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GEOCHEMISTRY

Mercury isotopes show vascular plants had colonized
land extensively by the early Silurian
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The colonization and expansion of plants on land is considered one of the most profound ecological revolutions,
yet the precise timing remains controversial. Because land vegetation can enhance weathering intensity and
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affect terrigenous input to the ocean, changes in terrestrial plant biomass with distinct negative A'*Hg and
A*°°Hg signatures may overwrite the positive Hg isotope signatures commonly found in marine sediments.
By investigating secular Hg isotopic variations in the Paleozoic marine sediments from South China and periph-
eral paleocontinents, we highlight distinct negative excursions in both A'°°Hg and A%°°Hg at Stage level starting
in the early Silurian and again in the Carboniferous. These geochemical signatures were driven by increased
terrestrial contribution of Hg due to the rapid expansion of vascular plants. These excursions broadly coincide
with rising atmospheric oxygen concentrations and global cooling. Therefore, vascular plants were widely dis-
tributed on land during the Ordovician-Silurian transition (~444 million years), long before the earliest reported

vascular plant fossil, Cooksonia (~430 million years).

INTRODUCTION
The colonization of land by plants during the Paleozoic had far-
reaching impacts on global biogeochemical cycles by enhancing sil-
icate weathering and carbon burial, subsequently affecting atmo-
spheric pO, and pCO, levels (1). The establishment of land
ecosystems was also closely related to the major pedogenesis and
sediment stability, which, in turn, influenced river systems and
landscapes on Earth's surface (2). This evolutionary leap of
complex life from water to land greatly affected terrestrial land-
scapes and the evolutionary trajectory of Earth's surface
environments.

Fossil evidence suggests that the greening of the landscape by
early autotrophs can be broadly divided into four overlapping
phases (3). The first phase probably began in the late
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Mesoproterozoic to early Neoproterozoic and mainly involved mi-
crobial mats on bare mineral surfaces and in lake systems. The
second phase was characterized by bryophyte-grade revolution in
the Ordovician. The third phase, the onset of which is investigated
here, marks the occurrence and potential expansion of early vascu-
lar plants during the Ordovician-Silurian transition. The fourth
phase represents the first major diversification of land plant archi-
tecture and life habits possibly as early as in the Silurian Ludlow
Epoch. On the other hand, molecular clock calculations suggest
that the highest probability of embryophyte origin is within the
Cambrian (4) despite debates of the evolutionary relationships
between the living bryophytes and tracheophytes (5). Nevertheless,
there is still no consensus on the precise time scale for critical steps
in the land colonization of complex life due to relative lack of ter-
restrial sediments of facies suited to fossil preservation (6).

Although early land plant fossils are fragile, often fragmentary,
rare, extremely small, and difficult to identify as plant material, in-
direct fingerprints of land plants in the form of inorganic and
organic geochemical markers (7) have the potential to be identified
in sediments. The biogeochemical cycling of mercury (Hg) archived
in sedimentary rocks has offered an effective approach for identify-
ing distinct events in geological history, such as intensified volcanic
episodes (8), enhanced terrestrial input in marine environments (9),
or photic zone euxinia (10). Apart from Hg concentrations, Hg
stable isotope compositions can be used for distinguishing
various sources or processes controlling Hg accumulation in depo-
sitional systems (8, 11).

Mercury isotope systematics comprise both mass-dependent
fractionation (MDF; reported as 6°°°Hg) and mass-independent
fractionation (MIF; reported as A'*’Hg and A**'Hg for odd-MIF,
and A*”°Hg for even-MIF). The Hg odd-MIF transitions can be trig-
gered by active Hg'' photochemical (reduction) processes in
aqueous solutions, methylmercury (MeHg) photodegradation,
abiotic dark redox reactions, and photo-oxidation processes [e.g.,
(11)]. In contrast, even-MIF (Azong) is almost exclusively related
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to upper tropospheric and/or stratospheric photochemical reactions
(11, 12). HgII with positive odd- and even-MIF accumulations in
rainfall can induce higher MIF values, which can be preserved in
ancient marine sediments. In addition, the aqueous photoreduction
could also lead to the positive residual Hg"" deposited in seafloor.
The primarily negative MIF signatures, which dominantly occur
in the atmospheric Hg” reservoir, can be sequestered by vegetation
in terrestrial ecosystems and then transported into marine sedi-
ments (Fig. 1). For this research on sedimentary rock, it has been
demonstrated that negligible MIF transformations occur under
high-temperature and high-pressure conditions (13, 14), indicating
that original MIF signals are resistant to subsequent diagenetic or
thermal maturation effects.

