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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Organic matter and sulfides are both important hosts of Hg during the Late Ordovician Mass Extinction.

■   Hg isotopes across the Ordovician-Silurian transition indicate multiple Hg sources linked to volcanism.

■   Intensive volcanism induced significant changes in the atmosphere-land-ocean system.
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The  Late  Ordovician  mass  extinction  (LOME,  ca.  445  Ma),  which  occurred
over two extinction intervals (LOMEI-1 and LOMEI-2), was the first “Big Five”
biotic  crises  of  the  Phanerozoic.  The  ultimate  trigger  of  this  extinction
remains  debated,  with  glacially  induced  global  cooling  and  volcanism-
driven warming events separately suggested as the underlying cause. Here,
we report anomalously high mercury (Hg) levels in two Ordovician-Silurian
successions  from  a  shelf-to-slope  transect  in  South  China,  indicating
abnormally high Hg loading to the ocean. Analyses of Hg isotopes through
the successions reveal near-zero Δ199Hg from the late Katian to the earliest
Hirnantian  (LOMEI-1),  suggesting  that  Hg  was  mainly  derived  from  large-
scale volcanism. Positive shifts in Δ199Hg are observed during the Hirnan-
tian  stage,  coincident  with  global  glaciation,  suggesting  enhanced  Hg
sequestration to sediments driven by subsidence of cold and dense surface
seawater.  Negative  shifts  in  Δ199Hg values  across  the  LOMEI-2  within  the
Hirnantian likely  suggest  enhanced terrestrial  Hg and sulfate fluxes to the
ocean due to volcanism-induced global warming, which promoted oceanic
anoxic/euxinic  conditions.  This  study  provides  novel  evidences  linking
intensive  volcanism to  significant  changes  in  the  atmosphere-land-ocean
system across the Ordovician-Silurian transition, particularly to the euxinic
ocean conditions that triggered the LOME.
 

INTRODUCTION
The Late Ordovician Mass Extinction (LOME) saw the extinction of 53% to

85% of  marine  species,  making it  as  the  first  and one of  the  greatest  mass
extinctions  of  the  Phanerozoic.1-3 The  LOME  occurred  in  two  intervals,  with
the  first  interval  (LOMEI-1)  around  the  Katian/Hirnantian  boundary  and  the
second  interval  (LOMEI-2)  in  the  late  Hirnantian.4,5 Expanded  marine  anoxia
and/or  euxinia  has  been  generally  invoked  as  one  of  kill  mechanisms  for
these  two  extinction  intervals.6 However,  the  ultimate  trigger  of  the  LOME
remains  debated,  with  some  models  attributing  to  large-scale  cooling,7 and
others suggesting  a  global  warming  that  potentially  linked  to  the  emplace-
ment of an unknown large igneous province (LIP).8

LIPs  are  widely  regarded  as  a  key  trigger  of  catastrophic  environmental
changes  responsible  for  mass  extinction  in  Earth’s  history.9 However,  no
robust evidence supports an LIP emplacement event coeval with the LOME.8

Indirect  evidence for  large-scale volcanism exists  in  the form of  anomalous
high  mercury  (Hg)  concentrations  in  sedimentary  successions  during  the
Ordovician-Silurian  (O-S)  transition  (Figure  1).8,10-13 Large-scale  volcanism
could  emit  massive  amounts  of  Hg  into  the  atmosphere,  where  long-range
atmospheric transport  allows  them  enter  into  global  ecosystems  via  atmo-
spheric deposition, resulting in anomalously high Hg concentrations in sedi-
ments  worldwide.14,15 The  enrichment  of  Hg  in  sedimentary  rocks  may  also
occur  via  other  mechanisms,  however,  and  recent  work  that  noted  high  Hg
concentrations  across  the  O-S  in  South  China  attributed  Hg  enrichment  to
intense  deposition  of  seawater  Hg  under  euxinic  conditions,  rather  than  to
volcanism.16 Indeed,  seawater  deoxygenation  has  been  implicated  as  a  key
kill  mechanism  during  the  two  pulses  of  LOME.17,18 Even  so,  a  potential  link
between large-scale volcanism and its possible role in driving ocean euxinia
has not been fully considered in these studies.

