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ARTICLE INFO ABSTRACT

Editor: Thomas Steuber The Devonian Period (419 to 359 Ma) is marked by a shift from cooling in the Early Devonian to warming in the

Middle-Late Devonian. Previous studies have hypothesized that an increase in metamorphic degassing during the

Keywords: Acadian Orogeny caused the late Givetian warming. Alternatively, a reduction in physical erosion leading to

Carbo_n cycle reduced silicate weathering could have increased pCO; and contributed to warming. Previous studies show that

gr,asrt‘,la" the 87Sr /%%r curve of the Middle Devonian (late Givetian) increases (i.e., more granitic) around the same time as
1vetian

warming based on §'80 using brachiopod calcite. We present new Middle to Late Devonian ¥Sr /%°sr and §'%0
data from conodont apatite and confirm this link between warming and rising 8Sr /%Sr using paired analyses
from a single measured section whereas previous studies relied on compiling data from different sections that did
not individually capture the baseline values and subsequent shifts in proxies. We integrate these datasets into the
SCION climate-biogeochemical model and determine that the hypothesized magnitude of metamorphic
degassing could neither reproduce the seawater ®’Sr/%°Sr ratio nor explain the extent of low-latitude warming
(5'%0) observed in the geologic record. An alternative warming mechanism is rising atmospheric pCO due to
reduced physical erosion and silicate weathering related to land plant colonization. Regional uplift of high

Climate model
First trees

87Sr/808r rocks in the Acadian orogeny may have driven the increasing seawater &’Sr /2°Sr ratio.

1. Introduction

The Devonian Period (419 to 359 Ma) represents a dynamic time in
Earth's climate history marked by large swings in temperature
(Joachimski et al., 2009; Chen et al., 2021; Grossman and Joachimski,
2022). Major biological crises took place during the Middle to Late
Devonian (Bambach, 2006; Kabanov et al., 2023), and vascular plants
were established by the late Middle Devonian, likely contributing to
drawdown of atmospheric CO» (e.g., Le Hir et al., 2011) and an increase
in O3 (e.g., Dahl and Arens, 2020; Elrick et al., 2022). A major warming
episode in the late Givetian Stage (van Geldern et al., 2006; Joachimski
et al., 2009) across the Middle-Late Devonian transition is associated
with coral-stromatoporoid reef expansion (Qie et al., 2019; Huang et al.,
2025). The late Givetian is also marked by a significant increase in
seawater strontium isotopes (%”Sr/%%sr) that may be linked to changes in
silicate rock weathering (van Geldern et al., 2006), potentially providing
insights into Devonian climate evolution.
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The late Givetian 87Sr/%0Sr increase (van Geldern et al., 2006) en-
compasses an 8 to 10 °C warming based on d®o (Chen et al., 2021;
Joachimski et al., 2009; Stewart and Ague, 2018). The driver of late
Givetian warming may have been a pulse of metamorphic degassing
during the Acadian Orogeny (Stewart and Ague, 2018; Chen et al., 2021)
or reduced silicate weathering as vascular plant colonization lowered
physical erosion (Maffre et al., 2022). The warming was proposed as the
driver for the 8Sr/%Sr increase in the late Givetian, through enhanced
weathering of radiogenic Gondwanan continental crust (van Geldern
et al., 2006). However, the effects of land plant colonization on
erosion require a spatially resolved perspective on where the uplift of
mountain belts occurred and where weathering was most intense.

Although van Geldern et al. (2006) first linked the late Givetian
8751 /865y increase with a d'80 decrease (warming), the inflections in the
isotope curves that suggest a coincident timing are based on six
brachiopod samples on which paired Sr and O were conducted (four
brachiopod samples from one quarry in Iowa, one from a core in Iowa,
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and another from an outcrop in Spain). However, none of the three lo-
calities utilized provides a continuous record of paired Sr/%6Sr and
d'80 values through the inflection interval (van Geldern et al., 2006),
raising important questions about the timing. While the 8Sr/8Sr record
is generally considered to be a global signal because of the long resi-
dence time of Sr in the oceans (McArthur et al., 2020), the d'®0 record in
a given region is known to vary based on the temperature and salinity
(Joachimski et al., 2009; Chen et al., 2021). This is the case in the late
Givetian to Frasnian (Middle to Late Devonian) transition where the
timing and magnitude of paleotemperature changes in intensively
sampled North American (Iowa, USA), European (France) and South
China sections differ by millions of years (Chen et al., 2021).

