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Abstract—Here we present Sr, C, and O isotope curves for Ordovician marine calcite based on analyses of
206 calcitic brachiopods from 10 localities worldwide. These are the first Ordovician-wide isotope curves that
can be placed within the newly emerging global biostratigraphic framework. A total of 182 brachiopods were
selected for C and O isotope analysis, and 122 were selected for Sr isotope analysis. SESVHBr
decreased from 0.7090 to 0.7078 during the Ordovician, with a major, quite rapid fall around the Middle—Late
Ordovician transition, most probably caused by a combination of low continental erosion rates and increased
submarine hydrothermal exchange rates. Mé&fO values increase from-10%o to —3%o through the
Ordovician with an additional short-lived increase of 2 to 3%. during the latest Ordovician due to glaciation.
Although diagenetic alteration may have lowe@80 in some samples, particularly those from the Lower
Ordovician, maximun®*®0 values, which are less likely to be altered, increase by more than 3% through the
Ordovician in both our data and literature data. We consider that this long-term rise in éafchteecords

the effect of decreasing tropical seawater temperatures across the Middle—Late Ordovician transition super-
imposed on seawaté’O that was steadily increasing from—3%. standard mean ocean water (SMOW).

By contrast,5*3C variation seems to have been relatively modest during most of the Ordovician with the
exception of the globally documented, but short-lived, latest Ordoviéial excursion up to+7%o.
Nevertheless, an underlying trend in me&AC can be discerned, changing from moderately negative values

in the Early Ordovician to moderately positive values by the latest Ordovician. These new isotopic data
confirm a major reorganization of ocean chemistry and the surface environment around 465 to 455 Ma. The
juxtaposition of the greatest recorded swings in Phanerozoic sedft@téPSr ands*0 at the same time as

one of the largest marine transgressions in Phanerozoic Earth history suggests a causal link between tectonic
and climatic change, and emphasizes an endogenic control on the O isotope budget during the Early Paleozoic.
Better isotopic and biostratigraphic constraints are still required if we are to understand the true significance
of these changes. We recommend that future work on Ordovician isotope stratigraphy focus on this
outstanding Middle—Late Ordovician eventCopyright © 2003 Elsevier Science Ltd

1. INTRODUCTION The Ordovician period has been the subject of several iso-
tope stratigraphy studies, although few have attempted to cover
the entire Ordovician (Veizer et al., 1986; Wadleigh and
Veizer, 1992; Qing et al., 1998) and fewer still can be incor-

Isotope stratigraphy has come a long way since its early
days. Initial expectations of theoretically predictable trends

through time (Wickman, 1948; Clayton and Degens, 1959)I porated within a globally sound biostratigraphic framework.

Yg;g)q:izh:\?erdtl:{éng ;Pgolgfegrz 3?2;;12;2:}3??;2 itsta;\ The present study brings together biostratigraphically con-
Iished’ isotopic trends of suyccessively increasing complexity strained Sr, C, and O isotope data for biogenic marine calcite

S ) ) ’covering the entire Ordovician period. It is hoped that this study
and sophistication (Velger et al., 1980; Burke et al.,.1982, will serve as a foundation for future isotope studies, while
Smalley et al., 1994; Veizer et al., 2000). The resultant isotope

curves can be used for stratigraphic correlation as well as for helping to constrain further the relative timing and rates of
. . grap o isotopic and geological events during the Ordovician Period. In
tracing geological processes, a dual application that makes

. . : . accordance with the current state-of-the-art, this study reports
them a particularly attractive research aim. Sr and C isotopes y rep

- . the Sr, C, and O isotope compositions of low-Mg calcite
have proved especially popular in both regards and are the brachiopods after diagenetic screening for good preservation
mainstays of modern chemostratigraphy (Veizer et al., 1999). P 9 g 9 P ’

2. GLOBAL ORDOVICIAN BIOSTRATIGRAPHY
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Fig. 1. Nomenclature and correlation of Ordovician stratigraphic units for the studied sections. For age assignments see
text.

resolution is often the major source of error in isotope curves
(Veizer et d., 1997). The Ordovician period, in particular,
suffers from the lack of a coherent global biostratigraphic
framework, which renders many previous isotope studies ex-
ceedingly difficult to assess in global terms. Despite the wide-
spread use of the British stratigraphic nomenclature in the
geologica literature, the widely known stratigraphic divisions
of the British Ordovician (Tremadoc, Arenig, Llanvirn, Llan-
deilo, Caradoc, and Ashgill) have not been generally accepted
outside the British Isles (Webby, 1998) and are currently being
radically overhauled in their places of origin (Fortey et al.,
1995). To overcome this problem, attempts are under way to
establish a global biostratigraphic framework for the Ordovi-
cian, into which geological and geochemical data can be
placed. Thiswork is part of the mandate of the currently active
International Geological Correlation Programme (IGCP)
Project 410: “Ordovician biodiversity.” We attempt here to
incorporate our isotope data into the newly emerging global
biostratigraphic framework (Webby, 1998).

In this article, we acknowledge the latest guidelines and
decisions of the International Commission on Stratigraphy
(ICS) as outlined in Webby (1998) and more recent bulletins of

the ICS. Consequently, we recognize the subdivision of the
Ordovician System into three global series: Lower, Middle, and
Upper, the time equivalents of which are currently estimated to
be of unequal duration, being 18, 11.5, and 16.5 Ma, respec-
tively, although there is still considerable uncertainty on this
point. Each global seriesisto be divided into two global stages,
only two of which have been named officially, these being the
Tremadocian and Darriwilian stages, which are the first and
fourth stages, respectively. The remaining four stages have not
yet been named or defined officialy and are shown in the text
in inverted commas, e.g., “2nd stage” and “3rd stage” (Fig. 1).
Because there is no formally defined boundary dividing the
upper series, we use the terms “Caradocian” and “Ashgillian”
until such time as these are formally defined. To incorporate
our data into these global series and stages, they have been
assigned to global time dlices, 19 in total, using the current
biostratigraphic guidelines set out in the forthcoming book The
Great Ordovician Biodiversification Event, edited by B. Webby
and M. Droser (Webby, personal communication). We do not
report data for al of these time-dices, and this inadegquacy
should be addressed by future studies, especially on Lower
Ordovician successions.
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Fig. 2. Paleogeographic reconstruction of the Early Ordovician (after Scotese and McKerrow, 1991) with section

locations marked by asterisks.

3. SAMPLING LOCALITIES

Samples were collected from amost the entire Ordovician
(Fig. 1) with 10 locations on four continents (Fig. 2): Utah,
USA; Cincinnati, Ohio, USA; Lexington, Kentucky, USA; St.
Louis, Missouri, USA; Arbuckle Mountains, Oklahoma, USA;
St. Petersburg, Russia; southern Urals, Kazakhstan; South Chi-
na; Amadeus Basin, Australia; Anticosti Island, Québec, Can-
ada. All represent low paleolatitude marine basins between
30°N and 30°S, with the exception of Baltica (St. Petersburg,
Russia), which was possibly further south (30°S—60°S) during the
Early and Middle Ordovician (Scotese and McKerrow, 1991).

4. METHODOLOGY

Where possible, whole brachiopods or otherwise shell frag-
ments were collected. Shellswere either completely articulated,
single valves, or fragments, which were either embedded in
their limestone matrix or had worked themselves free of the
host rock. In most instances some sediment adhered to the
shell, particularly in the sulci between strong ribs. This was
removed using a mounted stainless steel needle and a surgical
scalpel blade. The outer abraded secondary lamella shell layer
was then picked off using amounted needle. The primary layer,
which is more frequently diagenetically atered (Carpenter and
Lohmann, 1995), was rarely observed. This reveaed the en-
tirely clean inner shell layers, which are normally pearlescent
cream or white in color. It has been demonstrated that calcite
from the hinge, brachidium, foramen, interarea, and muscle
scars of modern brachiopod shells tend to be abnormally de-
pleted in both 80 and *3C (Carpenter and Lohmann, 1995).
Therefore, these areas were avoided during shell sampling.
Shell fragments were then placed in an ultrasonic bath filled
with deionized water to remove any remaining extraneous

material. Further details of sampling techniques and selection
criteria are reported in Azmy et al. (1998) and Veizer et d.
(1999). Two shell portions were subsequently picked for stable
isotope and trace element analyses, and strontium isotope anal-
yses, respectively. Where possible, remaining portions were
retained for examination using cathodoluminescence and scan-
ning electron microscopy (SEM). For Ca, Mn, Fe, Sr, and Mg
concentrations, 5 to 10 mg of the shell were dissolved in 10 mL
of 2N HCl and analyzed using a Varian Spectra AA.300 atomic
absorption spectrometer. For stable isotopes, 1 to 5 mg of
powdered brachiopod shell was reacted in 100% orthophospho-
ric acid offline at 50°C and analyzed using a Finnigan MAT
251 mass spectrometer. Analytical reproducibility for both O
and C isotopes was within 0.1%.. Sr isotope anaysis was
carried out on 0.5 to 2 mg of sample after dissolution in 2.5N
HCI. Sr was concentrated using Rad AG50W X8 ion-exchange
resin and eluted with 2.5N HCI. After evaporation of the eluant,
approximately 150 to 250 ng Sr was loaded on single Re
filaments using a Ta,05-HNO,-HF-H PO, solution (Birck,
1986) and analyzed using a Finnigan MAT 262 mass spectrom-
eter in static mode at the Ruhr University, Bochum in Ger-
many. International standard NBS SRM 987 yielded aratio of
0.710231. This mean value represents the average ratio over 4
¥2 years and 550 measurements and bears a standard deviation
(1 SD) of 38 X 10~ ®, and standard error of 17 X 10~ 7. Further
details of standard normdization are given in Diener et . (1996).

5. RESULTS

5.1. Shell Microstructure

Representative samples from al brachiopod sample suites
were investigated using SEM, some results of which are repro-
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duced in Figure 3. Well-preserved secondary shell layers ought
to retain a series of lamellar, stacked calcite rods or crystallites
with no evidence for dissolution or reprecipitation (Popp et a.,
1986). Brachiopods from this study reveal generally good tex-
tural preservation of this secondary layer, although microdis-
solution vugs are present in some samples (KY 12 to 15, Alb01,
Alb06b). Recrystallization appears to have been minor in most
cases, and, where present, is comparable to that from a study
carried out previously by G.C. of uppermost Ordovician bra-
chiopods from Estonia and Canada (Carden, 1995).

