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ABSTRACT

The Ordovician 87Sr/86Sr isotope sea-
water curve is well established and shows 
a decreasing trend until the mid-Katian. 
However, uncertainties in calibration of this 
curve to biostratigraphy and geochronology 
have made it diffi cult to determine how the 
rates of 87Sr/86Sr decrease may have varied, 
which has implications for both the strati-
graphic resolution possible using Sr isotope 
stratigraphy and efforts to model the effects 
of Ordovician geologic events. We measured 
87Sr/86Sr in conodont apatite in North Ameri-
can Ordovician sections that are well studied 
for conodont biostratigraphy, primarily in 
Nevada, Oklahoma, the Appalachian re-
gion, and Ohio Valley. Our results indicate 
that conodont apatite may provide an accu-
rate medium for Sr isotope stratigraphy 
and strengthen previous reports that point 
toward a signifi cant increase in the rate of 
fall in seawater 87Sr/86Sr during the Middle 
Ordovician Darriwilian Stage. Our 87Sr/86Sr 
results suggest that Sr isotope stratigraphy 
will be most useful as a high-resolution tool 
for global correlation in the mid-Darriwilian 
to mid-Sandbian, when the maximum rate of 
fall in 87Sr/86Sr is estimated at ~5.0–10.0 × 10–5 
per m.y. Variable preservation of conodont 
elements limits the precision for individual 
stratigraphic horizons. Replicate conodont 
analyses from the same sample differ by an 
average of ~4.0 × 10–5 (the 2σ standard de-
viation is 6.2 × 10–5), which in the best case 
scenario allows for subdivision of Ordovician 
time intervals characterized by the highest 

rates of fall in 87Sr/86Sr at a maximum reso-
lution of ~0.5–1.0 m.y. Links between the 
increased rate of fall in 87Sr/86Sr beginning 
in the mid-late Darriwilian (Phragmodus po-
lonicus to Pygodus serra conodont zones) and 
geologic events continue to be investigated, 
but the coincidence with a long-term rise in 
sea level (Sauk-Tippecanoe megasequence 
boundary) and tectonic events (Taconic orog-
eny) in North America provides a plausible 
explanation for the changing magnitude and 
87Sr/86Sr of the riverine Sr fl ux to the oceans.

INTRODUCTION

The strontium isotopic (87Sr/86Sr) composi-
tion of the ocean is homogeneous at any given 
time in the geologic past because of the long 
oceanic residence time of strontium (~2–4 m.y.) 
relative to oceanic mixing times (~103 yr; Elder-
fi eld, 1986; Palmer and Edmond, 1989; Veizer, 
1989; McArthur, 1994; Davis et al., 2003). Sea-
water 87Sr/86Sr varies over geologic time (Fig. 
1A) in response to changes in the magnitude of 
the riverine Sr fl ux, the 87Sr/86Sr of rock types 
being weathered on the continents, and the fl ux 
of Sr from seafl oor hydrothermal weathering 
(Hodell et al., 1990; Richter et al., 1992; Ingram 
et al., 1994; Jones et al., 1994; Banner, 2004; 
Waltham and Gröcke, 2006; Young et al., 2009). 
Calibration of the 87Sr/86Sr curve to biostratig-
raphy and geochronology makes it possible to 
use Sr isotope stratigraphy as an independent 
method to correlate rocks (Burke et al., 1982; 
McArthur et al., 2001). Sr isotope stratigraphy 
is commonly applied to Mesozoic and Ceno-
zoic time periods, but efforts in the Paleozoic 
have been hindered by a lack of abundance of 
well-preserved materials and uncertainty in 

stratigraphic correlation or radiometric age 
uncertainties (Veizer et al., 1997; McArthur and 
Howath, 2004; McArthur et al., 2012).

The general structure of the 87Sr/86Sr seawater 
curve for the Ordovician Period is well estab-
lished and shows falling values from ~0.7090 
near the base of the Ordovician to a minimum 
of ~0.7078 in the middle Katian (Denison et al., 
1998; Qing et al., 1998; Shields et al., 2003; 
Young et al., 2009; McArthur et al., 2012; Fig. 
1A). However, the extent to which the rate of 
fall varies during the Ordovician (Fig. 1B) is less 
well understood, and more intensive Sr isotope 
sampling is needed from sections that contain 
index fossils or well-dated volcanic ash beds. 
The maximum rate of fall in 87Sr/86Sr has been 
estimated at ~5.0–10.0 × 10–5 per m.y. in the 
Darriwilian and Sandbian Stages of the Middle 
to Late Ordovician (Shields et al., 2003; Young 
et al., 2009). These authors linked the high rate 
of fall to unusual tectonic activity and sea-level 
changes that affected Ordovician Sr fl uxes. 
Although parts of the Middle to Late Ordovi-
cian clearly stand out as periods of anomalously 
high rates of change in 87Sr/86Sr in McArthur 
et al. (2012) (Fig. 1B), these same authors cau-
tioned that, as with all pre-Cenozoic time inter-
vals, this result should be carefully examined for 
evidence of time-scale compression (i.e., anom-
alously large 87Sr/86Sr rates of change that are 
mere artifacts of poorly constrained radiometric 
age dates or biostratigraphic correlation) before 
drawing conclusions about causal factors (e.g., 
Jurassic example in Waltham and Gröcke, 2006; 
McArthur and Wignall, 2007).

If observed high rates of change in the 
Middle to Late Ordovician are not drastically 
diminished with improvements in radiometric 
age dates and biostratigraphic calibration, this 
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interval, which is marked by major biologi-
cal and climatic changes (Trotter et al., 2008; 
Servais et al., 2010), holds great promise for 
Sr isotope stratigraphy. McArthur et al. (2012) 
calculated that when rates of 87Sr/86Sr change in 
the Phanero zoic exceed 5.0 × 10–5 per m.y. (Fig. 
1B), the stratigraphic resolution in these time 
periods can theoretically surpass 0.1 m.y. In the 
Ordovician, 0.1 m.y. resolution using Sr isotope 
stratigraphy likely cannot be achieved because 
of limitations in biostratigraphy, geochronology, 
and sample preservation that result in scatter in 
87Sr/86Sr data (Shields et al., 2003), and a more 
reasonable goal is 0.5–1.0 m.y. resolution.

The purpose of this paper is to more accu-
rately calibrate the Ordovician Sr isotope curve 
to conodont biostratigraphy and geochronol-
ogy, and to fi ll in underdocumented parts of the 
curve. We measured 87Sr/86Sr in conodont apa-
tite in North American Ordovician sections that 
include some of the best studied in the world for 
conodont biostratigraphy, primarily in Nevada, 

Oklahoma, the Ohio Valley, and Appalachian 
region (Figs. 2 and 3). To calculate rates of 
change in 87Sr/86Sr, we utilize the new Geologic 
Time Scale 2012 (Cooper and Sadler, 2012). Our 
results, which support use of conodont apatite as 
an accurate medium for seawater 87Sr/86Sr under 
certain circumstances, strengthen the notion that 
Ordovician Sr isotope stratigraphy is particu-
larly effective as a high-resolution correlation 
tool in the mid-Darriwilian to mid-Sandbian 
Stages characterized by high rates of 87Sr/86Sr 
change at ~5.0–10.0 × 10–5 per m.y.

PRESERVATION OF SEAWATER 
87Sr/86Sr: CONODONTS VS. 
BRACHIOPODS

The most-detailed investigation of seawater 
87Sr/86Sr for the Ordovician is the brachiopod-
based curve of Shields et al. (2003), which 
makes up much of the Ordovician data in the 
Phanerozoic compilation of McArthur et al. 

(2012) shown in our Figure 1A (note that 
McArthur  et al. [2012] also utilized bulk rock 
data from Gao and Land, 1991; Denison et al., 
1998; Young et al., 2009; and conodont data 
from Ebneth et al., 2001). Although well-pre-
served brachiopods composed of diagenetically 
resistant low-Mg calcite are generally accepted 
as a medium for accurate measurement of 
87Sr/86Sr trends in the Ordovician and else-
where in the Paleozoic (e.g., Korte et al., 2006; 
Van Geldern et al., 2006; Brand et al., 2012), 
signifi cant gaps in their availability occur in 
parts of the Middle to Late Ordovician. Cono-
dont apatite can be extracted from virtually 
every marine Ordovician-aged carbonate rock 
and tied to the global conodont biostratigraphic 
zonation (Fig. 3), which is the most widely used 
zonation in Ordovician carbonate facies (e.g., 
Harris  et al., 1979; Bergström, 1971, 1986; 
Sweet, 1984; Sweet et al., 2005; Cooper and 
Sadler, 2012). The use of conodont apatite as 
an accurate and precise medium for seawater 
87Sr/86Sr stratigraphy is debated in the litera-
ture because of questions about the commonly 
observed postmortem incorporation of signifi -
cant amounts of Sr, which could derive from 
seawater or non-seawater sources depending 
on pore-water conditions (e.g., Bertram et al., 
1992; Kürschner et al., 1992; Cummins and 
Elderfi eld, 1994; Holmden et al., 1996; Ruppel 
et al., 1996; Ebneth et al., 1997, 2001; Veizer 
et al., 1997; Qing et al., 1998; Korte et al., 2003, 
2004; Martin  and Scher, 2004; Twitchett, 2007). 
Similar debate surrounds use of bulk rock for Sr 
isotope stratigraphy (e.g., Gao and Land, 1991; 
Denison et al., 1998; Young et al., 2009), and we 
have a separate study under way to better char-
acterize accuracy and precision in fossil mate-
rials versus bulk rock in the Ordovician using 
some of the same sections analyzed in the pres-
ent contribution (Edwards et al., 2013).

