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ABSTRACT
Recurrent mass extinction events (at “biomere”—a biostrati-

graphic unit—boundaries) characterize the middle Cambrian to 
Early Ordovician (Tremadocian) time interval that is between the ma-
jor Cambrian and Ordovician radiations of animal life. A role for an-
oxia in maintaining elevated extinction rates in the late Cambrian has 
been proposed based on coincidence of an extinction with positive ex-
cursions in d13Ccarb and d34SCAS (CAS—carbonate-associated sulfate). 
Here we examine an Early Ordovician extinction event at the base of 
the North American Stairsian Stage (upper Tremadocian), and dem-
onstrate concurrent onset of positive excursions in d13C and d34S in-
ferred to reflect enhanced organic matter burial under anoxic waters. 
Sea-level rise may have brought anoxic waters onto the shelf to initiate 
extinctions. The evidence for d13C excursions and elevated extinction 
rates appears to wane in the Tremadocian, consistent with progressive 
oxygenation of the oceans reaching a threshold that helped facilitate 
initial stages of the Great Ordovician Biodiversification Event.

INTRODUCTION
The late Cambrian (Furongian Series) to Middle Ordovician records a 

plateau in animal diversity between the Cambrian and Ordovician radia-
tions that was maintained by repetitive extinction and recovery (Bambach 
et al., 2004). Extinction events at stage or “biomere” (biostratigraphic unit) 
boundaries (Stitt, 1983; Palmer, 1984; Westrop and Ludvigsen, 1987; Tay-
lor et al., 2012) occurred at least 5 times over the ~20 m.y. of the Furon-
gian to mid-Early Ordovician (Tremadocian Stage) (Adrain et al., 2009). 
Processes that underlie this distinctive macroevolutionary regime (Fig. 1) 
are not well understood, but an emerging theme focuses on fluctuations in 
oceanic redox state over a range of time scales (e.g., Hurtgen et al., 2009; 
Pruss et al., 2010; Saltzman et al., 2011; Gill et al., 2011; Thompson and 
Kah, 2012; Marenco et al., 2013).

It has been hypothesized that O2 deficiency was widespread below the 
surface mixed layer of late Cambrian oceans, and that upwelling of anoxic 
waters during sea-level rise may have been a primary cause of the global 
extinction at the base of the Paibian Stage (Gill et al., 2011). Although the 
spatial and temporal extent of early Paleozoic oceanic anoxia is debated 
(e.g., Dahl et al., 2010; Landing, 2012; Chen et al., 2015), periodic expan-
sion of anoxic waters in the late Cambrian is supported by the positive 
shift in d13C of marine carbonate (i.e., Steptoean Positive Isotope Carbon 
Excursion, SPICE, event; Saltzman et al., 2000) and d34S of carbonate-
associated sulfate (Gill et al., 2011). The possibility that a link between 
d13C excursions, anoxia, and extinctions persisted into the Early Ordovi-
cian is beginning to be explored (e.g., Taylor et al., 2004); efforts have 
been hampered by extensive dolomitization (e.g., Knox Dolomite in the 
Appalachian Basin). An understanding of the timing and areal extent of 
Early Ordovician anoxia may ultimately help explain the evidence of a 
major post-Tremadocian transition in marine life marked by the termina-
tion of biomere extinctions (Adrain et al., 2009), an increased abundance 
of skeletal carbonate (Pruss et al., 2010), and the onset of the Ordovician 

radiation or Great Ordovician Biodiversification Event (GOBE) (Servais 
et al., 2010).

This study examines the relationship between a prominent positive 
d13Ccarb excursion and a biomere-like extinction event near the base of the 
North American Stairsian Stage (Tremadocian) in the Ibex area of Utah. 
Stitt (1983) first reported the trilobite extinction in Oklahoma, and Ething-
ton et al. (1987) demonstrated subsequent turnover of conodonts. We aim 
to establish a link between these extinctions, sea-level change, and anoxia 
(e.g., Landing et al., 2012), and positive d13Ccarb (carbonate) (Buggisch et 
al., 2003; Taylor et al., 2004; Hong et al., 2011) and d34SCAS (carbonate-
associated sulfate) excursions (Edwards, 2014).