Unlike the relatively stable contribution of atmospheric Hg'"
land, the amount of Hg cycled by plant and volcanic sources can be
highly variable. In the modern Hg cycle, nearly 3000 Mg Hg is se-
questrated into the terrestrial ecosystem annually from the atmo-
sphere via plants, representing ~60% of the total atmospheric
reservoir of ~5000 Mg (15). Moreover, the global terrestrial Hg
input flux of 0.09 Mg year " is 1.5x higher and 0.5x lower than
the flux of Hg into ocean sediments, with 0.06 Mg year™" for
coastal sediment and 0.18 Mg year™" for pelagic sediments, respec-
tively (16). Comparatively, for those intervals in Phanerozoic
history not associated with extreme events such as large igneous
province (LIP) volcanism, terrestrial input was likely the governing
variable that controlled the Hg isotopic signature of proximal
marine sediments.

To establish the temporal framework for the evolution and ex-
pansion of early land plants and explore their relationship with
secular changes in atmospheric chemistry, we investigated the Hg
concentration and isotopic signatures of marine sedimentary rock
samples collected from modern day South China and peripheral pa-
leocontinents spanning from the Cambrian to Permian (fig. S1).
The contribution of plant composition in each period was further
quantified using a two end-member, stable isotope mixing model. A
process of land vegetation expansion beginning in the early Silurian
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is highlighted as driving substantial increases of land-derived Hg
into the marine sedimentary system.

RESULTS

Hg mixing model and uncertainties

An isotope-mixing model with two end members was applied to the
dataset, aiming to budget the variation in the relative contribution
of land plants during the Paleozoic. The Hg in marine sediments is
dominantly derived from three main sources: (i) atmospheric HgII
input through precipitation and particulate matter deposition; (ii)
terrigenous input, which is composed of immobilized atmospheric
Hg’ by foliage, including wildfire, deforestation, and so on; and (i)
“geological” Hg, including bedrock weathering and/or volcanic
sources. Since the biogeochemical signature of the atmospheric
Hg remains stable, terrigenous input is the governing variable
that determines marine sediment Hg isotopic compositions,
except during extreme events such as LIP emplacement. Therefore,
this two end-member mixing model is expected to quantify the con-
tribution from plant biomass and is calculated as follows

Fplant + Fnon—plant =1 (1)

Fplant X Amnglam + Fnonfplant X Axxngnon—plant
= Axxngrock (2)

where xxx represents Hg isotopes with mass number 199 or 201.
Fplane and Fpon_plant represent the fraction of plant composition
and non-plant composition, respectively. A¥*Hg, .5, represents
the mean odd-MIF signatures of global foliage and litterfall
(A"™Hg = =0.29 + 0.14%o and A**'H = —0.28 + 0.13%o) (17),
and A™"Hg,on—plant Tepresents the most positive odd-MIF back-
ground signatures with A'”’Hg = 0.20 + 0.10%o0 and A**'Hg =

0.18 + 0.12%o in samples from the Cambrian to Early Ordovician.
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Fig. 1. Conceptual model showing Hg cycling on Earth. Model on left shows the Hg cycle without vascular plants on land, while the right shows the Hg cycle with
vascular plants on land. Atmospheric Hg® can be sequestered by vascular plants in terrestrial ecosystems and then transported into marine sediments, leading to negative

excursions in marine sediments.
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Uncertainties in the model estimates come primarily from a lack
of comprehensive understanding of the complete processes that
contribute to the MIF shifts. First, the odd-MIF signatures of land
plant contributions in the model were based on the measurement of
modern plant samples. The dearth of Hg isotopic data from ancient
foliage potentially limits model parameterization. Second, the odd-
MIF signatures of marine sediments are characterized as positive,
regardless of the negative odd-MIF signatures in sediments driven
by sulfide photoreduction (10, 18). Third, possible long-term tec-
tonic effects including the closing of the Paleo-Tethys were not con-
sidered in this model. Thus, the model outputs cannot be expected
to represent precise quantifications of the global land vegetation
areal coverage/biomass but refer to the relative contribution from
land plants in coastal and riparian areas in the South China area
and peripheral paleocontinents. The global distribution of land
plants could be heterogeneous due to local geographic differences
associated with the complexities of paleo-climate and environment.
Last, some cited Hg isotopic data lack comprehensive petrographic
characterization, leading to potential uncertainties in model estima-
tion. We recommend that future geochemical studies should inte-
grate more comprehensive geological descriptions.

