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ABSTRACT—One hundred and fifty-six87Sr/86Sr ratios were measured from Ordovician and Silurian
brachiopod shells, marine calcite cements, and conodonts in order to establish the secular strontium isotope
curve for the coeval seawater. Preservation of the brachiopod shell material has been evaluated by petro-
graphic and geochemical criteria and only the well preserved internal secondary layer of the shells has been
utilized for strontium isotope measurements. The results document a gradual decrease in87Sr/86Sr, from
0.7091 to 0.7087, from Tremadoc to Llandeilo, a sharp decline to 0.7078 during the late Llandeilo-early
Caradoc; little change during Caradoc and the Ashgil; and a steady rise to 0.7087 through the Silurian. These
long-term (107 yr) variations, with magnitudes in the range of 1023, are interpreted to be controlled primarily
by continental collisional tectonics and its associated erosion and weathering.

The gradual decrease in87Sr/86Sr ratio during the Early Ordovician may record the reduction in uplift and
weathering rates due to waning of the Pan-African orogenies. The rapid decline near the Llandeilo/Caradoc
boundary suggests a strong hydrothermal flux likely due to increased sea-floor spreading and a possible
superplume event. The latter may have caused the prominent transgressive phase, the largest in the Phanero-
zoic, which would have muted continental flux input. Although the Caradoc was the main interval for the
Taconic Orogeny, its impact on the Sr continental flux may have been delayed until the early Llandovery. This
effect, complemented by reworking of glacial deposits near the Ordovician-Silurian boundary and enhanced
by phases of the Silurian Salinic Orogeny, may have combined to give the progressive increase in the
strontium isotope ratio through the Silurian. The scale and directionality of these changes makes the strontium
isotope curve valuable for dating and correlation purposes.Copyright © 1998 Elsevier Science Ltd

1. INTRODUCTION

Strontium isotopic composition of marine carbonate minerals,
if not altered during diagenesis, reflects the isotopic composi-
tion of seawater at the time of deposition, and such data
indicate that87Sr/86Sr ratio has varied systematically during the
Phanerozoic (Burke et al., 1982). These variations result mostly
from waxing and waning of the following major fluxes: radio-
genic87Sr/86Sr input due to subaerial weathering of continental
crust, delivered principally via dissolved load of rivers; nonra-
diogenic87Sr/86Sr flux that results from water/rock interactions
at midoceanic ridges and from submarine alteration of basalts;
and removal of Sr via precipitation and sedimentation, mostly
by marine carbonates (e.g., Faure, 1986). Secular variations in
the87Sr/86Sr of seawater during geologic history can, therefore,
provide valuable information for understanding the dynamics
of the Earth system and can serve as an important baseline in
the course of investigation of stratigraphy, petrology, diagen-
esis, and genesis of mineral deposits in sedimentary basins
(Veizer, 1989).

The long oceanic residence time of Sr (;4 m.y.) and the
rapid mixing rate of the oceans (103 yr) have caused the
strontium isotope ratio of seawater to be globally homogeneous
at any given time, as documented by identical87Sr/86Sr ratios

for coeval marine carbonates (e.g., Burke et al., 1982) and by
measurements of modern seawater (Elderfield, 1986). This
enables utilization of the seawater strontium isotopic curve for
dating and correlation purposes, particularly for sparsely fos-
siliferous sequences. For example, Ludwig et al. (1988) were
able to show that the sharp rises in87Sr/86Sr at Enewetak atoll
correlate with disconformities caused by subaerial erosion,
whereas intervals with little change correspond to times of
rapid accumulation of shallow water carbonates. This technique
is most useful for dating Cenozoic sediments, where the curve
is steep and unidirectional (DePaolo, 1986), but similar steep
slopes have been documented also for earlier geologic history
(cf. Burke et al., 1982).