This paper addresses questions about the timing of changes in
weathering and paleotemperature proxies by pairing &’Sr/%6Sr and d'®0
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in a European section which offers the most complete and coherent re-
cord of the late Givetian warming. We present new Middle to Late
Devonian %Sr/%0Sr data from conodont apatite from the Pic de Bissous
section in the Montagne Noire, France. Our ¥/Sr/%Sr data are paired
with published oxygen isotope data from the same conodont samples at
Pic de Bissous (Joachimski et al., 2009).

2. Background
2.1. ¥sr/%6sr as a geochemical proxy for silicate weathering
Seawater ’Sr/%0Sr serves as a proxy for global silicate weathering

patterns, primarily reflecting changes in the dominant lithology un-
dergoing weathering (Peucker-Ehrenbrink and Fiske, 2019). Strontium

A C Conodont Zonation VS-E
.
Standard Alternative
- transitans | Zone 4
2 Zone 3 VS-W
8 |falsiovalis
o Zone 2
I Zone 1
n norrisi
iberia @ R
30° N L
S & Marbriére Nord
P & 8
1) al n, \ N © s N
Shield\ Baltic th Nort ]
North e ou , .
; & Paleotethys [China Chin hermanni- ) —
\ America (@% / f cristatus |1€rmanni —
30° & sE—
< | g R
S I
° outh Afric East Antafctic, E qQ
merica 8
\‘ / g P
‘\ Q
@ o
c
o
=1
= o
2 |
U]
M
varcus
L
ansatus
K—
timorensis 1
J
ensensis | ensensis
I
H
kockelianus eiflius G
c kockeli
s f
T | australis | australis c 5
D
1
C
B 0om
? ?
A

Fig. 1. A. Paleogeographic reconstruction for the Middle to Late Devonian following Joachimski et al. (2009) and Chen et al. (2021). Gray = land; blue = continental
shelf; white = open ocean; brown = collision belts; red = LIPs. B. Map of modern-day France (taken from Wikimedia Commons) with location of Pic de Bissous and
the Montagne Noire indicated by star. C. The Pic de Bissous sequence shown across three exposed sections: Marbriere Nord, VS-W, and VS-E. All sections are
composed of carbonates (in tan). Meters and conodont zonation taken from Feist (2002). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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fluxes to the ocean derive primarily from weathering of continental
rocks transported to the oceans in rivers and groundwater as well as
hydrothermal activity. The hydrothermal Sr flux typically has an
878r/80Sr value of ~0.7084 (Elderfield and Schultz, 1996) and tends to
drive the global seawater 87Sr/%%Sr curve toward lower, less radiogenic
values. The 8Sr/%0Sr ratio of the riverine Sr flux (encompassing both
surficial runoff and groundwater) can be influenced by granitic
(Elderfield and Schultz, 1996; Basu et al., 2001) or basaltic lithologies
(Swanson-Hysell and Macdonald, 2017; Macdonald et al., 2019). The
average 875r/86r value for the riverine Sr flux is ~0.7119 (Elderfield
and Schultz, 1996) and tends to drive the global seawater 875r/80sr
curve toward higher, more radiogenic values.

2.2. Study site

The Montagne Noire is located in central southern France. The Pic de
Bissous sequence comprises three exposed sections spanning the Eifelian
to early Frasnian: the Marbriere Nord, VS-W, and VS-E (Feist, 1985,
2002) (Fig. 1). The sequence is composed of carbonates, — including
well-oxygenated mud- and wackestones (Feist, 1985, 2002; Buggisch
and Joachimski, 2006). The section is interpreted to represent a car-
bonate ramp depositional environment in the Paleotethys, south of
Laurussia (i.e., the combined continental mass of Laurentia and Baltica)
and north of Gondwana (Fig. 1).

3. Method
3.1. Sample acquisition

Conodont apatite samples analyzed here for 87Sr/%6sr are the same
samples used in Joachimski et al. (2009). The Pic de Bissous conodont
elements are a range of morphologies (i.e., cone, blade, platform, and
fragments) with conodont alteration index (CAI) ranging from 3 to 5
(Avila et al., 2025; Epstein et al., 1977).

3.2. Sample preparation

Seventeen conodont apatite samples were analyzed for %7Sr/%0Sr.
Depending on sample availability, approximately 1.8 mg of conodont
elements were selected from each sample. The elements were then
sonicated three times in Milli-Q deionized water to remove debris. The
elements were leached in 0.5 mL of 5% acetic acid (CH3COOH) for ~18
h, following the methods of Avila et al. (2022, 2025). For each sample
the leachate was saved. For three samples (MN 138, 135, and 98) the
amount of Sr in the leachate was sufficient for 87Sr/%°Sr analysis. This
enabled us to compare the 8Sr/30Sr in the leachate with that of the
conodont sample (Fig. 2) and to establish that leaching had removed a
statistically significant amount of radiogenic Sr. For more details on
leaching, see Appendix A of the Supplementary Material and Tables S2,
S3.