A Paleozoic secular Hg isotope curve

In this study, dozens of replicate samples were derived from some
typical profiles in each period, which can reduce the uncertainties
caused by sampling and Hg isotope measurement. We mainly focus
on broad isotopic trends and clustering observed at stage level. The
slope of A"’ Hg/A**'Hg is nearly 1 (0.95, R* = 0.79), suggesting the
samples are potentially related to photo-induced redox reactions
driven by magnetic isotope effects (Fig. 2 and fig. S2). The LOESS
(locally estimated scatterplot smoothing) curves of both compiled
odd-MIF (A199Hg) and even-MIF (A200Hg) datasets show a remark-
able and continuous decreasing trend of A'*’Hg and A**°Hg from
the early Silurian to Carboniferous with minor oscillations (Fig. 3, A
and B). These decreases indicate substantially elevated contribu-
tions of terrestrially derived Hg. In contrast, most of pre-Silurian
samples yield consistently positive odd-MIF values with an
average A'*’Hg value of 0.11 and median value of 0.11, as well as
an average A°°'Hg value of 0.08 with a median value of 0.07.
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Fig. 2. 0dd-MIF (A"®°Hg) versus even-MIF (A2°°Hg) compilation dataset from
Paleozoic marine sediments and essential sources of Hg in modern environ-
ments. The values of sediments are available in data file S1. Values of atmospheric
Hg®, rainfall Hg", and particulate bound Hg" are from the (12).
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Most of post-Silurian samples show near-zero MIF signatures, in
which A" Hg values average —0.01 with a median of 0.02 and
A*°'Hg values average —0.01 with a median of —0.08. The A**°Hg
dataset, most of which was derived from post-Silurian samples,
clusters close to zero, although slight fluctuations occur in the Car-
boniferous and Early Permian.

Although our individual Hg isotopic datasets may encompass
the effects of a number of environmental factors, the observation
that negative MIF values have been solely reported in materials
related to the terrestrial cycling of Hg except for photic zone
euxinia, the long-term decreasing trend of A'*’Hg during the Paleo-
zoic Era toward negative values can be attributed to changes in the
relative contribution and the isotopic signatures of terrigenous ma-
terial. Moreover, the concomitant decreasing A***Hg trend initiated
in the Silurian also rules out the possibility that the A'*’Hg decrease
was related to changes in atmospheric cycling. In this light, a secular
Hg isotope curve for the Paleozoic can be regarded as a reflection of
the relative amount of contemporaneous terrestrial vascular plant
biomass (Fig. 3, A and B).

A record of land plant expansion

The Paleozoic Era marks the establishment and radiation of land
plants and thus the development of notable terrestrial biomass.
The main types of colonization vary greatly over time. Excluding
the potential isotopic effects from volcanism, weathering, and
redox, positive Hg odd- and even-MIF values in the pre-Silurian
samples retain signatures derived from rainfall Hg" deposition, as
the direct deposition of atmospheric Hg’ was limited. The attenua-
tion of global continental weathering intensity during the Paleozoic
is suggested by decreasing ®’Sr/*°Sr values and the decoupled rela-
tionship between the Sr and Hg secular isotopic curves, also taking
into account that the residence time differs between the two ele-
ments by millions of years (Fig. 4A). Thus, we suggest that
secular variation in global terrestrial input intensity induced by
large-scale tectonic events such as the closing of Paleo-Tethys was
not the determining factor affecting Hg isotopes in the Paleozoic
marine sediments of South China. In contrast to the Sr isotope
curve, which is capable of tracking global tectonism, the Hg
isotope curve should be considered a predominantly local signature
controlled by sedimentary source-sink dynamics. The dominant
source of Hg in terrestrial ecosystems is associated with the assim-
ilation of atmospheric Hg" in vegetation, which is subsequently
transferred to soils and watersheds after litterfall decomposition,
and eventually influences the downstream marine ecosystem (12).
Therefore, it is important to distinguish the effects of different ter-
restrial plant ecosystems at different times using the Hg isotopic
values of sediments. Particularly, the coastal and riparian zones at
lower latitudes, such as in South China, offered the preferential hab-
itability of the hinterland for early vascular plants.