Detailed knowledge of87Sr/86Sr of ancient seawater is also
crucial for deconvolution of the sedimentary and diagenetic
histories of sedimentary basins. Such information, in turn, can
help to interpret geologic events, such as dolomitization and
mineralization in sedimentary basins (e.g., Banner et al., 1988;
Mountjoy et al., 1992; Saller, 1984; Swart et al., 1987). Stron-
tium isotopes can also serve as tracers of subsurface fluid
movement and as indicators of connectivity of conduit systems,
aquifers, or hydrocarbon reservoirs (Connolly et al., 1990; Qing
and Mountjoy, 1992, 1994). Furthermore, strontium isotopes
have also been utilized to investigate the origin and timing of
gangue minerals in ore deposits (e.g., Kessen et al., 1981;
Kesler et al., 1983, 1988; Barbieri et al., 1987; Ruiz et al.,
1988).

The earlier systematic studies of Paleozoic sedimentary car-
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bonates succeeded in delineation of the secular patterns for
strontium isotopes of Phanerozoic seawater that had a resolu-
tion of ;107 yr (e.g., Peterman et al., 1970; Veizer and Comp-
ston, 1974; Burke et al., 1982). For Ordovician and Silurian, the
subject of the present study, the earlier published data were
based primarily on whole rock samples (Burke et al., 1982; Gao
and Land, 1991; Gao et al., 1996; Denison et al., 1997),
although some measurements have been obtained from con-
odonts (Bertram et al., 1992; Ruppel et al., 1996; Holmden et
al., 1996). Since whole rocks inevitably contain not only the
primary marine components precipitated from ambient seawa-
ter, but also diagenetic cements that may have precipitated from
fluids of different strontium isotopic compositions (see James
and Choquette, 1990; Choquette and James, 1990), the result-
ing strontium isotope values are only averages for the consti-
tuting phases (e.g., Banner et al., 1988; Gao and Land, 1991).
The main objectives of this paper are, therefore, (1) to refine the
strontium isotope curve for the Ordovician and Silurian seawa-
ter, utilizing monomineralic low-Mg calcitic brachiopod shells,
marine calcite cements, and conodonts, (2) to compare these
results with the previously published data, and (3) to search for
possible causes that could have generated the observed isotopic
patterns.

2. MATERIALS USED FOR RECONSTRUCTION OF
THE STRONTIUM ISOTOPE AGE CURVE

The bulk of the samples in this study comprises articulate brachio-
pods and conodonts. These samples were collected from localities in
Laurentia, at paleolatitudes less than 30° (Fig. 1). Their locations,
stratigraphic assignment, and generic identification are summarized in
Appendices 1 and 2. For the purposes of this paper, the standard British
stage/series nomenclature is used even though many of the samples
come from North America. The absolute chronology is based on
Harland et al. (1990).

The isotopic composition of ancient oceans can be deciphered from
attributes of ancient chemical and biochemical precipitates. Brachiopod
shells and conodonts are believed to represent the most suitable study

material, particularly for the Paleozoic era, because of their abundance,
stratigraphic utility, and low-Mg calcitic and phosphatic composition.
The shell of articulate brachiopods is composed of low-Mg calcite and
consists usually of the outer “primary” and the inner “secondary” layer.
The primary layer is finely granular, with a distinct lineation perpen-
dicular to the shell surface. In contrast, the secondary layer consists of
elongated calcitic fibres that are oriented at an angle to the shell surface
(MacKinnon, 1974). For the Paleozoic, the biochemical carbonate
phases commonly used for reconstruction of the isotopic curves were
the entire brachiopod shells (e.g., Popp et al., 1986), but recently only
well preserved “secondary” layers have been utilized (Diener et al.,
1996; Bruckschen et al., 1995; Veizer et al., 1997). In contrast to
brachiopods, marine calcite cements, although at times precipitated as
low-Mg calcite (Carpenter et al., 1991; Johnson and Goldstein, 1993),
were mostly original aragonite or high Mg-calcite that must have been
diagenetically altered to more stable low-Mg calcite. Nevertheless,
their original strontium isotopic values can apparently be inferred from
projections of isotopic trends (e.g., Carpenter et al., 1991).