5.2. Trace Elements and Chemical Preservation of the
Brachiopods

Comparison between the trace element contents of Ordovi-
cian brachiopods from this study and Holocene brachiopods
(Fig. 4) shows that about half of our samples fall within the
predicted ranges for unaltered brachiopods of Sr = 500 to 2000
ppm and Mn = <200 ppm (Morrison and Brand, 1986; Brand
and Logan, personal communication, 2001). Fe and Mg con-
centrations (Appendix Al) are also higher in some cases than
the <600 ppm and <2000 ppm, respectively, that would nor-
mally be expected for unaltered brachiopods. Consequently,
our brachiopod samples from the Darriwilian and Tremadocian
stages, in particular, appear to have somewhat more “altered”
trace element compositions than those from previous studies
that covered the Ordovician and Silurian Periods (Qing and
Veizer, 1994; Azmy et a., 1998) (Fig. 4). However, at least
half of our samples from each of the four other Ordovician
stages have more favorable trace element compositions, while
their Mn and Sr contents show no correlation that might be
attributed to a diagenetic trend (Fig. 4). Although it is true that
about half of our samples fall outside the preferred range for
trace elements, we stress that the relationship between textural
preservation of samples and trace elements (Brand and Veizer,
1980) has only a statistical validity. Thisis clearly documented
by our brachiopod samples (Fig. 3), which fail to show any
simple relationship between Sr concentration or Mn/Sr ratios
and preservation of a seawater 7Sr/8Sr signature (Figs. 3 and
5).

5.3. Strontium Isotopes

All Srisotope data arelisted in Appendix A1, summarized in
Table 1, and plotted in Figure 6. They are discussed in ascend-
ing stratigraphic order. Lower Ordovician: Mean 8Sr/%Sr ra-
tios from the Lower Ordovician of China, Kazakhstan, and
Utah, USA lie consistently around 0.7090 (n = 17). Middle
Ordovician: 8Sr/%Sr ratios through almost the entire Middle
Ordovician lie consistently between 0.70870 and 0.70890 (n =
29) with the exception of three anomalously radiogenic sam-
ples from the Lower Olive Shale, Utah and two samples from
the uppermost Middle Ordovician of Oklahoma that yield sig-
nificantly lower ratios of 0.70860 and 0.70865. Upper Ordovi-
cian: 8Sr/88Sr ratios from the Upper Ordovician are markedly
less radiogenic than those of the Middle Ordovician, and reveal
a restricted range averaging 0.7080 (n = 70) and consistent
lowermost ratios around 0.70785.

5.4. Carbon and Oxygen | sotopes

The carbon and oxygen isotope data obtained in this study
are listed in Appendix A1, summarized in Table 1, and plotted
in Figure 7. They are discussed in ascending stratigraphic
order. Lower Ordovician samples yield negative 8*C between
—1.2%0 and 0%, averaging —0.9%. (n = 15). 80 for the
Lower Ordovician ranges between —11.1%. and —8.2%., aver-
aging —9.3%.. Middle Ordovician samples revea a wide range
of §™3C between —3.0%o and + 1.8%o but are also predominantly
negative, averaging —1.2%. (n = 65), contrasting little with the
Lower Ordovician. §'0 for the Middle Ordovician ranges
between —9.0%. and —5.4%., averaging —7.6%.. The Upper
Ordovician reveals a successive rise in mean §*3C from —0.7%o
(n = 14) in the lower “Caradocian” to +1.6%o in the uppermost
Ordovician (n = 31), where 8*3C reveals a considerable range
between 0.2%. and 5.8%.. 6%0 for the Upper Ordovician
ranges between —6.9%0 and —3.5%0 with the exception of the
uppermost Ordovician, within which interval 880 reaches
exceptional values as high as +0.2%..

6. DISCUSSION

6.1. Strontium |sotopes

Lowermost 87Sr/%8Sr ratios for any particular stratigraphic
level generally correspond most closely to the seawater &S/
8gr value due to the tendency of diagenetic ateration to
increase ®7Sr/%%Sr (Veizer and Compston, 1974; McArthur,
1994; Stille and Shields, 1997). This genera rule-of-thumb
appears to hold true for the brachiopod samples in our study,
too, as al obvious outliers are more radiogenic and belong to
data groups exhibiting a broad range of values that cannot
possibly all represent seawater values owing to the long, Myr-
scale residence time of strontium in seawater. For example, the
wide range of &7Sr/%®Sr data from the Lower Olive Shale, Utah
must indicate that those relatively radiogenic ratios are unrep-
resentative of contemporary seawater. Conversely, we can be
confident that datasets which exhibit a restricted range of
relatively low 87Sr/%8Sr ratios approximate more closely sea-
water 87Sr/%6sr,

Our study reveals decreasing Sr isotope ratios through the
Ordovician confirming several previous studies, which con-
cluded that seawater & Sr/%8Sr decreased during the Ordovician
from ~0.7090 to 0.7078 (Veizer and Compston, 1974; Burke et
a., 1982; Veizer et d., 1986; Denison et al., 1998; Qing et a.,
1998). This general trend is discussed in more detail below.
There is a relative abundance of strontium isotope work from
around the Cambrian—Ordovician boundary, which constrains
seawater 87Sr/8Sr to 0.709000 + 50 X 10~ © at thistime (Gao
and Land, 1991; Johnson and Goldstein, 1993; Qing et a.,
1998; Ebneth et al., 2001). Our limited new data for the
Tremadocian of South China are consistent with these results.
Although mean &7Sr/%°Sr reveals scant variation among our
Lower Ordovician brachiopods, lowest ratios for each individ-
ual dataset (Table 1) indicate that seawater 87Sr/26Sr fell grad-
ually from 0.7090 to 0.7088 during the Early Ordovician (cf.
Qing et al., 1998). Both mean and lowest ratios are then
invariant at around 0.7087 during much of the Middle Ordo-
vician, suggesting that seawater %Sr/%°Sr did not change
greatly during that time. A second, more considerable fall in
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Fig. 3. SEM photomicrographs of four Ordovician brachiopods from top (youngest) to bottom (oldest): KY 12 to 15 (C.
wilsoni Zone, Upper Ordovician, Lexington Limestone, Kentucky, USA); CSP05a (D. hirundo Zone, Middle Ordovician,
Leetse Formation, Russia); Alb01 (D. nitidus Zone, Lower Ordovician, Kanosh Shale, Utah, USA); Alb06b (D. deflexus
Zone, Lower Ordovician, Simpson Group, Oklahoma, USA). Geochemical data are also given with 87Sr/%6Sr ratios shown
as OK and HI (apparently unaltered or somewhat radiogenic, respectively). Note that there is no apparent correlation
between degree of diagenetic alteration (microstructure, Mrn/Sr, 8Sr/%8Sr) and §°0.
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Fig. 4. Scatter diagram of Sr vs. Mn content in Ordovician brachio-
pod shells. The box represents the expected range for Holocene bra-
chiopods based on data from Lowenstam (1961), Dittmar and Vogel
(1968), Frank et al. (1982), Lepzelter et al. (1983), Morrison and Brand
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cation, 2001).

seawater 87Sr/%Sy is recorded in the drop in ratios between the
Darriwilian and early “Caradocian” from 0.7087 to 0.7078.
Lowest ratios imply that seawater 87Sr/%°Sr remained around
0.7078 to 0.7079 from the “Mohawkian” of North America to
the Ordovician-Silurian boundary (see also Gao et al., 1996;
Holmden et a., 1996; Qing et a., 1998), before rising again
during the Early Silurian (Ruppel et a., 1996; Qing et al., 1998;
Azmy et a., 1999).

The seawater Sr isotope record of the latest Cambrian
through to the earliest Silurian is thus characterized by two
periods of stasis during approximately 480 Ma —465 Ma and
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Fig. 5. Scatter diagram of Mn/Sr ratios (an indicator of diagenetic
alteration) vs. 87Sr/%8Sr in Ordovician brachiopod shells. The M/Sr =
0.25 dividing line represents a suggested maximum ratio for unaltered
brachiopods (Fig. 3). Two extreme outliers from the Tremadocian have
been omitted.

455 Ma—445 Ma, and two periods of decrease during approx-
imately 500 Ma —480 Ma and 465 Ma —455 Ma (Fig. 8). The
initial decrease occurred gradually after seawater 87Sr/26Sr had
reached an all-time high during the Late Cambrian of 0.7092 or
higher (Montafiez et a., 1996; Ebneth et al., 2001). By contrast,
the second decrease from 0.7087 to 0.7078 appears to have
been much more rapid and has so far proven difficult to resolve
adequately (Denison et al., 1998; Qing et al., 1998).

The three major sources for ocean strontium are river input
of continental weathering products, marine carbonate diagen-
esis and dissolution, and hydrothermal exchange at plate
boundaries (Veizer, 1989). Continental weathering of ancient
crust supplies the more radiogenic end-member component,
whereas submarine hydrothermal exchange and weathering of
juvenile volcanic rocks supplies the less radiogenic end-mem-
ber, averaging 0.704 (Faure, 1986). In general, the diagenesis
and dissolution of geologically young carbonates, athough
representing a significant portion of the overall flux of Sr to the
ocean, only serves to buffer seawater 87Sr/%Sr about the sea-
water value (Veizer, 1989). Therefore, the overall decrease in
875r/%5Sr during the Ordovician Period is likely to reflect the
progressively decreasing influence of continental crust-derived
strontium, and conversely the progressively increasing influ-
ence of juvenile volcanic input and/or hydrothermal exchange
on seawater 8Sr/%Sr. Further analysis of this trend requires a
closer look at the Ordovician geologica record.