After leaching, conodont elements were dissolved in 6 N HCI over-
night, and the resulting solution was dried down on a hot plate. The
samples were brought back up in 2% HNOj3 and an aliquot was removed
for Sr concentration analysis on an Inductively Coupled Plasma Mass
Spectrometer (ICP-MS) in the Trace Element Research Laboratory at
Ohio State University. Separation of the samples' Sr fraction was done
using 6 mL glass columns filled with BioRad AG 50 W-X8 resin (Foland
and Allen, 1991) followed by a second set of columns using Eichrom
Industries Sr-Spec resin in 125 pL Teflon microcolumns (Scher et al.,
2014).

3.3. %75r/505r analysis
879r/86Sr analyses were conducted on a Thermal Ionization Mass

Spectrometer (TIMS) in the Thermal Ionization Mass Spectrometry
Laboratory at Ohio State University. We loaded purified Sr fractions

Palaeogeography, Palaeoclimatology, Palaeoecology 699 (2026) 114032

0.70820 | 1
0.70810 | 1
&
= - % MN 138 1
g
) B MN 135
0.70800 | 1
0.70790 | MN 98 1
s
£ g
8 g
—

Fig. 2. Comparison of 878r/80Sr values of samples (MN 138, 135, and 98) and
their respective leachates. Error bars represent external analytical uncertainty
(9 x 1079).

onto a rhenium ribbon with a Ta;Os activator using a single-filament
setup. SRM 987 was used as a standard, with an average measured
value of 0.710253 (28D = 2.2 x 10>, n = 114; analyzed from 1/31/18
to 1/30/20) to enable comparison with prior results and to eliminate
any drift. Potential ’Rb contamination was accounted for by measuring
85Rb and using the assumed ®’Rb/%°Rb value 0.386000 (Steiger and
Jager, 1977). We also accounted for instrument mass fractionation by
normalizing 8Sr/%%sr values to an assumed ®8Sr/%%Sr ratio of 8.375
(Steiger and Jager, 1977).

Out of 17 conodont apatite samples, 16 were successfully analyzed
for 87Sr/%Sr (Table S1 in Supplementary Material; Fig. 3). The uncer-
tainty associated with each individual 8’Sr/%°Sr analysis (i.e., internal
analytical uncertainty) is defined as the absolute standard error of 200
measurements per sample. On average, this uncertainty is 3 x 10%(n=
16). The uncertainty associated with replicate sample analyses (i.e.,
external analytical uncertainty) is defined as two standard deviations of
repeated measurements of standard SRM 987; this value is 9 x 10°° (n
= 114). The average Sr concentration for the conodont apatite is 2583
ppm (2SD = 1263 ppm; n = 17).

3.4. Conodont §'80 values

The original 5'%0 analyses conducted by Joachimski et al. (2009)
were calibrated to a value of 22.4%o for the NBS 120c standard. Since the
accepted value for NBS 120c is now 21.7%o (e.g., Chenery et al., 2010),
we subtracted 0.7%o from the originally reported 5'80 values.

4. Results

875r/8%Sr values from the Eifelian to late Givetian P. costatus to
O. semialterans conodont zones form a baseline ranging between
~0.7079 and 0.7080 (Fig. 3). Across the late Givetian P. ectypus, S.
hermanni, and O. semialterans zones (~380 Ma), 87Sr/%%Sr shifts toward
values ranging between ~0.7080 and 0.7081. The six uppermost sam-
ples (MN 127 to MN 140) demonstrate a consistent increase from
0.707919 to 0.708070, i.e., an increase of 0.000151 over the course of
ca. 2 My (Fig. 3).
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Fig. 3. A. Pic de Bissous 5'0 data from Joachimski et al. (2009) with original values corrected by —0.7% for updated value of standard NBS120c of 21.7%0 VSMOW.
Error bars give analytical reproducibility (1 standard deviation). B. 87Sr/%®Sr data from this study. Error is defined as external analytical error; error bars are smaller
than data points. Gray bar highlights general period of time in which both Sr and O isotopes are changing. Period ages and conodont zonation from GTS 2020 in
Becker et al. (2020), which are converted from original conodont zonation of Joachimski et al. (2009).