Direct comparisons between Ordovician 
conodonts and brachiopods may be used to 
assess their accuracy for seawater 87Sr/86Sr 
measurements. The precision (reproducibil-
ity) of these materials, which also determines 
their effectiveness for use in Sr isotope stratig-
raphy, can be compared with each other but also 
with younger periods. For example, in the late 
Neogene replicate analyses of well-preserved 
foraminiferal calcite could differ by as much as 
2.0 × 10–5 (Farrell et al., 1995), and an Early 
Jurassic 87Sr/86Sr study by Jones et al. (1994) 
found that reproducibility in fossil belemnite 
and oyster samples was within ~2.0–2.5 × 10–5. 
This degree of precision, which is close to the 
external error associated with replicate analy-
ses of the standard (e.g., SRM 987), allows 
for resolution of small but signifi cant changes 
in Cenozoic or Mesozoic seawater 87Sr/86Sr 

Figure 1. (A) Phanerozoic 87Sr/86Sr and (B) rates of change, both 
after McArthur et al. (2012). The curve in A is the LOWESS (locally 
weighted scatterplot smoother), which is a statistical nonparametric 
regression method fi t to the data sources in McArthur et al. (2012). 
Ordovician study interval is highlighted with gray box.
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(e.g., ~3.0 × 10–5 across the Cretaceous-
Tertiary  boundary in MacLeod et al., 2001). 
In the Paleozoic, a Silurian conodont study by 
Ruppel  et al. (1996) reported precision similar 
to these Mesozoic and Cenozoic studies (see 
also Permian cono donts in Needham, 2007), 
while Diener et al. (1996) reported ~4.0 × 
10–5 for Devonian brachiopods (resulting from 
varia bles in geological preservation rather than 
analytical uncertainties). Thus, over geologic 
time, 87Sr/86Sr precision in the analysis of vari-
ous materials seems to vary between ~2.0 and 
4.0 × 10–5 depending on sample preservation 
and methods (but not including scatter in some 
data sets that can exceed 10.0 × 10–5 as a result 
of uncertainty in biostratigraphic correlations 
used in global compilations; see GSA Data 
Repository Figure S1 for list of uncertainties1).

For conodonts, factors thought to affect sea-
water 87Sr/86Sr preservation are: (1) the rock 
matrix of the samples from which conodonts are 
extracted (i.e., shale or limestone), which infl u-
ences pore-water chemistry and post mortem Sr 
exchange, (2) thermal alteration, which may 
also affect Sr exchange and which can be esti-
mated by the conodont alteration index (CAI; 
Epstein et al., 1977), (3) pretreatment of con-
odont elements by leaching to remove altered 
Sr, and (4) the morphology of the conodont 

elements analyzed, portions of which may be 
more likely to contain altered Sr. Holmden 
et al. (1996) proposed that conodont elements 
embedded in limestone were most likely to pre-
serve seawater 87Sr/86Sr values because the Sr 
incorporated into apatite during early and late 
diagenesis would be derived originally from 
seawater (as opposed to diffusion of radiogenic 
Sr from shale or clay-rich successions; see also 
the study of fi sh teeth by Martin and Scher, 
2004). Consistent with this notion, conodont 
elements embedded in a relatively clean matrix 
such as pure limestone show similar 87Sr/86Sr 
values to co-occurring brachiopods, whereas 
conodonts extracted from shale-rich horizons 
are on average 5.0 × 10–5 more radiogenic 
than brachiopods (Diener et al., 1996; Ebneth 
et al., 1997).

Bertram et al. (1992) found that conodont ele-
ments with CAI below 2.5 were suitable for Sr 
isotope stratigraphy, whereas a CAI of 4.0 could 
alter 87Sr/86Sr to more radiogenic values by 
~1.5 × 10–4 (see also Cummins and Elderfi eld, 
1994; Holmden et al., 1996; Veizer et al., 1997; 
Woodard et al., 2013). However, Holmden et al. 
(1996) argued that even at low CAI, a conodont 
could still be altered because the Sr concentra-
tion and 87Sr/86Sr of diagenetic fl uids appear 
to be more signifi cant variables (e.g., samples 
taken from shales impart a high 87Sr/86Sr signa-
ture during early diagenesis regardless of CAI).

Ruppel et al. (1996) reported that leach-
ing Silurian conodonts in weak acid (see also 

Martin and Macdougall, 1995; Holmden et al., 
1996) could help ensure accurate measurement 
of 87Sr/86Sr, and their data fi t well with the sea-
water curve derived from brachiopod calcite 
(Azmy et al., 1999; Cramer et al., 2011). How-
ever, some authors found that leaching may have 
an insignifi cant effect on measured 87Sr/86Sr in 
conodonts (John et al., 2008) or that it is not 
always clear how much leaching is appropri-
ate in biogenic apatite (e.g., see study of fi sh 
teeth by Dufour et al., 2007), and thus leach-
ing may be impractical for studies using small 
initial sample weights of conodont elements. 
If, as shown by some authors, portions of the 
conodont element above the base (i.e., crown 
material or “cusps”) have the least altered (least 
radiogenic) 87Sr/86Sr values (Holmden et al., 
1996; Trotter et al., 1999), then careful selection 
of conodont elements is good practice where 
leaching is impractical.

GEOLOGIC BACKGROUND

Conodont Biostratigraphy

The most widely used fossils for biostrati-
graphic correlation in the Ordovician are the 
graptolites and conodonts (Cooper and Sadler, 
2012). Graptolites are typically found in shale 
representing outer-shelf and slope regions of 
the continental margin, whereas conodonts are 
abundant in carbonate platform environments. 
Conodonts were distributed into two biogeo-
graphic realms in the Ordovician, known as the 
North American Midcontinent realm and the 
North Atlantic realm, which provide parallel 
zonations for use in biostratigraphy (Sweet and 
Bergström, 1976, 1984; Webby et al., 2004). 
Conodonts assigned to the North American 
Midcontinent realm are generally associated 
with low-latitude, warm-water environments 
(Leslie and Lehnert, 2005), whereas North 
Atlantic realm conodonts occurred in higher 
lati tudes or deeper-water regions with cooler 
water temperature. In some sections where both 
shallow- and deeper-water facies are present, 
both the North American Midcontinent and 
North Atlantic faunas are found (Harris et al., 
1979). In these instances, the method for estab-
lishing time equivalence of these parallel zona-
tions can be straightforward. However, in some 
parts of the Ordovician, the evidence for equat-
ing the parallel zonations is indirect.

Geochronology

The Ordovician time scale was recently 
revised by Cooper and Sadler (2012), who used 
all available high-quality radiogenic isotope dates 
to interpolate stage boundary ages (16 dates total 

Figure 2. Locality map showing positions of sampled sections in the United States. Abbrevia-
tions of study sections as follows: MP—Meiklejohn Peak, AR—Antelope Range, SP—Shin-
gle Pass, AM—Arbuckle Mountains, MH—Marble Hollow, CC—Cominco core, ER—East 
River Mountain, CS—Clear Spring, NP—New Point, YC—Yellow Creek. Ind—Indiana; 
Mary—Maryland; W.Va—West Virginia; Missis—Mississippi.

1GSA Data Repository item 2014240, data tables, 
rates of change, conodont images, and fi gures, is 
available at http:// www .geosociety .org /pubs /ft2014 
.htm or by request to editing@ geosociety .org.
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were reappraised and utilized, 11 of which were 
originally reported by Tucker and McKerrow , 
1995). Important new high-precision U-Pb 
dates not included in Cooper and Sadler (2012) 
were reported by Sell et al. (2011), Thompson 
et al. (2012), Leslie et al. (2012), and Sell et al. 
(2013). These new dates generally support the 
time scale by Cooper and Sadler (2012), includ-
ing a ca. 453 Ma age for the Sandbian-Katian 
boundary (Sell et al. 2013), 459 Ma age for the 
Darriwilian-Sandbian boundary (Leslie et al., 
2012), and a 464 Ma age for the middle Darri-
wilian (Sell et al., 2011). The excellent ages of 
Thompson et al. (2012) also appear to support 
the time scale by Cooper and Sadler (2012), but 
there is uncertainty in positions of volcanic ash 
beds (Talacasto and Cerro La Chilca sections) 
relative to conodont sample horizons in the San 
Juan Formation (Albanesi et al., 2013). It may 
be possible to use δ13Ccarb calibrated to biostra-
tigraphy (e.g., Edwards and Saltzman, 2014) to 
refi ne our understanding of how these new age 
dates affect the Ordovician time scale of Cooper 
and Sadler (2012).