From the Early Cambrian to Middle Ordovician, MIF isotopic
signatures are distinctly positive. In the Early Cambrian, A'*’Hg
= 0.13 + 0.06%0 and A**’Hg = 0.04 + 0.04%o (n = 41); in the
Middle Cambrian, A'"”’Hg = 0.13 + 0.04%o and A**°Hg = 0.05 +
0.02%o (n = 6); in the Late Cambrian, A"*’Hg = 0.15 + 0.02%o
and AZOOHg =0.06 + 0.06%o0 (n = 6). These results show the com-
parable values with that in Edicaran period with A'’Hg = 0.15 +
0.06%0 and A*°°Hg = 0.02 + 0.03%o (n = 106). In the Early Ordo-
vician, A'’Hg = 0.20 + 0.10%0 and A**°Hg = 0.03 + 0.05%o (1 =
15); and in the Middle Ordovician, A'"*’Hg = 0.20 + 0.13%o and
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Fig. 3. Hg stable isotope composition of Paleozoic sediments in stage level (n =367). A compilation of (A) A199Hg and (B) A200Hg (n = 367) of Paleozoic sediments
in stage level.The green solid curve denotes a LOESS fit of the mean of the data with the 95% confidence level (gray shadow area). For the LOESS fit, the span of 0.60 is
chosen based on the 10-fold cross-validation in fig. S4. In detail, the lithology and Hg isotopic data from 181 samples presented in this study along with previously

published data are available in data file S1.

A**°Hg = 0.04 + 0.06%o (1 = 18) (Figs. 2 and 3, A and B). The slight-
ly negative odd-MIF signature (P = 0.43 by Independent  test) in
Edicaran and Cambrian is speculated to strengthening continental
weathering, which is also evidenced by the higher ¥ Sr/*Sr values.
Modeling results suggest a negligible contribution from land plants,
consistent with the contemporaneous low atmospheric O, (pO,)
levels from the Cambrian to Ordovician (Fig. 4, B and F). The di-
versification of marine invertebrates and other microorganisms
during the Early Cambrian and Ordovician did not induce a
secular Hg isotope shift in marine sediments, implying that most
marine life inherited the Hg isotope signature of seawater. The
first tetrahedral microfossils suggest that the emergence of land
plants did not occur until the Tremadocian (Early Ordovician)
(19). Accordingly, it is widely assumed that before the Ordovician,
microorganisms dominated the terrestrial ecosystems rather than
land plants. Experimental studies, however, indicate that MIF

Yuan et al., Sci. Adv. 9, eade9510 (2023) 28 April 2023

does not arise during the microbial cycling of Hg [(11) and refer-
ences therein], congruently accounting for the higher A'*’Hg values
of terrestrial sources than those of present.