Mercury isotopes can be used to unravel the cause of Hg enrichments in O-
S  successions.  Mercury  isotopes  display  large  mass-dependent fractiona-
tion (MDF, normally reported in delta notation as δ202Hg, see Methods) during
various  physical,  chemical  and  biological  processes,  and  large  mass-inde-
pendent fractionation (MIF, normally reported as Δ199Hg, see Methods) during
photochemical  processes.19 Since  MIF  of  Hg  isotopes  is  resistant  to  other
processes, the Δ199Hg values of sedimentary rocks can be used as a source
tracer.19 Volcanically derived Hg displays near-zero Δ199Hg values.20 However,
the  photoreduction  process  on  Earth’s  surface  results  in  negative  Δ199Hg
values  in  terrestrial  reservoirs  (e.g.,  soil  and  vegetation)  and  positive  Δ199Hg
values in marine reservoirs (e.g., sediments and seawater).21

Near-zero to slightly  positive Δ199Hg values across O-S successions have
been  reported  recently,11,13,16,22 providing  evidence  of  enhanced  deposition  of
volcanic- and seawater-derived Hg input during the LOME. However, there is
still  lack  of  high-resolution  Hg  isotope  records,  which  could  unravel  the
precise  pattern  of  changes  in  Hg  inputs  from  volcanism  or  other  sources
before,  during,  and  after  LOMEI-1  and  LOMEI-2.  Consequently,  the  link
between volcanism,  as  inferred  from mercury  evidence,  and LOME intervals
remains  unresolved.  To  address  this,  high-resolution  Hg  isotope  analyses
were  conducted  on  two  Ordovician-Silurian  sections  along  a  shelf-to-slope
transect in South China. Results indicate that large-scale volcanism induced
significant  changes in  the climate-land-ocean system and associated biotic
crises during the LOME. 

MATERIALS AND METHODS 

Geological background and samples
During  the  O-S  transition,  the  South  China  Block  was  located  near  the

equator  (Figure  1A).  The  Yangtze  region  of  South  China  was  a  shallow
carbonate  platform  during  the  early-mid Katian,  which  evolved  into  a  silici-
clastic-dominated  shelf  environment  (Yangtze  Shelf  Sea)  during  the  late
Katian as a consequence of the Kwangsian Orogeny.24,25 Black shales of the
Wufeng and Lungmachi formations were widely deposited across the shelf.26-

29 The rapid  sea-level  fall  related to  the  Hirnantian glaciation  is  indicated by
the  development  of  shallow-water,  carbonate-rich  deposits,  known  as  the
Kuanyinchiao Bed.24 Abundant volcanic ash layers were deposited across the
O-S  transition  (Figure  2),  with  the  first  episode  occurring  in  the  late
Katian25,31,32 and a second episode around the Rhuddanian–Aeronian bound-
ary.30,31,33

A total of 111 fresh samples were collected from the Qiliao (QL, mid shelf)
and the Tianba (TB, outer shelf) sections on the Yangtze Shelf (Figures 1B-C).
In both sections, volcanic ash layers spanning the late Katian to Rhuddanian
stages have been identified, as well as abundant graptolites allowing a high-
resolution  biostratigraphy  to  be  constructed.23,31 Detailed petrological  infor-
mation of the two sections is provided in Figures S1-S2. High-resolution data
on total organic carbon (TOC), total sulfur (TS), and total Hg (THg) concentra-
tions  for  the  QL  and  TB  sections  have  been  previously  reported.23,31 High-
resolution  Hg  isotopic  data  for  these  two  sections  were  generated  in  this
study (Tables S1-S2). 

