDB), total organic carbon (TOC, wt. %), Hg (ppb), and Hg/TOC (ppb/wt. %) ratios data from Furlo (Central Italy, Umbria Marche Basin),
Manilva (southern Spain, Subbetic Basin), El Chorro (southern Spain, Betic Cordillera), and Monte Velo (northern Italy, Trento Plateau) sections. The precise
biostratigraphic framework is based on planktonic foraminiferal assemblages (Mort et al., 2007a, 2007b).

A moderate increase in OI (from 13 to 71 mg CO2/g TOC and from 17 to 86 mg CO2/g TOC), associated with
slightly decreasing HI values (from 498 to 311 mg CO2/g TOC and from 433 to 244 mg HC/g TOC) is
observed in sediments from unweathered to weathered part along the horizontal proﬁles CI and CII
(Figures 5a and 5b). TOC contents show an increase in bulk‐rock samples at the beginning of the weathered
zone, which is probably related to the disappearance of pyrite while OM is still little oxidized. In the second
part of the weathered zone, TOC contents are characterized by slight decrease values (from 10.51 to 10.03 wt.
%, and from 13.30 to 8.96 wt.%), which suggests a slight transformation of the original composition and structure of OM related to moderate oxidation. Along these two horizontal proﬁles, the Hg contents slightly
decrease from 499 to 345 ppb (amplitude: 154 ppb) and from 754 to 636 ppb (amplitude: 118 ppb), respectively (Figure 5a and 5b). In strong contrast, along horizontal proﬁle MA (Figure 6), a signiﬁcant decrease
in HI (from 520 to 78 mg HC/g TOC) and TOC (from 5.3 to 0.93 wt.%) values associated with signiﬁcantly
higher OI (from 31 to 238 mg CO2/g TOC) values indicate poor OM preservation due to intense weathering
of the exposure (oxidization). This weathering has led to an important deterioration of the laminated black
shales due to intense oxidization. Along the MA horizontal proﬁle, the Hg signal is particularly impacted as
is indicated by a dramatic drop in concentrations from 541 to 61 ppb (amplitude: 480 ppb; Figure 6).
Inﬁltration of meteoric O2‐rich ﬂuids developed during penetration along fault and fracture systems, increasing the permeability and the porosity of the sediment, may have signiﬁcantly affected the composition and
CHARBONNIER ET AL.
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Figure 9. HI/Tmax diagram for preserved organic matter (OM) and cross plot between Oxygen Index (OI, mg CO2/g TOC)
and Hydrogen Index (HI, mg HC/g TOC) for Furlo, Manilva, Monte Velo, and El Chorro sections in a modiﬁed van
Krevelen‐type diagram, showing the different types of organic matter (Espitalié et al., 1985).

