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ABSTRACT

It remains unclear whether waning of the volcanic degassing CO, source or enhancement
of the mafic (Ca, Mg-silicate) weathering CQO, sink, or both, caused global cooling leading to
the Ordovician greenhouse—icehouse transition. We present a uniquely age-constrained and
integrated Middle-Late Ordovician (470-450 Ma) continental weathering isotopic proxy data
set (}’Sr/*Sr and e, from carbonate rocks of the Antelope Range of central Nevada, USA,
paired with published paleotemperature proxy measurements (6'%0) of conodont apatite
from the same locality. This suite of proxy records signals an increase in mafic weathering
of the Taconic mountains (eastern United States) at ca. 463 Ma, which forced a period of
global cooling. We adapt a ¥’Sr/*Sr and pCO, mass balance approach to model CO, draw-
down during the Ordovician, and show that a combined decrease in volcanic degassing and
increase in mafic weathering approximately halves pCO, in agreement with 6'*0 trends and

paleotemperature reconstructions.

INTRODUCTION

Carbon cycle models (Goddéris and Donna-
dieu, 2019; Isson et al., 2020) and geochemical,
tectonic, and paleogeographic data sets (Kent
and Muttoni, 2008; Cox et al., 2016; Jagoutz
et al., 2016; Swanson-Hysell and Macdonald,
2017; Macdonald et al., 2019; Park et al., 2020)
suggest that changes in global weatherability
through the exposure of mafic (Ca, Mg-silicate)
rocks at low latitude may be a primary driver of
changes in Earth’s long-term climate state. How-
ever, analyses of detrital zircon age distributions
(McKenzie et al., 2016), refinement of continen-
tal volcanic arc activity and inferred degassing
fluxes through time (Lee and Lackey, 2015; Pohl
et al., 2020), and models of reverse weather-
ing (Isson et al., 2020) have been interpreted to
support the hypothesis that CO, sources, rather
than sinks, represent the primary drivers of long-
term climate.

This controversy presents itself in studying
the cause of the Ordovician greenhouse—ice-
house transition, a ~15 °C (~+3.5%0 §'%0)
global cooling event (Grossman and Joachim-
ski, 2020; Edwards et al., 2021; Goldberg et al.,

*E-mail: conwell.30@osu.edu

2021; Ménnik et al., 2021; Fig. 1) that has been
independently explained both by enhanced sil-
icate weathering (Young et al., 2009; Nardin
et al., 2011; Swanson-Hysell and Macdonald,
2017; Goddéris and Donnadieu, 2019) and de-
creased volcanic degassing (McKenzie et al.,
2016). The Middle-Late Ordovician Taconic
orogeny (ca. 470-450 Ma) has been cited as a
probable cause of enhanced terrestrial silicate
weathering, featuring uplift of ophiolites on
the Taconic (southern Laurentian) margin that
would have increased the presence of weather-
able mafic rocks at low latitude, where weather-
ing rates are highest (Young et al., 2009; Swan-
son-Hysell and Macdonald, 2017; Macdonald
et al., 2019; Figs. 1A and 1B). The timing of
a shift in weathering provenance attributed to
Taconic uplift has been constrained by exten-
sive measurements of proxy signals including
seawater 8’Sr/%Sr (Young et al., 2009; Saltzman
et al., 2014), detrital (shale) '**Nd/'*Nd [as
enawl (Patchett et al., 1999; Swanson-Hysell
and Macdonald, 2017), detrital chromite (His-
cott, 1984), and whole-rock shale geochemis-
try (Garver et al., 1996). However, detrital &y,
records weathering source provenance within a
graptolite-based age framework (or with ages
directly tied to radiometrically dated hori-

zons; Swanson-Hysell and Macdonald, 2017),
whereas carbonate records preserve seawater or
early diagenetic porewater chemistry within a
conodont-based framework that allows for di-
rect comparison to seawater proxy signals like
87S1/8Sr and $'%0 in the same samples. Separate
age frameworks may introduce considerable
temporal uncertainty that hinders a multi-proxy
approach to the study of Ordovician weather-
ing and climate patterns. Furthermore, paleo-
temperature proxy data are sparse throughout
this interval of changing weathering source
lithology (Swanson-Hysell and Macdonald,
2017; Grossman and Joachimski, 2020), and
more data are needed to constrain the timing of
Ordovician cooling to test hypotheses of driv-
ers of global climate during the Middle-Late
Ordovician.

In our study, we integrated records of sili-
cate weathering and paleotemperature across
an interval of Middle-Late Ordovician cooling
by pairing new high-resolution bulk carbonate
87Sr/%Sr and ey, measurements with published
80 measurements of conodont apatite from
a single stratigraphic section in the Antelope
Range of central Nevada (USA). We used an
integrated Ordovician isotope proxy data set as
a unique case study to test the hypothesis that
Earth’s long-term climate system responds to
changes in the predominance of mafic weather-
ing, as suggested by conceptual and numerical
models (e.g., Isson et al., 2020).