The geological record contains evidence for the orogenic
uplift of great “Pan-African” mountain chains during the Ter-
minal Proterozoic and Cambrian Periods, the weathering of
which would have provided a source of the radiogenic Sr
necessary to attain the Late Cambrian &7Sr/%8Sr maximum
(Montafiez et al., 1996, 2000). It seems plausible, therefore,
that the generally decreasing trend in Sr/®°Sr during the
Ordovician was at least partly a response to the lowering of
tectonic uplift rates caused by the waning of Pan-African
mountain-building (Qing et a., 1998). This explanation is
consistent with the analysis of Richter et al. (1992) who report
that the “areal extent of contractional deformation,” which was
calculated using present-day distributions of deformed rocks,
decreased from a maximum value during the late Cambrian to
reach an all-time minimum by the mid-Ordovician. However,
gradually decreasing crustal wesathering rates seem unlikely to
explain the relatively sharp drop in seawater 8 Sr/%Sr across
the Middle-Late Ordovician transition, and it is perhaps more
plausible that there was a second factor involved to cause this
sudden change in the rate of decrease. One possible candidate
may be found in the compilation of Ronov et a. (1980) who
observed that the Ordovician was a time of high volcanism
relative to the Cambrian and Silurian periods because the
weathering of juvenile volcanic rocks contributes less radio-
genic Sr to seawater. The Middle-early Late Ordovician, in
particular, was a period of massive island-arc volcanism in
Kazakhstan, deposits of which may reach up to 8 km in
thickness (Nikitin et al., 1990). The main phase of the Taconian
orogeny of eastern North America occurred around the same
time and also resulted in massive island-arc volcanism related
to the subduction of the Laurentian continental margin (Etten-
sohn, 1990; Wright et a., 2002). The relatively rapid westher-
ing of these comparatively easily weathered volcanic rocks
may have contributed to the Middle-Late Ordovician down-
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Table 1. Isotopic data for Ordovician brachiopads from this study arranged according to Ordovician global stage time slices (Webby, 1998; Webby,
personal communication). Two Silurian samples from Azmy et al. (1998) have aso been included.

Stage  Time slice Country Ng &'SHES en £ 1o? Minimum nc o §%mean + 16 Max  Min §%0, o, = 10 Max Min
Tremadocian ? China 3  0.70902 = 2 070901 3 —-04=*x04 0.0 —-08 -91+03 -89 -94
“Stage 2" 2a China, Kazakhstan 4  0.70904 = 10 070893 5 -11+03 -07 —-15 -101*06 -95 -111

2b Ching, Kazekhstan 4  0.70904 = 8 0.70888
2c USA, Russia 6 0.70889 = 13 070880 7 —-10x02 -06 —-12 -88+04 -—-82 -93
“Stage 3" 3a USA, Australia, 13 0.70890 * 26 0.70873 26 —-17+x06 -09 -30 -75+*05 —-63 —-90
China
3b Russia 5 0.70876 = 4 0.70871 11 —-04=*=03 03 —-0.7 -59+*02 -54 -63
Darriwilian 4a China, USA 9 070875 * 2 070873 20 —-14+07 -04 -25 -66+07 —-54 -80
4b USA, China 5 070875 7 070870 6 —-07*x16 +18 -19 -65+*10 —-55 -78
4c USA 2 070863 = 3 070860 2 -06*02 -04 —-06 -65+02 -62 —-65
5a
“Caradocian” 5b USA 7 070819 = 10 0.70815 14 -07x05 +01 -12 -52+07 —-40 -62
5b USA 23 0.70803 =9 0.70785 31 00x08 +12 -15 —-56*+*07 —42 -68
5¢c USA 2 070793+ 3 0.70791 1 -21 — — -6.5 — —
“Ashgillian” 5d USA 7 070788 £ 6 070785 9 +01*x06 +13 -07 —-48+08 —-35 -55
6a
6b China, USA 11 0.70792 = 11 0.70784 16 +02*03 +05 —-04 —-52+x12 -37 -69
6c Canada 20 0.70799 = 21 0.70787 31 +16+*17 +58 +02 -32+x09 +02 -43
Llandoverian 1 Canada 3 070796 = 4 070793 3 +11+*06 +150+035 —-32*x04 -—270 —3.56

@10 value X 10°.
b extreme negative outliers have been omitted.
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Fig. 6. Secular variation in 8Sr/%Sr of Ordovician brachiopods from this study arranged according to global time-slices,
stages, and series (Webby, 1998; Webby, personal communication). For age assignments see text. Symbols are larger than
the best scenario overall reproducibility of +25 X 1076 (Veizer et a., 1999; Ebneth et al., 2001); some points are hidden
behind others. Dashed line joins lowest values for each sample suite and is our best approximation to seawater &”Sr/%6Sr.
Seawater curve is taken from Veizer et a. (1999). Extreme outliers have been omitted. Age uncertainty of samples covers
entire time-dlice.



2012 G. A. Shields et al.

3180

1a[1b[ 1c| 1d [2a]2b] 2¢|3a|3b]4a] 4b] 4c | 5a [ 5b| 5¢| 5d] 6a]6b|6c

Tremadoc Arenig

Llanvirn

Caradoc [ Ashgill

<+ Ibexian

Whiterockian

[Mohawkian|  Cincinnatian

TREMADOCIAN |
LOWER ORDOVICIAN

I DARRIWILIAN

M. ORDOVICIAN

UPPER ORDOVICIAN

489 m.y. 472

460.5 443

Fig. 7. Secular variation in §*3C and 80 of Ordovician brachiopods from this study arranged according to global
time-slices, stages, and series (Webby, 1998; Webby, persona communication). For age assignments see text. Boxes
correspond to 1 standard deviation from the mean (black dot) for each time-slice, with horizontal bars showing minimum
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turn. Thirdly, the Middle-Late Ordovician transition also co-
incides with a major transgression, possibly the largest in the
Phanerozoic (Ross and Ross, 1992). Such a major eustatic
sea-level event, in an ice cap—free world (Frakes et al., 1992),
must have been related to tectonic events, most likely an
acceleration in ocean spreading rates and/or an increase in the
overal length of spreading ridges (Chen, 1990), which would
also provide an appropriate mechanism to explain the decrease
in seawater 87Sr/%8Sr at this juncture. Such a global transgres-
sion would also have led to the drowning of huge cratonic
areas, in effect shutting off the source of much radiogenic Sr
(Denison et a., 1998; Qing et a., 1998).

Further constraints on the timing and rate of the Middle-L ate
Ordovician decrease in seawater 87Sr/%®Sr are provided by the
emerging global biostratigraphic framework (Webby, 1998),
which can be calibrated in time by using the latest develop-
ments in Ordovician geochronology (Fig. 8; Webby, personal
communication). From our study it can be seen that &7Sr/%6Sr
began to decrease from ~0.7087 during the deposition of the

McLish Formation, Oklahoma, USA (Glyptograptus teretius-
culus Zone) and reached a plateau ~0.70785 possibly during
the deposition of the overlying Bromide Formation and at least
before the deposition of the Bobycageon Formation in Ken-
tucky, USA. This decrease is on the order of 850 x 10~ %, and
covers 2 to 3 Ordovician time slices (Fig. 6), which, using
current estimates, is likely to represent an interval of ~6 to 8
million years. The extraordinary rapidity of this major de-
crease, especialy considering the long residence time of Srin
seawater of around 5 million years (Faure, 1986), defines the
Middle-Late Ordovician transition as a mgjor event in the Sr
isotopic evolution of seawater. If our age estimates are correct,
this event would be the most rapid change of this magnitude
during the entire Phanerozoic, the major 8"Sr/%®Sr decreases of
the Devonian and Permian having been considerably more
prolonged (Veizer et al., 1997). These observations are consis-
tent with a causal connection between the decrease in &7 Sr/%6Sr
and the equally rapid contemporaneous transgression, which
has been reported by Ross and Ross (1992) as possibly having
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Fig. 8. Strontium isotopic variation in seawater during the Ordovician incorporating al currently available, apparently
well-preserved brachiopod and carbonate component data: open triangles = Azmy et a. (1999), open circles = Gao et d.
(1996), open squares = Wadleigh and Veizer (1992), filled triangles = Ebneth et al. (2001), filled squares = Qing et a.
(1998), filled diamonds = thiswork. Vertical error bars correspond to a best scenario overall reproducibility of +25 x 106

(Veizer et a., 1999; Ebneth et a., 2001).

been the largest of the entire Phanerozoic. In sum, the rapid
decrease in seawater &7Sr/2°Sr between ~465 and ~455 Mais
likely to have been the result of a combination of factors,
including low collision, uplift and erosion rates, high levels of
submarine hydrothermal cycling, and high rates of volcanic
rock weathering. Such a combination of factors has previously
been put forward as a plausible explanation for al the major
875r/88Sr lows during the Phanerozoic (Faure, 1986, p. 191).

6.2. Carbon Isotopes

Our C isotope data are inadequate to appropriately address
the question of the relatively short-term 8*°C excursions that
have been recognized in the Ordovician, but long-term trends
can be discerned. Table 2 summarizes published oxygen iso-
tope data for Ordovician marine carbonate components that we
can place confidently into the emerging global biostratigraphic
framework that is used throughout this paper. Previous stable
isotope studies on bulk carbonate have documented a negative

shift in 8*°C across the Cambrian-Ordovician boundary (Gao
and Land, 1991; Ripperdan et al., 1992, 1993). Our Lower and
Middle Ordovician brachiopod samples and those of Qing and
Veizer (1994) nearly dl yield negative 8*°C values, which is
consistent with those previous findings. Thereafter, there ap-
pears to have been a general 2%. shift to positive 8*°C by the
Late Ordovician (Veizer et a., 1986; Marshall and Middleton,
1990; Middleton et al., 1991; Wadleigh and Veizer, 1992;
Carden, 1995; Qing and Veizer, 1994; Gao et d., 1996; Lud-
vigson et al., 1996; Tobin and Walker, 1996; this paper; Table
2) with the likelihood of at least one significant §*°C excursion
up to +3%o during the earliest Late Ordovician or early-mid
“Caradoc” (Hatch et al., 1987; Patzkowsky et al., 1997; Ainsaar
et a., 1999; Pancost et a., 1999). Our study and many others
recognize a period of anomalously high 8'°C close to the
Ordovician-Silurian boundary. This latest Ordovician 8§*°C ex-
cursion has been documented globally using bulk carbonate,
brachiopod, and marine cement samples (Marshall and Middle-
ton, 1990; Long, 1993; Brenchley et al., 1991, 1994, 1997;
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Table 2. Compilation of published isotope data for Ordovician brachiopods and other low-Mg calcite components.®

Stratigraphic
interval Nco o&°C Max Min° 8§90 Max

Min® References

Late Cambrian 44 +05 +13 -0.7 —-65 —56

Tremadocian 7 -1.1 0.0 -25 -98 -89
“Stage 2" 12 -1.0 —-0.6 -15 -9.3 -8.2
“Stage 3" 37 -13 +03 -3.0 -70 -54
Darriwilian 88 -0.8 +1.8 —-25 -7.2 —4.9
“Caradocian” 193 +0.1 +1.6 -21 —4.8 -3.1
“Ashgillian” 421 +2.0 +6.8 —-25 —-3.6 +0.6
Llandoverian 49 +12 +29 0.0 -49 =27

—-9.6 Wadleigh and Veizer (1992); Johnson and Goldstein (1993)

—10.6 Qing and Veizer (1994); this paper
-111 this paper
—9.0 this paper
—86 Wadleigh and Veizer (1992); Qing and Veizer (1994); this
paper

-6.8 Wadleigh and Veizer (1992); Qing and Veizer (1994); Gao
et a. (1996); this paper

-6.9 Veizer et al. (1986); Middleton et al. (1991); Wadleigh and
Veizer (1992); Carden (1995); Qing and Veizer (1994);
this paper

—6.1  Azmy et a. (1998)

2 Only data that we can confidently place into global stages have been included. “ Stage 2" and “stage 3" data are also consistent with similarly aged

data reported in Wadleigh and Veizer (1992) and Qing and Veizer (1994).