5. Discussion
5.1. Diagenesis and conodont apatite % Sr/%0Sr

Diagenesis via thermal alteration, recrystallization, or exchange with
porewaters can alter conodont apatite 878r/86gr (Avila et al., 2025;
Conwell et al., 2026; Holmden, 1996; John et al., 2008; Saltzman et al.,
2014), potentially shifting it to higher (more radiogenic) values (e.g.,
Epstein et al., 1977; Martin and Scher, 2004; Dudas et al., 2017).
Thermal alteration typically occurs when conodont elements are
exposed to regional, contact, or hydrothermal metamorphism (i.e.,
metamorphism specifically resulting from interaction with high-
temperature, chemically active fluids). With increasing temperature,
the colour of conodont elements turns from pale yellow to black due to
the maturation of enclosed organic matter as measured by the Colour
Alteration Index (CAI) (Epstein et al., 1977; Zhang et al., 2026). Despite
differences in CAI 87Sr/%0Sr data derived from conodont apatite shows
comparable trends to brachiopod calcite as long as the enclosing rock
type is carbonate and not shale (Conwell et al., 2026; McArthur et al.,
2020; Saltzman et al., 2014). In this study, conodont samples have a

CAI ranging from 3 to 5, suggesting alteration temperatures ranging as
high as 200 to 300 °C (Epstein et al., 1977). The compiled 875r/865r
curve is ~0.00011 higher compared to the Eifelian to Frasnian curve
derived from brachiopod calcite (van Geldern et al., 2006) (Fig. 4).
Throughout the ~0.0001 late Givetian increase in ®’Sr/%°Sr, from about
0.70782 to 0.70792 in brachiopod calcite and from 0.70793 to 0.70803
in conodont apatite, the magnitude of the offset maintains a similar
range that averages ~0.00011 + 0.00003 (offsets for individual samples
compared by closest age tie point range from as low as 0.000064 to as
high as 0.000165) (Table S1 and Fig. 4).

Our results showing slightly higher Sr/%6Sr (0.0001) in higher CAI
conodonts can be compared with similar efforts to assess diagenesis in
5'80 based on CAL Joachimski et al. (2009) observed that trends in 5'%0
of Devonian conodonts were comparable among conodonts with CAI
ranging from 1 to 5, despite the fact that recrystallization in conodont
apatite begins at CAI 5 or higher (i.e., low grade metamorphism).
Therefore, the Pic de Bissous 8/Sr/%Sr data appear to be useful in this
study because the focus is on relative changes in the seawater 87Sr/%%sr
value rather than the absolute value that is more important for corre-
lation studies.
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Fig. 4. Comparison of 5'%0, 87Sr/%6Sr, degassing rate, and eustatic sea level. A. Conodont 5'®0 data from Joachimski et al. (2009) and Chen et al. (2021). B. 87Sr/%6sr
data from this study, Emsbo et al. (2018), van Geldern et al. (2006), Denison et al. (1997), and LOESS curve from McArthur et al. (2020). van Geldern et al. (2006)
data is differentiated by country. Note that through the ~0.0001 late Givetian increase in 8”Sr/°Sr, which increases from ~0.70782 to 0.70792 in brachiopod calcite,
the magnitude of the offset in conodont apatite maintains a similar range that averages ~0.00011 + 0.00003. C. Unitless relative magnitude of degassing rate (blue)
and LIP area (red) from Chen et al. (2021). Gray box demonstrates estimated interval of Acadian metamorphic degassing. D. Eustatic sea level curve (unitless) from
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5.2. Late Givetian inflections in 8Sr/%0Sr and 5'%0

Our paired 8Sr/80Sr and 5'%0 study of conodont apatite in the Pic de
Bissous section complements previous Devonian-age 87r/%65r and 5'%0
studies that compiled data from around the world (van Geldern et al.,
2006; Joachimski et al., 2009; Chen et al., 2021) using brachiopod
calcite and conodont apatite. From 392 to 377 Ma, the van Geldern et al.
(2006) 87Sr/80Sr dataset is based on brachiopod samples from 21

sections across Canada, Germany, Morocco, Russia, Spain, and U.S.A.
(Fig. 4). In terms of 6180, the Joachimski et al. (2009) conodont data set
is compiled from 8 sections across Czech Republic, France, Germany,
and U.S.A., and the Chen et al. (2021) dataset is compiled from 5 sec-
tions across China. The fact that these studies derive from multiple lo-
cations means the observed trends are likely global, with the larger
spread in 820 likely resulting from regional differences in seawater
temperature and factors influencing 5'80 of sea water. However,
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comparing the shifts in 8Sr/3%6sr and 8'%0 is difficult due to the un-
certainty inherent in biostratigraphically correlating sections from
multiple regions. Furthermore, whereas brachiopod calcite analyses are
conducted on single shells, in order to obtain enough conodont apatite
for 5!%0 the samples must be combined through several dissolved rock
layers that are time averaged. This further complicates assessment of
coincidence in timing and causal connections between 8 Sr/%6Sr and
5180 when comparing different compilations.