Hg isotopic composition analyses
Hg  isotopes  were  analyzed  using  a  Neptune  Plus  multi-collector induc-

tively  coupled  plasma  mass  spectrometer.34 Prior  to  analysis,  the  samples
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were pretreated using a dual-stage combustion furnace to preconcentrate Hg
from  the  samples.35 The  Hg  preconcentrated  solutions  were  diluted  to  1.0
ng/mL  Hg  for  Hg  isotope  analysis.  A  standard  (GSS-4)  was  prepared  the
same  way  as  the  samples.  Mass-dependent  fractionation  (MDF)  of  Hg
isotopes  was  reported  as  δ202Hg  notation  in  units  of  ‰  referenced  to  the
NIST-3133 Hg standard (analyzed before and after each sample):

δ202Hg(‰)=[(202Hg/198Hgsample)/(
202Hg/198Hgstandard)−1]×1000

Mass-independent  fractionation  (MIF)  is  reported  in  Δ  notation,  which
describes the difference between the measured δXXXHg and the theoretically
predicted δXXXHg value, in units of ‰:

ΔxxxHg= δxxxHg- δ202Hg×β

Where  β  is 0.2520 for 199Hg, 0.5024 for 200Hg,  and 0.7520 for 201Hg.36 The
overall  average  and  uncertainty  of  repeat  GSS-4  analyses  (δ202Hg: -1.60  ±
0.10 ‰, Δ199Hg: -0.53 ± 0.07 ‰, Δ200Hg: -0.07 ± 0.07 ‰; Δ201Hg: -0.52 ± 0.06
‰; 2SD, n=4) agree well with previous results.20 The analytical uncertainty of
GSS-4 is used to determine the precision of the sample analyses. 

RESULTS
High-resolution  Hg  isotopes  (quantified  as  δ202Hg  and  Δ199Hg)  were

obtained from fresh samples of the QL and TB sections in South China. Five
intervals  can  be  defined  in  these  two  sections  based  on  biostratigraphic
correlation  of  graptolite  zones.  The  average  ±  2SD  values  of  δ202Hg,  and
Δ199Hg were  calculated to  highlight  the  general  geochemical  features  of  the
five intervals (Figure 2).

Interval I represents the early to late Katian stage (Dicellograptus complan-
tus and Paraorthograptus  pacificus graptolite  zones),  with  data  showing
negative δ202Hg and near-zero to slightly positive Δ199Hg values at QL (-0.84 ±
0.46‰ and 0.12 ± 0.13‰, respectively) and TB (-0.97 ± 0.81‰ and 0.04 ±
0.10 ‰,  respectively).  Interval  II  corresponds  to  the  LOMEI-1  (top  of

Paraorthograptus  pacificus graptolite  zone  to  the  lower  part  of Metabolo-
graptus extraordinarius graptolite zone). The data in this interval show nega-
tive  δ202Hg  and  near-zero  to  slightly  positive  Δ199Hg  values  at  QL  (-0.25  ±
0.62‰ and 0.11 ± 0.07‰, respectively) and TB (-0.56 ± 1.07‰ and 0.06 ±
0.07‰, respectively), similar to those in Interval I. Interval III represents the
peak Hirnantian glaciation (the upper part of Metabolograptus extraordinar-
ius graptolite zone) and shows negative δ202Hg and positive Δ199Hg values at
QL (-0.24 ± 0.40‰ and 0.12 ± 0.05‰, respectively) and TB (-0.52 ± 0.91‰
and 0.13 ± 0.09‰, respectively). Interval IV corresponds to the LOMEI-2 (the
base  of Metabolograptus  persculptus graptolite  zone)  and  has  negative
δ202Hg and slightly negative to near-zero Δ199Hg values at QL (-0.45 ± 0.77‰
and 0.00 ± 0.13‰, respectively) and TB (-0.48 ± 0.55‰ and -0.07 ± 0.16‰,
respectively).  Interval  V  spans  the  latest  Hirnantian  to  Rhuddanian  stages
(the  upper  part  of Metabolograptus  persculptus graptolite  zone  to  the
Parakidograptus acuminatus graptolite zones). Negative δ202Hg and negative
to  near-zero  Δ199Hg  values  were  observed  in  this  interval  at  QL  (-0.12  ±
0.27‰ and 0.05 ± 0.12‰, respectively) and TB (-0.23 ± 0.58‰ and 0.02 ±
0.10‰, respectively). 