The interval from the Late Ordovician to Silurian is marked by
the onset of a significant negative Hg MIF excursion observed in a
population of 100 Hg isotope data points (A'*’Hg = 0.01 + 0.07%o
and A**Hg = 0.01 + 0.03%o, n = 100; P < 0.01 by Independent ¢
test). We interpret this MIF signature as being related to the rapid
colonization and subsequent expansion of land plants. In contrast
to vascular plants, the nonvascular plants, mostly mosses and other
cryptogamic organisms without root systems or thick, waxy cuti-
cles, grow and produce biomass slowly due to a longer phenological
cycle. Previous investigations have demonstrated that the predeces-
sors of modern bryophytes (nonvascular plants) greatly shaped the
past climate and atmosphere (1, 20, 21) and increased global chem-
ical weathering before the Late Ordovician (22). The Hg isotope
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curve, however, does not show a decreasing trend before the Late
Ordovician, indicating that, although their biomass may have
been three times larger than today (21, 22), the weathering flux re-
sulting from nonvascular plant activity did not affect the Hg MIF
signature observed in marine sediments. Moreover, Hg in modern
mosses is not solely derived from atmospheric Hg” (76%), and their
perennating features and lower growth rates limit biomass produc-
tion relative to those of vascular plants. Therefore, we do not attri-
bute the distinct decreasing odd-MIF trend merely to nonvascular
plants. In contrast, their shorter phenological cycle likely enabled
vascular plants to transfer atmospheric Hg into terrestrial reser-
voirs more efficiently with distinctive negative odd- and even-
MIF signatures, causing the sharp decline in MIF values from the
Late Ordovician to Silurian. Furthermore, early vascular plants
likely had more efficient water transport and storage abilities than
nonvascular plants, and clonal growth in tangled colonies enhanced
the local and, eventually the global, hydrological cycle. As vascular
plants expanded into a variety of terrestrial niches, they actively
altered the Hg isotope in proximal marine sediments during this
episode, and there is a contemporaneous increase of pO,, decrease
of pCO,, and global cooling (23, 24). The conventional view is that
these positive feedbacks led to increasingly complex terrestrial eco-
systems such that by the Late Devonian the evolution of full forest
ecosystems resulted in, for the first time in Earth'’s history, an inter-
play between biosphere, hydrosphere, and atmosphere similar to
that is experienced today (25). The data we present here suggest
that such a level of global system modernization may have begun
somewhat earlier in the Silurian. Similar conclusions are also sug-
gested by the isotopic signatures of zircon formed at subduction
zones where marine sediments are transported into the mantle
(26), and the Fast Land Occupancy and Reaction Algorithm
model (2I), which consistently suggests an earlier expansion of
land plants with an early peak in potential biomass at around 470
million years (Ma). Moreover, an upsurge in the proportion of mud
on land was constrained to the Ordovician-Silurian, further sup-
porting the expansion of vegetation on land (27), although the con-
tribution of embryophytes is not fully understood. If our
interpretations stand, then it is possible that these pioneer vascular
plant ancestors during Ordovician-Silurian had not yet develop
sizable root systems to retain fine sediments on alluvial plains, as
the abundance of lateral accretion sets of meandering rivers did
not increase globally until the late Silurian (28).

The Devonian experienced a mildly contracted terrestrial
biomass according to the model, in parallel with fluctuating pO,
and global temperature (Fig. 4, B and C). Although some studies
have emphasized global ocean oxygenation during the Devonian
(29), both GEOCARBONSULF and COPSE models demonstrate a
decreasing atmospheric pO, trend in the Early Devonian; although
small in magnitude, it is possibly attributable to variations in land
plant biomass. From the Carboniferous to the early Permian, the
distinct negative odd-MIF (A'*’Hg = —0.06 + 0.07%o and A**°Hg
= 0.03 £ 0.03%o0, n = 27) implies that the negative end member
induced by terrestrial Hg sources played a dominant role in Hg ac-
cumulation and contributed up to 53 to 56% of total Hg input. This
is consistent with land plant species diversification and increase in
terrestrial biomass (30), which are supported by the highest pO, and
lowest global temperature estimates during the Paleozoic (Fig. 4, B
and D) (31). In particular, the major geographic expansion of seed
plant floras with well-developed deeper root systems may have
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considerably enhanced chemical and physical weathering (32),
thus increasing Hg release from terrigenous sources.