BACKGROUND
Trilobite extinctions, sometimes used to define stage-level biostrati-

graphic units termed biomeres (Palmer, 1984; Taylor et al., 2012), are 
well documented in middle Cambrian to lower Ordovician shelf succes-
sions of Laurentian North America. The basal Paibian (base Steptoean) 
extinction has been identified worldwide (Palmer, 1984; Saltzman et al., 
2000), and it is becoming apparent that younger events are also global 
in scope (Westrop and Adrain, 2013). The youngest well-studied extinc-*E-mail: saltzman.11@osu.edu
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Figure 1. Composite d13C with Cambrian data from the Great Basin 
(Saltzman et al., 2000; for other sources, see the Data Repository 
[see footnote 1]) and Ordovician from Argentina (Buggisch et al., 
2003; see also Edwards and Saltzman, 2014). Biomere positions are 
after Adrain et al. (2014) and Taylor et al. (2012), and Great Ordovi-
cian Biodiversification Event (GOBE) pulses are after Servais et al. 
(2010). See Figure DR4 (see footnote 1) for entire Phanerozoic extinc-
tion percentages. Time scale of International Commission on Stra-
tigraphy (ICS, www.stratigraphy.org/index.php/ics-chart-timescale). 
VPDB—Vienna Peedee belemnite; extinct.—extinction; Ser.—Series; 
ORDOV.—Ordovician; Dap.—Dapingian; Darriwil.—Darriwilian.
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tion in North America is near the base of the Early Ordovician Stairsian 
Stage (top Symphysurinid biomere, Stitt, 1983; upper Tremadocian Stage 
in global terms, Adrain et al., 2014). An even younger trilobite extinction 
discovered at the top of the Stairsian (Adrain et al., 2009) has not yet been 
characterized geochemically.

The base of the North American Stairsian Stage coincides with the 
base of the Paraplethopeltis genacurva trilobite zone (Adrain et al., 2014; 
equivalent to the base of the Paraplethopeltis zone of Taylor et al., 2012). 
The trilobite extinction begins at the base of this zone in Utah, Oklahoma, 
and western Texas (Stitt, 1983; Ethington et al., 1987; Miller et al., 2003; 
Taylor et al., 2004, 2012; Adrain et al., 2014), and is nearly coincident 
(within 5 m of section) with a conodont extinction at the transition from 
the Rossodus manitouensis zone to the so-called Low Diversity Interval 
(Ethington et al., 1987; Ji and Barnes, 1993). Miller et al. (2003) suggested 
that extinctions in Utah were driven by sea-level fluctuations (Miller et al., 
2003, their Sequence 13, and Tule Valley lowstand).

METHODS AND RESULTS
Integrated study of trilobite biostratigraphy, sequence stratigraphy, and 

d13C was conducted at three sections in the Ibex area of Utah centered 
on Universal Transverse Mercator coordinates, Zone 12: E 296,000 m; 
N 4,304,000 m (Fig. DR1 in the GSA Data Repository1). The d13C was 
derived from micritic limestone microdrilled from least-altered portions 
of fresh rock surfaces. The d18O does not covary with d13C (Fig. DR2), 
as might have been expected if primary d13C was reset during meteoric 
diagenesis (e.g., Jones et al., 2015). The d13C decreases from ~+1‰ in 
the Symphysurina trilobite zone to -1‰ in the Bellefontia zone (Fig. 2) 
and begins to increase just below the base of the Stairsian Stage (Fig. 3). 

1 GSA Data Repository item 2015274, Figure DR1 (locality map), Figure DR2 
(C-O isotope cross plot), Figure DR3 (field photos of House-Fillmore Formation 
transition), Figure DR4 (Phanerozoic extinction percentages) and text with cita-
tions for composite C-isotope curve, is available online at www.geosociety.org 
/pubs /ft2015.htm, or on request from editing@geosociety.org or Documents Sec-
retary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

The d13C continues rising above an erosion surface overlain by silty, lami-
nated dolostone containing the youngest pre-extinction trilobites (Fig. 3). 
The trilobite extinction is within an overlying succession of intraclastic 
rudstone and rhynchonelliform brachiopod shell beds above the sequence 
boundary, and thus not the result of stratigraphic bias (Patzkowsky and 
Holland, 2012). Above the extinction, the “top bed” of the House Lime-
stone (Fig. DR3A) begins with a condensed succession (Fig. DR3B) in-
cluding thrombolitic buildups. The d13C peaks at +1.4‰ in the basal Fill-
more Formation (Paraplethopeltis helli zone; Figs. 2 and 3).