The study of van Geldern et al. (2006) was the first to recognize that
the late Givetian 87Sr/30Sr increase coincided with a d'®0 decrease
(warming). In that study, paired 8/Sr/%0Sr and d'®0 were measured on
six individual brachiopod samples, including four from the Buffalo
Quarry in Iowa, one from the IPSCO core in Iowa, and one from the
Cantabrian Mountains in Spain. Because the three localities did not
provide a continuous record through the inflections in 8Sr/%¢sr and
d®o through the late Givetian (van Geldern et al., 2006), this left open
questions about timing. While 8”Sr/%Sr is considered to be a global
signal because of the long residence time of Sr in the oceans (McArthur
et al., 2020), d'80 varies between regions with temperature and salinity
(Joachimski et al., 2009; Chen et al., 2021). In the late Givetian to
Frasnian (Middle to Late Devonian) transition, the timing and magni-
tude of d'®0-derived paleotemperature changes in intensively sampled
North American (Iowa, USA), European (France) and South China sec-
tions differ by millions of years (Chen et al., 2021). Our study shows that
in the Pic de Bissous section, the 87Sr/2%Sr seawater curve shifts begin-
ning in the late Givetian and correlates with the 5'%0 shift from ~19.8 to
~18.6%0 V-SMOW (Joachimski et al., 2009) (Fig. 4). In the following
sections, we first address potential causes of the increase in %7Sr/%0sr
using isotope mass balance modeling, and then examine potential links
between %7Sr/%Sr and §'®0 using SCION, a global biogeochemical
model that incorporates both climate and continental weathering on a
spatial scale.

5.3. Potential drivers of increasing late Givetian seawater & Sr/%6sr

The factors needed to drive an increase in seawater ’Sr/%Sr during
the Givetian can be addressed using a deterministic (forward) Sr box
model. The model operates by solving a set of Sr isotopic mass balance
equations (Eq. 1 and 2) (e.g., Ingram et al., 1994):

dN

E*Jriv +Jh_Jcarb (l)
dRy,

N dt :Jﬁv(Rﬁv_st)+Jh(Rh_st) (2)

where t is time; N is total moles of Sr in the ocean; J,;y and Jy, are riverine
and hydrothermal flux respectively; Jcarb is the carbonate burial flux of
Sr; Ryiy, Ry, and Ry are riverine, hydrothermal, and seawater 875r/80gr,
respectively. Using this box model, the trend toward more radiogenic
8751 /86Sr values could theoretically derive from: 1) a decrease in the
hydrothermal Sr flux, 2) an increase in the hydrothermal 878r/865r ratio,
3) an increase in the riverine Sr flux, or 4) an increase in the riverine
873r/865r ratio. We consider how each of these factors were changing
during the Middle to Late Devonian and model their potential impact on
seawater /Sr/%6gr.

Changes in the hydrothermal flux have been modeled using inversion
of eustatic sea level changes, using the assumption that long term (> 10°
yrs) sea level in the absence of ice buildup has a linear relationship to the
rate of seafloor production at mid-ocean ridges (e.g., Gaffin, 1987; Mills
et al., 2017; Avila et al., 2022). Multiple studies have concluded that
eustatic sea level was rising during the Middle to Late Devonian,
resulting in the deposition of the Kaskaskia Sequence (e.g., Haq and
Schutter, 2008; Qie et al., 2019; Becker et al., 2020). However, it
should be noted that sea level changes related to seafloor production
may be too slow to influence seawater 7Sr/%6Sr on the timescale
observed, and other potential drivers of sea level change include 2nd
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order glacio-eustasy (long period Milankovitch cycle) (Elrick, 2022;
Elrick et al., 2009; Read et al., 2023). Therefore, we can consider both
the modeled case here of sea level inversion and then consider an
alternative in which tectono-eustasy is either not present in the Middle-
Late Devonian study interval or too slow to affect our modeled seawater
875r/%sr.