METHODS

Study Areas

Oklahoma
The Arbuckle Mountains of Oklahoma con-

tain a nearly complete Ordovician succession 
(Figs. 2 and 3). Due to shallow burial history, 
the CAI is very low (~1), indicating minimal 
thermal alteration. Our conodont samples come 
from the thick Lower Ordovician carbonates of 
the Arbuckle Group exposed at the Chapman 
Ranch section and along Interstate 35 (Dwyer, 
1996), and the Middle to Late Ordovician mixed 
carbonate and siliciclastic rock of the Simpson 
Group exposed along Interstate 35 (Derby et al., 
1991). Conodont abundances are relatively low 
in the Arbuckle Group (Derby et al., 1991), but 
they are among the highest in the world in parts 
of the Simpson Group (Bauer, 1987, 2010).

Key zonal index fossils found in the Middle to 
Late Ordovician portion of the Simpson Group 
include species of Histiodella (Histiodella alti-
frons, Histiodella sinuosa, Histiodella holo-
dentata) in the Joins and Oil Creek Formations 
(Bauer, 1983, 1987a, 1987b, 1989, 1990, 1994, 
2010). The lower part of the McLish con-
tains the index fossils Phragmodus polonicus 
and Eoplacognathus foliaceus, and the upper 
McLish, Tulip Creek, and lower Bromide For-
mations yield species of Cahabagnathus (Caha-
bagnathus friendsvillensis and Cahabagnathus 
sweeti) followed by species of Baltoniodus 
(Baltoniodus gerdae) in the upper part of the 
Bromide Formation.

Nevada
Several sections in Nevada contain nearly 

complete successions of Ordovician carbonate 
(Figs. 2 and 3), broken up only by the Eureka 
Quartzite in parts of the Middle to Late Ordovi-
cian (Ethington and Clark, 1981; Harris et al., 
1979; Sweet and Tolbert, 1997; Saltzman, 
2005). We made a composite of a section at 
Shingle Pass (eastern Nevada) for the Early to 
Middle Ordovician (Edwards and Saltzman, 
2014) and the Antelope Range (central Nevada) 
for the Middle and Late Ordovician (Saltzman 
and Young, 2005). In addition, we supplemented 
this composite with a partially overlapping 
curve from Meiklejohn Peak (western Nevada). 
The overall thermal maturation of individual 
conodont elements in Nevada ranges from low 
to relatively high in terms of the CAI (Harris 
et al., 1979), with amber-colored conodonts 
from the Antelope Range at ~1 but higher val-
ues of 4–5 at Shingle Pass and Meiklejohn Peak.

Key zonal index fossils found in the Middle 
to Late Ordovician portion of the Shingle Pass 
section include species of Histiodella (H. alti-
frons, H. sinuosa) in the upper Shingle and 
lower Kanosh Formations (Sweet and Tol-
bert, 1997; Sweet et al., 2005). The remaining 
Kanosh and Lehman Formations up to the base 
of the Eureka Quartzite likely represent the 
H. holodentata and P. polonicus zones, based 
in part on correlations to the nearby Ibex area 
(Ethington and Clark, 1981; Sweet and Tolbert, 
1997; Miller et al., 2003, 2012; Edwards and 
Saltzman, 2014). In the Antelope Range, our 
section begins in the upper part of the Antelope 
Valley Limestone, which contains H. holoden-
tata, followed by E. foliaceus, C. friendsvil-
lensis (Sweet et al., 2005), and Pygodus serra 
(Harris et al., 1979). Above the sandstone at 

the base of the Copenhagen Formation in the 
Antelope Range, the index fossils C. sweeti, 
Pygodus anserinus, Eoplacognathus elonga-
tus, Baltoniodus gerdae , Phragmodus undatus, 
and Phragmodus tenuis are present beneath 
the Eureka Quartzite (Saltzman and Young, 
2005). Although the time period represented 
by the P. polonicus zone is likely present in 
the Antelope Range (between horizons with 
H. holodentata and C. friendsvillensis), the 
zonal index fossil is absent; at Meiklejohn Peak, 
both P. polonicus and the North Atlantic equiva-
lent index fossil Eoplacognathus suecicus are 
present (Harris et al., 1979; Sweet et al., 2005).

Appalachian Region (Maryland, Tennessee, 
Mississippi, and West Virginia)

The Clear Spring, Maryland, section contains 
a nearly complete Dapingian to Sandbian suc-
cession exposed in a road cut along Interstate 
70 (Brezinski, 1996; Leslie et al., 2011), which 
includes the upper part of the Rockdale Run 
Formation, the Pinesburg Station Dolomite, 
the St. Paul Group (Row Park and New Market 
Formations), and the Chambersburg Formation 
(Figs. 2 and 3). The CAI is relatively high at ~4. 
Our conodont samples yielded Sandbian index 
fossils B. gerdae and Belodina compressa in the 
Chambersburg Formation but no conodonts that 
are useful for high-resolution biostratigraphy in 
the older formations. For these older formations, 
we utilized conodont range data from nearby 
pasture exposures studied by Boger (1976), 
which yielded C. friendsvillensis in the lower 
St. Paul, and a section ~3.5 km along strike in 
the Chesapeake and Ohio Canal National Park 
that yielded H. altifrons in the upper Rockdale 
Run (Sando, 1957; Brezinski et al., 1999, 2012).

Figure 3 (on following page). Conodont zones and stages of the Ordovician using the Geo-
logic Time Scale 2012 (for full genus and species names, see Cooper and Sadler, 2012). The 
conodont zones are represented in formations shown for individual sections in Oklahoma, 
Nevada, the Appalachian region (Maryland, West Virginia [WV], Tennessee [TN], and Mis-
sissippi [MS]), and Ohio Valley (Indiana and Kentucky [IN-KY]). See Figure 2 for study lo-
cations and abbreviations of sections, and see text for complete list of references to conodont 
studies of individual sections and regions. Fill pattern between Knox Group and Wells Creek 
Formation in Mississippi represents missing section at the Knox unconformity (Dwyer and 
Repetski, 2012). Full conodont genus and species abbreviations as follows: Iapetognathus 
fl uctivagus, Cordylodus angulatus, Rossodus manitouensis, Macerodus dianae, Acodus del-
tatus, Oepikodus communis, Reutterodus andinus, Neomultioistodus compressus–Tricladiodus 
clypeus, Histiodella altifrons, Histiodella sinuosa, Eoplacognathus variabilis, Histiodella holo-
dentata, Eoplacognathus suecicus, Phragmodus polonicus, Pygodus serra, Cahabagnathus 
friendsvillensis, Pygodus anserinus, Cahabagnathus sweeti, Baltoniodus variabilis, Plectodina 
aculeata, Erismodus quadridactylus, Baltoniodus gerdae, Belodina compressa, Baltoniodus 
alobatus, Phragmodus undatus, Plectodina tenuis, Belodina confl uens, Oulodus velicuspus, 
Oulodus robustus, Amorphognathus superbus, Amorphognathus ordovicicus, Aphelognathus 
grandis, Aphelognathus divergens, Aphelognathus shatzeri.
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Because of the restricted, shallow-water 
facies that dominate the Middle Ordovician at 
Clear Spring (Neuman, 1951; Mitchell, 1982, 
1985), the section at Marble Hollow in Tennes-
see (Figs. 2 and 3) was also analyzed to pro-
vide detailed coverage in the late Darriwilian 

P. serra–C. friendsvillensis and P. anserinus–
C. sweeti zones, which capture the important 
transition to higher rates of 87Sr/86Sr fall (Fig. 
1). The Marble Hollow section (CAI ~4) is also 
important in that it was sampled densely enough 
for conodonts to capture the evolutionary transi-

tion between the P. serra and P. anserinus zones 
within a few meters of section (Bergström, 
1973). The Yellow Creek core in Mississippi 
(Figs. 2 and 3) spans the H. altifrons through 
C. friendsvillensis zones, including the interval 
of the Knox unconformity marked by removal of 

 as doi:10.1130/B31038.1Geological Society of America Bulletin, published online on 30 June 2014



Saltzman et al.

6 Geological Society of America Bulletin, Month/Month 2014

the H. holodentata zone (Dwyer and Repetski, 
2012). The section at East River Mountain, 
West Virginia (Figs. 2 and 3), is included here 
because of the presence of a volcanic ash bed 
dated to 458.7 Ma (uncertainty <0.5 m.y.; Leslie  
et al., 2012) that lies just below a conodont 
sample  analyzed for 87Sr/86Sr.