Conodonts are phosphatic remains of an extinct group of chordates
(Aldridge et al., 1986; Conway-Morris, 1989) that yield the most
detailed stratigraphic resolution of any Paleozoic fossil group. Because
of this, they could potentially represent the best material for generation
of high resolution strontium isotope curves for Paleozoic seawater.
Furthermore, conodont elements are composed of apatite with Sr con-
tents of several thousands ppm (Pietzner et al., 1968; Wright et al.,
1984, 1990; Ku¨rschner et al., 1992) and their original87Sr/86Sr is, thus,
relatively difficult to contaminate by extraneous Sr. In addition, some
authors (e.g., Kolodny and Epstein, 1976; Karhu and Epstein, 1986)
proposed that apatite is more resistant to postdepositional alteration
than calcite. The reconnaissance strontium isotope work on conodonts
by Kovach (1980, 1981), Keto and Jacobsen (1987), and Bertram et al.
(1992), and the detailed study of Martin and Macdougall (1995),
support their utility for anticipated research. Yet, where conodonts and
brachiopods were sampled from the same beds, the87Sr/86Sr of con-
odonts was either similar to, or more radiogenic than, that of the
brachiopods (Diener et al., 1996; Holmden et al., 1996). Theoretical
modelling (Ebneth et al., 1997) suggests that conodonts do exchange
post-depositionally their Sr with the surrounding matrix, leading to an
isotopic shift by about 1/3 of the distance between the two endmem-
bers. As a result, in a suitable matrix, such as carbonates, the isotopic
shift may be only marginal, while in shales it may be considerable.
Nevertheless, taking sufficient precaution in selection of the material,

Fig. 1. Paleogeographic reconstruction for the Middle Ordovician based on Scotese and McKerrow (1990). Black dots
indicate sample locations. Dot 1 corresponds to the approximate location of Nevada; 2 Utah; 3 Indiana; 4 Ohio; 5 Tennessee;
6 Ontario; 7 Anticosti Island; 8 Newfoundland; 9 Arctic; and 10 United Kingdom (modified after Qing and Veizer, 1994).
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and considering their ubiquity and stratigraphic resolution, conodonts
do appear a promising material for strontium isotopic study (Martin and
MacDougal, 1995). All the conodonts used in this study were extracted
from carbonates.

In order to avoid problems of stratigraphic correlation and age
assignment, conodont samples were selected from a few long strati-
graphic sections in relatively undeformed platformal sequences where
earlier taxonomic and biostratigraphic studies had been completed.
Lower Ordovician samples were selected from collections from the St.
George Group, Port au Port Peninsula, western Newfoundland. This
area has yielded abundant conodonts of CAI (conodont alteration
index) 1.0 ranging from the base of the Ordovician to the uppermost
Arenig (Ji and Barnes, 1994). Higher strata mark the collapse of this
ancient continental margin and platform and the stratigraphy is less
complete. For the uppermost Arenig to basal Caradoc interval, con-
odonts were obtained from the Eleanor River, Bay Fiord and lower
Thumb Mountain formations of the Franklinian miogeocline, southern
Devon Island, Canadian Arctic Archipelago (Barnes, 1974; Carson,
1980; Barnes et al., 1981). These conodonts have a CAI of 1.5–2.0 and
were recovered from subhorizontal strata. The basal Caradoc to upper
Ashgill interval was represented by samples from the Black River and
Trenton groups and carbonates in the overlying Collingwood, Lorraine
and lower Queenston formations in southern Ontario where the CAI is
1.5–2.5 (Schopf, 1966; Barnes et al., 1978, 1981; Legall et al. 1982).
The uppermost Ashgill to uppermost Llandovery was sampled from the
Ellis Bay, Becscie, Gun River, Jupiter, and Chicotte formations on
Anticosti Island, Quebec. The subhorizontal carbonates yield con-
odonts with a CAI of 1.0 (Nowlan and Barnes, 1981, 1987; McCracken
and Barnes, 1981; Fåhraeus and Barnes, 1981; Uyeno and Barnes,
1983; Barnes 1988). Finally, for the Wenlock and Ludlow intervals of
the Silurian, we used samples from the type areas of the Welsh
Borderlands, U.K., from reference collections made by Barnes from
sections visited with the Silurian Subcommission on Stratigraphy (e.g.,
Aldridge 1985; Holland and Bassett, 1989). Conodont CAI values of
CAI 2.0–2.5 were reported by Aldridge (1985). No samples from the
Upper Silurian Pridoli Stage were included in this study.