DISCUSSION 

Host phases of Hg across the Ordovician-Silurian Transition
Marine sediments globally have an average THg concentration of 62.4 ppb.15

The  enrichments  of  Hg  in  Intervals  II-V  of  the  two  studied  sections  (with
mean  THg  concentrations  between  100  and  200  ppb)  are  consistent  with
previously  reported  Hg  enrichments  across  the  O-S  transition,  including
sections from the USA, UK, Poland, and South China (Figure 1D). The strong
Hg  enrichment  is  well  shown  in  the  LOESS  (Locally  Weighted  Scatterplot
Smoothing)  curve  (Figure.  S3),8,10-13,16,23 indicating  a  global-scale  event.  THg
exhibits a stronger correlation with TOC (Pearson r = 0.79, p<0.01, n=34) than
with TS (Pearson r = 0.36, p<0.01, n=34) in the TB section. However, THg and
TOC correlate significantly in the QL section (Pearson r = 0.62, p<0.01, n=77),
as do THg and TS (Pearson r = 0.63, p<0.01, n=77) (Figure S4). Thus, it can be
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Figure 1.  Geological setting (A) Late Ordovician (ca. 445~444 Ma) paleogeography. The base map is from Ron Blakey, © 2016 Colorado Plateau Geosystems Inc. (B) Simplified
paleogeographic map of the Yangtze Shelf Sea during the Late Ordovician,18 showing the locations of the Qiliao (QL) and Tianba (TB) sections. (C) Schematic cross-section of the
Late Ordovician Yangtze Shelf Sea showing estimated relative paleo-depths of the studied sections.18 Scale bar = 100 km. (D) Compiled Hg concentration data, climate change
and redox condition information during the O-S transition.  Hg concentrations are from refs.10,11,13,16,2223 Climate change and redox conditions are from refs.6,18 The age of  each
sample is calculated by linear regression based on the ages of graptolite zones.3 Graptolite zones: D. cn.—Dicellograptus complanatus; D. cx.—Dicellograptus complexus; P. paci-
ficus—Paraorthograptus pacificus; M. e.—Metabolograptus extraordinarius; M. p.—Metabolograptus persculptus; A. a.—Akidograptus ascensus; P. a.—Parakidograptus acuminatus.
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concluded that organic matter and sulfides are both important hosts of Hg in
the studied sections. 

Multiple  sources  of  Hg  across  Ordovician-Silurian Transition:  implica-
tion for volcanic origin

The large variations in δ202Hg (-1.26 to 0.08‰ and -1.74 to 0.17‰ at QL
and  TB,  respectively)  and  Δ199Hg  (-0.05  to  0.27 ‰  and -0.17  to  0.17  at  QL
and TB, respectively) in the two studied sections (Figure 2) suggest fluctua-
tions in Hg sources before, during, and after the LOME. Samples from the QL
and TB sections  exhibit  a  very  weak correlation  between Δ199Hg and δ202Hg

(R2 =  0.08, Figure 3),  with a Δ199Hg/δ202Hg slope of -0.04.  The δ202Hg values
may be affected by secondary processes during sedimentation, while Δ199Hg
demonstrates resistance to these processes. Thus, δ202Hg variations cannot
be directly interpreted as Hg source signals,  whereas Δ199Hg changes in the

 

Figure 2.  Comparison of Hg and Hg isotope data between the two studied sections on the Yangtze Shelf Sea in South China Hg concentration data of the QL and TB sections
are from ref.23 The light blue bars represent the range of Δ199Hg values of typical volcanic (i.e., mantle-derived) Hg. Graptolite zones: D. cn., D. cx., P. pacificus, M. e., M. p., A. a.,
and P. a. as in Figure 1; C. v.—Cystograptus vesiculosus; C. c.—Coronograptus cyphus; D. triangulatus—Demirastrites triangulatus.

