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Widespread oceanic anoxia marked by globally extensive deposition of organic-rich black shale during
the Late Devonian was a major factor in the mass extinctions at the Frasnian-Famennian (FFB, ~372
million years ago) and Devonian-Carboniferous boundaries (DCB, ~359 million years ago), although
the triggers for these deoxygenation events are still under debate. Here, we apply a novel paleoredox
proxy, Hg isotopes, to investigate Late Devonian ocean redox variation and its causes. We found no Hg
enrichments in North America across either the FFB or DCB, thus arguing against the hypothesis of global-
scale volcanism as the trigger for Late Devonian environmental and biotic crises. Gradual negative shifts
of both mass-independent fractionation (A'9*Hg) and mass-dependent fractionation (§292Hg) occurred
between the FFB and DCB, suggesting a progressive increase of Hg inputs associated with terrestrial
organic matter. Moreover, multiple abrupt negative excursions of A199Hg (down to —0.19%0) along with
concurrent positive shifts of §292Hg occurred just above the FFB and across the DCB, providing strong
evidence for recurrent photic-zone euxinia (PZE) that was preceded by increasing terrestrial inputs in
the epicontinental seas of North America. We suggest that the increase of terrestrial inputs of nutrients,
probably via expansion of vascular land plants, stimulated marine primary productivity and eventually
PZE, which may have been a key kill mechanism for the Late Devonian mass extinction.

© 2023 Elsevier B.V. All rights reserved.
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The two largest extinction pulses occurred close to the Frasnian-
Famennian boundary (FFB, ~372 Ma) (Percival et al.,, 2018a) and

The Late Devonian (~383-359 Ma) was marked by several ex- the Devonian-Carboniferous boundary (DCB, ~359 Ma) (Kaiser et
tinction episodes, collectively representing one of the “Big Five” al,, 2016). These extinctions were associated with strong environ-
mass extinctions in Earth history with a 70-82% extinction rate mental perturbations, including large-scale volcanism (Racki et al.,

among marine invertebrate species (Sallan and Coates, 2010).  2018; Racki, 2020; Kaiho et al., 2021), eustatic fluctuations (John-
son et al, 1985), long-term increases of continental weathering

due to the expansion of terrestrial plants (Algeo et al., 1995; Algeo
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* Corresponding authors.
E-mail addresses: ggilleau@gmu.edu (G.J. Gilleaudeau), jbchen@tju.edu.cn
(J. Chen).

https://doi.org/10.1016/j.epsl.2023.118175
0012-821X/© 2023 Elsevier B.V. All rights reserved.

and Scheckler, 1998) or tectonic activity (Averbuch et al.,, 2005),
possible increases in UV radiative flux (Marshall et al., 2020),
and widespread oceanic anoxia/euxinia (Caplan and Bustin, 1999;
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Marynowski et al., 2012; Liu et al., 2019; Song et al., 2021; Zhang
et al.,, 2020; Sahoo et al.,, 2023). However, the roles of these pro-
cesses as drivers of Late Devonian mass extinction are still under
debate.

Oceanic anoxia has long been regarded as a potent kill mech-
anism during mass extinctions (Algeo et al, 1995; Bond and
Grasby, 2017). Widespread anoxia during the Late Devonian is
documented by globally extensive deposition of organic-rich black
shale around the FFB (Lower and Upper Kellwasser Events) and
DCB (Hangenberg Event) (Caplan and Bustin, 1999; Algeo et al,,
2007; Marynowski et al., 2012; Carmichael et al., 2019; Liu et
al., 2019). These black shales offer abundant evidence of water-
column anoxia or euxinia (i.e., sulfide-rich conditions) in the form
of various organic (e.g., lipid biomarker) and inorganic proxies (e.g.,
redox-sensitive trace elements, pyrite framboids, metal isotopes)
(Marynowski et al., 2012; Paschall et al., 2019; Kabanov and Jiang,
2020; Song et al., 2021). Moreover, contemporaneous photic-zone
euxinia (PZE) has been widely documented in epicontinental and
continental-margin settings (Kabanov and Jiang, 2020; Song et al.,
2021) based on lipid biomarkers of anoxygenic photoautotrophs
(e.g., green and brown sulfur bacteria). The occurrence of PZE is
particularly detrimental to shallow-marine organisms and is pro-
posed to have been a direct kill mechanism for most or all of
the “Big Five” mass extinction events (Whiteside and Grice, 2016).
However, the ultimate trigger of widespread anoxia and PZE during
the Late Devonian is not yet clear.

Recently, the use of Hg chemostratigraphy in sedimentary suc-
cessions has facilitated investigation of the role of large igneous
provinces (LIPs) in major environmental and biotic crises in Earth
history. Large-scale LIP eruptions frequently result in widespread
Hg enrichment (i.e., Hg anomalies) in marine and terrestrial fa-
cies (Percival et al., 2017; Grasby et al., 2019). Massive volcanism
can trigger many environmental changes that are potential prox-
imal kill mechanisms during mass extinctions, including oceanic
anoxia (Bond and Grasby, 2017). All of the “Big Five” mass extinc-
tion events have been linked to LIPs to some degree, including the
Kellwasser and Hangenberg crises (Bond and Grasby, 2017; Racki,
2020). However, some of the Late Devonian biotic crises (e.g., the
Hangenberg Crisis) do not have a geological record of contempora-
neous LIPs (Racki, 2020). Moreover, Hg anomalies in sedimentary
rocks can also be produced by non-LIP processes, such as subma-
rine hydrothermal emissions, terrestrial soil erosion, and biomass
burning, or through sequestration of seawater Hg under anoxic/eu-
xinic conditions (Them et al., 2019; Shen et al., 2019). Thus, the
links between LIPs, oceanic anoxia, and mass extinctions during
the Late Devonian remain uncertain.