3. SAMPLE PREPARATION AND
ANALYTICAL PROCEDURES

The collected brachiopod shells were small (0.5–2 cm) with thin
shells (0.1–1 mm), particularly the early Ordovician ones. In order to
avoid contamination from the matrix and/or from altered shell material
by “dental drill” technique, we have used the preparation technique for
brachiopod samples that was developed by the research group at the
Ruhr University in Bochum (see Bruckschen et al., 1995; Diener et al.,
1996; Veizer et al., 1997). The selected brachiopod shells were exam-
ined under transmitted light microscope and by cathodoluminescence
(CL). The CL equipment used was a Technosyn 8200 MKII model,
with settings at 10kV and 0.5 mA. Some shell fragments were also
studied by scanning electron microscopy (SEM).

Complementary to textural examination, the state of preservation
of the brachiopod shells (secondary layer only) was further evalu-
ated using trace element chemistry. This analytical work was per-
formed in the laboratories of the Ottawa-Carleton Geoscience
Centre, utilizing Thermal-Jarrell Ash ATOMSCAN25 inductively
coupled argon plasma sequential spectroscopy (ICP-AES). 15 to 20
mg of sample were digested in 15 mL of 8% HCl and analyzed for
their Sr, Na, K, Fe, and Mn contents. The detection limits for Sr, Na,
Mn, and Fe were 1, 50, 1, and 60 ppm, respectively. The reproduc-
ibility for duplicates was better than three relative percent. The
results are listed in Appendix 1.

For separation of conodonts, 2–6 kg of visually unaltered samples
were washed, crushed, and then dissolved in 5% acetic acid. Remains
were washed with distilled water and decanted at intervals of 2–3 days.
The sieved 80mm-2 mm fraction was dried at 50°C. Clean conodonts
with CAI of 1.0–2.5 were hand-picked under a binocular microscope.
For strontium isotope measurements, one to three large, or up to ten
small conodonts, all of the same genus were washed in distilled water
by ultrasound and dissolved in 2 mL of 2.5 N HCl, in preparation for
the ion exchange columns.

The NBS 987 and USGS EN-1 standard reference materials were
used in the strontium isotope ratio measurements. For the time period

of the analyses the mean of 23 NBS 987 measurements was
0.7102386 0.0000007 (2 standard deviation) and the mean of 15
USGS EN-1was 0.7091706 0.000007 (2 standard deviation). The
NBS 987 is in form of a purified Sr solution (25 ng/mL) and was
directly measured whereas the EN-1 carbonate powder had to pass
through the chemical Sr separation before measurement. All standards
and samples were loaded onto Re single filaments applying 2mL of
loading solution slightly modified after Birck (1986). The measured
87Sr/86Sr ratio was normalized to a value of 8.375209 for the88Sr/86Sr
ratio. The number of collected ratios per measurement was n5 100.
The strontium isotope ratios were determined with a Finnigan MAT
262 multicollector TIMS using 3 of 7 available Faraday-cups in a peak
jumping mode to compensate for a time depending change in Faraday-
cup efficiencies. Since the actual87Rb/85Rb ratio cannot be detected
during a Sr measurement, a correction with a fixed87Rb/85Rb ratio is
not recommended. Instead of a correction, an upper limit for a tolerated
85Rb signal was set to 53 1025 Volt of 85Rb with respect to a four to
five Volt signal of 88Sr. All measurements exceeding this limit were
rejected. The average absolute blank for Sr (including chemicals,
ion-exchange columns, and loading blank) did not exceed 8.53 1023

ng. In total, forty-five brachiopod shells, ninety-eight conodont sam-
ples, and thirteen marine cements were analyzed for strontium isotopes.