the structure of laminated organic‐rich layers (Suan et al., 2013). Differential preservation of the initial
structure of laminated organic‐rich sequences has led to more or less profound changes in the geochemical
characteristics of the succession (Leythäuser, 1973; Littke et al., 1991; Petsch et al., 2000; Suan et al., 2013).
Our data suggest that the transformation of both composition and structure of the organic‐rich sediments
particularly affected the Hg preservation in sediments. Hg element has two common oxidation states: Hg0
(gaseous species) and HgII (reactive species). After oxidation to reactive HgII, Hg is deposited in
continental and marine environment by precipitation. In anoxic aquatic environments, dissolved Hg form
(HgII) is methylated by sulfate‐reducing bacteria (methylmercury: CH3Hg+), which represent the most
important mercury species in the environment (Hintelmann, 2010; Parks et al., 2013). Hg methylation
processes in sediments can also be controlled by iron‐reducing bacteria and methanogens (Fleming et al.,
2006; Hamelin et al., 2011). Increase production and bioaccumulation of MeHg forms organo‐mercury
complexes, which scavenged Hg in bottom sediments and incorporated into long‐term geologic storage
(e.g., Grasby et al., 2013; Percival et al., 2015). Consequently, dissolved Hg form has a strong afﬁnity for
OM and sulﬁdes, which is suggested by a positive correlation between TOC contents and Hg signal
(Gehrke et al., 2009; Grasby et al., 2013; Outridge et al., 2007). Thus, destruction of the structure of organic
Hg‐rich complexes due to inﬁltration of meteoric O2‐rich ﬂuids affects the overall budget of Hg in the
sediments. This is indicated by the fact that between 118 (proﬁle CII: from 754 to 636 ppb), 154 (proﬁle CI:
from 499 to 345 ppb) and 480 ppb (proﬁle MA: from 541 to 61 ppb) of the Hg signal was lost due to
moderate to intense weathering process, which represents 16%, 31%, and 89% of the unweathered Hg
concentrations. However, differential weathering conditions and their impact on the geochemical
characteristics of the succession did not cause signiﬁcant changes in the Hg/TOC ratios, which remain low
along the different studied lower Toarcian horizons (Figures 5 and 6).
5.1.2. Impact of Extreme Weathering of Laminated Organic‐Rich Sediments
Unweathered ﬁnely organic‐rich samples corresponding to the T‐OAE show high HI (430–696 mg HC/g
TOC), low OI (7–34 mg CO2/g TOC), and the highest TOC (from 0.98 to 11.39 wt.%) values, which are characteristic of good preservation of the marine OM (Figure 7). By contrast, analysis of extremely weathered
samples of the same T‐OAE horizon reveals that nearly 100% of TOC have been lost (TOC < 0.06 wt.%).
The higher OI (785–2,508 mg CO2/g TOC) and the striking decrease in HI (25–87 mg HC/g TOC) values conﬁrm a high degree of alteration. However, the extremely high OI values reported here have no signiﬁcance
CHARBONNIER ET AL.
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because they were calculated on extremely low S3 peaks and/or very low TOC values, below the interpretability threshold deﬁned by Espitalié et al. (1985) and Peters (1986). It is also very likely that the presence of carbonate inﬂuences the peak S3 during the analysis of these samples, resulting in an extremely strong OI.
Intense inﬁltration of meteoric O2‐rich ﬂuids through fractures and faults contributes to the complete transformation of both composition and structure of the T‐OAE organic‐rich sediments. Similar changes were
observed in Miocene weathering proﬁles deposited in restricted marine basins off the coast of southern
California, where nearly 100% TOC was lost in highly weathered samples (Petsch et al., 2000).
Furthermore, it was already demonstrated in the same sediments from the Lafarge quarry that extreme
weathering preferentially removed the 12C‐enriched organic fraction and induced a severe loss in TOC contents (Suan et al., 2013). The Hg signal is also slightly impacted, as is suggested by the preservation of only one
peak in Hg contents in strongly weathered samples (up to 207 ppb) compared to the three peaks recorded in
unweathered samples (up to 174, 143, and 177 ppb; Figure 7). This is indicated by the fact that 108 (174
against 66 ppb) and 140 ppb (177 against 37 ppb) of the Hg signal was lost due to the transformation of the
structure of the T‐OAE organic‐rich sediments, which correspond to 62% and 79% of the unweathered
Hg concentrations.
Finally, contrary to the ﬁrst example described above (section 5.1.1), the severe loss in TOC contents had
also a severe impact on the Hg/TOC ratios, with the T‐OAE weathered samples showing Hg/TOC ratios
one to two orders of magnitudes higher (up to 5,000 ppb/wt.%) than unweathered samples (Figure 7).
Such values are also orders of magnitude higher than those documented so far for the whole
Phanerozoic, which ﬂuctuate between 200 and 800 ppb/wt.% (Charbonnier et al., 2017; Font et al., 2016;
Gong et al., 2017; Grasby et al., 2015; Thibodeau et al., 2016). Interestingly, similar Hg/TOC ratios (up
to 7102 ppb/wt. %) have been also reported from Frasnian/Famennian sections exposed in desert environment such as in Morocco (Racki et al., 2018), where the composition and structure of organic‐rich sediments have very likely been inﬂuenced by the development of arid climatic conditions. In this speciﬁc
environment, the high Hg values (113–1144 ppb) associated with the low TOC contents (0.16–0.67 wt.%)
could be in part the expression of the possible inﬂuence of surface weathering due to the local climatic
conditions. In strong contrast, coeval sites in Germany or in Russia record moderate Hg/TOC peaks of
300 and 100 ppb/wt.% (Racki et al., 2018). Consequently, sediment samples must be carefully screened
for the possible inﬂuence of surface weathering before to use their Hg/TOC ratios as a tracer of
volcanic activity.