BACKGROUND AND METHODS
Seawater ¥'Sr/*¢Sr and ey, are primar-
ily controlled by the isotopic composition of
crustal lithologies exposed on the continents,
the dissolved weathering products of which
are delivered to the ocean by continental run-
off (Goldstein and Jacobsen, 1987). ¥7Sr/*Sr is
secondarily influenced by a mid-ocean ridge hy-
drothermal flux. Therefore, pairing this signal
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Figure 1. (A) Map of
Laurentia at ca. 465 Ma
(modified from Swanson-
Hysell and Macdonald,
2017) showing the extent
of the Taconic accre-
tionary margin (red),
throughout which ophio-
lites and mafic/ultramafic
rocks occur. The lead-
ing edge of accreting
terranes (pink line with
teeth on overriding lith-
osphere) shows the
approximate position of
the Taconic island arc
system (Swanson-Hysell
and Macdonald, 2017).
Shelf depth zonation is
adapted from Torsvik and
Cocks (2016), and the
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Macdonald (2017). (B) Global map of continental crustal bodies at 465 Ma modified from Macdonald et al. (2019). Orange lines mark stretches
of continental margin bearing ophiolites (Macdonald et al., 2019). Laurentia is boxed in red. (C) Compiled $'®*0 measurements of Ordovician
conodont apatite. Corrections applied to secondary ion mass spectrometer (SIMS) measurements are 1%. (Edwards et al., 2021) and 0.6%.
(Grossman and Joachimski, 2020) to allow proper comparison to temperature conversion elemental analyzer (TC/EA) isotope ratio mass
spectrometry measurements. A locally weighted scatterplot smoothing (LOESS) curve (black line) is plotted with a 95% confidence interval
(gray band) using the “loess” function of the R package “stats” (3.6.2, https://www.rdocumentation.org/packages/stats/versions/3.6.2). Pink
filled circles are from the Antelope Range section in Nevada, USA (Edwards et al., 2021) and are shown in Figure 2C.

with €y4q, Which has a negligible hydrothermal
flux (Goldstein and Jacobsen, 1987), helps to
interpret the record of continental weathering. Sr
is largely homogenous in the global ocean (Al-
legre et al., 2010), whereas Nd varies between
water masses due to its shorter residence time
and provides information on regional changes
in weathering source lithology (Goldstein and
Jacobsen, 1987).

See the Supplemental Material' for an ex-
panded description of the methods and back-
ground, which are briefly summarized here. We
sampled a ~220-m-thick and relatively continu-
ous succession of Middle—Late Ordovician pas-
sive margin, deep-subtidal carbonate strata in the
Antelope Range of central Nevada (Young et al.,
2009; Saltzman et al., 2014; Fig. 1A). Bulk car-
bonate #’Sr/*Sr and ey, were measured with
a ThermoFisher Triton Plus thermal ionization
mass spectrometer at The Ohio State University
(Ohio, USA). Published ¥’Sr/%¢Sr and 6'*0 mea-
surements from this section align well with com-
piled data sets, suggesting that proxy records in

Supplemental Material. Extended methods and
discussion, supplemental figures, and tables of isotope
data and model parameters and outputs. Please visit
https://doi.org/10.1130/GEOL.S.19579441 to access
the supplemental material, and contact editing@
geosociety.org with any questions.

bulk rock and conodonts at this locality record
primary signals.

RESULTS

87S1/8Sr values from the Antelope Range sec-
tion of central Nevada were measured in bulk
carbonate spanning 471-465 Ma (Fig. 2A).
Measurements younger than 465 Ma are from
Saltzman et al. (2014), who reported 8’Sr/*¢Sr
in conodont apatite from this section. ¥Sr/*Sr
decreases steadily from 0.70872 at 465 Ma to
0.70797 at 453 Ma, marking one of the most
prominent periods of seawater ¥’Sr/**Sr change
in the Phanerozoic. ey, measurements of the
acid-soluble portion of bulk carbonate samples
spanning 470-463 Ma demonstrate a steady pre-
shift baseline at eyy,, = —18.5 £ 0.5 (Fig. 2B).
At 463 Ma, values rise sharply from baseline
to Engy = ~—12 =4 at ca. 455.5 Ma, similar
to post-shift shale ey, values across Lauren-
tia (Patchett et al., 1999; Swanson-Hysell and
Macdonald, 2017).