4. SAMPLE SCREENING

4.1. Brachiopod Samples

4.1.1. Textural evaluation

In order to select the “best” preserved brachiopod shells, thin sec-
tions of brachiopods were examined under transmitted light and sub-
sequently by cathodoluminescence (CL). As a rule, the unaltered shells
consist of nonluminescent fibrous layers with no visible dissolution and
cementation features (cf. Popp et al., 1986). Scanning electron micro-
scope (SEM) studies confirmed the generally good preservation of the
original brachiopod fabric, but dissolution features have been observed
even in some nonluminescent samples (Fig. 2), indicating that they too
may have experienced some diagenetic alteration (cf. Rush and
Chafetz, 1990; Banner and Kaufman, 1994). Previous studies indicated
that diagenetic alteration of brachiopod shells is most severe in the
primary prismatic layer at its surface, while the volumetrically domi-
nant secondary layer usually remains well preserved (Qing and Veizer,
1994; Diener et al., 1996). In order to minimize the role of diagenetic
alteration, we employed all the above techniques for sample selection
and analyzed only the nonluminescent “secondary” layer of the se-
lected shells.

Due to the scarcity of early Ordovician (Tremadoc) articulate bra-
chiopods, we could not find well preserved brachiopod shells for this
time interval. Two Tremadoc brachiopods submitted for strontium
isotopic analyses have visible diagenetic features, such as dissolution
and recrystallization. Under the microscope, no primary fibrous struc-
ture was observed. In addition, the lime matrix in which these brachio-
pods were embedded is strongly recrystallized. The strontium isotopic
values for these two Tremadoc brachiopods (Appendix 1) were, there-
fore, excluded from further consideration.

4.1.2. Geochemical evaluation

In addition to textural evaluation, trace elements were used as
supplementary criteria for evaluation of brachiopod preservation. In
general, diagenetic alteration leads to depletions in Sr and Na and
enrichments in Mn and Fe (cf. Veizer, 1983). Figure 3 shows the plots
of Sr, Mn, and iron vs. strontium isotopes. In all these plots, the
brachiopod samples were of the same taxon, age, and location, and they
show no recognizable pattern of post-depositional trace element redis-
tribution with strontium isotope variations (Fig. 3). While the bulk of
our samples has Sr and Na contents similar to those of Recent brachio-
pods (Fig. 4), the Fe and Mn contents of some specimens are much
higher (Fig. 5), suggesting possible alteration by late-stage diagenetic
processes. As a precautionary step, we have eliminated those brachio-
pods that have less than 800 ppm Sr or 500 ppm Na, as well as those
with more than 800 ppm Fe, or 500 ppm Mn from further consider-
ation. These, together with samples eliminated by textural criteria,
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account for nineteen (or 42%) of the forty-five brachiopod samples
analyzed for strontium isotopes.

4.2. Conodont Sample

Previous work on conodonts with variable CAI (Bertram et al., 1992;
Kürschner et al., 1992; Holmden et al., 1996) showed that coeval
samples with CAI higher than 2.5 had considerably greater dispersions
in their strontium isotope values (1–2 x 1024) than their better pre-
served counterparts with CAI of 1–2 (2 x 1025). In addition, samples
with high CAI usually had more radiogenic values. Taking this into
account, we used conodonts with CAI in the range of 1.0–2.5. In total,
ninety-eight conodont samples were analyzed. A few samples represent
duplicates to check for strontium isotopic variations between elements
of the same species or between different species within the same
sample. Such variations tended to be within instrumental analytical
errors.

5. TEMPORAL TREND

The overall temporal trend for strontium isotopes based on Ordovi-
cian brachiopods and marine cements and on Ordovician and Silurian
conodonts is presented in Fig. 6. Together, they define a curve with far

less scatter than that developed by Burke et al. (1982) using whole rock
samples. For the reasons outlined by Veizer and Compston (1974) we
utilize the least radiogenic values to constrain the strontium isotope
trends for the Ordovician and Silurian seawater. The presently defined
strontium isotope trend documents oscillations at; 3–5 x 107 yr
frequency and 1023 magnitude (Fig. 6).