 

Figure 3.  Crossplot of Δ199Hg vs. δ202Hg of QL and TB sections The red dashed line is
the linear regression for all samples (slope = -0.04, R2 = 0.08)

 

Figure 4.  Violin plot of Δ199Hg values for samples from Intervals I to V at the QL and
TB sections The light blue bar represents the range in Δ199Hg expected of volcanic Hg.
The  boxes  represent  the  interquartile  range  (IQR),  which  contains  the  middle  50% of
the  data.  The  bottom edge  of  the  box  corresponds  to  the  first  quartile  (Q1).  The  top
edge  of  the  box  represents  the  third  quartile  (Q3).  The  horizontal  line  inside  the  box
indicates  the  median of  the  data.  Vertical  lines  (whisker)  represent  the  extend to  the
most  extreme  data  points  that  are  within  1.5  times  the  IQR  from  the  quartiles.  The
lower whisker  represents extends to the smallest  data point  greater  than or  equal  to
Q1 − 1.5  ×  IQR.  The  upper  whisker  represents  extends  to  the  largest  data  point  less
than or equal to Q3 + 1.5 × IQR
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QL and TB sections likely serve as a more reliable tracer of Hg sources.
Interval I  displays near-zero to slightly positive Δ199Hg values (Figures 4 &

S5).  These values are  close to  those determined for  Hg derived from large-
scale  volcanism eruptions20 and seawater �(Figure 5A),  since Hg in  seawater
can  have  Δ199Hg  values  >0  due  to  the  long-distance  transport  of  volcanic-
sourced  atmospheric  Hg(II).37 Similarly,  near-zero  to  slightly  positive  Δ199Hg

values in Interval II, coupled with increased THg
and  Hg/TOC  ratios  (Figure  S3),  suggest
enhanced deposition of Hg from volcanism and
seawater  (Figure  5B).  In  Interval  III,  the  slight
shift to more positive Δ199Hg values (Figures 2 &
4),  lower  THg  and  Hg/TOC  ratios  (Figure  S3)
collectively  suggest  a  lack  of  large  volcanic
eruptions  during  this  interval,  and  that  Hg  was
mainly from seawater (Figure 5C). In Interval IV,
both  sections  show  negative  excursions  in
Δ199Hg  (Figures  4 & S5).  The  negative  Δ199Hg
values  are  commonly  interpreted  as  resulting
from either  a  transient  input  of  terrestrial  Hg or
the  oxidation  of  atmospheric  Hg0 by  sulfidic
seawater  within  photic-zone  euxinia  (PZE).38,39

The  negative  correlation  between  Δ199Hg  and
δ202Hg  suggests  the  potential  influence  of  PZE.
However,  the  negative  δ202Hg  values  observed
during  Interval  IV  in  the  QL  and  TB  sections
(Figure  2)  rule  out  a  PZE  origin,  as  oxidation
processes within PZE typically  produce positive
MDF  signatures  (Figure  3).38,39 Thus, the  nega-
tive  Δ199Hg  values  in  interval  IV  are  more  likely
attributed to the terrestrial Hg input (Figure 5D),
since terrestrial  materials  are  generally  charac-
terized by negative Δ199Hg values.19 In Interval V,
a return to near-zero Δ199Hg values (Figures 2 &
4)  and  increased  Hg/TOC  ratios  (Figure  S3)
suggest  renewed  volcanic  activity  during  this
stage (Figure 5E).

In  summary,  Hg  from  volcanism,  terrestrial
input,  and  seawater  likely  collectively
contributed to  the  variations  of  Hg  concentra-
tion  and  isotopic  composition  across  the  O-S
transition in  the  studied  sections.  These  varia-
tions  provide  novel  evidence  of  significant
changes in  the  climate-land-ocean system and
associated  biotic  crises  during  the  LOME,  as
discussed below. 