DISCUSSION

An earlier evolution of vascular plants

Our data demonstrate that land plants profoundly affected terrestri-
al ecosystems as early as the Ordovician-Silurian transition, al-
though few contemporaneous vascular plant megafossils were
reported for that time (Fig. 4E) (30, 33). The evolution of plant vas-
cularization has been considered as an extremely slow process.
Those earliest land inhabitants lived in tangled clonal communities,
which enabled a humid microclimate to develop between the stems
and raised the boundary layer (a relatively still and humid layer of
air above to the ground). Their subsequent growing height to release
spores into the air above the boundary layer could have led to in-
crease in stature and greater vascularization (34). On the basis of
fossil records (Fig. 4E), the Devonian Plant Hypothesis (DPH) sug-
gests that the rapid development of root systems, deep ploughing of
soils, and enhancement of the hydrological cycle by vascular plants
did not occur until the Devonian. These processes consistently
enabled the terrestrial plants to expand dominantly on land,
which fundamentally reshaped Earth’s landforms physically and
chemically (35). In the absence of deep rooting systems, the early
terrestrial ecosystems may have resulted in drier, shallower, and
less stable soil ecosystems with lower productivity, in contrast to
those of today (36), which resulted in a dearth of alluvial facies con-
ducive to fossilizing vascular plants before the Devonian (37). The
presence of land plant body fossils is highly sensitive to facies type,
where they are usually abundant in fluvial or lacustrine settings.
This suggests that the enhanced development and preservation of
terrestrial sediments during the Devonian Period is likely to be an
overriding factor controlling the appearance and abundance of
plant body fossils, which potentially resulted in limited preservation
of pre-Devonian terrestrial macrofossils, and therefore our ability to
study these environments. According to the DPH, although the ear-
liest vascular plant fossils (Cooksonia) have been identified in Silu-
rian (Wenlock) strata (38), it is not convincing to link the sparse
presence of this earliest vascular plant fossil with large-scale reshap-
ing of Earth's terrestrial systems. Trilete spores, which are domi-
nantly produced by vascular plants today, occur in the lower
Upper Ordovician Sandbian strata (458.4 to 453.0 Ma) and may
push the origin of vascular plants earlier to the Late Ordovician
(33). A Bayesian-related molecular clock calculation based on phy-
logenomic data encompassing the diversity of surviving embryo-
phytes suggests that land plant clades first appeared in the Middle
Cambrian—Early Ordovician, and the origin of vascular plants oc-
curred in the Late Ordovician (4). This suggests that vascular plants
may have prevailed on land during the Late Ordovician—Silurian
interval. Our Hg isotope data are consistent with the hypothesis
that land was extensively greened and shaped by vascular ground-
hugging plants before the Devonian, although they likely had small
and simple root-like structures. To produce an indelible mark on
the Hg signature of marine sediments, these terrestrial pioneers
must have been widely distributed, at least in coastal and riparian
zones at lower latitudes such as in South China (39).
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Profound impact on the atmosphere and surface of Earth
Despite some differences in the estimation of absolute oxygen
content, both COPSE (40) and GEOCARBONSULF (23) models
suggest two episodes of distinct increase of atmospheric pO,; one
was from the Ordovician to the end of the Silurian, and the other
was from the Late Devonian to Permian (Fig. 4B). These atmospher-
ic oxygenation events are temporally correlated with both the diver-
sification and expansion of vascular plants on land and agree with
our interpretation of the Hg isotope datasets. In addition to photo-
synthesis, vascular plants also play an important role in affecting the
chemical weathering of silicate rocks—another principal sink of at-
mospheric CO, over geologic time (41). We have revised the param-
eters in the GEOCARBONSULF model, assuming that the vascular
plants had colonized land extensively at ~444 Ma to reconstruct at-
mospheric O, and CO, concentrations (Fig. 4, B and C). The mod-
ified atmospheric O, record shows similar estimations with and
slightly higher than that in the original curve. In contrast, the de-
creasing trend from ~15 to 3 Present Atmospheric Level (PAL) of
CO, during Devonian-Carboniferous in the original model oc-
curred earlier in the Silurian in the revised model. We highlight
that vascular plant expansion would decrease atmospheric CO,
concentrations rapidly, and we encourage future research to test
these conclusions. Unlike the lower plants, vascular plants are char-
acterized by lignin-related tissues rich in various refractory organic
compounds in which the Carbon(C) : Phosphorus (P) ratio is four-
fold that of marine organic matter (42). The emergence and expan-
sion of peroxidase enzymes needed for lignin decomposition did
not begin until the diversification of Basidioimycota during the
early Permian, approximately 295 Ma ago (43). In this light, a
secular carbon sequestration process maintained by early coloniza-
tion of land plants could have profoundly shaped atmospheric
chemistry. Consequently, these factors would contribute to an in-
crease in terrestrial sediment fluxes and likely organic carbon
burial rates in marine basins over long time scales.

The persistent removal of carbon from the ocean-atmosphere
system also affects oxygen levels. The photolysis of CO, during pho-
tosynthesis produces organic carbon and oxygen, and if the carbon
is buried as organic matter in sediments, then oxygen builds up in
the atmosphere, sustaining the secular rise of atmospheric pO,
levels. The reservoir of a substantial organic carbon pool stabilized
the atmosphere at a higher oxygen level, ultimately altering our
planet’s redox history. This paved the way for the evolution of
large, mobile animals that have dominated the Earth’s surface
since the Middle Paleozoic (41).

