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ABSTRACT

The Late Ordovician mass extinction (LOME) was the first of the “Big Five”
Phanerozoic extinction events and comprised two extimgtulses. Proposed Kill
mechanisms include glacially-induced global cooling and thensigraof water column
aroxia and/or euxinia (sulfidic conditions), but no generaisemsus has been reached
with regard to the precise role of these mechanisms. & ohefinitive understanding is
hampered by poorly constrained temporal links between thectaati pulses and climate

charge and by uncertainty over the spatial distribution mbensity of euxinia. Here, we
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utilize Fe speciation and Mo concentrations, in additmthe chemical index of
alteration weathering proxy, to reconstruct ocean redodittons and climate change
across a Late Ordovician to Early Silurian shelf to stopesect on the Yangtze Shelf
Sea. These data show two cycles of expanded euxinia cordaspom the two pulses of
the LOME, suggesting a strong causal relationship. Signtficave show that
intermittent or weak euxinia developed during the first extingpulse, which likely
accounts for the loss of benthic fauna and some plaitkéeganisms and nektonic
groups. By contrast, the development of more intensai@utkiroughout the water
column during the second pulse likely drove survival fauna&xtBuperimposed upon
this, significant global cooling occurred across the @ginction phase, reflecting a
secondary role in driving certain low-latitude taxa esttinc
INTRODUCTION

The Late Ordovician mass extinction resulted in thenettin of ~85% of marine
animal species (Sheehan, 2001) across a relatively shersgan (Brenchley et al.,
1994 Finnegan et al., 2011). The LOME comprised two pulses: thepfitse (LOMEI-
1) occurred at the Katian/Hirnantian transition and wagptimary extinction phase
during which benthic organisms, planktonic organisms and nekgomips became
extinct. The second pulse (LOMEI-2) occurred during theHategantian, when
survivors of the first pulse became extinct (Harper e2afl4). Numerous lines of
evidence have demonstrated that rapid global cooling occurreddhe late
Ordovician, broadly coincident with the LOME (e.g., Finaeget al., 2012Crampton et

al., 2016). However, the timing of glaciation is contraiedrand does not precisely

match the onset of the LOME (see the GSA Data RepoSsimrjurther details).
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Conversely, ocean anoxia and widespread euxinia have bgerspdoas Kill
mechanisms (e.g., Zhang et al., 2088@mmarlund et al., 2012hm et al., 2017), but
the spatial and temporal distribution, and intensityaraixia/euxinia, remain largely
unknown.

Here, we reconstruct the evolution of Late Ordovician @fa8tage) to Early
Silurian (Rhudanian stage) water column redox conditioressa a shelf to slope depth
transect in the Yangtze Shelf Sea, South China (Fidpasgd on Fe-speciation and Mo
concentrations. In addition, we utilize the chemical indealteration (CIA) weathering
index (Nesbitt and Young, 1982) to evaluate contemporaneous cthwtge. Our
multi-proxy approach allows a detailed evaluation of #meporal and spatial intensity of
ocean redox conditions and coeval climate change, tholviresthe roles of these
different mechanisms in driving the LOME.

GEOLOGIC SETTING

South China was located near the equator during the Late Qedo{i®rsvik
and Cocks, 2013). From the Late Ordovician to Early Silutf@Yangtze shallow
carbonate platform in South China evolved into a sihstic-dominated deep shelf basin,
called the Yangtze Shelf Sea, which deepened northwards Ratilealassic Ocean
(Figure 1 and Fig. DR1). Samples were collected from an siredf section (Shuanghe;
SH) (Fig. DR2), a mid-shelf section (Qiliao; QL) (Fig. DR8pan outer shelf to slope
section (Tianba; TB) (Fig. DR4), primarily spanning the L@tdovician (Katian Stage)
through to the Early Silurian (Rhudanian stage). Full dedditbe geologic setting and

methods are given in the GSA Data Reposttory

RESULTS
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Water Column Redox Conditions

Fe speciation and redox-sensitive trace metals (e.g.aMo)ell-established
proxies for water column redox conditions (e.g., Poudtiodh Canfield, 201;1Scott and
Lyons, 2012). Using these technigqysse the GSA Data Repositdripr full details), we
identify four distinct intervals of evolving redox condits across the Yangtze shelf
transect (Fig. 2). For Interval I, representing thédygarMiddle Katian stage (D.
Complantus and D. Complexus graptolite zones), all sections heableder/Fer
ratios and low Mo concentrations (<25 ppm), coupled voih Fer/Feqr ratios (Fig. 2),
suggesting fluctuations between oxic and anoxic ferruginousi¢febottom waters.