Mercury isotopes in sedimentary rocks have the potential to
provide new insights into the links between environmental crises
and mass extinctions. In modern environments, Hg isotopes have
been widely used as a powerful tracer of Hg sources and trans-
formations (Blum et al, 2014; Kwon et al,, 2020), owing to the
unique advantage that Hg isotopes exhibit both mass-dependent
(MDF) and mass-independent fractionation of both odd (odd-MIF)
and even (even-MIF) mass number isotopes. In ancient marine
environments, Hg isotopes have been successfully applied to dis-
tinguish between volcanic versus non-volcanic Hg sources to the
ocean (Thibodeau et al., 2016; Grasby et al.,, 2017, 2019; Them et
al,, 2019). Moreover, Hg isotopes have been recently recognized as
a promising proxy for PZE (Zheng et al., 2018). Our previous study
of Hg isotopes in the Mesoproterozoic ocean found that sedimen-
tary rocks deposited under PZE exhibit more negative odd-MIF and
more positive MDF than those formed under non-PZE conditions.
This observation was explained by two possible mechanisms: pho-
toreduction of Hg(Il) complexed by reduced sulfur in a sulfide-rich
photic zone, and enhanced sequestration of atmospheric Hg(0) by
sulfidic surface water. Both mechanisms can lead to the observed
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shifts of Hg isotopes under PZE, as supported by multiple experi-
mental studies (Zheng and Hintelmann, 2010; Zheng et al., 2019).

Here, we present a high-resolution dataset of Hg concentra-
tions and isotopes for a black shale succession from Tennessee
(United States, North America) that spans the full Upper Devo-
nian. Together with published biostratigraphic (Over et al., 2019)
and multiproxy data (i.e., iron speciation, redox-sensitive trace ele-
ments, organic biomarkers) for this section (Song et al., 2021), our
study provides strong evidence for recurrent PZE during extinction
events of the Late Devonian. It also sheds new light on the rela-
tionship of PZE to volcanism and enhanced terrestrial erosion, thus
allowing further evaluation of the impacts of land plants and ocean
redox changes on the Late Devonian mass extinctions.

2. Geological setting

Our study section is a drillcore (Dupont GHS) collected by the
Dupont Chemical Corporation from Humphreys County, Tennessee
(36.13°N, 87.83°W). This core contains the Chattanooga Shale and
the base of the overlying Maury Shale, providing a high-resolution
record of nearly the full Upper Devonian, including the FFB and
DCB, and the lowermost Mississippian. The paleogeographic lo-
cation of the study site is within the North American Devonian
Seaway (Algeo et al,, 2007), on the shallow Cumberland Sill sep-
arating the semi-restricted epicratonic Illinois and Appalachian
basins from the open Rheic Ocean to the south (Fig. 1). The pa-
leogeography, sedimentology, conodont biostratigraphy, and pale-
oenvironments of the study core have been described in detail in
earlier studies (Over et al., 2019; Over, 2020; Song et al,, 2021).
The majority of the study units are comprised of organic-rich,
black, laminated shale with no visible evidence for bioturbation
or benthic fossils. The base of the Chattanooga Shale (0 m in the
study core) rests on a disconformity above the Givetian-age Sell-
ersburg Formation. The FFB is present at a disconformity at 4.7 m.
The DCB is within a gray shale interval at 13.5-14.0 m that con-
tains no conodont fossils but abundant phosphate nodules (Song
et al., 2021). This non-fossiliferous interval spans six conodont
zones from the top of the upper Famennian aculeatus Zone to the
lower Tournaisian sandbergi Zone and contains a disconformity at
the Chattanooga-Maury Formation contact (Over et al., 2019). The
Dasberg Event, a smaller extinction that preceded the Hangen-
berg Event, coincided with the aculeatus Zone, but the Hangenberg
Event itself is either missing or represented by non-fossiliferous
beds.

3. Analytical methods
3.1. Hg concentration analysis

Hg concentrations in rock samples were analyzed by a Lumex
RA-915F Hg Analyzer equipped with a thermal pyrolysis unit
(Lumex, St. Petersburg, Russia) at Tianjin University. Hg in sam-
ples was released as Hg(0) vapor by pyrolysis at a temperature
of ~750°C, and then measured by cold vapor atomic absorption
spectroscopy (CV-AAS). A certified reference material GBW07311
(GSD-11, freshwater sediment) was measured repeatedly along
with samples to ensure the accuracy and reproducibility of the
analysis. The GSD-11 standard material gave an average Hg con-
centration of 72.0 &+ 7.4 ng-g~! (2SD, n = 6), which is consistent
with the certified value 72 + 9 ng-g—'.

3.2. Hg isotope analysis
Before Hg isotope analysis, total Hg in rock samples was ex-

tracted using a pyrolysis method (see details in Supplementary
Text S1). Four certified reference materials, SBC-1 (Brush Creek
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Fig. 1. Paleogeographic map of the study location and generalized stratigraphy of the Chattanooga Shale (modified from Song et al., 2021). (a) Global geographic map of
the Late Devonian (~359 Ma). (b) Details of the southern Laurentian Craton. (c) Stratigraphy of the Dupont GHS drillcore, showing conodont zones and subdivisions of
the Chattanooga Shale. Abbreviations: MD = Middle Devonian, Carb. = Carboniferous, Giv. = Givetian, Tour. = Tournaisian, ¢ = crepida, g = gracilis, s = sandbergi, Sg =

Sellersburg, D = Dowelltown, G = Gassaway, and * = condensed units D4 and D5.

Shale), SCO-2 (Cody Shale), NIST SRM 2702 (marine sediments),
and NIST SRM 1944 (estuarine sediments), were pyrolyzed in the
same way as the samples to evaluate the recovery of the pyrolysis
process and its influence on isotopic analysis. The pyrolysis blank
contained less than 0.03 ng-g~! Hg (<2% of the Hg concentration
of samples). The Hg recovery for all samples averaged 98 + 13%
(2SD).