The seawater *’Sr/*Sr curve can be dominantly affected by the
relative contribution of the weathering of continental crust (~0.711
or higher) and input via seafloor hydrothermal systems (~0.704).
The Silurian Period is characterized by increasing *’Sr/**Sr values,
suggesting progressively enhanced terrestrial weathering of conti-
nental crust or attenuated oceanic ridge activity coincident with
the first episode of land plant expansion as observed in South
China and peripheral continents. As plants spread across the
land, they enhanced weathering and grew to taller heights,
thereby elevating terrestrial biomass and organic input to the
oceans. The secular variation of the seawater ¥’Sr/*°Sr record,
however, cannot be attributed solely to land plant colonization, as
tectonic activity can also contribute. Moreover, although these early
plants can effectively increase the local weathering intensity, it is still
extremely difficult for them to extend into most regions of the
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continental interior due to their primitive water-retaining struc-
tures. Therefore, it is very likely that tectonic activity remains the
primary controlling factor for the Early Paleozoic secular seawater
7Sr/%°Sr curve. The variation in the seawater ¥Sr/*Sr curve is de-
coupled from the land plants expansion that took place in the Car-
boniferous, possibly due to the progressive amalgamation of the
supercontinent Pangea. The two episodes of land plant expansion
during the Paleozoic illustrated by the two end-member Hg isotopic
models also coincide with global cooling (Fig. 4, D and F). The first
occurred during the Ordovician-Silurian transition, highlighted by
the Late Ordovician (Hirnantian) glaciation event and potentially
related to the emergence and expansion of the earliest plants (20).
The second occurred during the Devonian-Carboniferous transi-
tion, broadly coincident with the Late Paleozoic Ice Age, possibly
driven by expansion of seed plants (44, 45). These findings demon-
strate the intimate relationships between the coevolution of land
plants, global climate, and Earth surface systems.

MATERIALS AND METHODS

Sampling

In this study, the data are mostly based on classical stratotype pro-
files or profiles with a well-established bottom framework, which
can substantially reduce the stratigraphic uncertainties. The sam-
pling sites are illustrated in fig. S1 using modern geography, while
the detailed data from different geological periods are presented in
section S1. Mercury is transported to deep-water settings predom-
inantly through the atmosphere and to shallow-water settings via
riverine runoff. Thus, intensified chemical weathering and subse-
quent increase in terrestrial input to the oceans may consequently
decrease A199Hg values in marine sediments (9). The expanded
numbers of samples, including data compiled from previous publi-
cations (367 samples in total, which are detailed in data file S1,
where 181 samples collected on the published stratigraphic sections
are measured in this study) cover different lithologies and sedimen-
tary facies and reduce the facies bias on Hg isotopes. The depositio-
nal facies were simplified into deep- and shallow-water settings
based on the grain sizes and the relatively content of carbonate min-
erals (see lithological descriptions and photos in the Supplementary
Materials). The deep- and shallow-water depositional facies show
negligible differences in Hg isotopes (Fig. 5). In addition, to
prevent potential overprinting from excessive volcanic source
loading over the bulk Hg isotopic signals in sedimentary rocks,
we selected samples that are not associated with volcanic ash
layers to avoid intervals that are possibly subjected to the effects
of LIP activity (8). Sediments deposited across major biotic events
associated with large-scale volcanism were also excluded when eval-
uating terrigenous input. Therefore, data from the Permian Guada-
lupian and Lopingian stages were not included in this compilation
due to the unequivocal geological evidence of the Emeishan LIP and
Siberia LIP emplacements (46). As shown in Fig. 1, the Hg"" in liquid
phase can be dominantly reduced to Hg’ induced by photoreduc-
tion, resulting in positive A'"*’Hg in residual Hg" deposited into
ocean sediments. These distinct positive A'*’Hg values were
evident in pre-Cambrian sediments with ~0.20%o. We also note
that some negative A'*’Hg values have been reported in pre-Cam-
brian intervals, such as sulfur-bound Hg reduction in euxinic envi-
ronments (10), ancient metamorphic rocks (47), and samples
associated with subaerial volcanism (48). These particular events
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Fig. 5. Comparison between the Hg isotope odd-MIF signature in different deposition environment. The sample deposition environment include shallow-water
(limestone, dolostone, and sandstone; in light shade) and deep-water (shale and chert) (in dark shade) settings in each period for the Paleozoic.

only reflect a unique depositional environment under which the Hg
isotopic values were not included in the present compilation.