5.2. Impact of Postdepositional Degradation of OM on Hg/TOC ratios
In comparison to the Hg contents, the Hg/TOC ratios of the organic‐rich deposits of the Furlo and Manilva
sections (OAE2) show low and constant background values (from 13.5 to 129.0 ppb/wt. % and from 5.3 to
47.6 ppb/wt.%, respectively), which suggest strong covariation of Hg and OM deposition (Figure 8). The high
HI values at Furlo (70–608 mg HC/g TOC) and Manilva (21–556 mg HC/g TOC) indicate that preserved OM
is mainly of marine origin (type II OM; Mort et al., 2007b; Figure 8). Moreover, the Tmax values (405–433 °C
and 413–441 °C) indicate that the OM is immature to early mature, suggesting that these sections were not
the subject of intense burial diagenesis (Mort, Jacquat, et al., 2007a, Mort, Adatte, et al., 2007b; Figure 9).
Furthermore, the higher correlation coefﬁcient between HI values and TOC contents (R2 = +0.61; n = 40)
and between PC and TOC contents (R2 = +0.93; n = 80; Figures 10a and 11) indicate a fairly good OM preservation (Mort et al., Mort, Adatte, et al., 2007b). This is also supported by robust correlation between S2
and S3 peaks (R2 = +0.88; n = 35), which represent the amounts of hydrocarbons and oxygen‐containing
compounds (CO2) that are produced during the thermal cracking of the insoluble OM in the rocks
(Lafargue et al., 1998). In reducing environments, this type of OM is generally derived from phytoplankton
biomass reworked by bacteria (including cyanobacteria, iron‐reducing bacteria, and methanogens; Tissot &
Welte, 1984).
In the aquatic system, a number of processes affects dissolved Hg2+. Especially, in an oxygen‐deﬁcient water
column, the formation of organo‐mercury complexes is generated by anaerobic microorganisms (Hamelin
et al., 2011; Lin et al., 2012; Wood et al., 1968), which explains the higher Hg concentrations recorded
through the OAE2 interval (up to 332.6 and 860.7 ppb at Furlo and Manilva; Figure 8). The positive correlation between Hg (ppb) and HI (mg HC/g TOC; R2 = +0.45; n = 40; Fig. 10b) and between Hg (ppb) and TOC
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Figure 10. (a) TOC (wt.%) versus HI (mg HC/g TOC), (b) HI (mg HC/g TOC) versus Hg (ppb), and (c) TOC (wt.%) versus Hg (ppb) diagrams for the samples from
Furlo, Manilva, Monte Velo, and El Chorro.

(wt.%; R2 = 0.42; n = 80; Fig. 10c) at Furlo and Manilva supports this relationship. This is also shown by the
Hg/TOC ratios, which remain ﬂat (<150 ppb/wt.%) through the interval (Figure 8).
However, three signiﬁcant and correlatable excursions in the Hg/TOC ratios (peaks 1, 2, and 3) persist in the
Bonarelli level at El Chorro (up to 800, 1,000, and 700 ppb/wt. %, respectively) and Monte Velo (up to 470,
401, and 606 ppb/wt.%, respectively; Figure 8). These excursions are similar if not considerably higher in
amplitude than the positive Hg/TOC excursions associated with (i) Hg anomalies during three subsequent
extinction events in the Permian/Triassic boundary interval (up to 300 ppb/wt.%; Grasby et al., 2015), (ii)
mercury anomalies observed during the end‐Ordovician mass extinction (up to 300 ppb/wt. %; Gong
et al., 2017), and (iii) mercury anomalies related to the end‐Triassic mass extinction (up to 600 ppb/wt. %;
Thibodeau et al., 2016). In strong contrast to Furlo and Manilva, preserved OM of the Bonarelli level interval
at El Chorro and Monte Velo are characterized by low PC (<0.17 wt.%), and HI values (<174 mg HC/g TOC)
and by high OI values (66.7–493 mg CO2/g TOC) suggesting a terrestrial origin (OM of type III) or an altered
type‐II (Espitalié et al., 1985; Fig. 9). In addition, the TOC contents at Monte Velo (up to 1.96 wt.%) and El
Chorro (up to 0.78 wt.%) are also signiﬁcantly lower than the organic carbon contents at Furlo (up to 17.10
wt.%) and Manilva (up to 23.55 wt.%). The S2 peak, corresponding to the hydrocarbons generated from kerogen cracking between 300 and 650 °C, appears also very low in the samples (<1.51 mg HC/g; Figure 11).
The Bonarelli level at El Chorro and Monte Velo was deposited in a pelagic environment characterized by
organic facies similar to Furlo and Manilva where preserved OM is of explicit marine origin (type II).
Moreover, the Bonarelli level deposits consist of laminated sediments rich in radiolaria, diatoms with high
amounts of biogenic phosphate fragments, and pyrite (Figure 4). There is no evidence (such as the presence
of wood fragments) for the presence of terrestrial OM (Figure 4). Furthermore, in comparison to the two
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Figure 11. (a) TOC (wt.%) versus PC (%) diagram, (b) S2 (mg HC/g) versus S3 (mg HC/g) diagram, and (c) and (d) S2 thermogram for the samples from Furlo,
Manilva, Monte Velo, and El Chorro.