Ohio Valley Midcontinent Region 
(Kentucky, Indiana)

The Cominco core (also known as the Minerva 
core, or section 70ZA), drilled in northern Ken-
tucky, contains a nearly complete Late Ordo-
vician (Sandbian-Katian) succession (Figs. 2 
and 3; Sweet, 1984; Dwyer, 1996). The Cominco 
core is the formal standard reference section 
(SRS) for graphic correlation of the Late Ordovi-
cian (Votaw, 1971; Sweet, 1984, 1995), and the 
species that Sweet (1984) used to name cono-
dont-based chronozones, including Plectodina 
aculeata, B. compressa, P. undatus, P. tenuis, 
Belodina confl uens, Oulodus velicuspis, and 
Oulodus robustus, are present in this core. The 
New Point core from eastern Indiana partially 
overlaps the Cominco core and is used to extend 
our 87Sr/86Sr data set to near the top of the Ordo-
vician, including the Aphelognathus grandis 
zone (and possibly Aphelognathus divergens and 
Aphelognathus shatzeri zones; Dwyer, 1996; 
Figs. 2 and 3). In both the Cominco and New 
Point cores, the CAI is ~1.

Conodont Apatite Sample Materials, 
Preparation and Analysis

Ohio State University
Conodonts were obtained from carbonate 

rock samples using traditional extraction tech-
niques, using a weak acetic acid (10%–15%) for 
limestone dissolution and a formic acid solu-
tion (6%) buffered with CaCO3 and Ca(PO4)3 
for dolomitic lithologies (see Jeppsson and 
Anehus, 1995). Between 0.1–0.7 mg samples 
of whole and broken elements (simple cones, 
denticulate blades, and ramiform elements with 
low proportions of basal material; see Holmden 
et al., 1996; Trotter et al., 1999) were picked that 
exhibited no visible signs of alteration and were 
free of mineral overgrowths (see Fig. S2A–S2C 
for representative photos of Antelope Range, 
Nevada, conodonts [see footnote 1]). Samples 
were rinsed with 1 mL of 18 Ω Milli-Q water, 
sonicated, and left overnight to remove surfi cial 
particles or adhesive from slides. Cleaned ele-
ments were further treated with ultrapure 1 M 
ammonium acetate (buffered to a pH = 8). A 
subset of samples was then leached in 0.5 mL 
of 0.5% acetic acid for 12 h (e.g., Ruppel et al., 
1996; Holmden et al., 1996; Needham, 2007; 
John et al., 2008). After pretreatment, all cono-

dont elements in this study were dissolved in 
ultrapure 6 N HCl, spiked with an 84Sr tracer, 
and purifi ed using H+ cation exchange resin via 
two elutions of 2 N HCl through silica glass col-
umns (cf. Foland and Allen, 1991).

The 87Sr/86Sr was measured using dynamic 
multicollection on a Finnigan MAT-261A 
thermal ionization mass spectrometer at the 
Radiogenic Isotope Laboratory in the School of 
Earth Sciences at Ohio State University. Typical 
intrarun precision was 0.000009 (2σ s.d.). The 
long-term laboratory value of 67 measurements 
of the SRM 987 standard over the duration of 
measurements for this study was 87Sr/86Sr = 
0.710224 ± 0.000030 (2σ s.d.). The 87Sr/86Sr 
values were normalized for instrumental frac-
tionation using a normal Sr ratio of 86Sr/88Sr = 
0.119400.

University of North Carolina 
(See Dwyer, 1996)

Conodonts were ultrasonically cleaned for 
10 min in deionized water and dissolved com-
pletely in 0.5 mL of 5 N nitric acid, and Sr was 
extracted for isotopic analysis using Sr-Spec 
cation-exchange resin and procedures modifi ed 
from those described in Horwitz et al. (1992). 
Samples were analyzed on a VG Sector 54 mul-
tiple collector mass spectrometer at the Depart-
ment of Geological Sciences, University of 
North Carolina–Chapel Hill. Typical intrarun 
precision was 0.000007 (2σ s.d.). The long-term 
laboratory value of the SRM 987 standard over 
the duration of measurements for this study was 
87Sr/86Sr = 0.710267 ± 0.000028 (2σ; n = 57). 
The 87Sr/86Sr values were normalized for instru-
mental fractionation using a normal Sr ratio of 
86Sr/88Sr = 0.119400.

Interlaboratory Comparison
A set of fi ve Sr samples analyzed at Ohio 

State were subsequently taken to Duke Uni-
versity (current home institution of G. Dwyer) 
to be analyzed from the same Tefl on beakers 
(plenty of Sr remained in the beaker from the 
original conodont dissolution) for interlabora-
tory comparison of measured 87Sr/86Sr (GSA 
Data Repository Table S3 [see footnote 1]). 
National Bureau of Standards (NBS) SRM 
987 yielded an average 87Sr/86Sr value at Duke 
that was ~4.0 × 10–5 higher than the long-term 
value at Ohio State. Analyses of the same Sr 
samples at Duke were higher than those ana-
lyzed at Ohio State by between ~2.0 and 4.0 × 
10–5 (average was 2.8 × 10–5) in four of the fi ve 
samples, consistent with the interlaboratory 
difference in SRM 987 (1 of the fi ve samples 
analyzed was actually 2.2 × 10–5 lower at Duke, 
which may be an artifact of sample transfer, 
loading, or other variables).

RESULTS

We fi rst report 87Sr/86Sr trends (and Sr concen-
trations where available) in each study section, 
and then we provide data on the overall preci-
sion based on duplicate sample analysis. All 
87Sr/86Sr values are shown in GSA Data Reposi-
tory Table S1 (see footnote 1). In Figures 4–10, 
the 87Sr/86Sr values plotted are not corrected for 
interlaboratory bias (i.e., they have not yet been 
normalized to a preferred value for the SRM 
987 standard because such a correction of ~2 × 
10–5 falls within the size of our plotted data sym-
bols). We only normalized our 87Sr/86Sr values 
to an assumed value of 0.710245 for SRM 987 
to make the composite curves plotted in Figures 
11–12, which required merging data sets from 
laboratories at Ohio State University (by add-
ing 2.1 × 10–5 to all samples) and University of 
North Carolina (by subtracting 2.4 × 10–5 from 
all samples) that differed in values obtained for 
the SRM 987 standard (see Discussion section; 
GSA Data Repository Tables S1 and S3 [see 
footnote 1]).

87Sr/86Sr Curves for Each Section

Oklahoma
In the Arbuckle and Simpson Groups, 

87Sr/86Sr falls from ~0.7090 to 0.7081 (Figs. 
4 and 5). Most of the 87Sr/86Sr drop interval in 
the Simpson Group is concentrated in the upper 
McLish through Bromide Formations, which 
corresponds to the C. friendsvillensis, C. sweeti, 
P. aculeate, and Erismodus quadridactylus 
Midcontinent conodont zones and the P. serra, 
P. anserinus, Baltoniodus variabilis, and Balto-
niodus gerdae North Atlantic conodont zones. 
The average Sr concentration was 12,314 ppm 
(1σ s.d. is 4605) for the Simpson Group cono-
dont samples (run at Ohio State University) and 
14,842 ppm (1σ s.d. 6346) for the Arbuckle 
Group and lowermost Simpson (run at Univer-
sity of North Carolina).

Nevada
At Shingle Pass, 87Sr/86Sr falls from 0.7090 in 

the House Formation to ~0.7087 in the Lehman 
Formation (Fig. 6). In the Antelope Range, 
87Sr/86Sr falls from ~0.7087 in the Antelope Val-
ley Limestone to 0.7079 at the top of the Copen-
hagen Formation (Figs. 6 and 7). The drop in the 
Antelope Range begins in about the P. serra or 
C. friendsvillensis conodont zones and contin-
ues through the B. gerdae zone. At Meiklejohn 
Peak (Fig. 8), which partially overlaps the upper 
part of the Shingle Pass section and lower-
middle Antelope Range section, 87Sr/86Sr falls 
from ~0.7087 in the Antelope Valley Limestone 
(P. polonicus–E. suecicus zones) to 0.7084 just 
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below the Eureka Quartzite (B. gerdae zone). Sr 
concentration averages and standard deviations 
for Shingle Pass conodont samples are 15,964 
ppm (1σ s.d. 4215), 10,165 ppm (1σ s.d. 4215) 
for the Antelope Range, and 7483 ppm (1σ s.d. 
2003) for Meiklejohn Peak.

Appalachian Region (Maryland, Tennessee, 
Mississippi, and West Virginia)

At Clear Spring, Maryland, 87Sr/86Sr falls 
from ~0.7087 in the Rockdale Run Formation 
to 0.7082 in the Chambersburg Formation, with 

most of the drop interval confi ned to the St. Paul 
Group in the C. friendsvillensis, C. sweeti, and 
B. gerdae conodont zones (Fig. 9; see Table S2 
and Fig. S3 for consistent results from Boger’s 
[1976] conodonts in nearby sections in Mary-
land [see footnote 1]). At Marble Hollow, Ten-
nessee (Fig. S4 [see footnote 1]), 87Sr/86Sr falls 
from ~0.7086 (note that the lowest sample is 
likely altered) to 0.7085 in the Lenoir Formation 
spanning the C. friendsvillensis and C. sweeti 
Midcontinent conodont zones and the P. serra 
and P. anserinus North Atlantic zones. In the 
Yellow Creek core, Mississippi (Fig. S5 [see 
footnote 1]), values fall from between 0.7088 
and 0.7087 in the H. altifrons and H. sinuosa 
zones to ~0.7086 in the C. friendsvillensis zone 
(note that the interval of the Knox uncon formity 
is marked by removal of the intervening H. holo-
dentata zone; Dwyer and Repetski, 2012). At 
East River Mountain, West Virginia (Fig. S6 
[see footnote 1]), a single sample has a value of 
~0.7083 at a horizon just above a K-bentonite 
bed dated at 458.8 Ma (Leslie et al., 2012). Sr 
concentrations average 9170 ppm for the Clear 
Spring conodont samples (1σ s.d. 3826).