The conodont data for the interval from the base of the Tremadoc
(base of Ordovician) to upper Llandeilo (Fig. 6) display a gradual and
steady decline from strontium isotope values of 0.7091–0.7087. The
range of variation between different conodonts from the same sample
is typically less than 0.0001. No acceptable brachiopod data are avail-
able for the Tremadoc. Brachiopod samples from the Arenig and
Llanvirn show values similar to conodonts, or are slightly more radio-
genic, with a wider dispersion (up to 0.0002) for coeval samples. The
brachiopod values from the Llandeilo are about 0.0002 less radiogenic
than those of coeval conodonts.

A major decline of strontium isotopes is evident from the upper
Llandeilo to the lower Caradoc (Fig. 6). The data for conodonts and
brachiopods are similar and both indicate a rapid change to less
radiogenic values, from 0.7087 in the upper Llandeilo to 0.7078 in the
lower Caradoc. The data points show only a small scatter, usually less
than 0.0001. This remarkable change of;0.001 (from 0.7087 to
0.7078) appears to occur within about 5 m.y. This dramatic excursion
merits further examination with more intensive sampling through about
10 m.y. interval across the Llandeilo-Caradoc boundary. The low
values (; 0.7078) are maintained through the Caradoc and Ashgill and
little modification to the trend is seen at the end of the Ordovician (Fig.
6). The87Sr/86Sr ratios of our Caradoc samples from 445 to 457 m.y.
are similar to those measured from contemporaneous whole rocks by
Gao et al. (1996). We have no explanation for aberrant radiogenic
measurements in the Caradoc that come from conodonts from the
Thumb Mountain and Bay Fiord formation in the Arctic.

Through the Llandovery and Wenlock stages of the Lower Silurian,
the trend reverses to more radiogenic values of 0.7087 by the upper
Wenlock (Fig. 6). The Silurian portion of our strontium isotope trend,
as defined by the results obtained from conodonts, is in general agree-
ment with Silurian trend based on results acquired from whole rocks
(Denison et al., 1997) and conodonts (Ruppel et al., 1996) and is only
slightly more radiogenic than the new data set of Azmy (1996) that is
based on Silurian brachiopods.

6. DISCUSSION

The strontium isotopic composition of seawater is deter-
mined primarily by the balance between radiogenic Sr deliv-
ered to the oceans via continental weathering (global average
riverine 87Sr/86Sr ;0.7119; Palmer and Edmond, 1989) and
relatively unradiogenic Sr released by mid-ocean ridge hydro-
thermal systems (87Sr/86Sr about 0.7035; Palmer and Elder-
field, 1985). An increase in continental erosion rate would,
theoretically, increase the87Sr/86Sr ratio of seawater, whereas
an increase in hydrothermal activity should cause the opposite
effect. The secular variations in strontium isotopic values of
seawater through geologic time are caused mainly by the wax-
ing and waning of the Sr mass and/or isotope fluxes from these
two sources.

The “continental” flux should be higher after periods of
orogenesis and continental suturing, presumably because of
increased erosion following uplift (Clauer, 1976; Richter et al.,
1992). Such scenario has been proposed to explain the contin-
uous 87Sr enrichment during the most recent 100 m.y.
(Spooner, 1976). The “mantle” flux, on the other hand, may
increase during times of enhanced seafloor spreading, plume/
superplume activity, and continental rifting. The hydrothermal
flux of Sr from mid-oceanic ridges in the geological past is
believed to have been proportional to the rate of seafloor
spreading. Fast spreading should correspond to high ridge

Fig. 2. SEM of brachiopod shell fragments. (a) Well-preserved
secondary fibrous layer of brachiopod shell from the Ellis Bay Forma-
tion (Hirnantian), Anticosti Island (sample 18-1). (b) Slightly altered
brachiopod shell with micro dissolution vugs from the Laval Formation
(Llandeilo), Ontario (sample 12-6; from Qing and Veizer, 1994).
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volume, hence transgression onto cratons (coupled with reduc-
tion of exposed continental areas), and a decline in strontium
isotopic ratios. This trend should be further enhanced by addi-
tional mantle Sr contributions from plumes and superplumes,
although this is not evident for the Sr values of the mid
Cretaceous for which a superplume has been postulated (Lar-
son, 1991). Conversely, the87Sr/86Sr ratio of seawater may
increase during episodes of continental glaciation (Armstrong,
1971) when mechanical erosion and frost-shattering may ac-
celerate the transfer of continental Sr to the oceans. The onset
of a rapid increase in87Sr/86Sr ratio of seawater, some 60 m.y.
ago, apparently coincides with a low sea-level stand and the
onset of Antarctic glaciation (De Paolo, 1986). Intervals of high
atmospheric CO2 should also enhance chemical weathering of
continental rocks. Worsley and Kidder (1991) have argued for
a feedback loop between the rate of chemical weathering and
the cratonic area submerged. Yet, despite the fact that strontium
isotopic geochemistry of the oceans is now fairly well under-
stood, the causes of any particular fluctuation, especially for the
Paleozoic Era, must be interpreted with caution.