other sections, similar Hg ﬂuctuations have been recorded at Monte Velo and El Chorro, which suggests also
a strong inﬂuence of biotic processes (i.e., anaerobic microorganisms) during OM deposition. Thus, despite
the high Hg values, Hg contents correlate poorly with HI values (R2 = −0.09; n = 17) and TOC contents
(R2 = +0.15; n = 27; Figure 10b and 10c). Contrary to Manilva, the El Chorro section is situated in the
most internal part of the Penibetic Zone, in the innermost tectonic unit of the external zone of the Betic
Cordillera (Martín‐Algarra, 1987; Sanz de Galdeano, 1996). Similarly, contrary to the Umbria‐Marche
Basin, the Trento Plateau is considered as a paleogeographical‐structural unit of the eastern southern
Alps that has been largely affected by postrift thermal subsidence and Alpine compressional tectonics
(Bertotti et al., 1993; Winterer & Bosellini, 1981). Curiously, the organic‐rich samples display Tmax values
between 410 and 443 °C (average 430 °C), which would indicate that these sections were not subjected to
intense burial diagenesis (Espitalié et al., 1985). The Tmax values, corresponding to the temperature at
which the maximum rate of hydrocarbon occurred during cracking of kerogen, are measured at the top of
S2 peak. At Furlo and Manilva, the intensity and the shape of the S2 peak allow to precisely establish the
temperature at the peak top (Figure 11). However, at Monte Velo and El Chorro, the S2 peaks are not
well expressed and relatively ﬂat, making interpretation of the resulting Tmax data more difﬁcult
(Figure 11). Consequently, the measured Tmax values cannot be used to evaluate the maturation of the OM.
The shape of the Rock‐Eval thermogram and the low PC and HI values recorded at Monte Velo and El
Chorro reﬂect a high degree of postdepositional degradation of OM that probably reached the oil window
(Figure 11). This signiﬁcantly affected PC, S2 peak, TOC, and HI values by degradation (Figures 9–11),
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Figure 12. Reported Hg/TOC ratios across various events during the Phanerozoic time interval. The vertical dash lines represent the thresholds between anomalous (>1,000 ppb/wt.%), high (400–1,000 ppb/wt.%), and moderate (<400 ppb/wt.%) Hg/TOC ratio peaks.

but did apparently not inﬂuence the Hg signal adsorbed onto OM. This interpretation is well supported by
the low HI values and TOC contents in comparison to the same stratigraphic interval at Manilva and
Furlo and by the poor correlation between TOC and HI (R2 = +0.08; n = 17) and between TOC and PC
(R2 = +0.07; n = 35; Figures 10a and 11). Consequently, positive Hg/TOC excursions at El Chorro and
Monte Velo persist in sediments during the OAE2 interval (Figure 8). Thus, we interpret the observed
high Hg/TOC ratios as a preservational artifact, suggesting that Hg/TOC ratios may be not used alone,
but in complement to other information such as the type and the thermal maturation of OM obtained by
Rock Eval analyses, especially for deep‐time investigations.
5.3. Establishment of Thresholds for Hg Investigations
Positive excursions in Hg/TOC ratios recorded in sedimentary successions have been used to investigate the
link between LIPs and environmental perturbations during the Phanerozoic (e.g., Sanei et al., 2012; Grasby
et al., 2015; Percival et al., 2015, Percival et al., 2016, Percival et al., 2017; Font et al., 2016; Charbonnier et al.,
2017; Gong et al., 2017; Wang et al., 2019; Figure 12). High peaks in Hg/TOC ratios (between 400 and 800
ppb/wt.%) took place during end‐Permian, end‐Triassic, and end‐Cretaceous interval (Sanei et al., 2012;
Grasby et al., 2015; Font et al., 2016; Percival et al., 2017, 2018; Figure 12), which correspond to three of
the ﬁve largest Phanerozoic biodiversity depletions. These anomalous Hg levels may be attributed to the catastrophic Siberian Traps, CAMP volcanism, and Deccan Traps eruptions, which are known as the largest
igneous events in Earth history. In contrast, moderate Hg/TOC excursions (up to 400 ppb/wt.%) were
restricted only to a few locations during the early Toarcian, early Aptian, and Cenomanian/Turonian oceanic anoxic events (Scaife et al., 2017; Percival et al., 2018; Them et al., 2019; Figure 12). The early Aptian and
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Cenomanian/Turonian events were related to the emplacement of submarine LIPs (Ontong Java,
Caribbean, and High Arctic). Scaife et al. (2017) suggest that transport by marine currents may explain
the smaller Hg concentrations recorded during the OAE1a and OAE2 events (from 50 to 200 ppb/wt.%),
compared to the large increases in Hg/TOC ratios related to aerial ﬂux of Hg emitted by continental LIPs
(Figure 12). Them et al. (2019) showed the complexity of the Hg cycle using a compilation of Hg data during
the Toarcian negative carbon isotope event. These authors have shown that Hg/TOC anomalies were
restricted to proximal environments, suggesting that these enrichments reﬂect regional changes in riverine
Hg input rather than direct volcanogenic emissions. However, extreme peaks in Hg/TOC ratios (>1,000
ppb/wt.%) have been also associated with the Ordovician/Silurian, Frasnian/Famennian, early Toarcian,
and Cenomanian/Turonian sediments (Figure 12). It has been demonstrated that these excursions are link
to the presence of Hg‐rich sulﬁdes (Hg/TOC ratio up to 3,400 ppb/wt.%; Shen et al., 2019), the presence of
pyritized wood fragments (Hg/TOC ratio up to 900 ppb/wt.%; Fantasia et al., 2019), the impact of extreme
weathering of laminated organic‐rich sediments (Hg/TOC ratio up to 5,000 ppb/wt.%; this study), the impact
of postdepositional degradation of OM (Hg/TOC ratio up to 1,000 ppb/wt.%; this study), and the inﬂuence of
modern climatic conditions in desert environment (Hg/TOC ratio up to 6,000 ppb/wt.%; Racki et al., 2018).
Consequently, for future interpretations, we propose to deﬁne thresholds below which any interpretation of
these values is questionable (Figure 12). For the extreme Hg/TOC peaks between 1,000 and 6,000 ppb/wt.%,
it is necessary to evaluate primary mechanisms leading to Hg accumulation in sediments when using Hg as a
proxy for volcanic activity.