DISCUSSION
Isotope Proxy Evidence for Enhanced
Mafic Weathering

The shift in globally influenced seawa-
ter ¥Sr/3%6Sr to lower (less radiogenic) values,
and regionally influenced ey, to higher (more
radiogenic) values, at 463 Ma suggests that
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both signals are linked to a mafic weathering
driver. Such a shift could have resulted from
low-latitude, arc-continent collision during the
Taconic orogeny, which initiated at ca. 465 Ma
(Young et al., 2009; Swanson-Hysell and Mac-
donald, 2017). Our bulk carbonate Sr/*Sr and
€na Measurements align well with Laurentian
compilations (Saltzman et al., 2014; Edwards
et al., 2015; Swanson-Hysell and Macdonald,
2017), supporting the preservation of primary
signals. It is possible that the acid-soluble por-
tion of our samples includes Nd leached from
residual terrigenous material and that the shift in
our carbonate &y, record may reflect the arrival
of Taconic detritus with a shift to more argilla-
ceous carbonates in the Copenhagen Formation
rather than the evolution of seawater &y, (Ab-
bott et al., 2022; see the Supplemental Material).
However, this still demonstrates a shift to a more
mafic weathering source lithology and allows for
direct comparison to ¥Sr/*Sr and §'*0 seawater
signals within a unified age framework. Region-
al carbonate ey, could have also been affected
by weathering of Neoproterozoic Grenville crust
(Ena = ~—6; Patchett et al., 1999) comprising
the Laurentian margin or by mixing with Iapetus
waters having a distinct ey, composition. How-
ever, bulk rock geochemical evidence suggests
a primary influence from uplifted mafic rocks
(Hiscott, 1984; Garver et al., 1996), and the
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Figure 2. Paired ®Sr/*Sr, £y, and §'°0 measurements from the Antelope Range of central Nevada (USA). Trendlines are locally weighted scat-
terplot smoothing (LOESS) curves (black line) with a 95% confidence interval (gray band). (A) #’Sr/*Sr measured in the acid-soluble portions
of bulk carbonate rock and conodont apatite. Conodont measurements are from Saltzman et al. (2014). (B) &y4, measurements of the acid-
soluble portion of bulk carbonate rock. Arrows point to &,y of Laurentian crustal provinces (Patchett et al., 1999). (C) 6'°0 measurements of
conodont apatite from Edwards et al. (2021). Red dots are an average of several (n > 7) spot analyses of a single conodont element, with error
bars showing the standard error of the mean. Open gray symbols are from the compilation shown in Figure 1C. The LOESS curve is based

on the red dots only.

87Sr/*Sr signature of Grenville crust (>0.710)
is too radiogenic to create the observed trend in
seawater ¥Sr/%Sr (see the Supplemental Mate-
rial). Additionally, the agreement of the shift in
our carbonate ey, record with previously ob-
served shifts in detrital (shale) ey, records of
Laurentian basins opposes the possibility of a
water mass mixing driver of regional carbonate
ena (€.8., Fanton et al., 2002), further support-
ing a Taconic driver. The dominance of global
seawater ¥’Sr/*Sr by a regional event such as
weathering of mafic crust in the Taconic oro-
gen is consistent with the outsized role of mafic
weathering in regulating seawater 8’Sr/%6Sr (Al-
legre et al., 2010) as well as previous efforts
to model Ordovician seawater 8’Sr/*Sr (Young
et al., 2009; Nardin et al., 2011).

The ~2.7%o increase in the Antelope Range
80 record corresponds to an ~11 °C cooling
(Pucéat et al., 2010), which is dramatic in com-
parison to the ~3.5%o increase throughout the
whole Ordovician shown in recent §'*0O com-
pilations (Fig. 1C). The influence of glaciation
on our &80 record is difficult to constrain, and
the timing of the onset of Ordovician glacia-
tion is still an active question. However, recent
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studies of Ordovician paleoclimate records sug-
gest that glaciation may have begun as early as
the late Middle Ordovician (Darriwilian stage)
(Dabard et al., 2015; Rasmussen et al., 2016;
Pohl et al., 2016), which matches the timing
of shifts in our weathering proxy records and
deposition of the basal sandstone of the Copen-
hagen Formation and possibly marks a sea-level
lowstand (Fig. 2; see the Supplemental Mate-
rial). Clumped isotope records reveal a shift in
Late Ordovician seawater 5'30 by as much as
+3—4%o, but data through the Middle Ordovi-
cian are scarce (Finnegan et al., 2011; Berg-
mann et al., 2018). A sea-level lowstand caused
by Darriwilian ice-sheet growth would further
expose the Taconic margin to weathering, thus
constituting a positive feedback leading to en-
hanced mafic weathering and CO, drawdown. If
true, the observed shift in the §'30 record would
reflect, at least in part, the pronounced growth of
Ordovician ice sheets. The apparent ~2 m.y. lag
of a shift in the 630 record following the shift in
weathering proxy signals may be an artifact of
data scarcity or may accurately reflect dynamics
of carbon sources, sinks, and feedbacks (see the
Supplemental Material).