Ohio Valley, Midcontinent Region 
(Kentucky, Indiana)

In the Cominco core, Kentucky, 87Sr/86Sr falls 
from ~0.7083 in the Camp Nelson Formation 
(beginning in the P. aculeata zone) to 0.7079 in 
the Fairview Formation (possibly as young as 
A. robustus zone) (Fig. 10). The New Point Core 
(Fig. S7 [see footnote 1]) shows steady values 
at ~0.7079 to approximately the late Katian. 
Sr concentrations average 7832 ppm for the 
Cominco core conodont samples (1σ s.d. 3559).

Sample Precision (Reproducibility)

The 87Sr/86Sr analyses of conodont splits from 
the same rock sample have been performed to 
report the precision based on reproducibility. 
For each of the 24 sample splits, between 2 and 
4 replicates were run (see GSA Data Reposi-
tory Table S4 [see footnote 1]). For all the rep-
licate sample sets analyzed, the total difference 
between the 87Sr/86Sr values was as low as 0 to 
as high as 10.2 × 10–5; the average difference 
was 4.0 × 10–5, and the standard deviation (1σ) 
was 3.1 × 10–5.

Reproducibility in conodont 87Sr/86Sr can 
also potentially be evaluated using stratigraphi-
cally adjacent samples (i.e., if it can be assumed 
that the time difference between two adjacent 
samples is short enough to impart a negligible 
change from the seawater 87Sr/86Sr trend). For 
example, in the lower McLish Formation, sam-
ples separated by 5 m differed by 2.3 × 10–5, 
and in the Bromide Formation, several sets of 

Figure 4. 87Sr/86Sr for the Arbuckle Mountains composite, Oklahoma. Data are a composite 
from four measured sections, three of which are described in detail in Dwyer (1996), and 
the fourth (I-35, fi lled circles) is based on Simpson Group samples studied for conodonts 
in Bauer (1987, 1990, 1994, 2010). See Figure 3 and Cooper and Sadler (2012) for list of 
conodont zones used. The 87Sr/86Sr data shown are not corrected to a common standard 
and represent the values from individual analyses measured at Ohio State University and 
the University of North Carolina (see GSA Data Repository Tables S1 and S3 [see text foot-
note 1]). Any correction needed to account for interlaboratory differences in 87Sr/86Sr mea-
surements would be small and approximately the size of the symbols used here (lowering 
87Sr/86Sr in Dwyer samples and raising them in I-35 data from Ohio State; see text for dis-
cussion). The width of the gray band through the data is a qualitative approximation of the 
overall trend, which is limited by the reproducibility of individual 87Sr/86Sr measurements. 
Some authors have drawn lines through the least radiogenic samples as the best estimate of 
the seawater 87Sr/86Sr trend, but this practice is based on assumptions about diagenetic fl uid 
composition, which has led others to advocate use of a statistical nonparametric regression 
method to fi t the calibration line (e.g., LOWESS fi t of McArthur et al., 2012). The vertical 
bar next to Simpson Group indicates that these same data are plotted in greater detail in 
Figure 5 in order to show how the 87Sr/86Sr values line up against actual conodont species 
ranges. The lithologies shown are generalized and meant to differentiate rock units within 
a measured section. Mck. H.—Mckenzie Hill; Sig. Mt.—Signal Mountain. For conodont 
genera , see Figure 3 caption.
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samples separated by 5 m differed by 0.8–1.2 × 
10–5 (Figs. 4 and 5). The largest 87Sr/86Sr differ-
ence was found in the upper Tulip Creek where 
two samples separated by 7 m differed by 11.6 × 
10–5. In general, there appears to be greater 
87Sr/86Sr dispersion (lower precision) at higher 
CAI. For example, in Nevada at Shingle Pass 
and Meiklejohn Peak (high CAI ~4–5 for both 

sections), stratigraphically adjacent samples dif-
fered by 4.2–11.3 × 10–5, whereas in the Ante-
lope Range (CAI of ~1) samples separated by 
2.5 m in the Antelope Valley Limestone differed 
by 0.9–3.1 × 10–5 (Figs. 6–8).

Lastly, the effect of preleaching conodonts 
with 0.5% acetic acid (e.g., Ruppel et al., 1996; 
Holmden et al., 1996; Needham, 2007; John 

et al., 2008) was examined on a small subset of 
samples in an attempt to evaluate the signifi cance 
for precision. Although the observed differ-
ence between leached residuum and unleached 
samples was typically less than or equal to our 
reproducibility based on replicate analyses (dis-
cussed already), unfortunately our analytical 
uncertainty was deemed too high because of the 
low concentrations of Sr in our leaches to draw 
any robust conclusions at this time. The 87Sr/86Sr 
analysis on the TIMS at Ohio State University 
was limited by sample size in that we required 
at least 0.1 mg of conodont elements but gener-
ally aimed for 0.5–0.7 mg. (Note that although 
we did not preleach all samples in acetic acid, 
we did preleach all samples in ammonium ace-
tate, which did not reduce sample size.) While 
our preliminary data are consistent with John 
et al. (2008), who reported a negligible effect 
from preleaching, future studies using larger 
conodont samples are clearly needed (Edwards 
et al., 2013). Even in cases where leaching is 
likely to be helpful in conodonts (i.e., where 
Sr from detrital phases are known to have been 
incorporated during syndepositional and early 
diagenesis), there is still uncertainty regarding 
how much leaching is required (for study of fi sh 
teeth, see Dufour et al., 2007).

DISCUSSION

Our results provide a detailed conodont-
based Sr isotope curve for most of the Ordovi-
cian Period, and in Figure 11 we compile all of 
our 87Sr/86Sr data versus time. We fi rst discuss 
the preservation of primary seawater 87Sr/86Sr 
values in our conodont apatite-based curve. We 
then address the stratigraphic resolution pos-
sible using 87Sr/86Sr in the Ordovician, with par-
ticular attention to the interval with the highest 
rates of decreasing values in the Middle to Late 
Ordovician. Lastly, we discuss possible linkages 
among 87Sr/86Sr, tectonics, and sea level.

Primary Seawater 87Sr/86Sr Trends 
in Conodont Apatite

Our results from conodont apatite (Fig. 11) 
show good agreement with the Ordovician 
brachiopod data of Shields et al. (2003). For 
example, both our conodont 87Sr/86Sr data from 
the late Darriwilian McLish Formation in Okla-
homa and the brachiopod data from that same 
formation reported in Shields et al. (2003) are 
between 0.7086 and 0.7087 (n = 8 for cono-
donts; n = 5 for brachiopods). A more direct 
comparison between brachiopod and conodont 
87Sr/86Sr for a single stratigraphic horizon in the 
McLish Formation is not possible because of 
uncertainty in the brachiopod positions within 

Figure 5. 87Sr/86Sr for the I-35 section of the Simpson Group (Joins through Bromide Forma-
tions) in the Arbuckle Mountains, Oklahoma (see fi lled circles in Fig. 4) together with cono-
dont species range data (individual horizons indicated by fi lled squares; see Bauer, 1987, 
1990, 1994, 2010). See Figure 3 and Cooper and Sadler (2012) for list of conodont zones used 
and abbreviations. See also studies by Bauer (1987, 1990, 1994, 2010) for signifi cance of 
lithologic subdivisions (numbers 1–9 in both McLish–Tulip Creek, and Bromide). The gray 
band through the data and lithologic symbols used are generalized (see complete explana-
tion in Fig. 4 caption). For conodont genera, see Figure 3 caption.
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the ~125-m-thick formation (Fig. 4; Shields 
et al. [2003] indicated fi ve sampling horizons 
but not the relative spacing between horizons). 
The Bromide Formation of early Sandbian age 
in Oklahoma also was studied for conodonts 
herein and brachiopods in Shields et al. (2003), 
and although the results are broadly consistent, 
the drop in seawater 87Sr/86Sr within this forma-
tion is substantial (from ~0.7085 to 0.7081); 
this precludes direct comparisons with our data 
because precise levels in a measured section 
of the Bromide Formation are not recorded in 
Shields et al. (2003).