6. Conclusions
The Hg contents in lowermost Toarcian sediments of the Lafarge cement quarry and in four sections equivalent to the uppermost Cenomanian‐lowermost Turonian interval reveal that weathering and postdepositional degradation of OM may have dramatic consequences on the sedimentary Hg content and hence
alter its reliability as a distal tracer of volcanism.
The Hg contents in the Lafarge cement quarry indicate that the intense oxidation of the originally
organic‐rich laminated sediments has removed a large part of the Hg content (up to 89%). Extreme
weathering conditions in the same site led to an almost complete loss of the original TOC content (from
5–10 to 0.06 wt.%) without considerably affecting Hg contents, resulting in anomalously high Hg/TOC
ratios in the weathered samples.

Acknowledgments
We acknowledge the Swiss National
Science Foundation (project
200021_168994) and University of
Lausanne for ﬁnancial and logistic
support and the association
Paleorhodania and Lafarge Val
d'Azergues for logistical support during
ﬁeldwork in Beaujolais. We would also
like to thank Géraldine Paratte,
Stéphane Affolter, Pascale Ducommun,
and Olivier Jacquat for their initial
research, collection of samples in the
ﬁeld, and Rock‐Eval analysis. The data
which were used to generate the study
results are available as supporting
information, Data Information S1 and
archived in the PANGAEA data
repository at https://doi.pangaea.de/
10.1594/PANGAEA.909060. We would
also like to acknowledge the help of
editor Adina Paytan and the
constructive comments of François
Baudin and one anonymous reviewer.

CHARBONNIER ET AL.

The good correlation between Hg and TOC contents in OAE2 organic‐rich deposits at Furlo and Manilva,
and the resulting invariant Hg/TOC trends, indicate that sedimentary Hg contents are mainly reﬂecting preferential scavenging during episodes of poor oxygenation and enhanced preservation of type‐II OM of marine origin. The Hg contents show similar values for the same interval in the thermally more mature
successions at Monte Velo and El Chorro, but correlate poorly with TOC values that are distinctly lower than
in the two other OAE2 sites, resulting in three distinctive positive Hg/TOC excursions to anomalously high
values. These low TOC contents, together with the ﬂat shape of S2 peak diagram, the low HI, and moderate
to high OI values, indicate the dominance of type‐III OM, which likely resulted from the strong postdepositional degradation from originally immature type‐II OM. These results imply that the degradation and
intense weathering of OM has severely affected the Rock Eval parameters but not the Hg signal acquired
through biotic processes onto OM when deposited in sediments. Although mechanisms through which
Hg is transferred from organic particles to the sedimentary mineral matrix remain poorly constrained, our
results clearly demonstrate that Hg/TOC ratios may be strongly impacted by both postdepositional and oxidative degradation of OM, suggesting that a careful evaluation of the quality of preserved OM is crucial when
exploring deep‐time Hg signatures as a proxy of distal volcanism.
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