Mercury isotopes were analyzed using multi-collector induc-
tively coupled plasma mass spectrometry (MC-ICPMS, Neptune
Plus, Thermo Scientific, and Nu plasma 3D, Nu instruments Ltd.)
at the School of Earth System Science, Tianjin University, following
published methods (Shi et al.,, 2023). In short, the trapping solu-
tions were diluted to 1 to 2 ng-g~! of Hg. SnCl, solution (3%, w/v)
was used to reduce Hg(Il) in the trapping solutions to gaseous
Hg(0), which was then carried into the plasma of the MC-ICPMS
by Hg-free argon gas. At the same time, Tl aerosol (NIST SRM
997) generated by a nebulizer device (Aridus II) was also intro-
duced together with Hg(0) vapor into the plasma. Six Hg isotopes
(198Hg, 199Hg, 200H4g 201Hg 202Hg 204Hg) and two TI isotopes
(29371, 295T]) were simultaneously measured by Faraday cups in the
MC-ICPMS. Instrumental mass bias was corrected using 20°T1/203TI
ratio and standard-sample-standard bracketing with the NIST 3133
Hg standard. The bracketing standard was matched to samples in
terms of both matrix and Hg concentration (less than 10% differ-
ence). Mercury isotope compositions are reported using § notation
defined by the following equation:

§*Hg = [(*Hg/ " *®Hg)sample/ “Hg/'®Hg)sta — 11 x 1000 (1)

where XHg is 199Hg, 200Hg, 201Hg, 202Hg, or 204Hg, and the stan-
dard (std) is the NIST SRM 3133 mercury standard solution. MDF
is typically represented by §202Hg. MIF is defined as the deviation

of measured §*Hg from theoretical mass-dependent kinetic iso-
tope fractionation according to the following equation (Blum and
Bergquist, 2007):

A*Hg = §*Hg — (8°%?Hg x B) (2)

where x is the mass number of Hg isotopes 199, 200, 201, and 204,
and B is a scaling constant to estimate the theoretical kinetic MDF,
with a value of 0.2520, 0.5024, 0.7520, and 1.493 for 1°°Hg, 200Hg,
201Hg and 204Hg, respectively.

To ensure data quality, each sample was measured at least
twice, and a commonly used reference standard NIST SRM 8610
was measured every seven samples to monitor instrument per-
formance. The averages for all analyses of NIST 8610 were:
§22Hg = —0.52 + 0.09%0, A'%Hg = 0.00 & 0.04%,, A2*'Hg =
—0.02 + 0.03%0, and A209Hg = 0.01 & 0.04%0 (2SD, n = 11), con-
sistent with published values (Blum and Bergquist, 2007). The
certified reference materials NIST SRM 1944 (estuarine sediments)
and NIST SRM 2702 (marine sediments) yielded average §292Hg,
A9Hg, A201Hg, and A2%Hg values of —0.46 + 0.09%o, 0.01 +
0.04%0, 0.01 & 0.03%o, 0.01 &£ 0.04%¢ (n =4) and —0.79 4 0.09%,
0.00 + 0.04%o, 0.00 £ 0.03%0, 0.02 + 0.04%0 (n = 5), respectively
(Table S1). These values are in excellent agreement with published
values (Blum and Johnson, 2017; Shi et al., 2023), demonstrating
robust data quality. All isotope data are reported in Table S2, and
the analytical uncertainties are given either as two standard errors
(2SE) of sample replicates or as two standard deviations (2SD) of
all measurements of the NIST 8610 standard (whichever is higher).

4. Results

For purposes of discussion, we subdivide the Chattanooga Shale
into three units: Unit I contains the full Frasnian Stage (0 to 4.7
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Fig. 2. Chemostratigraphy of total Hg (THg), common host phases of Hg in sediments (TOC, pyrite S, and pyrite Fe), Hg normalized to these host phases (Hg/TOC, Hg/TS),
and published redox proxies (see details in Supplementary Text S3), including trace element enrichment factors (Mogr, Ugr), pyrite content, and Corg/P molar ratio. The two
horizontal dashed lines separate Unit I (0-4.7 m), Unit II (4.7-12.6 m), and Unit III (12.6-15 m). The horizontal gray band marks the DCB interval. The data of TOC, TS, and

redox proxies are from Song et al. (2021).
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m); Unit II (4.7 to 12.6 m) contains most of the Famennian Stage;
and Unit III (12.6 to 15 m) encompasses the uppermost Famennian
to lowermost Mississippian, spanning the DCB (Over et al., 2019;
Song et al., 2021) (Fig. 2). These units show significantly different
values and patterns of secular variation in total Hg concentrations
(THg), Hg isotopes, and other geochemical proxies (i.e., biomarker,
and elemental redox and salinity proxies) (Figs. 2 and 3). Unit I
shows a relatively small variation of THg (106 + 65 ppb, 2SD),
nearly invariant §292Hg (representing MDF, —0.55 £ 0.12%, 2SD),
and zero to slightly positive odd-MIF values (A1°?Hg and A201Hg,
0.01 + 0.04%0 and 0.05 & 0.04%o, respectively). Unit II shows a
progressive increase in THg and simultaneous negative shifts of
both §292Hg (down to —1.29%) and odd-MIF (down to —0.08%
for A201Hg). Unit III is marked by a rapid decline in THg from
213 ppb to a minimum of 3.8 ppb at the top of the core. The
Hg isotopic compositions in Unit III show two prominent nega-

tive excursions of odd-MIF with correlated positive excursions of
8292Hg. The first negative excursion of odd-MIF (down to —0.13%
and —0.15% for A19Hg and A20'Hg, respectively) occurs slightly
below the DCB interval, followed by an even stronger negative
shift to —0.19%o and —0.24%o (for A'9°Hg and AZ?C'Hg, respec-
tively) within the Lower Mississippian. A less prominent negative
excursion of odd-MIF is also observed just above the FFB in Unit
I. The three negative excursions of odd-MIF were all accompanied
by concurrent positive excursions of §202Hg. THg was also normal-
ized to major host phases of Hg, i.e., organic matter (as proxied by
total organic carbon, TOC) and sulfide minerals (as proxied by to-
tal sulfur, TS), and the normalized ratios (Hg/TOC and Hg/TS) show
no significant peaks or discernible trends.