Hg concentration and isotope measurement

We dug the fresh rock samples, trim them to remove visible veins
and weathered surfaces, and cleaned in double-distilled water in se-
quence. Crusts and veins were cautiously avoided before obtaining
the powders from hand specimen samples after petrographic exam-
ination. We offer petrographic evidences to show that Hg in rock
samples can represent the syndepositional Hg stable isotopic char-
acteristics without contamination by younger material (section S2).
First, the sedimentary rock samples are typified with horizotal bed-
dings and primary sedimentary structures. Moreover, the absence of
diagenetic minerals, such as hematite, indicates that the diagenesis
is not the primary control of geochemical signals. In addition, the
intact crystal shape of diagenetic minerals without recrystallization
suggests inessential postsedimentary processes, such as hydrother-
mal vein metasomatism or superposition. After drying treatment,
all rock samples were ground into power and sieved with a 200-
mesh (74 pm) nylon screen, which aimed to mix the sample
evenly and reduce the heterogeneity. The samples were analyzed
for their respective Hg concentration and isotope compositions.
Both Hg concentration and isotope compositions were measured
at the State Key Laboratory of Environmental Geochemistry, Insti-
tute of Geochemistry, Chinese Academy of Sciences, Guiyang. The
total Hg concentration was determined using a Direct Mercury An-
alyzer (DMA-80, Italy). One replicate sample was analyzed for every
nine samples, and certified soil reference material GBW 07405 (290
+ 30 ng g~') was analyzed for every 10 samples with 90 to 105%
recovery.

The preconcentration of rock samples with low Hg (calculated as
~10 ng Hg) were completed by the double-stage heating pyrolysis
combustion of tube muffle furnace with pure oxygen gas flows
(25 ml min™?). Oidizing solution (5 ml) of 40% mixture of nitric
and hydrochloric acid ["reverse aqua regia”, HNO3:HCI = 2:1 (v/
v)] was used as trapping solution to capture Hgo vapor. The precon-
centration recovery was determined to be 97.2 + 6.5% (n = 18, £10)
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by using soil certified reference materials (GSS-4; with a total Hg
concentration of 590 + 50 ng g~").

Mercury isotopes were measured by multicollector inductively
coupled plasma mass spectrometer (Neptune II, Thermo Fisher Sci-
entific, USA). The sample solution was diluted to 0.5 ng g~" (10%
acidity) and was then reduced by 3% SnCl, to Hg’ in an online Hg
vapor generation system (17). The Tl standard (NIST SRM 997) was
used as an internal standard, and an Hg standard [National Institute
of Standards and Technology (NIST) Standard Reference Material
(SRM) 3133] was used as an external standard sample. Hg isotope
data are reported relative to NIST-3133 for MDF as follows

(202 Hg/ 1% Hg) sample

8%2Hg(%o0) = —1| x1000 (3
(%) (22Hg/1%*Hg)nist-3133 G)

MIF is calculated as
Axxng = 6xxng - ﬁxxx X 6202Hg (4)

where B, is 0.252 for '*’Hg, 0.502 for **’Hg, and 0.752 for **'Hg,
respectively (49).

NIST-8610 (UM-Almadén) was measured every 10 to 15
samples during isotope measurement as a secondary standard to
confirm the accuracy and precision of measurements. Results of
NIST-8610 (8§*°Hg = —0.54 + 0.09%0, A'*’Hg = —0.01 + 0.06%.o,
A*Hg = 0.01 + 0.05%o, and A**'Hg = —0.03 + 0.07%o0; +2SD, n =
30) and GSS-4 (8°°?Hg = —1.79 + 0.12%o0, A'”’Hg = —0. 40 +
0.09%0, A**°Hg = —0.01 + 0.05%o, and A*°'Hg = —0.38 +
0.08%o0; +2SD, n = 18) are consistent with the recommended
values (50), suggesting that our preconcentration did not induce
extra uncertainties.

Supplementary Materials
This PDF file includes:

Figs. S1 to S12

Table S1

Sections S1 to S3
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