Our conodont apatite-based 87Sr/86Sr curve is 
also broadly similar to the Ordovician compila-
tion curve of McArthur et al. (2012) (Fig. 11, 
inset), which is based largely on the brachiopod 
data of Shields et al. (2003) but also includes 
some bulk rock of Gao and Land (1991), Deni-
son et al. (1998), and Young et al. (2009), and 
apatite data of Ebneth et al. (2001). Our curve 
can be directly compared with McArthur et al. 
(2012) because both curves use the same radio-
metric age model of Cooper and Sadler (2012). 
Although the trends between our data and 
McArthur et al. (2012) compare well, close 

inspection of the inset in Figure 11 reveals that 
much of our new conodont apatite 87Sr/86Sr 
reported here is less radiogenic for a given time 
period (see also Fig. S9 [see footnote 1]). The 
fact that our data appear less radiogenic over-
all compared to McArthur et al. (2012) could 
be an artifact of systematic differences in how 
individual samples were assigned ages using 
biostratigraphy or could refl ect real differences 
in how conodonts preserve seawater 87Sr/86Sr 
compared to brachiopods and bulk rock. The 
concentrations of Sr (ppm) in conodont apatite 
analyzed for our study were generally high, 

Figure 6. 87Sr/86Sr and conodont zones for the Nevada composite, including Shingle Pass (Sweet and Tolbert, 
1997) and the Antelope Range (Harris et al., 1979) sections, which are separated by a horizontal gray bar at 
the top of the Lehman Formation. The Shingle Pass section has previously been studied for δ13C by Edwards 
and Saltzman (2014). The Antelope Range was also studied for δ13C by Saltzman and Young (2005) and for 
bulk rock 87Sr/86Sr by Young et al. (2009) (note that direct comparisons between bulk rock 87Sr/86Sr and 
conodont data is the subject of a separate ongoing study; see Edwards et al., 2013). See Figure 3 and Cooper 
and Sadler (2012) for list of conodont zone abbreviations used here. Vertical bar near top of fi gure indicates 
that these same data from the Antelope Range are plotted in greater detail in Figure 7 in order to show how 
the 87Sr/86Sr line up against actual conodont species ranges. The gray band through the data is generalized 
(see explanation in Fig. 4 caption), and lithologic symbols used are generalized after Edwards and Saltzman 
(2014). Ant. Va.—Antelope Valley; W.C.—Whipple Cave. For conodont genera, see Figure 3 caption.
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with an average  of 11,248 ppm (1σ s.d. 5781; 
Fig. S8 [see footnote 1]), which is roughly an 
order of magnitude greater than concentrations 
reported for brachiopods (Shields et al., 2003) 
or bulk rock (Gao and Land, 1991; Young et al., 
2009). It has previously been recognized that 

Sr concentrations in conodonts are often much 
greater than expected from a consideration of the 
Sr partition coeffi cient in biogenic apatite (and 
much higher than the Sr concentrations in liv-
ing marine fi sh teeth today; see Holmden et al., 
1996), which likely refl ects that fact that most 

of the Sr in the conodont apatite is incorporated 
postmortem, at the sediment-water interface, and 
during early diagenesis. As suggested by Holm-
den et al. (1996), if the high concentrations of 
Sr incorporated into apatite during early and late 
diagenesis are derived originally from seawater 
(i.e., from carbonate dissolution/recrystallization 
processes as opposed to diffusion of radiogenic 
Sr from shale or clay-rich successions), this will 
serve to safeguard the integrity of the seawater 
87Sr/86Sr signature in the conodont during later 
diagenesis by making it more diffi cult for deep 
basinal fl uids to alter the 87Sr/86Sr ratio (for study 
of fi sh teeth, see also Martin and Scher, 2004).

Beyond addressing the accuracy of our cono-
dont apatite-based data by comparison to the 
seawater 87Sr/86Sr brachiopod curve of Shields 
et al. (2003) and the compilation of McArthur 
et al. (2012), it is also important to compare 
the 87Sr/86Sr precision as determined by our 
investigation of sample reproducibility. For the 
24 replicate conodont samples we analyzed, 
the average difference was 4.0 × 10–5, and the 
standard deviation (1σ) was 3.1 × 10–5 (Table 
S4 [see footnote 1]). This average difference of 
4.0 × 10–5 is consistent with the reproducibility 
estimated for brachiopods (e.g., Diener et al., 
1996), which may be limited by geological fac-
tors related to sample preservation and prepara-
tion (as opposed to the analytical uncertainties, 
which are typically smaller and limited by how 
precisely a standard can be measured; see Fig. 
S1 [see footnote 1]).

In summary, although our methods attempted 
to minimize sources of scatter in the data by 
extracting conodonts from carbonate rocks, 
chemical pretreatment of conodont elements, 
and preference for conodont elements with small 
amounts of base material and relatively low CAI 
where possible, future Ordovician studies may 
continue to refi ne these methods and potentially 
achieve accurate and precise results on par with 
Mesozoic and Cenozoic studies (i.e., ~2.0 × 10–5 
for the width of the band of data defi ning the 
seawater curve; Farrell et al., 1995).

Ordovician Sr Isotope Stratigraphy and 
Stratigraphic Resolution

For parts of the Ordovician in which rates 
of change in 87Sr/86Sr are relatively high (~5.0–
10.0 × 10–5 per m.y.), Sr isotope stratigraphy is 
likely to be useful as a high-resolution tool for 
correlation that is on par with, or potentially 
better than, conodont biostratigraphy. Sr isotope 
stratigraphy can also be particularly useful in 
strata that only preserve long-ranging cono donts 
or species that have poorly constrained age 
ranges, such as those at the Clear Spring section 
(Fig. 9), where there are low yields of shallow-

Figure 7. 87Sr/86Sr for the Antelope Range section in Nevada (see fi lled circles in Fig. 6) 
together with conodont species range data (individual horizons indicated by fi lled squares; 
see Harris et al., 1979; Sweet et al., 2005). (Note that the bottom two samples in the H. holo-
dentata conodont zone in this fi gure are not included in the composite in Figure 6, which 
represents stacking of the two sections at a datum within the P. polonicus zone.) See Figure 3 
and Cooper and Sadler (2012) for list of conodont zone abbreviations used here. Measured 
section from Harris et al. (1979) shows the transition from limestone to sandstone at the 
base of the Copenhagen Formation (Member A) and then back to shaly limestone (see also 
Saltzman and Young [2005] and Young et al. [2009] for δ13C and bulk rock 87Sr/86Sr studies, 
respectively). The gray band through the data and lithologic symbols used are generalized 
(see complete explanation in Fig. 4 caption). For conodont genera, see Figure 3 caption.
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water Midcontinent realm conodonts in tidal to 
shallow subtidal facies. Stratigraphic resolution 
using 87Sr/86Sr analyses of conodonts is limited 
by sample precision, and, as discussed earlier, 
our samples run in duplicate are on average dif-
ferent by 4.0 × 10–5 with a 2σ standard devia-
tion of 6.2 × 10–5 (Table S4 [see footnote 1]). 
Thus, if duplicate or stratigraphically adjacent 
samples are analyzed, it may be possible in 
the best case scenario to subdivide parts of the 
Ordovician into Sr isotope “slices” of ~0.5–1.0 
m.y. resolution (i.e., during a 1 m.y. time period 
in which 87Sr/86Sr changed by 8.0 × 10–5, it may 
be possible to resolve two distinct 0.5 m.y. inter-
vals; see Table 1; Fig. 12). The Ordovician abso-
lute time scale (Cooper and Sadler, 2012) and 
relative positioning of samples from different 
regions within individual conodont zones are 
also sources of error in Sr isotope stratigraphy. 
In the discussion that follows, we compare rates 
of change and potential resolution using Sr iso-
tope stratigraphy through the Ordovician while 
highlighting key sources of uncertainty in radio-
metric ages and biostratigraphy (see also GSA 
Data Repository text [see footnote 1]).

The resolution of Sr isotope stratigraphy in 
Lower Ordovician stages (Tremadocian–Floian) 
is relatively low based on a 87Sr/86Sr rate of fall 
of ~1.6 × 10–5 per m.y. (Table 1; Figs. 11 and 
12; note that some potential structure on this 
overall fall may be substantiated with future 
work), which is similar to other slowly chang-
ing time periods in the Phanerozoic such as 
the early Cenozoic (Fig. 1B). For the Middle 
Ordovician Dapingian Stage, 87Sr/86Sr falls from 
0.70880 to 0.70875, and the rate of change of 
1.9 × 10–5 per m.y. is similar to the Lower Ordo-
vician. The possibility of an older age for the 
base of the Dapingian at 473 Ma (Thompson 
and Kah, 2012; Thompson et al., 2012) would 
further lower the rate of 87Sr/86Sr change. Even 
if we place the top of the Dapingian at 0.70870 
in the 87Sr/86Sr curve, which is possible result-
ing from uncertainty in biostratigraphy (i.e., the 
Dapingian-Darriwilian boundary falls some-
where within the H. sinuosa conodont zone), the 
rate of change goes up, but the resolving power 
using Sr isotope stratigraphy is still no better 
than conodont zones (Table 1).