In previous studies, the Hg odd-MIF (A'%°Hg and AZ20'Hg)
was typically reported using the A'99Hg value alone (Blum and
Bergquist, 2007; Blum et al., 2014). In our study, while A'®?Hg and
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AZ0THg show similar trends and yield a A199Hg/A29THg slope (m)
of ~1.00 for all samples (Fig. S1), A29THg is slightly more nega-
tive than A'9%Hg (Fig. 3). This led to smaller A'%°Hg than A20'Hg
values, particularly in Units II and IIl, where negative shifts of odd-
MIF are observed. Thus, reporting odd-MIF using A'®°Hg alone
may impede correct interpretation of odd-MIF variation. However,
in order to facilitate comparisons with previous studies, A'9°Hg
is still chosen to represent odd-MIF, but A%%'Hg is also reported
when deemed useful. The even-MIF values (A209Hg and A294Hg)
are indistinguishable from analytical error for all samples (Table
S2). Therefore, we do not discuss even-MIF, and “MIF” refers only
to odd-MIF in the following discussion.

5. Discussion
5.1. The indigeneity and syngeneity of Hg MDF and MIF

The THg and Hg isotopic compositions of the study samples are
unlikely to have been altered by post-depositional diagenetic or
metamorphic processes because the Dupont core was never deeply
buried and experienced maximum burial temperatures of only 50-
120°C (Song et al., 2021), resulting in good preservation of its
biomarker components (see Supplementary Text S2). Also unlikely
is post-depositional gain of Hg in the study core, which consists of
laminated black shale without evidence of bioturbation or signs
of authigenic or diagenetic additions other than pyrite (Over et
al., 2019). Therefore, both the MIF and MDF values are likely to
represent indigenous primary signals. Since variations of MIF and
MDF are tightly correlated throughout the study core (see details
in Sections 5.4 and 5.5), we interpret §2%2Hg and A!9°Hg values
jointly in the discussion below. The coupled use of §202Hg and
A'%Hg is subject to the caveat that MDF is thought to be more
susceptible to fractionation processes in seawater and sediments
than MIF. However, the relationship between MDF and MIF has
been widely applied as a useful approach in modern environments
to distinguish between different Hg sources and processes (Blum
et al., 2014; Jiskra et al., 2021). The variation of §292Hg in sed-
imentary rocks should not be disregarded simply because it has
potential complexities, and it can actually help to resolve mecha-
nisms of MIF variation by providing an additional “dimension” to
isotopic interpretations. While dedicated studies are still needed
to better constrain the potential influences of various Hg sources
and processes on §202Hg in the ocean, the most straightforward
explanation for the covariation between §2°2Hg and A!%°Hg in
the current study is that they were driven by common sources or
shared processes. In the following discussion, we will take advan-
tage of the full strength of Hg isotopes by considering all patterns
of Hg isotope variation, including the direction and magnitude of
odd-MIF as well as the relationship between odd-MIF and MDF.

5.2. Lack of Hg enrichment provides no evidence for LIPs

Anomalous Hg enrichments across the FFB have been reported
for a number of localities in Laurussia and South China that are ge-
ographically widely separated, and a link to an imprecisely dated
LIP (i.e., the Viluy Traps of Siberia) has been proposed (Racki et
al.,, 2018; Racki, 2020; Kaiho et al., 2021). Hg anomalies across the
DCB have also been reported for sections in South China and Eu-
rope (Paschall et al., 2019; Kalvoda et al., 2019; Rakocinski et al.,
2020; Racki, 2020; Kaiho et al., 2021). These putative Hg anoma-
lies led to the proposal that LIP magmatism was the major trigger
of Late Devonian environmental and biotic crises (Racki, 2020).

However, not all Upper Devonian localities show Hg anomalies.
Two recent publications reported no Hg enrichment at the FFB in
multiple Upper Devonian sections from the Appalachian and Illi-
nois basins (Liu et al.,, 2021) and South China (Zhao et al., 2022).
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The present study section also did not yield any significant peaks
in either raw or normalized Hg concentrations at the FFB or DCB,
or at any other level in the core (Fig. 2). It is possible that Hg-
enriched boundary intervals are missing due to disconformities in
the Dupont core, as the first Famennian conodont zone recognized
in the study core is crepida which rests directly on condensed
strata of Frasnian conodont zones (FZ) 12-13, indicating a hiatus
across the FFB (Over et al., 2019). Despite this disconformity, pub-
lished redox proxies (Corg/P, Wt.% pyrite S, wt.% pyrite Fe, Mog,
Ugg) show continuous variation through the FFB interval (Supple-
mentary Text S3). The depth profile of THg is almost identical to
those of these proxies, and THg shows a good linear correlation
with both TOC and TS throughout the entire study section (Fig.
S2), suggesting a first-order control on Hg accumulation by oceanic
redox conditions.

The complete lack of Hg anomalies in the entire study core
which covers most of the Upper Devonian argues against large-
scale LIP activity in the Late Devonian. The presence of Hg anoma-
lies in some but not all Late Devonian sections studied globally
may be explained by the fact that Hg enrichment in sedimentary
rocks is not always due to LIPs, but can also be caused by other
types of Hg fluxes (such as submarine hydrothermal vent, arc vol-
canism, terrestrial soil erosion, and wildfire) (Them et al., 2019) or
oceanic anoxia/euxinia-related processes (Zheng et al., 2018; Shen
et al,, 2019). It has also been suggested that the presence of Hg
enrichment in some but not all localities reflects local volcanism
rather than global LIPs (Zhao et al., 2022). Although potential can-
didates for a contemporaneous LIP during the FFB event (e.g., the
Viluy Traps) have been identified, not all LIPs are capable of per-
turbing the global Hg cycle (Percival et al., 2018b). Therefore, the
absence of widespread Hg anomalies in the Upper Devonian of
both North America and South China suggests that LIPs were ei-
ther absent or of limited size and impact during the two major
extinction episodes, which argues against the hypothesis that the
Late Devonian mass extinctions were triggered by LIP activity. This
argument is further supported by our Hg isotope dataset, as dis-
cussed below.