Marshall et al., 1997; Kump et al., 1999). Organic carbon
studies have also confirmed amajor change in seawater 8*°C at
thisjuncture with positive excursions of 3%. (Underwood et al.,
1997) and 4%. (Marshall et a., 1997; Wang et a., 1997) from
several localities worldwide. The interpretation of this short-
term excursion, which coincides with a global faunal extinc-
tion, major eustatic sea-level change, and glaciation, is beyond
the scope of the present paper, which concentrates on longer-
term isotopic shifts; see Brenchley et a. (1994) and Kump et al.
(1999) for a full account of that debate.

6.3. Oxygen |sotopes
6.3.1. The Ordovician oxygen isotope record

The most striking feature of our oxygen isotope resultsisthe
increase in mean 680 from —10.1%o in time-dlice 2a (Table 1)
to —3.2%o in the N. extraordinarius Zone of the uppermost
Ordovician. Table 2 summarizes published oxygen isotope data
for Ordovician marine calcite components that we can place
confidently into the emerging global biostratigraphic frame-
work that is used throughout this paper. Together, these data
reveal arise in mean 60 from —9.8%. in the Tremadocian to
—3.6%o in the upper “Ashgillian,” identical to the trend in our
data (Fig. 7). Diagenetic alteration, which has been suggested
to be the prime cause of thisrise (Land, 1995), most commonly
depletes calcite in 80 (Hudson, 1977). Therefore, maximum
880 values are frequently taken as the best approximation to
primary values of calcites in equilibrium with seawater %0
(Gao et al., 1996). Table 2 shows that 8%0 maxima also
increase greatly through the Ordovician from —8.9%. to
+0.6%o.

We acknowledge that the current database is heavily biased
toward the Upper Ordovician. The Lower Ordovician, in par-
ticular, suffers from a lack of isotope data and poor biostrati-
graphic resolution that needs to be remedied in future studies.
However, although data are relatively scarce, 226 marine cal-
cite component samples (and numerous bulk carbonates) have
been analyzed for stable isotopes from the Upper Cambrian to
the Middle Ordovician. To our knowledge, none of those 60
values exceed —5.4%0 for this entire interval; some higher
values have been reported from uppermost middle Ordovician

calcite cements (Grover, 1981, and brachiopods (Wadleigh and
Veizer, 1992), but those data would now be considered to
belong to the Upper Ordovician. By contrast, Upper Ordovician
samples are rarely more depleted than —5%. (Tables 1 and 2),
implying a clear switch in calcite 880 between 465 and 455
Ma, as well as an earlier, extended period of 80 depletion
lasting over 50 million years. Possible controls on this long-
term trend are discussed below.

6.3.2. Diagenetic alteration

The issue of diagenetic resetting of %0 in low-Mg calcitic
phases was discussed in detail in our earlier publications
(Azmy et a., 1998; Bruckschen et a., 1999; Veizer et al.,
1999). Only a few lowermost Ordovician brachiopod samples
could be analyzed during the course of this study. These Mg,
Mn, and Fe-rich and Sr-poor samples from the Tremadocian
stage have clearly not retained their primary trace element
compositions (Appendix Al; Fig. 4) and so the primary nature
of their stable isotope compositions is correspondingly open to
question. Qing and Veizer (1994) reached the same conclusion
with regard to their **0-depleted L ower Ordovician samples (p.
4433) and this conclusion is strengthened by slightly older, but
considerably less depleted, calcite 820 values from the liter-
ature (Johnson and Goldstein, 1993). Those 820 data from 21
low-Mg calcite cement samples from the uppermost Cambrian
(Wilberns Formation, Texas, USA) depict a narrow range be-
tween —6.2%0 and —5.6%0 (Table 2), and are at the high range
of reported bulk 880, data for the Cambrian-Ordovician
boundary, that is, between —11%. and —6%. (Gao and Land,
1991; Ripperdan et al., 1992, 1993; Ripperdan and Miller,
1995). In the absence of any further §'%0 data for lowermost
Ordovician brachiopods and well-preserved calcite compo-
nents, we prefer to err on the side of caution and tentatively
assume that our Tremadocian samples yield altered §*20 val-
ues.

By contrast, it is more difficult to recognize the effects of
diagenetic ateration in our post-Tremadocian samples. In fact,
several arguments permit the conclusion that, overall, *fO-
depleted values for the Lower and Middle Ordovician are
primary: 1) No 880, Values higher than —5%. have been
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Fig. 9. Scatter diagram of Mn/Sr ratios (an indicator of diagenetic
alteration) vs. §*®0 in Ordovician brachiopod shells. The Mn/Sr = 0.25
dividing line represents a suggested maximum ratio for unatered
brachiopods (Fig. 4). Two extreme outliers from the Tremadocian have
been omitted. Note that both “2nd stage” and “Ashgillian” samples
appear from trace element concentrations to be well preserved despite
their contrasting 620 values.

reported from the entire Upper Cambrian to uppermost middle
Ordovician interval. Although diagenetic alteration is likely to
affect entire suites of samples, it cannot easily explain whole-
sale 80 depletion for al carbonates deposited during a ~50
Ma time-span. More data are still required though to com-
pletely exclude the existence of more enriched 8'%0 values
over that interval. 2) Cathodoluminescence and SEM studieson
the microstructure of our samples reveal no significant differ-
ences between Upper Ordovician and Lower Ordovician bra-
chiopods despite considerable differences in §*20 (Fig. 3; cf.
Carden, 1995). Sample Alb06b (Fig. 3) is a case in point.
Considering that oxygen represents 60% of al the atoms in
calcite, resetting of such a magnitude could be achieved only by
wholesale dissolution and reprecipitation of the shells, a feat
that would surely have resulted in textural destruction and
resetting of chemical and isotopic attributes. 3) Figure 9 shows
580 datafor our brachiopods plotted against Mn/Sr, which can
sometimes be a useful indicator of diagenetic alteration in
brachiopod shells (Veizer et al., 1999). There appears to be no
correlation between low §'%0 and high Mn/Sr ratios within
stages or in the data as a whole that could be attributed to
secondary alteration. We note, however, that this might also
indicate that diagenetic alteration occurred under relatively
oxidizing conditions, which made manganese insoluble. 4)
Pristine seawater 8Sr/%°Sr ratios, which are not always re-
corded in even texturaly well-preserved brachiopods due to
microimpurities or diagenetic alteration, have been retained by
several *®0-depleted Lower and Middle Ordovician sample
suites (Fig. 3; Appendix). 5) It is usual for fossil brachiopods
from the uppermost Ordovician and at other times, too, to
preserve the oxygen isotopic signature of glaciation (Brenchley
et a., 1994; Azmy et d., 1998; Mii et a., 2001; this paper),
something that would not be expected were brachiopods sus-
ceptible to such pervasive and systematic isotopic alteration. 6)

The trend toward *0 enrichment during the Ordovician is
found in both mean and maximum (and presumably least
altered) 880 values. Therefore, unless new, less *0-depleted
data from the Lower Ordovician are reported in the future, it is
hard to avoid the conclusion that 20 depletion is a primary
feature of Early and Middle Ordovician brachiopods. 7) Lastly,
it has recently been recognized that Lower-Upper Ordovician
180 enrichment corresponds to one of four climatically related
80 cycles during the Phanerozoic (Veizer et al., 2000). To
our minds, it is not feasible that such global cycles would be
recognizable were diagenetic ateration the major controlling
factor on fossil brachiopod §*0. For this to be the case, Upper
Ordovician brachiopods worldwide, for example, would have
to be systematically better preserved than their underlying
Lower and Middle Ordovician, as well as their overlying Silu-
rian counterparts (Azmy et al., 1998), which seems implausi-
ble.

We acknowledge that none of these arguments unequivo-
cally excludes the possibility of significant alteration of 820
values in our post-Tremadocian brachiopod samples and those
reported in the literature, but their combined weight makes that
alternative less likely. Therefore, we consider the *20 depletion
in Lower and Middle Ordovician brachiopods (< —5.4%o) rel-
ative to Upper Ordovician brachiopods (< —3%o) and the de-
pletion of these latter brachiopods relative to those from the
uppermost Ordovician (<+1%o) to be primary.

6.3.3. Paleogeographic and seasonal variation

The paleogeographic reconstruction of the continents during
the Early Ordovician (Fig. 2) illustrates that most of the inves-
tigated brachiopods would have been living at equatorial lati-
tudes. The one possible exception to this would be the Russian
brachiopods from the Volkhov and Leetse Formations. Paleo-
geographic variation in present-day surface seawater §'°0
amounts to 3%o for regions within latitudes 50°N to 50°S
(Schmidt, 1999; Bigg and Rohling, 2000). Previous studies on
tropical Carboniferous brachiopods have found paleogeo-
graphic variation in the mean 880 of almost 2%o (Grossman et
al., 1996; Mii et al., 2001), and 80 variation in present-day
tropical brachiopods can be as much as 3 to 5% (Bruckschen,
personal communication, 2001; Brand and Morgan, personal
communication, 2001). In addition to these factors, seasonal
variations of <1%o. can be expected (Mii and Grossman, 1994).
Such paleogeographic and seasona variations do not depend
solely on the distance from the equator but on paleocurrents,
temperature, and salinity, making generalizations about §'0
variation in the ancient ocean difficult. A combination of these
influences can accommodate the differences in mean 60 that
we observe within each time-slice of the Ordovician as well as
differences between sampling sites of approximately the same
age, which are consistently less than 3%. (Appendix Al).
However, such paleogeographic variations fail to explain the
absolute *¥0 depletion during the Early and Middle Ordovician
relative to the Late Ordovician, which is observed in pal eogeo-
graphically widespread samples.