The Middle Ordovician Darriwilian Stage 
represents a critical time period in which the 
rate of fall in 87Sr/86Sr steepens signifi cantly. 
Assuming an 87Sr/86Sr value of 0.70875 for the 
base of the Darriwilian and 0.70835 for the top 
(within the C. sweeti zone; Figs. 11 and 12), the 
rate of change is 4.5 × 10–5 per m.y. (similar to 
parts of the late Cenozoic; Fig. 1B). Radiomet-
ric age dates (Thompson et al., 2012) raise the 
possibility that the base of the Darriwilian could 
be as old as 469 Ma, lowering the rate of change 

Figure 8. 87Sr/86Sr for the Meikle-
john Peak section in Nevada 
together with conodont species 
range data (individual horizons 
indicated by fi lled squares; see 
Harris et al., 1979; Sweet et al., 
2005). See Figure 3 and Cooper 
and Sadler (2012) for list of cono-
dont zone abbreviations used 
here. The gray band through 
the data and lithologic symbols 
used are generalized (see com-
plete explanation in Fig. 4 cap-
tion). For conodont genera, see 
Figure 3 caption.

Figure 9. 87Sr/86Sr for the Clear Spring section in Maryland together with conodont species 
range data (individual horizons indicated by fi lled squares; Leslie et al., 2013). Two key 
cono dont species from nearby sections are included in the range charts and indicated by 
open circles (see Boger, 1976; Brezinski et al., 1999; note that only the upper part of the 
Rockdale Run is preserved at Clear Spring). See Figure 3 and Cooper and Sadler (2012) for 
list of conodont zones used. The gray band through the data and lithologies are generalized 
(see complete explanation in Fig. 4 caption). For conodont genera, see Figure 3 caption.
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to 3.5 × 10–5 per m.y. (note that ages for the mid-
dle and top of the Darriwilian seem unlikely to 
move by more than 1–2 m.y. based on dates in 
Sell et al., 2011). In the Late Ordovician Sand-
bian Stage, 87Sr/86Sr changes from 0.70835 to 
0.70800, and the calculated rate of change at 
6.5 × 10–5 per m.y. is higher than the preceding 
Darriwilian.

Rates of 87Sr/86Sr change calculated for indi-
vidual conodont zones in the Darriwilian and 
Sandbian Stages in some cases greatly exceed 
the averages (Table 1) and are on par with some 
of the highest rates in the Phanerozoic such as 
the late Cenozoic, Middle Jurassic, or Early 
Triassic (Fig. 1; McArthur et al., 2012). The 
middle Darriwilian E. suecicus zone and partly 
time-equivalent P. polonicus zone yield rates of 
change of 7.9 × 10–5 and 10.5 × 10–5 per m.y., 
respectively. However, although the rates of 
change appear to be elevated signifi cantly by 
the middle Darriwilian, the number of 87Sr/86Sr 
data points used to calibrate both of the afore-
mentioned zones is still quite limited (three 
data points at Meiklejohn Peak in Nevada for 
the E. suecicus zone; and a single data point at 
Meiklejohn Peak and two data points in Okla-
homa for the P. polonicus zone; Figs. 5 and 8).

In the late Darriwilian P. serra zone, the 
87Sr/86Sr rate of change is 6.5 × 10–5 per m.y. The 
top of this zone is particularly well calibrated 

to the 87Sr/86Sr curve because the evolutionary 
transition to P. anserinus is captured at Marble 
Hollow in Tennessee (Fig. 11; Fig. S4 [see foot-
note 1]). The late Darriwilian C. friendsvillensis 
zone yields a higher rate of change of 8.9 × 10–5 
per m.y. However, the 87Sr/86Sr calibration for 
the top of the C. friendsvillensis zone is less cer-
tain because it includes horizons in Oklahoma 
that span the ranges of C. n. sp. and C. directus 
(Fig. 5), highlighting the importance of taxo-
nomic defi nitions for zonal boundaries in con-
tinuous lineages. In the late Darriwilian to early 
Sandbian P. anserinus and C. sweeti zones, the 
87Sr/86Sr rates of change are 7.8 × 10–5 and 4.4 × 
10–5 per m.y., respectively (Table 1), although 
again uncertainty persists regarding the fi rst 
appearance datum of P. anserinus (e.g., in the 
Antelope Range of Nevada; see Harris et al. 
[1979] versus Sweet et al. [2005]) and the lack 
of evidence for precise placement of the top of 
the C. sweeti zone in most sections (defi ned by 
the fi rst occurrence of P. aculeata).

In the middle Sandbian B. variabilis zone, 
the 87Sr/86Sr rate of change remains high at 6.0 × 
10–5 per m.y. The 87Sr/86Sr data directly from 
stratigraphic horizons yielding conodonts of the 
B. variabilis zone are absent in our study, but 
E. elongatus is used as a proxy for this zone. The 
87Sr/86Sr value used for the top of the B. varia-
bilis zone is problematic due to taxonomic uncer-

tainty over early forms of B. gerdae (Harris et al., 
1979) that defi ne the base of the overlying zone 
(and base of stage slice Sa2; Bergström et al., 
2009). The middle Sandbian P. aculeata zone 
yields the highest rate of change for the entire 
Ordovician of 18.3 × 10–5 per m.y. (Table 1), but 
this must be further scrutinized in the context of 
uncertainty over the taxonomy of P. aculeata 
s.s. and s.l. (e.g., Boger, 1976). Rates of change 
in 87Sr/86Sr slow dramatically in the late Sand-
bian through the Katian Stages until the curve 
reverses course and begins to rise somewhere in 
the upper part of the Katian through the terminal 
Ordovician Hirnantian Stage.

Tectonics, Sea Level, and the 
Mid-Darriwilian High Rate of 
87Sr/86Sr Decrease

As a result of uncertainties in the Ordovician 
time scale, the question of whether the increased 
rate of 87Sr/86Sr change beginning in the mid-
Darriwilian P. polonicus–P. serra zone interval 
represents a signifi cant geologic event in the 
context of the Phanerozoic remains unclear. (A 
similar debate over whether a unique geologic 
event is required to explain the 87Sr/86Sr curve 
for the Early Jurassic was reviewed by Waltham 
and Gröcke [2006] and McArthur and Wignall 
[2007].) Both Shields et al. (2003) and Young 
et al. (2009) suggested that tectonic changes, 
including plate convergence associated with the 
Taconic uplift in eastern Laurentia, would have 
resulted in exposure and erosion of relatively 
young volcanic and igneous rocks with lower 
87Sr/86Sr. Young et al. (2009) modeled the infl u-
ence of this weathering event on CO2 drawdown 
and found that rates of volcanic degassing may 
have kept CO2 levels and climate stable until the 
late Katian. Sea-level change was not included 
in this model but exerts an important control 
on strontium fl uxes to the oceans, as detailed in 
Shields et al. (2003). Because of heterogeneity 
in continental crust, rises and falls in sea level 
can change the type and age of rock exposed to 
weathering on the continents, which may affect 
the 87Sr/86Sr of the riverine Sr fl ux and also its 
magnitude. In addition, sea level is sometimes 
used as a proxy for rates of seafl oor spreading, 
which can affect the relatively nonradiogenic 
seawater Sr fl ux from mid-ocean-ridge hydro-
thermal alteration (Veizer, 1989). Thus, periods 
of rising sea level might be expected to coincide 
with an increase in the ratio of nonradiogenic Sr 
derived from mid-ocean ridges relative to radio-
genic Sr weathered from the continents. Here, 
we examine more closely the evidence showing 
that the increased rate of 87Sr/86Sr fall beginning 
in the middle Darriwilian P. polonicus–P. serra 
interval coincided with a rise in sea level.

Figure 10. 87Sr/86Sr for the Cominco core in Kentucky (see Dwyer, 
1996). For details of conodont biostratigraphy, see Sweet (1984) and 
references therein. The gray band through the data and lithologic 
symbols used are generalized (see complete explanation in Fig. 4 
caption). For conodont genera, see Figure 3 caption.
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In North America, a prominent Ordovician 
megasequence (fi rst-order) boundary occurs 
at the transition between the Sauk and Tippe-
canoe sequences, which apparently formed over 
a protracted period of time representing almost 
the entire Middle Ordovician (e.g., Finney et al., 
2007; Morgan, 2012). The global signifi cance 
of the Sauk-Tippecanoe megasequence bound-

ary may be indicated by relatively low sea level 
in the Dapingian and Darriwilian Stages else-
where in the world, with a prominent lowstand 
recognized in the mid-Darriwilian in some loca-
tions (Nielsen, 2004; Su, 2007; Kanygin et al., 
2010; Dronov et al., 2011). In North America, 
maximum regression associated with the Sauk-
Tippecanoe megasequence boundary occurred 

somewhere in the middle Darriwilian and may 
be narrowed down to the H. holodentata cono-
dont zone where biostratigraphic control is par-
ticularly good (Dwyer and Repetski, 2012). Few 
regions in North America contain sections with 
continuous sedimentation through the Sauk-
Tippecanoe transition, but the H. holodentata 
conodont zone and surrounding middle Darri-

Figure 11. 87Sr/86Sr trend for all our sections studied (see Figs. 4–10; Figs. S3–S7 [see text footnote 1]), calibrated 
to the Geologic Time Scale 2012 (Cooper and Sadler, 2012). Inset shows the LOWESS fi t curve for the Ordovician 
from McArthur et al. (2012) (see Fig. 1) plotted over our data, both of which are calibrated to the same age model 
of Cooper and Sadler (2012) and thus are directly comparable. Note that our data are corrected to a preferred 
value for SRM 987 standard of 0.710245 (see text for discussion and GSA Data Repository Tables S1 and S3 [see 
text footnote 1]), which is indistinguishable (at the scale of this fi gure) from McArthur et al. (2012), who used 
0.710248. The fact that much of our data is less radiogenic for a given time period compared to McArthur et al. 
(2012) could be a result of systematic differences in how individual samples were assigned ages using biostratig-
raphy or could refl ect real differences in how conodonts and brachiopods preserve seawater 87Sr/86Sr. For cono-
dont genera, see Figure 3 caption.
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wilian zones are present in the sections stud-
ied here in Oklahoma and Nevada (the interval 
is also thought to be complete in Maryland, 
but conodont element preservation is poor in 
dolomite).