Figure 6 juxtaposes our strontium isotope curve with the
extent of continental deformation (intensity of continental col-

lisional tectonics), the sea-level changes, and major geologic
events. The gradual decrease in seawater87Sr/86Sr ratios during
Early Ordovician times is a continuation of a trend that com-
menced in the Late Cambrian, subsequent to culmination of
seawater87Sr/86Sr ratio at about 0.7093 during the Middle to
earliest Late Cambrian (Montanez et al., 1996). This culmina-
tion was interpreted by Montanez et al. (1996) as a result of the
climax of mountain building and of associated unroofing and
weathering of87Sr-rich high-grade metamorphic zones during
the Pan-African orogeny (ca. 800–500 m.y.; Miller, 1983). The
Early Ordovician decrease in seawater87Sr/86Sr ratios may
thus record a gradual reduction in the topographic relief and in
weathering rates that characterized the waning phases of Pan-
African orogenies. Furthermore, the sea level was moderately
high and broad areas of the cratons were flooded (Ross and
Ross, 1992), thus potentially suppressing the radiogenic river-
ine Sr flux to the oceans.

The most intriguing strontium isotope excursion is the dra-
matic decline from 0.7087 to 0.7078 from the Llandeilo to early
Caradoc. This excursion needs to be addressed by further, more
intense, sampling. Tentatively, we propose two explanations
but have no evidence to support either. First, the rapid change

Fig. 3. Scatter diagrams of Sr (squares), Mn (circles), and Fe (diamonds) vs.87Sr/86Sr ratios on brachiopods. (a) Plot of
the AshgillPlatystrophiasp samples from the Great Lake Formation, Ohio; (b) Plot of LlandeiloMimella vulgarisfrom the
Laval Formation, eastern Ontario; (c) Plot of ArenigHesperonomiasp. of the Wahwah Formation, Utah; (d) Plot of Caradoc
Strophomenasamples from the Trenton Group of southern Ontario.
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could represent a hiatus or misassignment of ages. Second, it
may have been caused by a combined effect of: (1) reduced
continental flux due to the tranquillity of continental orogenies
and/or transgression; and (2) increased mantle flux resulting
from a possible superplume event. The early Caradoc change is
synchronous with a major transgression, the largest in the
Phanerozoic in terms of cratonic area submerged (Ross and
Ross, 1992). Such a transgression would shut down much of
the continental erosional input and is likely to be a reflection of
high sea-floor spreading rates. The scale of the transgression,
combined with the absence of magnetic reversals for much of
the Ordovician (Johnson et al., 1995), the postulated high levels
of CO2 (Berner, 1991), the widespread black shales (Leggett,
1980) all led Barnes et al. (1995) to propose a superplume

event, possibly initiated in the Llanvirn and peaking in the
Caradoc. Such a superplume event could have generated the
required nonradiogenic oceanic flux.

The low 87Sr/86Sr values of the Caradoc continue through
the Ashgill (Fig. 6) with little change. The terminal Ordovician
continental glaciation, with 2– 4 principal glacial phases
(Barnes 1986; Brenchley et al., 1991,1994) over a brief
period of 4 m.y., but concentrated in the Hirnantian Stage
(; 0.5 m.y.) at the end of the Ashgill, heralds the termina-
tion of the low87Sr/86Sr values. The subsequent progressive
increase in the87Sr/86Sr values through the Silurian may be
interpreted as a reflection of two principal influxes of con-
tinental material. First, the Llandovery transgression would
have redeposited and incorporated much of the continental

Fig. 4. Scatter diagram of Sr and Na concentrations in Ordovician brachiopods. Shaded area for recent brachiopods, which
have Sr contents from 800 to 2,000 ppm and Na contents from 500 to 3,700 ppm (Morrison and Brand, 1986).