In the case where seafloor spreading rates are changing, a higher
spreading rate results in increased hydrothermal flow and a greater flux
of basalt-derived Sr (e.g., Jones and Jenkyns, 2001; Coogan and Gillis,
2018). At the same time, increased seafloor production creates more
young, warm, and buoyant mid-ocean ridge basalts (MORBs) that
volumetrically replace seawater (e.g., Gaffin, 1987). Theoretically, an
increase in seafloor production (if eustatic sea level was rising for this
reason during the Middle to Late Devonian, which is not the only po-
tential driver that also includes long term Milankovitch cycles; Elrick
et al., 2009) will drive seawater %Sr/%%Sr to lower, less radiogenic
values, which is not reflected in the data. A deterministic box model
demonstrates that, all else held constant, a hydrothermal Sr flux
following the eustatic sea level of Becker et al. (2020) does not recreate
the seawater 87Sr/%Sr curve (Fig. S1 in Supplementary Materials).

Next, we consider whether the 8Sr/%%Sr of the hydrothermal flux
may have changed during the Middle Devonian. A shift in the relative
concentrations of Ca, Mg, Sr, and SO4 in seawater entering mid-ocean-
ridge hydrothermal systems can affect the 87Sr/%%sr of the exiting hy-
drothermal fluid because seawater chemistry influences the relative
proportions of seawater-derived Sr retained in solution versus basalt-
derived Sr added during fluid-rock reaction (Antonelli et al., 2017).
Antonelli et al. (2017) use data from ophiolites to provide the basis to
calculate that hydrothermal % Sr/%6Sr increased during the Early
Devonian, reached a peak, then decreased during the Middle and Late
Devonian. The authors estimate the hydrothermal & Sr/%°sr value to be
~0.7068 at 394 Ma, compared to the modern value of ~0.7033-0.7037
(e.g., Elderfield and Schultz, 1996; Jones and Jenkyns, 2001). In a sec-
ond deterministic box model, we hold all other variables constant and
use the change in the hydrothermal 8Sr/%0Sr flux according to Antonelli
et al. (2017). The modeled 8 Sr/8Sr seawater curve decreases, opposite
to our observations (Fig. S2 in Supplementary Materials). Therefore,
riverine weathering likely drove 8 Sr/30Sr up, and moreover, overrode
the non-radiogenic influence of the hydrothermal flux. This is reason-
able, as the riverine Sr flux is roughly twice the hydrothermal Sr flux
(Elderfield and Schultz, 1996); however, this is not a unique interpre-
tation and we consider other drivers below.

The impact of the riverine Sr flux may be significant and a major
control over the rate of riverine weathering input is the amount of land
exposed at lower latitudes (e.g., Marcilly et al., 2021). Land mass in the
low-latitude belt (between ~10°N to 10°S) has an outsized impact on
the Sr cycle and climate due to the relatively higher weathering rates (e.
g., Macdonald et al., 2019). According to several paleogeographic
models, the equatorial region during the Middle to Late Devonian was
likely dominated by ocean; exposed land included portions of Laurussia
(i.e., the combined continental mass of Laurentia and Baltica) and what
is now China (e.g., Torsvik and Cocks, 2017; Golonka, 2020; Marcilly
et al., 2021) (Fig. 1). Moreover, Marcilly et al. (2021) estimate that
landmass in low latitudes rose by ~3% during this period. This appears
to complement the ~5% decrease in exposed land at +40-50°, as
Laurussia shifted north, South China shifted south further into the low-
latitude belt, and a northern peninsula of Gondwana shifted south and
out of the low-latitude belt (Marcilly et al., 2021; Torsvik and Cocks,
2017). Once again, we use a deterministic Sr box model to hold all
other factors static and assume that the 3% increase in low-latitude
exposed land translates to a 3% increase in the riverine Sr flux. The
result (Fig. 3 in Supplementary Figures) produces a modeled 8Sr/%°sr
curve that increases but does so gradually and does not show the in-
flection at ca. 380 Ma. Therefore, increasingly low-latitude landmasses
via plate motion may have contributed to increasing seawater Sr/%6Sr
but did not drive the 380 Ma inflection.
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The increase in low-latitude land exposure likely also impacted the
riverine flux's %Sr/%6Sr value. This is especially true for Laurussia,
which experienced continental uplift during the Acadian Orogeny, part
of the Ordovician to Devonian-age Appalachian-Caledonide-Variscan
orogeny which encompassed the closing of the Iapetus and Rheic oceans
that eventually formed Pangea (e.g., Murphy and Keppie, 2005; van
Staal et al., 2009). In the literature, the Acadian typically refers to the
Late Silurian to Early-Middle Devonian accretion of the Avalonia
microcontinent to eastern Laurussia and closure of the Iapetus Ocean (e.
g., Murphy and Keppie, 2005; van Staal et al., 2009). The result is an
orogen that uplifted continental (i.e., granitic) material within sub-
tropical latitudes, creating a weathering source of radiogenic Sr (e.g.,
Chen et al., 2021). Therefore, we propose that weathering of the Acadian
Orogen likely drove seawater Sr/%0Sr to a more radiogenic value. A
final deterministic box model (Fig. 5) demonstrates that a 5 x 1074
increase in riverine 8Sr/%%Sr over the course of ca. 2-3 Ma can repro-
duce the proxy data. However, this increase in 87Sr/%6Sr over 2-3 My is
only constrained by creating a best-fit to our new data and is not a
unique solution.