5.3. Hgisotope baseline in the Chattanooga Shale (Unit I)

The Hg isotope compositions of Unit I (zero to slightly pos-
itive A1?Hg and A20'Hg, negative §292Hg) are similar to those
of modern open-ocean seawater and pre-anthropogenic sediments
(Gehrke et al., 2009; Blum et al., 2014; Jiskra et al., 2021) (Fig. 4).
The Hg isotope compositions of modern marine sediments typi-
cally reflect mixing between atmospheric and terrestrial inputs of
Hg (Thibodeau and Bergquist, 2017; Grasby et al., 2019), which
have markedly different isotopic signatures (Fig. S3 and Supple-
mentary Text S4). The open-ocean sediments are typically domi-
nated by atmospheric Hg inputs (Gehrke et al., 2009; Blum et al.,
2014). Thus, the similar Hg isotope compositions of Unit I as the
modern open-ocean sediments, together with the relatively low
THg of the former, suggest that Unit I was dominated by the back-
ground atmospheric Hg deposition. Therefore, Unit I can be con-
sidered as a “baseline” signal for Hg isotopes in the Chattanooga
Shale.

5.4. Hg isotope evidence for increasing terrestrial inputs in the Late
Devonian

The concurrent negative shifts of §202Hg and A'99Hg in Unit II
suggest a progressive increase of terrestrial Hg inputs due to en-
hanced erosion of terrestrial OM (note that the lowermost Unit II,
in which §202Hg and A'9?Hg shift in opposite directions, is an ex-
ception linked to PZE; see Section 5.5). Among the major sources
of Hg to the ocean, only terrestrial Hg exhibits both negative MIF
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Fig. 4. Crossplots of A9Hg vs. §202Hg for the a) Chattanooga Shale (this study)
and b) 1.1 Ga Atar and El Mreiti Group (Zheng et al., 2018). The averages of lit-
erature data for modern terrestrial soil and plants, atmospheric Hg(0), and open
ocean seawater and sediments are also plotted to demonstrate the isotope compo-
sitions of possible Hg sources. Please refer to supplementary Fig. S3 and Text S4
for a complete description and references for these literature data. In panel (a), the
blue and red lines are linear regressions for Unit I + II (slope = 0.08 + 0.02, 1SE,
R? =0.29, P < 0.01) and Unit IIl (slope = —0.16 + 0.04, 1SE, R? = 0.44, P < 0.001),
respectively. In panel (b), the blue and red lines are linear regressions for sediments
deposited under oxic (slope = 0.10 + 0.04, 1SE, R = 0.27, P < 0.02) and PZE con-
ditions (slope = —0.16 =+ 0.04, 1SE, R? = 0.44, P < 0.001), respectively. The error
bar for the literature data is 1SD. The error bar for samples in this study is the
analytical error, as defined in the methods section.

and MDF values (Fig. S3 and Text S4). This means marine sedi-
ments with a larger terrestrial Hg fraction tend to develop concur-
rent negative MIF and MDF shifts relative to sediments dominated
by background atmospheric Hg deposition, which tends to have
slightly positive MIF and less negative MDF values (Blum et al.,
2014; Grasby et al., 2017; Thibodeau and Bergquist, 2017; Kwon et
al., 2020). Moreover, modern terrestrial samples have a character-
istic positive relationship between A!%?Hg and §292Hg (m = 0.13,
R? =0.78, P < 0.01, Fig. S3) (Kwon et al., 2020), which is similar to
the A199Hg/5202Hg relationship for Units I and II (m = 0.08 +0.02,
1SE, R2 = 0.29, P < 0.01) (Fig. 4). Because Unit [ represents the
“baseline” in which atmospheric deposition is the dominant Hg
source, the concurrent negative shifts of §202Hg and A!%°Hg in
Unit II, as well as the similarity of its A19°Hg/§%%2Hg to that of
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modern terrestrial Hg, are consistent with a scenario of progres-
sively increasing terrestrial Hg inputs during the accumulation of
Unit I

Increased terrestrial inputs to the interior basins of eastern
North America during the Famennian are further supported by
published biomarker proxies for terrestrial OM (Fig. 3), including
moretane/hopane (M/H) and pristane/phytane (Pr/Ph) ratios (Song
et al,, 2021; Liu et al.,, 2021). Both ratios show consistent increases
upward within Unit II. High M/H ratios have been observed in sed-
iments with greater inputs from terrestrial soil erosion (Xie et al.,
2007). Pr/Ph in the present study section was also interpreted to
represent terrestrial OM inputs because one of the most common
sources of pristane and phytane in marine sediments is terrestrial
plant debris (Song et al., 2021). Thus, the simultaneous increases of
Pr/Ph and M/H suggest enhanced terrestrial OM inputs to Unit II,
supporting our Hg isotope interpretations. There is also abundant
evidence for increased terrestrial runoff and soil erosion during the
Late Devonian from various other organic and inorganic proxies
(Algeo et al., 1995; Marynowski et al., 2012; Kaiho et al,, 2013;
Percival et al., 2019; Smart et al., 2022).