DISCUSSION

Extinctions and Excursions in d13C and d34S
The stratigraphic coincidence between a trilobite extinction event and 

the onset of a positive d13C excursion has been firmly established previ-
ously only for the late Cambrian where the SPICE (Fig. 1) begins near the 
base of the Paibian Stage (e.g., Saltzman et al., 2000). Gill et al. (2011) 
used d13C and d34S from SPICE sections around the world to corroborate 
the hypothesis put forth by paleontologists (Palmer, 1984) that upwelling 
of anoxic waters contributed to the extinction. Two younger Cambrian 
trilobite extinction events at the bases of the North American Sunwaptan 
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Figure 3. d13C, trilobite biostratigraphy, and sequence stratigraphy at 
Lava Dam North (N.) and B-Top with detailed measured section af-
ter Adrain et al. (2014). Brown siltstone overlies a low rank sequence 
boundary (Fig. DR3A; see footnote 1) and may represent a lowstand 
systems tract (LST) (Miller et al., 2003). Brachiopod shell bed marks 
base of transgressive interval; remainder of the House Limestone 
is a cycle with a small-scale transgressive systems tract (TST) and 
highstand systems tract (HST) (Fig. DR3B; see footnote 1). The lower 
Fillmore Formation correlates into an unconformity in parts of Lauren-
tia (e.g., Landing et al., 2012), and likely represents an extended LST 
of a high rank (third order) sequence. P. helli—Paraplethopeltis helli; 
P. genacur.—Paraplethopeltis genacurva; gen. nov.—genus novum; 
s.s.—sensu stricto.

Figure 2. d13C for composite at Ibex, Utah (UT.; locality map in Fig. 
DR1 [see footnote 1]). Biostratigraphy is from Ethington et al. (1987), 
Miller et al. (2003), and Adrain et al. (2014). Fillm.—Fillmore Forma-
tion; VPDB—Vienna Peedee belemnite; st.—stage; fm.—formation; 
con.—conodont zone; P. helli—Paraplethopeltis helli; P. genacur.—
Paraplethopeltis genacurva; R.—Rossodus; an.—Cordylodus angu-
latus zone; L.D.I.—low diversity interval.
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and Skullrockian Stages also appear to coincide with positive shifts in 
d13C (Fig. 1) (Saltzman et al., 1995; Ripperdan and Miller, 1995), and 
Taylor et al. (2004) first documented that the extinction at the base of the 
Early Ordovician Stairsian Stage was linked to a positive d13C excursion.

Our data from Ibex, Utah (Figs. 2 and 3), correlate well with sections in 
Texas and New Mexico (studied by Taylor et al., 2004) and at Shingle Pass, 
Nevada (Edwards and Saltzman, 2014), where a positive d34SCAS excursion 
is also documented (Edwards, 2014) (Fig. 4). Recognition of the basal 
Stairsian d13C excursion in Argentina (Buggisch et al., 2003) and South 
Korea (Hong et al., 2011) may be possible using conodont zones, but de-
tailed study of trilobites and d34S is needed. The most plausible hypothesis 
for the relationship between the basal Stairsian d13C and d34S excursions 
and extinction event is expansion of anoxic waters into parts of the shelf, 
analogous to the SPICE (e.g., Gill et al., 2011), rather than changes in 
weathering fluxes. A possible time lag in which the onset of the global d13C 
excursion precedes the mass extinction (represented by several meters of 
rock; Figs. 2 and 3) in Utah could reflect progressive expansion of anoxia 
in deeper water masses (upper slope; e.g., Landing, 2012) prior to upwell-
ing in shelf environments. Above the top of the Stairsian, stability in the 
remainder of the Early–Middle Ordovician d13C curve is apparent (Fig. 1) 
and suggests that progressive oxygenation of oceans reached a threshold 
in the Floian Stage, beyond which anoxic events were greatly diminished 
in scale in shelf environments. Higher oxygen concentrations would also 
have increased the oversaturation of surface waters with respect to calcite 
and aragonite, and possibly provided a mechanism for the renewed radia-
tion of heavily skeletonized invertebrates and algae (Pruss et al., 2010).