During Interval I, representing the late Katian stagepdtificus graptolite zone)
and the first Late Ordovician mass extinction inte(L®MEI-1), most samples across
the bathymetric transect have elevatedrHeer ratios, reflecting persistent anoxia (Fig.
2). Mo concentrations in the mid-shelf section areegally above 25 ppm but less than
100 ppm, likely reflecting the development of at least initéemt euxinia below the
LOMEI-1 interval (Scott and Lyons, 2012), although such aasignght also develop
under weakly euxinic conditions if sulfide concentratifbastuated around the level
(~11 uM) where dissolved molybdate becomes particle reafErckson and Helz,
2000). Higher Mo contents (8016 ppm) then occur at the LOMEI-1 horizon, suggesting
persistent euxinia (Scott and Lyons, 2012). By contrast, Mtentsonly increase just
before the LOMEI-1 horizon on the inner shelf and theostelf/slope, but moderate
Mo contents (>25 ppm) at these two sites, combinedhigiih Fe-/Fe-r ratios on the

inner shelf, support the development of intermittent or veeadinia in shallower and

deeper settings across the first extinction horizog. (Bi
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For Interval Ill, during the early Hirnantion (N. extr@linarius graptolite zone),
elevated Fex/Fer, Fery/Fair and Mo on the inner shelf suggest persistent euxinia, before
a return to anoxic ferruginous conditions at the top sfzbne (Fig. 2). This interval is
more condensed in the deeper water sections, but arelestion from euxinic to
ferruginous conditions in deeper waters is supported by lowerdgrations of Mo (<25
ppm) and low Fe/Feqr.

The base of Interval IV during the late Hirnantian anddrimian stages (N.
persculptus and A. ascensus graptolite zones) marks the feCiviEI-2) extinction
horizon. Water column redox dynamics across the LOMEd#2on are very similar to
the LOMEI-1 horizon, whereby euxinia develops on the mifgirior to the extinction
horizon (as indicated by elevated Mo concentrationg). @i The extinction horizon
itself shows evidence of persistent strong euxinia acrbdyeéd sections, as indicated by
uniformly high Mo concentrations (>100 ppm) across the daansect, and by high
Fery/Feqr ratios in the inner-shelf section.

Chemical Index of Alteration and Palaeoclimatic Changes

Consistent trends are apparent in CIA values acresgdhgtze shelf transect
(Fig. 3). High values throughout the Katian stage suggedivelly intense chemical
weathering, reflecting warm climatic conditions. Howewegradual decrease in CIA
values through the Katian stage prior to the LOMEI-1 horingplies progressive
cooling. During the LOMEI-1 interval, CIA values show somattar across the basin,
but values tend to decrease before reaching a minimumdietive two extinction

horizons (Fig. 3). These very low CIA values have bmgserved elsewhere in the

Yangtze basin (Yan et al., 2010), suggesting that chemicahargay intensity was
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significantly decreased under cold climatic conditiorige Tow CIA values correlate with
a pronounced positivé**Corg excursion (Fig. 3), which represents the global Hirnantia
513Corg excursion (HICE) (Underwood et al., 199APorte et al., 2009) (Fig. 4).
Following this minimum, CIA values increase above the LOMHorizon (Fig. 3),
suggesting a gradual increase in chemical weathering, but valmas below those
found lower in the section, implying the maintenance latirely cool climatic
conditions.
DISCUSSION
A Redox Control on the Extinction Pulses?

Our data can be considered in the context of previous stiad@evide a more
widespread evaluation of temporal changes in ocean redaitioms, and hence links to
the two extinction pulses (Fig. 4). Yan et al. (2012) studieidrzer shelf section of the
Yangtze Sea (Nanbazi; NBZ), representing a shallower wett@rgsin comparison to
our sections. When combined, the four sections show thal isfitiead of anoxia from the
mid-shelf and across the Yangtze Shelf Sea during tharKstage (Fig. 4). These redox
conditions then intensified, with euxinia originatingtbe mid-shelf prior to the LOMEI-
1 horizon, followed by an expansion of intermittent or weaxkinia to the inner shelf and
outer shelf/slope during the first extinction phasefitsdhough the shallowest waters do
not show evidence of euxinia at this time (Fig. 4