6.3.4. Glaciation

Both 6*C and 60 peak within the lower part of the
Hirnantian substage of the uppermost “Ashgillian,” reaching
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Fig. 10. Temperature vs. calcium carbonate shell §*0 (PDB) for various values of seawater §*0 (SMOW) assuming an
ice-cap free world. Even maximum 880 values for the Early Ordovician and early Middle Ordovician (—5.4%o and —6.3%o,
respectively) yield unredistic minimum seawater temperatures (37°C —43°C) if 880y yaer WaS =—1%0 SMOW, while
"0 anater Of <—3%0 SMOW yields more plausible minimum tropical sea-surface temperatures of 27°C -32°C.

+7%0 and 0%o Pee Dee Belemnite (PDB), respectively (Mar-
shall and Middleton, 1990; Middleton et al., 1991; Wang et a.,
1993; Carden, 1995; Brenchley et al., 1997; Kump et al., 1999;
this paper). Marshall et al. (1997) observe further that the range
of well-preserved brachiopod 8§80 values is identical world-
wide on either side of the lower Hirnantian (—5%o to —3%o), and
thisis confirmed by our compilation of literature data (Table 2).
This is consistent with the faithful preservation of the glacial
isotopic signature of early Hirnantian glaciation (Brenchley et
al., 1997; Marshall et al., 1997). Preferential storage of *°O due
to glaciation can increase seawater 60 by up to 2 to 3%
assuming an originaly ice-free world (Muehlenbachs, 1998)
and so could feasibly be the sole cause of this short-lived
excursion. However, considering that all of this predicted effect
on 8% 0 is restricted to the latest Ordovician, glaciation is not
likely to be an adequate explanation for the *20 depletion of
Lower and Middle Ordovician brachiopods relative to Upper
Ordovician and Lower Silurian brachiopods.

6.3.5. Palectemperature

Assuming that Ordovician surface water 60 (seawater,
groundwater, and ice) and eguatorial temperatures were iden-
tical to those of today, i.e., —1%o Standard mean ocean water
(SMOW) (Muehlenbachs, 1998) and 23°C to 27°C (Azmy et
a., 1998), respectively, it would appear that Lower—Middle
Ordovician brachiopods and marine calcite components are
anomalously depleted in %0 (Veizer et al., 1986). This enigma
could be resolved if Ordovician equatorial seawater tempera-

tures were higher or seawater 60 was lower than today.
Because no marine calcite §*30 value has been reported for the
entire Cambrian—-Middle Ordovician that is higher than —5.4%o
(Table 2), this puts a firm lower limit on sea-surface tempera-
tures of ~37°C assuming a seawater isotopic composition of
—1%o (Fig. 10). However, most Lower Ordovician 20 values
are significantly lower than this upper limit. For example,
maximum &80 for time-slice 3a is —6.3%o, which would
correspond to minimum sea-surface temperatures of 43°C. Such
high minimum water temperatures are unrealistic because pro-
tein molecules cannot withstand continuous temperature stress
in excess of 37°C (Milliman, 1974; Brock, 1985). To attain
more realistic minimum temperatures, such as 27°C to 32°C, it
is necessary to accept that seawater 520 evolved during geo-
logical history (Tobin et al., 1996; Wallmann, 2001), being no
higher than about —3%. SMOW during the Late Cambrian to
Middle Ordovician interval (Fig. 10).

Both mean and maximum calcite §'80 values increase by
around 2 to 3%o between the Lower and the Upper Ordovician
(Table 2). From the available data, it would appear that much
of this change in maximum &80 occurred around the Middle—
Late Ordovician transition over a period of less than 10 million
years. Figure 10 illustrates how the rise in calcite 820 through
the Ordovician could possibly be explained by a drop in min-
imum tropical sea-surface temperatures from 27°C to 32°C to
16° to 25°C if seawater 880 were —3%o. This interpretation is
further supported by the detailed isotopic work of Tobin et al.
(1996), and the sedimentological work of Frakes et al. (1992)
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who identified a cool climatic mode lasting around 35 Ma
starting in the “Caradocian,” intensifying in the “Ashgillian,”
and waning through the Silurian. However, such a large de-
crease in tropical sea surface temperatures seems to be unreal-
istic as this would surely have led to widespread glaciation
during the “Caradocian,” but we know that glaciation did not
occur until the late “ Ashgillian” (Brenchley et a., 1991, 1994).
One reasonable alternative would be that decreasing tropical
temperatures were accompanied by rising seawater 680 at this
time. Veizer et a. (2000) report several such temperature-
related excursions in calcite §*20 of ~2 to 3%o that correspond
to the icehouse parts of icehouse/greenhouse cycles superim-
posed on an overall rising seawater 820 trend. The possibility
that seawater §*80 changed significantly during the Ordovician
is explored further below.

6.3.6. Changing seawater 580

The isotopic composition of seawater is mainly controlled by
isotopic exchange reactions with oceanic crust (Muehlenbachs
and Clayton, 1976; Walker and Lohmann, 1989; Muehlenb-
achs, 1998; Wallmann, 2001). In upper crustal levels, low-
temperature ateration by seawater circulation decreases the
50 level of seawater by increasing the 820 value of the rock.
Deeper in the crustal section, at temperatures of 350°C, the
polarity of exchange reverses and the §%0 of seawater is
increased at the expense of the rock (Bowersand Taylor, 1985).
Therefore, increasing seawater 80 during the Ordovician
might result from a decrease in low-temperature alteration
(<~250°C). Model studies show that the depths of the “iso-
topic neutral point,” separating the *0-enriched upper crust
and the *80-depleted deeper crustal levels, might be controlled
by the intensity and duration of ridge-flank circulation because
low-temperature alteration in aging crust overprints the isotopic
signature of ocean crust sections previously atered by high-
temperature fluids (Lécuyer and Allemand, 1999), whereas the
nature of ridge-flank circulation is controlled in part by the
presence or absence of a sedimentary cover. In the present
ocean, the flanks of midocean ridges are generally covered with
carbonate and siliceous oozes composed of the remains of
planktonic organisms, which have the effect of inhibiting ver-
tical fluid flow and limit this flow to outcropping basement
highs or volcanic structures, which then act as conduits for fluid
recharge and discharge (Fisher and Becker, 2000). This mode
of convection effectively cools large portions of ocean crust
because conduction allows for a rapid heat transfer between
high permeability zones and the surrounding crust (Stein et al.,
1995).

Significantly, pelagic skeletal materials first appeared only
towards the end of the Precambrian, whereas the greatest ex-
pansion of pelagic, skeletal forms took place during the very
latest Cambrian and during the Ordovician period. It would
seem likely that before this evolutionary expansion hydrother-
mal alteration would not have been restricted to occasional
conduits, leading to more regiona heat discharge and alter-
ation. Therefore, the effect of thickening the sediment cover on
ridge flanks during the Late Cambrian—Ordovician expansion
of pelagic skeletal organisms would have been to increase
surface dteration of ocean crust, which could be considered a
possible mechanism for increasing seawater §*0 during the

early Paeozoic. The precise working and viability of this
mechanism does not fall within the scope of the present paper
but is explored further in a recently submitted paper by Klaus
Wallmann, Shields, and Veizer. But we might ask the question:
could changing seawater 60 potentially explain the entire
2-3%o increase around the Middle-Late Ordovician transition?

Previous models have emphasized the sluggishness of sea-
water 820 to change; for example, Gregory (1991) calculated
that %0 could not change by more than 2%. over 100 Ma.
However, Lécuyer and Allemand (1999) claim that there are
still too few data to assess this conclusion; their model allows
for the occurrence of similar changes in seawater 60 within
amuch shorter time frame (5 to 50 Ma) and make the point that
seawater 880 would change more rapidly during periods of
high ocean spreading rates. As argued above, the Middle-Late
Ordovician interval islikely to have covered aperiod of intense
ocean spreading, which would permit a more rapid reaction of
seawater 680 to changes in the *¥0/*®0 budget. However,
because of the lack of data on this subject we leave the question
of the possible rates of change of seawater §*®0 during the
Ordovician open to discussion, while noting the likelihood that
seawater §*®0 did indeed rise at least gradually during the early
Palaeozoic (Veizer et a., 2000; Wallmann, 2001).

7. CONCLUSIONS

Most Ordovician brachiopod shells from our study yield
stratigraphically consistent §*3C, §*%0 and &7Sr/®6Sr isotopic
trends, which we interpret in most cases to reflect the primary
isotopic compositions of the precipitated calcite. A major shift
in brachiopod shell isotopic composition can be identified
during the Middle-L ate Ordovician: an increase in mean §C
of over 1%, an increase in both mean and maximum &0 of 2
to 3%, and a decrease in 87Sr/%°Sr from 0.70875 to 0.70785.

It is difficult to explain Early Ordovician 0 depletion
without allowing seawater §*20 to have been at least 3% more
depleted than present-day seawater. Decreasing temperatures
around the Middle-Late Ordovician boundary are not enough
to explain the major increase in calcite §'0 at that juncture.
However, decreasing temperatures together with a steady in-
crease in seawater §*®0 could be an adequate explanation.