Although the redox state of the Ordovician oceans (e.g., Saltzman et 
al., 2011; Thompson and Kah, 2012; Landing et al., 2012; Marenco et al., 
2013) and the broader context of early–middle Paleozoic oxygen with links 
to animal diversity (e.g., Berner et al., 2007; Dahl et al., 2010; Chen et al., 
2015) are still debated, our results are consistent with the view that oceanic 
oxygen levels were at a relative low point in between the Cambrian ex-
plosion and Ordovician radiation (i.e., GOBE). Oceanic oxygenation near 
the base of the Cambrian (e.g., Chen et al., 2015) was thus periodically 
reversible during the late Cambrian to Early Ordovician. This view fits with 
an emerging picture of the late Neoproterozoic–early Paleozoic based on 
molybdenum isotopes (Kendall et al., 2015) in which episodes of extensive 

oxygenation break up intervals of less oxygenated oceans. Regardless of 
any absolute change in global O2 concentrations between the Early and 
Middle Ordovician, increasingly homogeneous redox conditions (i.e., less 
geographic and bathymetric variability) could create greater stability in 
shelf environments that facilitated the GOBE if, as proposed for the Cam-
brian radiation by Sperling et al. (2013), this increased the proportion of 
carnivores (e.g., cephalopods; Servais et al., 2010) and overall diversity.

Sea-Level Driver?
Although periodic expansion of anoxic waters into shelf environments 

may have triggered repeated extinctions that extended into the Early Or-
dovician Tremadocian Stage, the driver remains poorly understood. The 
SPICE (Fig. 1) was presumed to be triggered by sea-level rise (Gill et al., 
2011), with the peak in d13C associated with a reversal back to falling sea 
level. Our new data suggest that the base Stairsian d13C and d34S excur-
sions and trilobite mass extinction may generally follow a similar pattern. 
We interpret the silty, laminated dolostone containing the youngest pre-
extinction trilobite fauna in the upper House Limestone as a thin lowstand 
systems tract (Fig. 3) (Miller et al., 2003), although, in addition to sea 
level, it is possible that some sedimentologic features (e.g., dissolution 
surfaces) were influenced by changing carbonate saturation as a function 
of oxygen levels (cf. Pruss et al., 2010). This pre-extinction lowstand sys-
tems tract in Utah may correlate to a stratigraphic break in New Mexico 
(near the base of the Sierrite Limestone; Taylor et al., 2004), but correla-
tions to discontinuity surfaces further east in Laurentia and other conti-
nents are less certain (Ethington et al., 1987; Ji and Barnes, 1993; Miller et 
al., 2003). The trilobite extinction horizon in Utah is within the overlying 
fining-upward succession of intraclastic rudstone and rhynchonelliform 
brachiopod shell beds that is interpreted as a high-energy transgression 
(Fig. 3). The sea-level rise in the early Stairsian appears to have been ter-
minated by a fall in sea level near the d13C peak in the lower Fillmore 
Formation (Miller et al., 2003).

The base Stairsian extinction likely resulted from ecological factors 
triggered in part by spread of anoxic and/or dysoxic water and possibly 
sea-level–related habitat destruction in the outer shelf (Westrop and Lud-
vigsen, 1987). Consistent with the observation that the positive d13C excur-
sion was initiated just below the base Stairsian sequence boundary (Fig. 
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3), multiple carbon cycle drivers in addition to sea level are likely super-
imposed to produce the complex signal (e.g., changes in ocean circulation 
and ventilation or weathering fluxes); this could also explain why some 
large Ordovician sea-level changes (e.g., basal Stonehenge transgression; 
Miller et al., 2003; Taylor et al., 2012; Landing et al., 2012) are not associ-
ated with isotopic excursions or extinctions.
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