Linking  extensive  volcanism  to  changes  in
the  atmosphere-land-ocean  system  and
LOME

The  near-zero  to  slightly  positive  Δ199Hg
values  associated  with  abundant  volcanic  ash
layers  in  Interval  I  (early  to  late  Katian  stage)
suggest  that  significant  volcanic  activity  was
ongoing prior to LOMEI-I (Interval II) (Figure 5A).
Large  volcanic  eruptions  can  emit  large
amounts of volcanic ash and SO2. Upon deposi-
tion  into  the  ocean,  the  ash  could  release
massive  amounts  of  nutrients,  promoting
primary productivity,6,40 which in turn resulted in
oxygen  consumption  and  deoxygenation  in  the
water  column  due  to  the  respiration  of  organic

matter. At the same time, SO2 has the potential to intensify ocean euxinia with
the  assistance  of  sulfate-reducing  bacteria.41 The  data  across  the  LOMEI-1
may reflect this, because Interval II is marked by a clear increase in THg that
retains near-zero to slightly positive Δ199Hg values (Figure 4) as well as abun-
dant small pyrite framboids recognized in previous work, indicative of euxinic
conditions.42
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Figure 5.  Schematic cartoon model illustrating the
Hg cycles across the O-S transition on the Yangtze
Shelf  Sea  in  South  China  (redox  conditions  are
from refs.6,18).
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Protracted emission of volcanic ash and SO2 in Intervals I and II create high
concentrations  of  aerosols,  leading  to  the  backscattering  of  solar  radiation,
absorption  of  outgoing  long-wave  radiation,  and  disruptions  in  atmospheric
radiative balance, eventually causing global cooling and thus perhaps driving
at  least  in  part  the  well-known  Hirnantian  glaciation  in  Interval  III.43-45 This
cooling of the surface ocean related to this glaciation,46,47 would lead to subsi-
dence of cold and dense surface seawater,48 and deposition of seawater Hg
into seafloor sediments, thus resulting in positive shifts of Δ199Hg in the Inter-
val  III  samples.  Global  cooling during Interval  III  could  have deteriorated the
ecological  environment  for  lower-latitude  marine  fauna  (i.e.  phytoplankton,
zooplankton),49,50 further enhancing the LOMEI-1 (Figure 5C).

Long-lasting volcanic eruptions through Intervals I  and II  would also have
emitted  large  amounts  of  volcanic  CO2.  Once  the  volcanic  ash  and  SO2

responsible for transient cooling were fully sequestered from the atmosphere
during  Interval  III,  the  longer-term  impact  of  sustained  volcanic  CO2 inputs
could have led to warming in Interval IV. This is consistent with the observed
significant increase in the chemical index of alteration (CIA) during LOMEI-2
(Interval  IV).18 In  this scenario,  enhanced continental  weathering would have
led to elevated fluxes of terrestrial Hg, resulting in negative shifts of Δ199Hg in
Interval  IV  samples.  Elevated  fluxes  of  nutrients  would  promote  oceanic
productivity,51 leading  to  the  deoxygenation  of  the  water  column  due  to  the
remineralization  of  organic  matter.  Additionally,  elevated  nutrients  fluxes
could  exacerbate  euxinic  conditions,  as  supported  by  the  observation  of
pyrite  framboids  in  Interval  IV  samples.42 Collectively, euxinic  ocean  condi-
tions  are  believed  to  cause  the  LOMEI-2  (Figure  5D).18,42 In  Interval  V,  the
elevated Hg concentrations, near-zero Δ199Hg values (Figures 2-3), and abun-
dant  volcanic  ash  layers  suggest  renewed  volcanic  eruptions  during  this
stage (Figure 5E). 

CONCLUSION
Our  high-resolution  Hg  isotopes  through  two  sections  in  South  China

across  the  Ordovician-Silurian  (O-S)  transition  indicate  multiple  Hg  sources
linked to intensive volcanism. Large-scale volcanism could explain the global
environmental  changes  across  the  O-S  transition,  including  ocean  euxinia
and glaciation, as well as the associated LOMEI-1. Volcanism could also have
triggered  global  warming  following  the  Hirnantian  glaciation,  leading  to
enhanced  terrestrial  nutrient  and  sulfate  fluxes  to  the  ocean  and  facilitating
further  deoxygenation  and  the  LOMEI-2.  We  thus  conclude  that  intensive
volcanism  could  have  induced  significant  changes  in  the  atmosphere-land-
ocean  system  across  the  O-S  transition  and  contributed  to  the  associated
biotic crises of the LOME.
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