Implications for Middle-Late Ordovician
Carbon Cycling

We adapted the weatherability-driven seawa-
ter 8Sr/*Sr and atmospheric pCO, mass balance
model of Young et al. (2009) to test hypotheses
of Ordovician silicate weathering and volcanic
degassing (Fig. 3; weatherability is defined as
the sum of factors that influence silicate weath-
ering rate, except climate). We use the origi-
nal model framework, which features a slow
decline in ¥’Sr/*Sr of the riverine flux in the
Early-Middle Ordovician attributed to non-Lau-
rentian weathering sources (Young et al., 2009).
The Young et al. (2009) model then introduces
a Taconic perturbation that increases a weath-
erability parameter by 25% (constrained by Sr
isotope mass balance; Fig. 3B; Fig. S1 in the
Supplemental Material), increasing the contri-
bution of mafic weathering (¥’Sr/*Sr = 0.7043)
and shifting the riverine Sr flux to lower values
from its pre-shift ¥Sr/*Sr value of 0.7106. In
addition to the shift to mafic weathering proxy
signatures, a 25% increase in global weather-
ability is further supported by paleogeographic
data sets indicating that continental area (Nar-
dinetal., 2011; Goddéris and Donnadieu, 2019;
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Figure 3. (A) Model scenario of volcanic degassing source and silicate weathering sink fluxes
and the resulting evolution of atmospheric pCO,. Volcanic degassing is a tuneable parameter
based on arc-related zircon reconstructions (Marcilly et al., 2021), whereas silicate weather-
ing varies as a function of weatherability and pCO, (Young et al., 2009). Blue band is the 95%
confidence interval of the smoothing curve applied to $'*0 measurements plotted in Figure 1C.
Note the logarithmic scaling of the pCO, y-axis. (B) 8Sr/**Sr model output and data. #’Sr/®¢Sr
model output (black line) is achieved using the equations of Young et al. (2009) with volcanic
degassing and silicate weathering fluxes shown in panel A (see also Fig. S1 and Table S2 [see
footnote 1]). Blue squares are #’Sr/®*Sr measurements of conodont apatite from Saltzman et al.
(2014), which includes the measurements of conodont apatite in Figure 2A.

Marcilly et al., 2021) and ophiolite exposure
(Swanson-Hysell and Macdonald, 2017; Mac-
donald et al., 2019) at low latitude reached a
Phanerozoic high at ca. 460 Ma. To test the
model against updated records of volcanic de-
gassing and paleotemperature, we used a new
degassing scenario based on arc-derived zircon
age populations (Marcilly et al., 2021) (Fig. S2)
and compare the pCO, results of our model to
compiled 880 measurements (Fig. 1C). Atmo-
spheric pCO, decreases from 18 to 4.7 times
present atmospheric level (PAL; 1 PAL = 280
ppmv CO,) throughout the model run, which
is similar to existing Phanerozoic pCO, mod-
els (Goddéris and Donnadieu, 2019). Although
our model presents a non-unique solution, the
agreement of trends in ¥’Sr/*¢Sr and pCO, model
results with observed 8’St/*Sr and '*0O measure-
ments supports the plausibility of a mafic weath-
ering driver of Middle-Late Ordovician cooling
(Fig. 3B). Our model does not capture the influ-
ence of paleogeography, which may also explain
the Early Ordovician 880 cooling trend as ob-
served in spatially resolved model frameworks
(Nardin et al., 2011; Goddéris and Donnadieu,
2019). Neither does our pCO, model account

for CO, sources such as reverse weathering or
sulfide oxidation, nor does it parametrize certain
CO, sinks such as the rise of non-vascular land
plants (Isson et al., 2020). For further discus-
sion of model parameters, results, sensitivity,
and conversion of 880 to paleotemperature, see
the Supplemental Material.

CONCLUSIONS

Pairing silicate weathering and paleotemper-
ature proxy signals in marine precipitates from
a single stratigraphic section gives new insight
into the link between mafic weathering and
long-term climate. Large shifts in the seawater
87Sr/%Sr and ey, composition of the Laurentian
Sea during the Middle—Late Ordovician clearly
demonstrate a change in weathering source li-
thology during a time of extensive uplift of mafic
oceanic crust at tropical latitudes. Previous con-
odont §'80 measurements from this same section
(Edwards et al., 2021) allow unique observation
of the coupling of weathering and paleotempera-
ture proxies, indicating that weathering of up-
lifted mafic oceanic crust on the Taconic margin
drove a pronounced cooling that led to the first
major glaciation of the Phanerozoic. Further-
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more, the posited role of declining degassing
in Early-Middle Ordovician cooling highlights
the importance of the integrated development of
proxies for both CO, sources and sinks.
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