Fig. 5. Scatter diagram of Mn and Fe concentrations in Ordovician brachiopods. Shaded area for recent brachiopods,
which have Mn from 5 to 500 ppm and Fe from 20 to 800 ppm (Morrison and Brand, 1986).

1726 H. Qing et al.



weathering products generated by the Ashgill glaciation in
Gondwana and peri-Gondwana terranes as well as by the
mechanical and chemical weathering of the widely exposed
cratons during the Ashgill regression. Second, an increase in
riverine Sr flux and/or its87Sr/86Sr ratio could have been
caused by the climax of arc-continent collision events (the
Taconian Orogeny) that resulted in exhumation and chemi-

cal weathering of87Sr-rich high-grade metamorphic rocks at
the eastern margin of Laurentia. Although the Caradoc was
the main interval for the Taconic Orogeny, its impact on the
Sr continental flux may have been delayed until the early
Llandovery because a substantial thickness of marine car-
bonates needed to be stripped from emerging highland be-
fore exposing the more radiogenic basement rocks (cf. Rich-

Fig. 6.87Sr/86Sr values of Ordovician and Silurian brachiopods, marine cements, and conodonts plotted according to the
best available stratigraphic information. The time scale of Harland et al. (1990) is used. The area of continental deformation
is based on the information from Richter et al. (1992), the sea-level curve of Ordovician and Silurian is based on Ross and
Ross (1992) and Johnson and Mckerrow (1991), respectively. Brachiopods are represented as dots, conodonts as open
diamonds, and marine cements as solid diamonds. The shaded line contours the least radiogenic strontium isotopic values
and dash line represents strontium isotopic values from Burke et al. (1982). Lud stands for Ludlow; Wen for Wenlock; Lly
for Llandovery; Ash for Ashgill; Llo for Llandeilo; and Lln for Llanvirn.
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ter et al., 1992). Uplift of Taconic mountains along the
eastern seaboard of the North America is indicated also by
detrital influx from orographic sources, culminating in del-
taic progradation during the Ashgill (Witzke, 1990). In the
Wenlock to Ludlow interval, new continental input may
have developed in response to the early phases of the Aca-
dian Orogeny. There has been a recent recognition of the
greater magnitude of the early Silurian Salinic Phase (Dun-
ning et al., 1990; Cawood et al., 1994) that represents the
initial suturing of Baltica from Laurentia.

7. CONCLUSIONS

156 Ordovician and Silurian brachiopod shells, marine cal-
cite cements, and conodonts were analyzed for strontium iso-
topes in order to refine the strontium isotope curve for the
Ordovician and Silurian seawater. Preservation of the brachio-
pod shell material was examined by petrographic and geo-
chemical criteria and only the well preserved internal second-
ary layer of the shells were utilized for strontium isotope
measurements.

The measurements define secular trend of decreasing stron-
tium isotope values, from 0.7091 to 0.7078, from Tremadoc to
early Caradoc, with most of the decline near the Llandeilo-
Caradoc boundary; little changed from the Caradoc to the
Ashgill; and a steady increase through the Silurian to 0.7087 in
the Ludlow. This long-term trend (107 yr), with a magnitude in
the range of 1023, is interpreted to be controlled primarily by
continental collisional tectonics that is accompanied by en-
hanced erosion and weathering. The gradual decrease in stron-
tium isotope values from Tremadoc to middle Llanvirn coin-
cides with a steady decrease in continental deformation, with
the minimum in the Caradoc and Ashgill. In the same way, the
steady increase in strontium isotope values during the Silurian
coincides with increasing continental deformation. Due to the
rapid rate of change, particularly during the Silurian, the sea-
water strontium isotope curve has a considerable potential for
chemostratigraphic applications.
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