Increased terrestrial OM inputs to Unit Il may have been linked
to the expansion of land plants. The expansion of terrestrial flo-
ras due to the development of trees and seed plants with deep
root systems in the Late Devonian presumably enhanced soil for-
mation and weathering, and increased runoff and riverine fluxes
of Hg associated with terrestrial OM (Algeo et al., 1995; Algeo and
Scheckler, 1998; Liu et al., 2019; Zhang et al., 2020). It remains
an open question whether the spread of land plants was a grad-
ual process accounting only for long-term trends in the Devonian
(such as declining atmospheric pCO3) or a punctuated process that
triggered short-term events such as the FFB and DCB. Although
the temporal resolution of Devonian paleobotanic records is gen-
erally insufficient to address this issue, it is relevant that modern
invasive floral species can spread at rates of kilometers per year
(Horvitz et al., 2017), permitting complete colonization of conti-
nents at geologically instantaneous timescales. Moreover, the Late
Pleistocene-Holocene climate change triggered rapid vegetational
shifts (Williams et al., 2009). These examples provide analogs for
the tempo and consequences of the spread of Devonian land plants
into new continental realms.

Changes in global sea level during the Late Devonian may
have also contributed to widespread erosion of exposed conti-
nental shelves and basin margins, thus increasing terrestrial OM
and Hg inputs to marine systems. Following a lowstand at the
FFB, eustatic levels rose during the early to mid-Famennian (John-
son et al., 1985; Sandberg et al., 2002) but subsequently began
to fall by the aculeatus Zone (Algeo et al., 2007; Algeo and May-
nard, 2008; Song et al., 2021). However, the paleosalinity proxy
(B/Ga ratio) indicates that the watermass salinity within the Illi-
nois Basin shifted from (near-)marine conditions in the Frasnian
to low-brackish conditions in the Famennian (Song et al., 2021)
(Fig. 3), despite a concurrent rise in sea level. This pattern sug-
gests major changes in watershed hydrology. Specifically, low B/Ga
values on the basin’s outer margin (i.e., Cumberland Sill) are an in-
dication of a greatly expanded low-salinity surface layer, linked to
increased runoff within the basin’s watershed that may have been
triggered by enhanced evapotranspiration as a consequence of ex-
panding terrestrial floral biomass (Algeo et al., 1995; Algeo and
Scheckler, 1998).

Enhanced terrestrial erosion can also account for the euxinic
bottom-water conditions and tightly correlated increases of THg
and redox proxies recorded in Unit II (Fig. 2). Terrestrial weath-
ering and erosion deliver vital nutrients and trace metals to the
ocean, which can stimulate marine primary productivity and thus
increase the consumption of dissolved oxygen through reminer-
alization of both marine and terrestrial OM. This process is well
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supported as a plausible cause of widespread anoxia in the Late
Devonian oceans (Algeo et al., 1995, 2007; Liu et al., 2019; Percival
et al.,, 2020; Zhang et al., 2020). Terrestrial erosion may also deliver
sulfate to the ocean, which can promote euxinia through microbial
sulfate reduction. Thus the tight correlation between Hg and vari-
ous redox proxies (Fig. 2) is likely due to enhanced scavenging of
Hg by OM and sulfide from the water column, which is evidenced
by the positive relationships of THg with both TOC (R?> = 0.32) and
TS (R? = 0.63) (Fig. S2).

5.5. Hg isotope evidence for recurrent PZE across the FFB and DCB

The high-resolution Hg isotope dataset of the study core re-
veals at least three episodes of distinct negative excursions of Hg
MIF alongside concurrent positive excursions of MDF, with the two
most prominent excursions in Unit III (just below and above DCB)
and another one in the lowermost Unit II (just above FFB) (Fig. 3).
These distinct excursions of Hg isotopes cannot be explained by ei-
ther volcanic or enhanced terrestrial inputs, because they are not
associated with any anomalous Hg enrichment (see Section 5.2),
and the relationships between MIF and MDF for the three excur-
sions are opposite to those observed for modern terrestrial Hg
as well as Unit Il of the present study core, for which a grad-
ual increase of terrestrial Hg inputs is plausible (see Section 5.4).
Modern terrestrial Hg and Unit Il both show a positive relation-
ship between A!%9Hg and §292Hg (Figs. 4 and S3). In contrast,
Unit III, which contains two prominent excursions, shows a nega-
tive correlation between A'9Hg and §202Hg with a slope of —0.16
(R? = 0.44, P < 0.001) (Fig. 4a).

We propose that the three negative excursions of A!%°Hg
alongside positive excursions of 5§202Hg reflect three episodes of
PZE. This hypothesis is consistent with previous findings that PZE
was a widespread and frequent recurring marine condition in the
Late Devonian, and there is abundant evidence for PZE at both the
FFB and DCB on the Laurentian Craton (Liu et al., 2019; Kabanov
and Jiang, 2020). A main piece of evidence for our hypothesis is
that, at least two of these excursions of Hg isotopes (the two in
Unit III) coincided with increases of biomarkers for PZE, i.e., aryl
isoprenoids (Al) and the short-chain (Cy3-Cy7) to intermediate-
chain (Cyg-Cz3) Al ratio (AIR) (see Supplementary Text S3 for de-
tails of biomarkers). Although the excursion just above the FFB
is not associated with any apparent increase of these biomarkers
(Fig. 3), it should be noted that our Hg isotope profile was gener-
ated from a set of samples with a much higher resolution across
the FFB (i.e., double the sample density) than that measured for
biomarkers. It has been shown that the PZE condition at the FFB
was transient and fluctuating in the Appalachian Basin (Haddad et
al., 2018), and thus it may have been only recorded by the higher-
resolution Hg isotope profile.