From these four deterministic box models, we conclude that changes
in the hydrothermal Sr flux, hydrothermal ’Sr/%6Sr, and the riverine Sr
flux were unlikely to have driven the seawater &/Sr/36Sr curve. This
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leaves changes in the riverine 8Sr/3%Sr as the likely main driver. We
now use SCION, a global biogeochemical model that incorporates both
climate and continental weathering on a spatial scale, to determine
whether an increase in riverine 87Sr/%0Sr related to weathering of the
Acadian Orogeny could have been driven by warming caused by a pulse
of metamorphic degassing.

5.4. Warming as a driver of late Givetian silicate weathering

Overall, modeled atmospheric pCO: declined during the Middle to
Late Devonian (e.g. Mills et al., 2017; Lenton et al., 2018), but an in-
crease occurred based on a hypothesized metamorphic degassing event
(Stewart and Ague, 2018; Chen et al., 2021). It is further hypothesized
that the subsequent increase in LIP area mitigated the rise in CO2 driven
by this metamorphic degassing event (Racki, 2020). Chen et al. (2021)
used the COPSE (Carbon-Oxygen-Phosphorus-Sulfur-Evolution)
biogeochemical box model to investigate an increase in metamorphic
degassing (Fig. 4) at ~390 Ma derived from water-bearing fluid infil-
tration of continental material during prograde metamorphism in the
Acadian orogenic belt (Stewart and Ague, 2018). The process is esti-
mated to have injected ~0.7 to 2.5 x 10'° mol CO, into the atmosphere
(Stewart and Ague, 2018; Chen et al., 2021).
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Fig. 5. Sr box model. Panel A shows increase in riverine ”Sr/%®Sr and a constant hydrothermal 8”Sr/%%Sr ratio. Panel B shows constant riverine and hydrothermal
fluxes. See Table S4 for list of initial parameters and text for discussion. Panel C shows the late Givetian increase in 8”Sr/%°Sr based on the model run driven by
increasing riverine 8”Sr/%6Sr. In Panel C the blue filled circles are data from this study and orange filled circles are from van Geldern et al. (2006). Note that in Panel C
the magnitude of the offset between brachiopod calcite (van Geldern et al., 2006) and conodont apatite (this study) maintains a similar range that averages ~0.00011
=+ 0.00003. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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We use the Spatial Continuous Integration (SCION) global climate-
biogeochemical model (Mills et al., 2021, 2025), which can assign the
Acadian land surface a higher ®Sr/%6Sr than surrounding lithologies
(Fig. S4 in Supplementary Material). The model produces pCO,, surface
air temperature (SAT), 5'%0, and 87Sr/%%Sr curves using the timing and
magnitude of degassed COy during the Acadian Orogeny (Fig. 6), as
predicted by Stewart and Ague (2018). Similar to the COPSE model in

A 4
g of
2 =
T o
~2 1t
8 =
0 DEVONTAN
EMSIAN | EIFELIAN [GIVETIAN]  FRASNIAN | I ETT
400 390 380 370 360
Time (Ma)
B 32 T T T
s 31
S
3
8 30f
<
(2]
29 ; DEVONTAN
EMSIAN | EIFELIAN [cwverian]| FRASNIAN | FAMENNIAN
400 390 380 370 360
Time (Ma)
C
ny
16} 2
=)
. 8
o
] .
©
e .
DEVONTAN :
EMSIAN | EIFELIAN [GIVETIAN]  FRASNIAN | FaMENNIAN
400 390 380 370 360
Time (Ma)
D
0.7085 -
— 3“
2 =y
© i)
8 0708 o
%) S
%\
&%
& 07075 AT
EMSIAN | EIFELIAN [GIVETIAN]  FRASNIAN | I
400 390 380 370 360
Time (Ma)