The three more distal sections all show clear inceemstotal organic carbon
(TOC) during the development of euxinia across the LOMBbi1zon (Figs. DR2-DR4),
reflecting an increase in regional burial rates of oiyamatter. This relationship between

euxinia and TOC has also been observed at an inneldstewibn off Baltica

Page 6 of 16



138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

Publisher: GSA
Journal: GEOL: Geology
DOI:10.1130/G40121.1
(Hammarlund et al., 2012), and in the deep marine Vinini Cseekon in Nevada (Ahm
et al., 2017), suggesting that expanded euxinia may have bddaspread phenomenon
across the first extinction pulse of the LOME.

During the early Hirnantian as sea level decreased ¢Bleyet al., 2006Yan et
al., 2012) between the two extinction horizons, redoxditmns varied across the
Yangtze Shelf Sea (Fig. 4). Geochemical evidence suggesthdlshallowest water
NBZ section became oxic-suboxic, presumably due to theesebrégression (Yan et al.,
2012), which is similar to records from the Baltica innelfskteBilegrav, Denmark
(Hammarlund et al., 2012). In addition, the extent of aoxiraters gradually decreased
across the shelf, giving way to anoxic ferruginous combtit the point of maximum
retreat (Fig. 4). Thus, during the early Hirnantian stdgeevolution of ocean redox
chemistry across the Yangtze Shelf Sea, and probablyteseywas mainly driven by
falling sea level. This sea-level fall was itself a conseggi@f global cooling,
highlighting the close links between the evolution of watdnmn redox and climate in
the Late Ordovician.

As temperatures increased and sea level rose, a returaxia and widespread
euxinia is evident across the Yangtze Shelf Sea, coinortdnthe LOMEI-2 horizon
(Fig. 4). Water column redox dynamics across this skeatinction pulse are very
similar to those of the first pulse (Fig. 4), whereby eaxoriginates on the mid-shelf
and subsequently spreads to the inner shelf and outer shelfiskbgeextinction interval.
One significant difference, however, is that Mo conceiatnataremuch higher across the

three euxinic sites during the second extinction pulse Bidikely indicating persistent

euxinia (Scott and Lyons, 2012) with relatively high concéiatna of dissolved sulfide.
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In addition, evidence from elsewhere suggests that euxinipavéisularly widespread
on continental shelves at this time (Hammarlund et al., ;2@&&hin et al., 2013Zhou
et al., 2015). The development of euxinia is initiated etlaximum extent of th&'*Corg
excursion observed at a variety of sites (Fig. 4)s Thconsistent with increased
availability of nutrients to drive productivity during the maximantent of glaciation,
facilitated either by enhanced release of nutrients fraggaroc matter degradation in the
water column as sea level fell (Hammarlund et al., 201By awtrient input from
exposed continental shelves.
TheIntensity of Euxinia as a Selective Kill M echanism

Sulfide is highly toxic to almost all eukaryotes at microanaoncentrations
(Knoll et al., 2007) and water column euxinia has beenitaigd as a major driver of
several extinction events (e.g., Wignall and TwitcHE286). However, our observation
of a difference in the relative intensity or persist of euxinia across the two extinction
horizons, combined with overall global cooling, allows aenouanced evaluation of the
precise roles of sulfide and climate change in drivinguwegulses of the LOME across
the Yangtze shelf transect.

The LOMEI-1 interval mainly eradicated benthic faunaluding sessile
(brachiopods, rugose and tabulate corals) and mobilebfte&) animals on the deep
shelf, in addition to phytoplankton and zooplankton such as giastéBrenchley et al.,
2001). It is difficult to invoke global cooling as a kill nfiemism for many of the high-
latitude, cool-water taxa, particularly deep-shelf berfduimas (Harper et al., 2014).

However, glacially-induced global cooling is more significintlower-latitude taxa,

particularly phytoplankton and zooplankton such as grapqesnchley et al., 2001
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Crampton et al., 2016). Hence global cooling, rather thaspread of euxinia, was
likely responsible for the loss of phytoplankton and zooplamkBy contrast, the
development of intermittent or weak euxinia across the LOMBorizon implies that
sulfide may have been largely restricted to bottom wateossthe shelf to upper slgpe
and thus sulfide was likely a major kill mechanism for bentiuna only.