The apparent coupling of the Sr and O isotopic systems
around the Middle-Late Ordovician transition suggests that
both systems had similar controls at that time, while the con-
temporaneous, major sea-level rise suggests that any overriding
control was related to ocean spreading rates.
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Appendix Al. Isotopic, geochemical

Sample Material Unit Location Series Stage TIS &S §BC 60 Mn/Sr Mg ppm Feppm Mnppm Srppm
A61 indeterminate Bescie Québec Lower Silurian Llandoverian 1 0.707929 035 -356 0.06 4849 1119 80 1416
Chl4  Damanella testudinaria Kuanyinchiao South China Upper Ordovician “Ashgillian” 6c  0.708308 147 3269 2115 1132 769
Ch18 Damanella testudinaria Kuanyinochiao South China Upper Ordovician  “Ashgillian” 6¢c 0.708125 0.42 3881 881 445 1067
Ch20  Plectothyrella crassicosta ~ Kuanyinchiao South China Upper Ordovician “Ashgillian” 6c 0708267 5.1 —-3.61 0.08 1279 182 87 1157
Ch21  Hindella crassaincipiens  Kuanyinchiao South China Upper Ordovician “Ashgillian” 6c 0708554 417 -—3.15 0.03 956 121 26 1012
Ch23  Hindella crassaincipiens  Kuanyinchiao South China Upper Ordovician “Ashgillian” 6c 0708023 5.83 0.15 0.13 1185 145 160 1236
Ch24  Hindella crassaincipiens  Kuanyinchiao South China Upper Ordovician “Ashgillian” 6c 366 —413 012 1271 488 96 794
Ch25  Hindella crassaincipiens  Kuanyinchiao South China Upper Ordovician “Ashgillian” 6c 512 -131 0.28 1180 217 317 1124
A56 indeterminate Laframboise Québec Upper Ordovician  “Ashgillian” 6c 0707923 371 -—-209 016 10570 1978 163 996
A59 Ancillotoechia fringilla Laframboise Québec Upper Ordovician “Ashgillian” 6c 0707907 295 -—-3.19 0.09 5404 1477 83 937
A53 Hesperorthis Laframboise Québec Upper Ordovician “Ashgillian” 6c 0707890 3.3 -393 0.05 5644 673 58 1210
A52 indeterminate Lousy cove Québec Upper Ordovician “Ashgillian” 6c 0707901 0.32 —3.83
A37 Vellamo Lousy cove Québec Upper Ordovician  “Ashgillian” 6c 049 -340 0.03 4765 262 44 1280
A48 Clitambonitacea? Lousy cove Québec Upper Ordovician “Ashgillian” 6c 0707891 0.2 —-355 0.04 5093 803 45 1154
A47 indeterminate Lousy cove Québec Upper Ordovician “Ashgillian” 6c 026 —347 017 6684 1527 168 974
A43 indeterminate Lousy cove Québec Upper Ordovician “Ashgillian” 6¢ 036 —3.35
A45 Clitambonitacea? Lousy cove Québec Upper Ordovician “Ashgillian” 6c 069 —-323 0.29 5737 3777 291 1015
Prinsta Québec Upper Ordovician “Ashgillian” 6c 0.707874 063 -—-420 013 5209 1701 202 1513
Prinsta Québec Upper Ordovician “Ashgillian” 6c 089 —386 0.08 5244 1807 97 1240
A35 Parastrophinella Prinsta Québec Upper Ordovician “Ashgillian” 6c 0707896 0.63 —292 0.02 4150 561 28 1294
Prinsta Québec Upper Ordovician “Ashgillian” 6c 0.707887 0.32 —3.68
Prinsta Québec Upper Ordovician “Ashgillian” 6¢ 024 —-340 0.09 8168 1534 104 1215
Prinsta Québec Upper Ordovician “Ashgillian” 6c 0.707887 0.39 —353 0.16 8666 4746 152 929
Velleda Québec Upper Ordovician “Ashgillian” 6c 024 -335 012 5365 1377 143 1206
Velleda Québec Upper Ordovician “Ashgillian” 6c 0.707888 0.73 —3.13 0.07 6747 1732 88 1235
Velleda Québec Upper Ordovician “Ashgillian” 6c 0.708065 058 —431 0.10 5186 1152 154 1553
Velleda Québec Upper Ordovician “Ashgillian” 6c 0707897 041 -—-387 011 5542 2088 124 1155
Velleda Québec Upper Ordovician “Ashgillian” 6c 06 —-352 016 7111 1527 210 1338
Velleda Québec Upper Ordovician “Ashgillian” 6c 097 -—-276 025 4378 568 192 780
Velleda Québec Upper Ordovician “Ashgillian” 6c 0.707856 055 —343 020 8300 3800 193 972
Velleda Québec Upper Ordovician “Ashgillian” 6c 104 -278
Velleda Québec Upper Ordovician “Ashgillian” 6c 0.707903 126 -—-289 0.11 4450 318 124 1080
A28 Ancillotoechia fringilla Velleda Québec Upper Ordovician “Ashgillian” 6c 0.707876 172 -315 021 4031 625 208 984
A29 indeterminate Velleda Québec Upper Ordovician “Ashgillian” 6¢ 11 -3.27 0.07 4810 1145 78 1187
A34 indeterminate Velleda Québec Upper Ordovician “Ashgillian” 6c 089 —-374 019 7129 2217 235 1239
Chl3a Altaethyrella zhejiangensis Xiazhen South China Upper Ordovician “Ashgillian” 6b 0.707867 0315 -574 0.14 1254 273 74 538
Ch26  Altaethyrella zhejiangensis Xiazhen South China Upper Ordovician “Ashgillian” 6b 0.707982 012 -6.95 0.17 2434 1058 123 711
Ch27  Altaethyrella zhejiangensis  Xiazhen South China Upper Ordovician “Ashgillian” 6b 045 —-6.53 0.18 1996 1403 125 703
Ch28  Altaethyrella zhejiangensis Xiazhen South China Upper Ordovician “Ashgillian” 6b 021 -690 0.12 1625 991 83 703
Ch29  Altaethyrella zhejiangensis  Xiazhen South China Upper Ordovician “Ashgillian” 6b 0.707905 021 -—-6.89 0.09 2345 354 73 806
Ch30  Altaethyrella zhgjiangensis  Xiazhen South China Upper Ordovician  “Ashgillian” 6b 028 —6.92 0.15 2689 1030 106 717
Ch31  Ovalospira dichotoma Xiazhen South China Upper Ordovician “Ashgillian” 6b  0.708095 0.29 2313 813 125 438
Ch34  Ovalospira dichotoma Xiazhen South China Upper Ordovician  “Ashgillian” 6b  0.708149
CNO8  Réfinesguina ponderosa Liberty Ohio, USA Upper Ordovician “Ashgillian” 6b 0.707853 0.01 —4.70
CN10 Onniella Waynesville Ohio, USA Upper Ordovician “Ashgillian” 6b 0.707843 —0.35 —4.60
CN11 Onniella Waynesville Ohio, USA Upper Ordovician “Ashgillian” 6b 0.15 -4.19
CNO5  Onniella ?multisecta Waynesville Ohio, USA Upper Ordovician  “Ashgillian” 6b 0.707839 029 —4.23
CNO6 Hebertella Waynesville Ohio, USA Upper Ordovician “Ashgillian” 6b 051 —-4.20
(continued)
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Appendix Al. (Continued)

Sample Material Unit Location Series Stage TIS &S §BC 60 Mn/Sr Mg ppm Feppm Mnppm Srppm
CNO7  Leptaena Waynesville Ohio, USA Upper Ordovician “Ashgillian” 6b -0.06 —452

CNO1 Onniella Arnheim Ohio, USA Upper Ordovician “Ashgillian” 6b 0.707854 054 -371

CN02 Onniella Arnheim Ohio, USA Upper Ordovician “Ashgillian” 6b 0.707878 011 -—4.21

CNO3  Onniella Arnheim Ohio, USA Upper Ordovician “Ashgillian” 6b 031 -4.10

CN0O4 Rafinesquina ponderasa Arnheim Ohio, USA Upper Ordovician “Ashgillian” 6b 0.707852 —-03  —4.27

CN15 Damanella Fairview Ohio, USA Upper Ordovician “Ashgillian” 5d 0.707895 -0.07 —-3.95

CN17 Damanella Fairview Ohio, USA Upper Ordovician “Ashgillian” 5d 0.707907 —0.69 —3.82

CN18 Hebertella Fairview Ohio, USA Upper Ordovician “Ashgillian” 5d 0.707845 134 -—-353

CN19 Platystrophia Fairview Ohio, USA Upper Ordovician “Ashgillian” 5d -0.02 -513

CN20 Platystrophia Corriville Ohio, USA Upper Ordovician “Ashgillian” 5d 0.707895 056 —5.36

CN21  indeterminate Corriville Ohio, USA Upper Ordovician  “Ashgillian” 5d 0.707873 —-0.27 -5.19

CN22 Platystrophia Bell View Ohio, USA Upper Ordovician “Ashgillian” 5d 0.707876 —-0.01 -554

CN23  Réfinesquina? Bell View Ohio, USA Upper Ordovician “Ashgillian” 5d 055 -501

CN14 Damanella Kope Ohio, USA Upper Ordovician “Ashgillian” 5d 0.707890 -0.49 -5.50

CN12 Damanella? Kope Ohio, USA Upper Ordovician “Caradocian” 5c  0.707908

CN13 Eoplectodonta Kope Ohio, USA Upper Ordovician “Caradocian” 5c 0.707949 —2.07 —6.52

MOO1 indeterminate Kings Lake Missouri, USA Upper Ordovician “Caradocian” 5b  0.708033 0.33 —6.00 003 1546 2088 26 876
MOO02 indeterminate Spechts Ferry Missouri, USA Upper Ordovician “Caradocian” 5b  0.708055 —-057 -514 0.27 2031 282 258 944
MOO03 indeterminate Spechts Ferry Missouri, USA Upper Ordovician “Caradocian” 5b -174 -6.82 0.02 2131 1598 41 2541
MOO5 indeterminate Spechts Ferry Missouri, USA Upper Ordovician “Caradocian” 5b  0.708050

MOO06 indeterminate Spechts Ferry Missouri, USA Upper Ordovician “Caradocian” 5b -051 -521 0.32 900 312 138 431
MOO07 Pionodema Spechts Ferry Missouri, USA Upper Ordovician “Caradocian”  5b 155 -526 0.01 1831 186 11 1963
MOO08 indeterminate orthid Spechts Ferry Missouri, USA Upper Ordovician “Caradocian” 5b  0.708126 —1.18 —6.18 1293 172

MOO09 indeterminate Spechts Ferry Missouri, USA Upper Ordovician “Caradocian”  5b -069 -621 0.01 1383 241 13 1383
MO10 Pionodema Spechts Ferry Missouri, USA Upper Ordovician “Caradocian” 5b  0.708068 1058 288 1058
MO11 Rhynchonellid Spechts Ferry Missouri, USA Upper Ordovician “Caradocian”  5b -047 -5.19 1620 b.d.l. 1620
MO13 Pionodema Kings Lake Missouri, USA Upper Ordovician “Caradocian” 5b  0.708072 0.01 —6.60 0.09 145 51 13 145
MO14 Pionodema Kings Lake Missouri, USA Upper Ordovician “Caradocian”  5b 0.3 —-553 0.03 362 631 12 362
MO17 Damanella? Bloomsdale Missouri, USA Upper Ordovician “Caradocian” 5b  0.708187 —1.24 —5.08