Another important reason to link the three Hg isotope excur-
sions to PZE is that both the magnitude and direction of Hg isotope
excursions of the current study are very similar to those observed
in Mesoproterozoic (1.1 Ga) black shales from the Atar and El
Mreiti Group, West Africa (Zheng et al., 2018). The Mesoprotero-
zoic study found that sediments deposited under PZE (identified
by biomarker data) tend to develop significantly more negative
MIF values (by as much as ~ — 0.2%o) than those deposited un-
der oxic water columns. In the present study, the peak odd-MIF
values of the two more prominent negative excursions in Unit III
(—0.19%0 and —0.13% for A1%°Hg, and —0.24%¢ and —0.15%o for
A?01Hg Table S2) are similar in magnitude to the negative ex-
cursion reported for Mesoproterozoic shales deposited under PZE.
More importantly, the relationship and slopes between A!99Hg
and 8292Hg in the Chattanooga Shale are surprisingly similar to
those of Mesoproterozoic black shales (Zheng et al., 2018), which
also show a positive correlation for sediments deposited in an oxic
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water column (m = 0.10, P < 0.02) and a negative correlation for
sediments deposited under PZE (m = —0.16, P < 0.001) (Fig. 4b).
Note that the Mesoproterozoic terrestrial environment likely had
a much smaller Hg reservoir and different Hg isotopic signature
than those during the Late Devonian because a major terrestrial Hg
reservoir, plants and topsoil, was absent during the Mesoprotero-
zoic (Kenrick et al,, 2012), yet these two time periods still show
surprisingly similar patterns of Hg isotopes, consistent with our
inference that terrestrial inputs cannot completely account for Hg
isotope variation in Unit IIL

The cause of Hg isotope fractionation during PZE is still under
investigation, but two mechanisms are considered likely (Zheng et
al.,, 2018): 1) photoreduction of Hg(Il) complexed by reduced sul-
fur in a sulfide-rich photic zone, and 2) enhanced sequestration of
atmospheric Hg(0) by sulfidic surface water (Fig. 5). Sulfidic wa-
ter is found to enhance aqueous Hg(0) oxidation (Zheng et al.,
2019), and, thus, the presence of PZE could facilitate uptake and
sequestration of atmospheric Hg(0) by the oceans. The oxidation
of atmospheric Hg(0) by sulfidic seawater produces negative MIF
and positive MDF in Hg(Il) with a A199Hg/§%02Hg slope of ~ —0.12
(Zheng et al., 2019), which is similar to the slope observed for sed-
iments deposited under PZE in the Upper Devonian Chattanooga
Shale and Mesoproterozoic Atar/El Mreiti Group shales. Modern at-
mospheric Hg(0) itself has negative MIF and positive MDF with a
A19Hg/§%92Hg slope of —0.09 (Fig. S3). Thus, enhanced aqueous
oxidation of atmospheric Hg(0) in sulfidic ocean-surface waters
may have been responsible for the negative correlation between
Hg MIF and MDF in these PZE settings. Moreover, photoreduction
of Hg(Il) in sulfidic water also produces negative MIF and posi-
tive MDF in the residual Hg(ll) (Zheng and Hintelmann, 2010). Al-
though the A199Hg/5202Hg obtained in photochemical experiments
is much larger (~ —0.7) than those of the Chattanooga and Atar/El
Mreiti shales, the A199Hg/§202Hg slope is dependent on experi-
mental conditions, and the A19Hg/A2%1Hg slope of all samples in
the present study (~1.0, Fig. S1) is consistent with photoreduction.
Thus, it is possible that photoreduction also played a role in driv-
ing the covariation of §2°2Hg and odd-MIF under PZE settings.

6. Implications for Late Devonian biocrises
6.1. PZE linked to enhanced terrestrial nutrient inputs

Biomarker records of PZE are present in Upper Devonian-Lower
Mississippian strata of epicontinental basins throughout Laurus-
sia including the Illinois Basin, in which the present study sec-
tion is located (see summary in Kabanov and Jiang, 2020). Such
widespread PZE was likely driven by a mechanism operating at
a continental or global scale. LIPs have been widely invoked as
a trigger of oceanic anoxia during mass extinctions. However, we
have already argued based on the lack of Hg enrichment that the
impact of LIPs was likely quite limited during both the FFB and
DCB events (see Section 5.2). Furthermore, LIPs typically result in
positive shifts of Hg MIF due to photochemical redox reactions of
Hg during atmospheric transport (Thibodeau and Bergquist, 2017;
Grasby et al., 2019), which is clearly opposite to the negative ex-
cursions of Hg MIF across both extinction horizons in our study
section.

We hypothesize that the widespread and recurrent PZE in the
Late Devonian was linked to increased terrestrial nutrient inputs
to marine systems as a consequence of the expansion of terres-
trial plants and/or changes of global sea level (Algeo et al., 1995;
Algeo and Scheckler, 1998) (Fig. 5). The variation of Hg isotopes
in Unit II has already shown evidence of a long-term, progressive
increase of terrestrial inputs (see Section 5.4). Although a direct
causal link between enhanced terrestrial inputs and PZE is diffi-
cult to confirm with Hg isotopes alone, additional evidence is that
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Fig. 5. Evolution of redox conditions, Hg cycle, and the resulting variations of Hg isotopes in the Late Devonian ocean. The red star represents the sampling location. “Hg(II)-0”
denotes Hg(II) complexed by oxygen functional groups in organic matter (e.g., carboxyl) and “Hg(I)-S” denotes Hg(Il) complexed by reduced sulfur groups.

abundant phosphate nodules were found in the gray shale strata
of the DCB interval in the Chattanooga Shale, as well as on the
southern continental margin of Laurussia (Over, 2020). In fact, sed-
imentary phosphate enrichments are widely found in black shales
of the Upper Kellwasser (just above FFB) and Hangenberg events
(just below DCB) in multiple locations around Laurussia (Percival
et al, 2020) and the South China Craton (Paschall et al.,, 2019),
consistent with an enhanced nutrient influx as the initial trigger of
oceanic anoxia during the Late Devonian (Algeo et al., 1995; Algeo
and Scheckler, 1998; Murphy et al., 2000). Elevated marine produc-
tivity and PZE driven by terrestrially sourced nutrients have been
documented in conjunction with various major events in Earth his-
tory. For example, widespread PZE was also recorded in continental
margins at the end-Permian mass extinction (Grice, 2005), and was
thought to have been driven by enhanced terrestrial nutrient in-
puts (Schobben et al., 2020) and upper ocean nutrient (phosphate)
recycling (Hiilse et al., 2021). The accumulation of P in sediments
typically requires oxic or ferruginous conditions, whereas euxinic
conditions would redissolve and recycle P in sediments back to
the water column (Murphy et al., 2000; Canfield et al., 2020). This
process of P cycling is proposed to have been a key mechanism
driving ocean productivity and triggering anoxia during the Late

Devonian and other mass extinction events (Percival et al., 2020;
Schobben et al., 2020). The fluctuating redox conditions of Unit
Il in the study core (Supplementary Text S3) would have facil-
itated preservation of P during non-euxinic intervals and its re-
lease and recycling during euxinic intervals. Thus, the occurrence
of phosphate-rich layers in Unit Il and the widespread P enrich-
ment in Laurussia epicontinental settings around both the FFB and
DCB coincide with episodes of PZE identified by Hg isotopes, sug-
gesting that enhanced P influx and recycling in the water column
may have contributed to the development of PZE.