During the LOMEI-2 interval, more persistent, intense amtespread euxinia is
indicated, which is entirely consistent with an obseresd bf survival fauna across a
wide range of water depths (Harper et al., 2014). The immlicaf sulfide, rather than
global cooling, as the main kill mechanism during the se@@xtinction phase also
reconciles our observation, based on the CIA weatherdex, of a gradual return to
warmer climatic conditions during this interval (Fig. 4
CONCLUSIONS

The Yangtze shelf transect allows a particularly wedbieed dynamic-redox
system to be reconstructed across a bathymetric stuadfetct. The system shows two
cycles of water column euxinia, with the first beingeapansion of intermittent or
weakly euxinic bottom waters at the end of the late IKadtage, and the second being a
period of more intense persistent euxinia during the lategaHiian stage. These two
euxinic episodes correspond to the two pulses of the LOME, dugptdsat the LOME
was trigged by the expansion of euxinia. However, the ityemkeuxinia throughout the
water column apparently affected the nature of eachakin pulse, with the first

euxinic episode affecting benthic fauna only, while the s&emisode affected survival

fauna throughout the water column. Superimposed on this durol, global cooling
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206 placed additional stress on marine fauna, and likegctdtl lower-latitude taxa, in
207  particular phytoplankton and zooplankton such as graptolites.
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FIGURE CAPTIONS

Figure 1. Geological reconstruction. (A) Late Ordovician (& palaeogeography
showing South China (Torsvik and Cocks, 2013). Red circle repiethe Shuanghe
(SH) inner shelf section; green circle represents thad)iQL) mid-shelf section; pink
circle represents the Tianba (TB) outer shelf-slopgaedlack circle represents the
Nanbazi (NBZ) shallow inner shelf section (Yan et al., 20B) Simplified
palaeogeographic map of the Yangtze Shelf Sea during th®kabeician showing
section localities (scale bar = 100 km). (C) Schenwatiss-section of the Late
Ordovician Yangtze Shelf Sea showing estimated relativaepatiepths and study

sections.
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Figure 2. Fe speciation and Mo concentration data foY émgtze Shelf Sea. Sample
with Fer >0.5 wt% (closed circles) can be utilized for Fe spemiiatClarkson et al.,
2014); Fer/Fer ratios are not presented for samples with €&5 wt% (open circles).
Dashed line at 0.22 shows the upper limit for identificatiboxa conditions from
Feur/Fer ratios; dashed line at 0.38 indicates the lower limiidentification of anoxic
conditions. Dashed lines at 0.7 and 0.8 fas/fF&-r ratios show the range above which
euxinic conditions are indicated and below which ferrugino&R{jFconditions are
indicated. Yellow arrows in the LOMEI-2 horizon indicatarples with higher values
than the range shown. Four time intervals of differedpix conditions are defined by I,
[, Il and IV. Extinction intervals shown in pink repregehe first (LOMEI-1) and
second (LOMEI-2) pulses of the late Ordovician mass extmcGraptolite zoneD. cn.
— Dicellograptus Complanatus; D. exDicellograptus Complexus/. e.—
Metabolograptus extraodinariud. p. —Metabolograptus persculptus a.-—
Atavograptus ascensus. Approximate positions of graptolite lzmnadaries are

represented by dashed lines. Rhud. = Rhuddanian.
Figure 3. Chemical Index of Alteration (CIA) and C isot@gstematics. Purple arrows
indicate samples with values outside the range shown. léetdylines represent CIA

trends for the three sections.

Figure 4. Summary of global records in relation to clin@itzgnge and redox conditions

across the Yangtze Shelf Sea. (A) Regi@¥C.rq excursions (the global Hirnantian C-
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isotope excursion) from South China, Dob’s Linn (DL), Scotland (Underwood et al.,
1997), Blacktone River (BR), Canada (LaPorte et al., 2b0Raurentia, and Bellegrav
(BL), Denmark in Baltica (Hammarlund et al., 2012). (B) $uary of climate and redox
changes across the Yangtze Shelf Sea. (C) Schethagicating redox dynamics across

the Yangtze Shelf Sea. Changes in sea level (rekatisea level position during the

Middle Katian stage) are shown by fine dashed lines)n (C

!GSA Data Repository item 2018xxx, more details of section ifeieer, analytical
methods, geochemical data and cross plots, is available anline
http://www.geosociety.org/datarepository/2018/ or on request from

editing@geosociety.org.
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