MO18 Damanella? Bloomsdale Missouri, USA Upper Ordovician “Caradocian” 5b  0.708190 —-152 -5.15

MO19 Damanella? Bloomsdale Missouri, USA Upper Ordovician “Caradocian” 5b -119 -4.19

MO20 Damanella? Bloomsdale Missouri, USA Upper Ordovician “Caradocian” 5b  0.708202

KYO01 Onniella? Tyrone Kentucky, USA Upper Ordovician “Caradocian® 5b  0.707987 062 —576 0.26 2603 2155 207 810
KY02 Onniella? Tyrone Kentucky, USA Upper Ordovician “Caradocian”  5b 022 -6.23 0.08 2283 4783 109 1413
KYO03 Onniella? Tyrone Kentucky, USA Upper Ordovician “Caradocian® 5b  0.707961 006 —6.46 014 2359 13380 282 2007
KYO04 indet. Rhynchoncllid Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b 0.707972 052 -6.19 0.21 1012 1071 149 714
KYO05 indeterminate Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b 025 -543 085 1388 319 253 297
KYO06 indeterminate orthid. Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b 0.707980 0.72 —-4.36 0.58 3958 1131 327 565
KYOQ07 Hebertella? Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b  0.707971 0 -6.41 020 2265 289 144 722
KY08 Damanella? Lexington Kentucky, USA Upper Ordovician “Caradocian”  5b 122 -531 031 5484 1048 323 1048
KYQ09 Damanella? Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b 0.707996 085 —537 0.19 3043 1848 272 1413
KY10 Damanella? Lexington Kentucky, USA Upper Ordovician “Caradocian”  5b 048 —6.05 015 2890 642 138 940
KY11* Damanella? Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b  0.708005 1.05 -587 002 2300 1550 150 605
KY12 indeterminate Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b 0.708008 0.13 -6.06 0.64 2920 291 474 744
KY13 indeterminate Lexington Kentucky, USA Upper Ordovician “Caradocian”  5b -011 -564 034 2852 305 505 1491
KY14 strophomenid Lexington Kentucky, USA Upper Ordovician “Caradocian” 5b  0.707949 0.65 3416 326 543 839
KY15* indeterminate orthid. Lexington Kentucky, USA Upper Ordovician “Caradocian® 5b  0.707962 002 -—6.01 0.97 2500 257 566 581
LS01  indeterminate Bobcaygeon Kentucky, USA Upper Ordovician “Caradocian” 5b 0.707846 0.13 —-457 035 2394 842 507 1462
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Appendix Al. (Continued)

Sample Material Unit Location Series Stage TIS &S §BC 60 Mn/Sr Mg ppm Feppm Mnppm Srppm
LS05  indeterminate Bobcaygeon Kentucky, USA Upper Ordovician “Caradocian” 5b  0.708009 119 —492 0.08 2727 727 91 1091
LS02  indeterminate Gull River Kentucky, USA Upper Ordovician “Caradocian” 5b  0.708107 —-119 —495 0.52 2924 280 333 636
LS04  indeterminate Gull River Kentucky, USA Upper Ordovician “Caradocian” 5b  0.708095 —-0.93 —4.96 0.52 2745 708 454 875
OK01 Mimella extens Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b 0.708365 —-0.804 —-6.22 0.04 3035 134 39 878
OK02 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b -11 —-6.02 0.05 3134 247 46 900
OK03 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b 0.708366 —1.19 —-5.63 0.08 3090 342 64 833
OK04 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b -129 -523 0.01 2557 402 10 915
OK05 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b  0.708158 —0.113 —4.60 2590 107 905
OK06 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b  0.708158 0.139 —-3.96 3051 246 876
OKO07 Leptaena? Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b —-0908 -6.21 2136 217 1011
OK08 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b -0.286 —4.75 2964 57 935
OK09 Leptaena? Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b —-0503 -—-4.18 0.07 2616 233 44 610
OK10 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b 0.708155 —1.096 -5.34 0.02 3345 106 15 878
OK11 Mimella extensa Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b -039 -—-525 0.02 3201 85 17 971
OK17 indeterminate Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b 0.708150 —-0.69 —5.09 0.05 3352 175 45 866
OK18 indeterminate Bromide Oklahoma, USA  Upper Ordovician “Caradocian” 5b  0.708159 0.01 2303 418 12 1323
OK20 indeterminate orthid McLish Oklahoma, USA  Middle Ordovician Darriwilian 4c 0.708602 —0.62 —6.48 4255 1250 2500
OK21 indeterminate orthid McLish Oklahoma, USA Middle Ordovician Darriwilian 4c 0708650 —0.38 —6.21 0.18 3140 694 247 1384
OK12 indeterminate McLish Oklahoma, USA Middle Ordovician Darriwilian 4b 0.708707 —1.87 —554 047 2259 475 434 916
OK14 indeterminate McLish Oklahoma, USA Middle Ordovician Darriwilian 4 0.708696 —154 —-560 044 2684 685 458 1052
OK15 indeterminate McLish Oklahoma, USA  Middle Ordovician Darriwilian 4b 0.708696 —1.68 —566 0.24 2246 326 264 1092
OK16 indeterminate McLish Oklahoma, USA Middle Ordovician Darriwilian 4b -174 -6.65 0.33 1807 453 363 1108
Ch36  Leptellina sp. Shihtzepu South China Middle Ordovician Darriwilian 4b 0.708838 0.94 761

Ch39  Leptellina sp. Shihtzepu South China Middle Ordovician Darriwilian 4 0.708796 182 —7.76

OK19 indeterminate Qil Creek Oklahoma, USA Middle Ordovician Darriwilian 4a -151 -—7.02 0.07 2952 924 136 1858
OK22 Multicostella convexa Oil Creek Oklahoma, USA Middle Ordovician Darriwilian 4a 0708788 —1.99 —6.46 0.15 1985 838 265 1757
OK23 Multicostella convexa Oil Creek Oklahoma, USA  Middle Ordovician Darriwilian 4a -181 -6.08 017 2688 1143 304 1777
OK24  indeterminate Oil Creek Oklahoma, USA Middle Ordovician Darriwilian 4a 0708742 —194 545 0.16 3432 1376 355 2175
OK25 Hindella-like smooth shell  Oil Creek Oklahoma, USA  Middle Ordovician Darriwilian 4a 0.708740 -2.1 —-6.05 0.23 3703 1375 516 2250
OK26 Hindella-like smooth shell  Oil Creek Oklahoma, USA Middle Ordovician Darriwilian 4a -2 -59 014 2673 1019 364 2519
OK27 indeterminate Qil Creek Oklahoma, USA Middle Ordovician Darriwilian 4a —-253 -648 004 2865 1117 426 1023
Ch42  Yangtzeella polol Dawan South China Middle Ordovician Darriwilian 4a 0708760 —0.44 554

Ch43  Yangtzeella polol Dawan South China Middle Ordovician Darriwilian 4a -202 -6.35

Ch44  Yangtzeella polol Dawan South China Middle Ordovician Darriwilian 4a -193 -7.36

Ch45  Pseudomimella formosa Dawan South China Middle Ordovician Darriwilian 4a  0.708757

Ch46  Pseudomimella formosa Dawan South China Middle Ordovician Darriwilian 4a -077 —-6.17

Ch47  Pseudomimella formosa Dawan South China Middle Ordovician Darriwilian 4a 0.708744 —-056 —6.73

Ch48  Nereidella sinuata Dawan South China Middle Ordovician Darriwilian 4a 0.708731 —0.8 —6.77

Ch49  Nereidella sinuata Dawan South China Middle Ordovician Darriwilian 4a -089 -6.98

Ch50  Nereidella sinuata Dawan South China Middle Ordovician Darriwilian 4a -055 -641

Ch51  ereidella sinuata Dawan South China Middle Ordovician Darriwilian 4a -082 -6.56

Ch52  Martelliaichangenaa Dawan South China Middle Ordovician Darriwilian 4a 0708738 —226 —7.31

Ch53  Martelliaichangenaa Dawan South China Middle Ordovician Darriwilian 4a -0.6 —-7.50

Ch54  Martelliaichangenaa Dawan South China Middle Ordovician Darriwilian 4a 0708732 —1.18 —7.72

Ch55  Martelliaichangenaa Dawan South China Middle Ordovician Darriwilian 4a -099 -8.05

Csp01*  indeterminate Volkhov Russia Middle Ordovician *“Stage 3" 3a/3b 0.708747 —-0521 -6.33 0.25 2750 251 1008
Csp02b indeterminate Volkhov Russia Middle Ordovician “Stage 3" 3a/3b 0.323 —-557 031 4641 288 925
Csp03  Antigonambonites planus  Volkhov Russia Middle Ordovician *“Stage 3" 3a/3b 0.708749 —-0.219 -594 0.20 4408 216 1087
Csp04  Productus obtusa Volkhov Russia Middle Ordovician “Stage 3" 3a/3b —-0.303 -5.85
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Appendix Al. (Continued)