The Oklahoma and Nevada successions rep-
resent excellent opportunities to examine more 
closely the linkages between 87Sr/86Sr and sea 
level because these regions serve as the refer-
ence sections for the Middle Ordovician portion 
of the Haq and Schutter (2008) Paleozoic global 
sea-level curve (see also Ross and Ross, 1995; 
Ross et al., 1989). In east-central Nevada, the 
Shingle Pass section we analyzed for 87Sr/86Sr 
is comparable to the nearby Ibex area of west-
central Utah that was the focus in the study 
of Haq and Schutter (2008) (see also Miller 
et al., 2012; Edwards and Saltzman, 2014). A 
major sequence boundary in Utah occurs in the 
P. polonicus–E. suecicus conodont zones (Haq 
and Schutter, 2008), which we recognize as near 
the onset of the increased rates of fall in 87Sr/86Sr. 
The next younger depositional sequence occurs 
in the P. serra zone in Oklahoma (Schutter, 
1992; Haq and Schutter, 2008) and marks the 
major change to rising long-term sea level above 
the Sauk-Tippecanoe megasequence boundary.

Although a causal relationship between 
sea-level rise and a decrease in 87Sr/86Sr in the 
Darriwilian may exist (i.e., assuming a combi-
nation of a reduced riverine fl ux, which is rela-
tively radiogenic compared to seawater, and an 
increased hydrothermal fl ux), different relation-
ships between sea level and 87Sr/86Sr are seen in 
other parts of the Ordovician. For example, fol-
lowing the end-Ordovician (Hirnantian) glacia-
tion, a transition to rising sea level in the Early 
Silurian coincides with increasing rather than 
decreasing 87Sr/86Sr (Fig. 1). In the Early Ordo-
vician, long-term sea level peaks in the Floian 
(Munnecke et al., 2010) and then begins to fall, 
while the 87Sr/86Sr shows no obvious change 
at this time (Figs. 11 and 12; it is possible 
that higher-resolution 87Sr/86Sr data could test 
whether Sr drops at a modestly slower rate in 
the Dapingian and early Darriwilian in response 
to this sea-level fall).

In addition to sea level and associated changes 
in seafl oor spreading, the rate of change in 
87Sr/86Sr could be infl uenced by tectonic events 
on the continents that expose new rock types for 
weathering. Tectonic events such as the Taconic 
uplift (Read and Repetski, 2012) and associated 
changes in weathering (i.e., changes in the ratio 
of volcanic weathering, mainly basalt, to total 
silicate weathering) were the preferred explana-
tion by Young et al. (2009) for the Ordovician 
87Sr/86Sr drop (see also Qing et al., 1998; Shields 
et al., 2003) and have also been proposed to play 
an important role in shifts in the Mesozoic and 

σ 

Figure 12. Arbuckle Mountains, Oklahoma, 87Sr/86Sr data (gray circles; see Figs. 4, 5, and 11) 
with a fi ve-point moving average line to illustrate how Sr isotope stratigraphy (SIS) may be used 
by future investigators. Squares indicate hypothetical data points not obtained in this study, but 
which instead represent two examples of 87Sr/86Sr measurements (0.70888 and 0.70836) that 
may be obtained by future Ordovician investigations. The two example values are chosen at 
different parts of the Ordovician curve to emphasize the potential resolution possible using Sr 
isotope stratigraphy at high versus low rates of 87Sr/86Sr change. The age of these two samples is 
determined in two steps: (1) drawing a vertical line from the x-axis (dashed lines with arrows) 
up to meet the fi ve-point moving average, and (2) drawing a horizontal line from the fi ve-point 
moving average to where it meets the y-axis, indicating sample age (477.5 and 457.5 Ma for 
87Sr/86Sr values obtained of 0.70888 and 0.70836, respectively). The two darker-colored shaded 
vertical bars bisected by dashed arrow represent 87Sr/86Sr error bars of ±4 × 10–5 each, which is 
the average difference for duplicate analyses in our study (see text for discussion; Table 1; Table 
S4 [see text footnote 1]). The size of the uncertainty on the age estimate (y-axis) is determined 
by where the edges of these bars intersect the 87Sr/86Sr line (moving average). In the best-case 
scenario, in which a duplicate analysis is run, only one of the 87Sr/86Sr error bars of ±4 × 10–5 
applies, and the uncertainty on the age is minimized (e.g., 2.6 Ma instead of 5.1 Ma, or 0.45 Ma 
instead of 0.9 Ma). The outer, lightest-colored gray bars represent the 2σ standard deviation 
based on replicate analyses (see text for discussion and Table S4), which is ±6.2 × 10–5, and 
which increases the uncertainty on the age estimates accordingly (where the outer edges of the 
light-gray bars hit the 87Sr/86Sr moving average line). Note also that the Arbuckle Mountains 
data are shown separately here from all of our data (Fig. 11) to emphasize the reduced scatter 
observed when stratigraphic uncertainty (i.e., relative ordering of samples within conodont 
zones from different regions) is removed or minimized. As in Figure 11, all data are corrected 
to a preferred value for SRM 987 standard of 0.710245 (see text for discussion and GSA Data 
Repository Tables S1 and S3 [see text footnote 1]). For conodont genera, see Fig. 3 caption.
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Cenozoic (e.g., Richter et al., 1992; McArthur 
et al., 2001; Waltham and Gröcke, 2006; Kent 
and Muttoni, 2008). However, it is particularly 
diffi cult in the Paleozoic to disentangle the rela-
tive roles of sea level and tectonics in expos-
ing or covering rocks of differing ages and 
87Sr/86Sr on the continents on a global scale 
(Gouldey et al., 2010; Cramer et al., 2011). Fur-
thermore, because ocean crust is not preserved 
in the Paleozoic, it is diffi cult to evaluate the 
importance of hydrothermal activity related to 
increased ocean crust production at mid-ocean 
ridges, which has been linked to large and rapid 
drops in 87Sr/86Sr in the Jurassic and Cretaceous 
(Jones and Jenkyns, 2001) and potentially the 
Middle Ordovician (Qing et al., 1998; Shields 
et al., 2003).

CONCLUSIONS

Although the basic structure of the Ordovician 
87Sr/86Sr isotope seawater curve is well estab-
lished and shows continuously falling values, 
the results of this study using conodont apatite 
bolster the notion of a signifi cant increase in the 
rate of fall beginning in the Middle Ordovician 
(mid-Darriwilian P. polonicus to P. serra cono-
dont zones). The highest rates of 87Sr/86Sr fall 
at 5.0–10.0 × 10–5 per m.y. occur in the mid-
Darriwilian to mid-Sandbian (Middle to Late 
Ordovician). Replicate conodont analyses from 
the same sample differ by an average of ~4.0 × 
10–5 (the 2σ standard deviation is 6.2 × 10–5), 
which in the best-case scenario (characterized 
by the highest rates of fall in 87Sr/86Sr) allows 
for subdivision of Ordovician time intervals at 
a maximum resolution of ~0.5–1.0 m.y. As the 
density of radiometric age dates increases in 

the Ordovician with future work, our calibration 
points based on conodont zones can be continu-
ally revised. Changes in global tectonics or sea 
level are likely causes of the increased rate of fall 
in 87Sr/86Sr, although additional modeling stud-
ies are needed to determine the magnitude of 
an event that is required to alter Sr fl uxes on the 
time scales proposed here. Future work should 
focus on potential implications for the broadly 
coincident changes in biodiversity (major pulses 
of the Great Ordovician biodiversifi cation event, 
GOBE), δ13Ccarb (middle Darri wilian isotope car-
bon excursion, MDICE), temperature, and oxy-
genation (Kaljo et al., 2007; Trotter et al., 2008; 
Schmitz et al., 2008, 2010; Ainsaar et al., 2010; 
Servais et al., 2010; Thompson et al., 2012; 
Miller, 2012; Harper et al., 2013; Albanesi et al., 
2013; Edwards and Saltzman, 2014; Calner  
et al., 2014). In addition, further refi nement of 
Ordovician δ13C stratigraphy can also potentially 
provide improved chemostratigraphic time reso-
lution (e.g., Cramer  et al., 2010) when integrated 
with Sr isotope stratigraphy.
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