Fig. 6. A. Predicted rate of CO, degassing based on Stewart and Ague (2018).
B. Surface Air Temperature in degrees C (SATequatoriat) calculated from
degassing rate shown in panel A. C. Blue curve shows modeled §'80 based on
sea surface temperatures calculated from pCO, curve in panel B. §'0 data from
Joachimski et al. (2009) (yellow) and Chen et al. (2021) (purple). D. Modeled
875r/8%Sr (blue line) using SCION. 875r/%0Sr data from this study (purple), van
Geldern et al. (2006) (yellow), and McArthur et al. (2020) LOESS curve (yel-
low). First forests (dotted line) from Chen et al. (2021) and Maffre et al. (2022).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Chen et al. (2021), the model produces surface water equatorial
warming of <2 °C that is much smaller than the 8 to 10 °C shift predicted
by the conodont apatite-based §'%0 curve (Fig. 6B, C). However, the
model produces the inflection point to rising &Sr/%0Sr values coincident
with peak warming after 380 Ma (Fig. 6D).

Whereas SCION can produce a model fit to the 87Sr/%0Sr curve it does
not explain the magnitude of warming observed in the Middle to Late
Devonian 5'80 curve. Alternative hypotheses to metamorphic degassing
are necessary to explain higher atmospheric CO levels and additional
warming, and one possibility is a reduction in silicate weathering effi-
ciency driven by vascular plant colonization as proposed by Maffre et al.
(2022). Although land plants have also been considered a driver of
enhanced silicate weathering and cooling (e.g., Le Hir et al., 2011),
Maffre et al. (2022) instead propose that vascular plants cover exposed
silicate rock area and reduce physical erosion, which in turn can lower
rates of silicate weathering and raise pCO5. Maffre et al. (2022) place the
first appearance of forests in the early Givetian (Fig. 6) and model a
series of scenarios in which pCOs rises or oscillates during the Givetian
to Frasnian before eventually decreasing from the Frasnian into the
Famennian.

Although incorporating the Maffre et al. (2022) scenarios into SCION
is beyond the scope of this paper, their hypothesis of reduced silicate
weathering with increased plant coverage has implications for our
Middle-Late Devonian %Sr/%®Sr interpretation. An increase in the
riverine flux of Sr or the 87Sr/86Sr ratio are plausible scenarios for the
875r/80r rise in the late Givetian. The hypothesis of Maffre et al. (2022)
would predict an overall decrease in %Sr/%Sr linked to continental
weathering based on plant colonization. In order to counteract the effect
of land plant colonization, it is necessary to have a radiogenic (high
878r/80sr) source rock in upland regions such as the Acadian Orogen
(Golonka, 2020; Maffre et al., 2022). Links between 875r/80Sr as a
weathering proxy and 8'%0 as a paleotemperature proxy linked to
changes in CO; at other times in Earth history present similar challenges
because a unique interpretation is not possible and other proxies must
ultimately be brought to bear on the problem (e.g., Berner and
Kothavala, 2001; McKenzie et al., 2016; Macdonald et al., 2019; Liu
et al., 2025). For example, a rise in pCO, during the Jurassic (Toar-
cian) potentially driven by volcanism (e.g., Reolid et al., 2021) may
relate to enhanced weathering based on increased 875y /865y (Jones et al.,
1994) and '70s/'%0s (Them et al., 2017). The Middle to Late Ordo-
vician decrease in seawater &Sr/%6Sr has been linked to changes in Nd
isotopes that signal weathering of uplifted ophiolites in the Taconic
Orogeny that coincides with cooling (e.g., Swanson-Hysell and
Macdonald, 2017; Conwell et al., 2022; Adiatma et al., 2024).

6. Conclusions

New ¥Sr/%0r paired with existing 5'%0 data from the same sample
set demonstrate a correlation between warming and an increase in the
weathering of higher 8Sr/%6Sr bedrock during the late Givetian. A Sr
box model suggests that an ~3% increase in exposed land +10° of the
equator likely contributed to the increase in seawater 8Sr/%Sr. How-
ever, a second box model demonstrates that an increase in the 87Sr/%0Sr
of the riverine weathering flux of Sr starting at around 380 Ma and
spanning ~2-3 My is needed to create the observed increase in Sr iso-
topes. We propose that this theoretical 8Sr/%0Sr increase was mainly
derived from weathering of the Acadian Orogen, which had a granitic
(radiogenic) composition.

On a wider scale, the warming of the Middle to Late Devonian marks
a departure from the large-scale cooling observed from the Early
Devonian into the Carboniferous. This may have been related to the
early colonization of the continents by vascular plants, which reduced
physical weathering and led to a transient increase in pCO,. Acadian
metamorphic degassing also likely contributed to warming. However,
both the previous COPSE model and present SCION model demonstrate
that the amount of CO released via decarbonation would have been



T.D. Avila et al.

insufficient to cause equatorial warming of 8 to 10 °C.
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