Sample Material Unit Location Series Stage TIS &S §BC 60 Mn/Sr Mg ppm Feppm Mnppm Srppm
CspO6a Antigonambonites planus  Volkhov Russia Middle Ordovician “Stage 3" 3a/3b -0.309 —-589 019 2382 224 1201
Csp07a indeterminate Volkhov Russia Middle Ordovician *“Stage 3" 3a/3b 0.708714 —-0571 —-6.06 041 4577 362 882
Csp08b  Antigonambonites planus  Volkhov Russia Middle Ordovician “Stage 3" 3a/3b —-0.054 —-588 049 5928 424 868
Csp09b  Antigonambonites planus  Volkhov Russia Middle Ordovician *“Stage 3" 3al3b —-0524 —-569 0.74 5590 1814 665 896
Cspl0Ob Antigonambonites planus  Volkhov Russia Middle Ordovician “Stage 3" 3a/3b 0.708756 —0.374 —588 043 5706 1741 444 1032
Cspllb indeterminate Volkhov Russia Middle Ordovician *“Stage 3" 3al3b —-0621 —-544 017 2625 77 205 1214
CspO5a Billingenium Leetse Russia Middle Ordovician “Stage 3" 3a/3b 0.708810 —0.668 —5.86 0.33 5152 324 976
Ch02a Pseudomimella formosa Dawan South China Middle Ordovician *“Stage 3" 3a 0.708741 0.31 2538 470 322 1047
Ch03a Pseudomimella formosa Dawan South China Middle Ordovician “Stage 3" 3a —-2.367 —7.01 0.20 2086 325 177 883
Ch04a Martelliaichangenala Dawan South China Middle Ordovician *“Stage 3" 3a 0.708736 0.02 2434 929 22 1150
ChO5a Martelliaichangenaa Dawan South China Middle Ordovician “Stage 3" 3a —-0.856 —7.43 014 2959 475 190 1345
ChO6a Martellia ichangenala Dawan South China Middle Ordovician *“Stage 3" 3a —-1502 —-7.74 0.06 2716 138 82 1302
ChO7a Nereidella sinuata Dawan South China Middle Ordovician “Stage 3" 3a 0.708753 —1.264 —6.67 050 4358 1323 499 990
Ch08a Nereidella sinuata Dawan South China Middle Ordovician *“Stage 3" 3a —-1344 -6.88 024 3235 405 228 946
Chl0a Yangtzeella polol Dawan South China Middle Ordovician “Stage 3" 3a 0.708733 —2.195 -7.03 015 3267 446 136 879
Chlla Yangtzeella polol Dawan South China Middle Ordovician *“Stage 3" 3a -1632 —-6.30 0.15 4128 315 171 1153
Chl2a Yangtzeella polol Dawan South China Middle Ordovician “Stage 3" 3a -15 —-651 052 4473 1025 552 1066
BAuUO1 Aporthophyla Horn Valley Australia Middle Ordovician “Stage 3" 3a 0.708870 —1952 -756 062 5111 487 781
BAuU0O2 Aporthophyla Horn Valley Austraia Middle Ordovician “Stage 3" 3a 0.708777

BAuUO3 Aporthophyla Horn Valley Australia Middle Ordovician *“Stage 3" 3a 0.708810 —-132 -7.60 022 3345 258 1185
BAu04 Aporthophyla Horn Valley Australia Middle Ordovician “Stage 3" 3a 0.708772 —1.265 -7.39 014 3838 168 1168
BAuUO5 Aporthophyla Horn Valley Australia Middle Ordovician *“Stage 3" 3a -154 -734 0.65 3796 702 1088
BAUO6 Aporthophyla Horn Valley Austraia Middle Ordovician “Stage 3" 3a -146 —743 083 3367 930 1121
BAuUO7 Aporthophyla Horn Valley Australia Middle Ordovician *“Stage 3" 3a —-1829 —-715 949 4415 2125 224
BAuU08 Aporthophyla Horn Valley Australia Middle Ordovician “Stage 3" 3a 0.708795 —1.17 -—-744 027 2778 320 1169
BAuU09 Aporthophyla Horn Valley Australia Middle Ordovician *“Stage 3" 3a —1444 —-711 223 3497 1694 760
BAul0 Aporthophyla Horn Valley Australia Middle Ordovician “Stage 3" 3a 0.708750 —1.261 —-7.56 056 3280 426 780
BAull Aporthophyla Horn Valley Australia Middle Ordovician *“Stage 3" 3a —-1305 —-729 0.22 2286 274 1221
BAul2 Aporthophyla Horn Valley Australia Middle Ordovician “Stage 3" 3a —-1192 -720 032 3543 342 1055
BAul3 Aporthophyla Horn Valley Australia Middle Ordovician *“Stage 3" 3a —-1092 —-6.77 0.68 2421 847 1240
BAul4 Aporthophyla Horn Valley Australia Middle Ordovician “Stage 3" 3a —-1.063 —-725 102 2378 268 264
Alb01  Orthambonites L. Kanosh Shale  Utah, USA Middle Ordovician “Stage 3" 3a 0.709371 —2.894 —-855 0.66 4529 453 689
Alb02b Orthambonites L. Olive Shale Utah, USA Middle Ordovician “Stage 3" 3a —2.608 —885 044 4433 406 932
Alb03b Orthambonites L. Olive Shale Utah, USA Middle Ordovician “Stage 3" 3a 0.709514 —2.633 —850 040 3512 328 814
Alb04b Orthambonites L. Olive Shae Utah, USA Middle Ordovician “Stage 3" 3a —2415 —-9.03 050 5812 417 828
Alb05b Orthambonites L. Olive Shale Utah, USA Middle Ordovician “Stage 3" 3a 0709141 —-2975 —-866 0.76 4377 447 585
Cspl2 Ranorthis trivia (Rubel) Leetse Russia Lower Ordovician “Stage 2" 2c  0.708806

Cspld  Pandarina tetragona Leetse Russia Lower Ordovician “Stage 2" 2c  0.708805

Cspl7 Pandarina tetragona Leetse Russia Lower Ordovician “Stage 2" 2c  0.708801

Alb06b Hesperonomiella m. Simpson Group Oklahoma, USA  Lower Ordovician *“Stage 2" 2c 0708878 —1.114 —-899 0.12 4618 125 1024
AIbO7b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c —-0.899 -881 0.10 3769 775 122 1162
Alb08b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c 0.708930 —1.082 —-9.35 014 5286 1074 157 1123
Alb0% Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c -11 -883 012 3774 422 147 1217
Albl0b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c 0.709132 —-1.167 —-858 021 4678 577 208 994
Alb1lb Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c —-0959 —-876 007 419 334 80 1160
Alb12b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c -058 —-821 0.18 3413 1468 119 675
AlIb01  Orthambonites L. Kanosh Shale  Utah, USA Middle Ordovician “Stage 3" 3a 0.709371 —2.894 —855 0.66 4529 453 689
Alb02b Orthambonites L. Olive Shale Utah, USA Middle Ordovician *“Stage 3" 3a —2608 —885 044 4433 406 932
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Appendix Al. (Continued)

Sample Material Unit Location Series Stage TIS &S §BC 60 Mn/Sr Mg ppm Feppm Mnppm Srppm
AIb03b  Orthambonites L. Olive Shae Utah, USA Middle Ordovician “Stage 3" 3a 0.709514 —-2633 -850 0.40 3512 328 814
Alb04b Orthambonites L. Olive Shale Utah, USA Middle Ordovician *“Stage 3" 3a —2415 -9.03 050 5812 417 828
AlIbO5b  Orthambonites L. Olive Shae Utah, USA Middle Ordovician “Stage 3" 3a 0709141 -2975 -—-866 0.76 4377 447 585
Cspl2 Ranorthis trivia (Rubel) Leetse Russia Lower Ordovician “Stage 2" 2c  0.708806

Cspld  Pandarina tetragona Leetse Russia Lower Ordovician “Stage 2" 2c  0.708805

Cspl7 Pandarina tetragona Leetse Russia Lower Ordovician “Stage 2" 2c  0.708801

Alb06b Hesperonomiella m. Simpson Group Oklahoma, USA  Lower Ordovician “Stage 2" 2c 0708878 —1.114 -—-899 0.12 4618 125 1024
Alb07b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c -0899 -881 0.10 3769 775 122 1162
Alb08b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c 0708930 —1.082 -935 014 5286 1074 157 1123
Alb09b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c -11 —-8.83 0.12 3774 422 147 1217
Alb10b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c 0709132 —-1.167 -—858 021 4678 577 208 994
Albllb Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c —-0959 -876 0.07 4195 334 80 1160
Alb12b Hesperonomiella Wahwah Utah, USA Lower Ordovician “Stage 2" 2c -058 —-821 018 3413 1468 119 675
Ch56  Yangtzeella sp. Meitan South China Lower Ordovician “Stage 2" 2b  0.709103

Ch58  Sinorthis typica Meitan South China Lower Ordovician “Stage 2" 2b  0.709106

Ch59  Sinorthis typica Meitan South China Lower Ordovician “Stage 2" 2b  0.708957

Csp24  Prot. ukbalakeria Adr. ?Hunnebergian Kazakhstan Lower Ordovician “Stage 2" 2b  0.708981

Ch60  Tritoechia sp. Hunghuayuan South China Lower Ordovician “Stage 2" 2a 0.708937 —-1.1 -9.83

Ch61  Tritoechia sp. Hunghuayuan South China Lower Ordovician “Stage 2" 2a -114 -11.14

Ch62  Tritoechia sp. Hunghuayuan South China Lower Ordovician “Stage 2" 2a -0.73 -9.97

Ch63  Orthis sp. Hunghuayuan South China Lower Ordovician “Stage 2" 2a 0.708930 —0.92 -9.49

Ch64  Diparelasma Hunghuayuan South China Lower Ordovician “Stage 2" 2a 0709120 —-152 -10.22

Csp22  Prot. ukbalakeria Adr. ?Hunnerbergian Kazakhstan Lower Ordovician “Stage 2" 2a 0.709076

Ch1l9a Tritoechia sp. Tungtzu South China Lower Ordovician Tremadocian 1 —0.031 —-888 2826 61250 5825 1413 50
Ch20a Tritoechia sp. Tungtzu South China Lower Ordovician Tremadocian 1 -0515 -942 310 10368 1128 415 134
Che6  Tritoechia sp. Tungtzu South China Lower Ordovician Tremadocian 1 0.709034

Ch67  Tritoechia sp. Tungtzu South China Lower Ordovician Tremadocian 1 0.709012

Ch68  Tritoechia sp. Tungtzu South China Lower Ordovician Tremadocian 1 0.709005 -0.77 -9.07

T/S = biostratigraphic time dice.

spodoiydelq ueninopiO Jo uonisodwiod 21doios|

Ge0e



	Sr, C, and O isotope geochemistry of Ordovician brachiopods: A major isotopic event around the Middle-Late Ordovician transition
	INTRODUCTION
	GLOBAL ORDOVICIAN BIOSTRATIGRAPHY
	SAMPLING LOCALITIES
	METHODOLOGY
	RESULTS
	Shell Microstructure
	Trace Elements and Chemical Preservation of the Brachiopods
	Strontium Isotopes
	Carbon and Oxygen Isotopes

	DISCUSSION
	Strontium Isotopes
	Carbon Isotopes
	Oxygen Isotopes

	The Ordovician oxygen isotope record
	Diagenetic alteration
	Paleogeographic and seasonal variation
	Glaciation
	Paleotemperature
	Changing seawater 18O
	CONCLUSIONS
	REFERENCES