The expansion of rooted vascular plants was probably the most
critical bioevolutionary development of the Late Devonian (Algeo
et al, 1995; Algeo and Scheckler, 1998) and is thought to have
triggered contemporaneous major environmental changes, includ-
ing enhanced terrestrial weathering and global cooling as a conse-
quence of atmospheric CO, removal (Berner, 1997), which in turn
led to a global sea-level fall via formation of glaciers and conti-
nental icesheets (Brezinski et al., 2008). This global sea-level fall
began in the late Famennian (aculeatus Zone) and reached a low-
stand at the DCB (Johnson et al., 1985; Sandberg et al., 2002; Algeo
et al, 2007; Algeo and Maynard, 2008), despite interruption by
a major transgression associated with deposition of the Hangen-
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berg Black Shale (Sahoo et al., 2023). The global sea-level fall
would have exposed continental shelves and basin margins, thus
enhancing terrestrial weathering, and increased watermass restric-
tion within some epicontinental basins, promoting development of
PZE through intensified water-column stratification.

6.2. Relationship between PZE and mass extinctions

The Late Devonian was characterized by multiple biotic crises
including the Lower and Upper Kellwasser crises near the FFB, and
the Annulata, Dasberg, and Hangenberg crises near the DCB (Wal-
liser, 1996). The FFB marks the largest extinction event of the Late
Devonian, and our Hg isotope dataset indeed shows evidence of
PZE just above the FFB. However, the excursions of Hg isotopes
in the lowermost Famennian are quite transient and roughly cor-
respond to the crepida conodont Zone, post-dating the Kellwasser
crises (Carmichael et al., 2019). Thus, we are unable to directly
link PZE to the extinction at the FFB. The Hangenberg Crisis, which
immediately preceded the DCB, represents the second largest and
final pulse of the Late Devonian mass extinction. Marine inverte-
brate taxa were severely affected, particularly shallow-water reef
communities that had already suffered declines during the Kell-
wasser Events (Kaiser et al., 2016). However, due to the lack of
conodont zones that represent the Hangenberg Event in the Chat-
tanooga Shale, we cannot precisely link PZE to the Hangenberg
Crisis.

Despite the above limitations, our study of the Chattanooga
Shale reveals that PZE started to develop prior to the DCB low-
stand, and that it may have persisted across the DCB and into the
earliest Mississippian, thus supporting PZE as a potential kill mech-
anism for shallow-water taxa during the Devonian-Carboniferous
transition, at least in the Illinois Basin. The onset of PZE cor-
responds to the Dasberg Event based on the available conodont
biostratigraphic data (Over et al., 2019; Over, 2020). The Das-
berg Event is recognized globally by organic-rich black shales de-
posited during a eustatic rise, with biomarker evidence for PZE
(Marynowski et al., 2010, 2012). The Dasberg Crisis involved sig-
nificant faunal turnover and reorganization among marine inver-
tebrates such as ammonoids, rugose coral, and brachiopods (par-
ticularly well-documented in Europe) (Marynowski et al., 2010),
as well as the development of a sponge-microbe symbiont “disas-
ter bed” in shallow-marine strata of western North America, in-
dicative of extinction of diverse, neritic taxa (Stock and Sandberg,
2019). Furthermore, shallow-water euxinia immediately prior to
the DCB lowstand has also been documented in other epicratonic
seas across North America including in the Cleveland Shale of the
Appalachian Basin (Martinez et al., 2019) and the Bakken Shale of
the Williston Basin (Sahoo et al., 2023), supporting the widespread
and recurrent nature of PZE across the Devonian-Carboniferous
transition. Together, inorganic and organic geochemical data from
multiple sections worldwide, including novel Hg isotope results
from this study, support recurrent PZE as a possible kill mechanism
for the Late Devonian mass extinctions, although more studies are
needed to verify this hypothesis.

7. Conclusions

Our high-resolution Hg isotope dataset, together with published
biomarker proxy data, makes a strong case for recurrent PZE in
the epicontinental seas of North America during the Late Devonian,
which may have been a key kill mechanism for the contemporane-
ous mass extinctions. Notably, Hg isotopes also reveal that the PZE
interval was preceded by a long-term, progressive increase of ter-
restrial inputs of OM and nutrients during the Famennian, which
may have stimulated marine primary productivity and eventually
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contributed to the development of widespread PZE. Also impor-
tantly, the PZE around both the FFB and DCB and the enhanced
terrestrial weathering during the Famennian were not triggered by
global-scale volcanism, as evidenced by the lack of Hg enrichments
during either the FFB or DCB events in the present study section as
well as in other Upper Devonian sections of eastern North Amer-
ica. Thus, our findings do not support an LIP as the trigger of the
environmental and biotic crises of the Late Devonian. Lastly, our
results also demonstrate the potential of Hg isotopes as a novel
proxy for both PZE and terrestrial OM erosion, providing new in-
sights into the mechanism and impact of ocean-redox changes on
Earth’s habitability. This is not only important for reconstructing
the evolution of life in the geological past, but also critical for
predicting future biotic crises related to global-warming-induced
expansion of anoxic “dead zones” in the modern ocean.
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