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The long-term trend in the Paleozoic seawater 8”Sr/%Sr was punctuated by a unique
episode called the “Capitanian minimum” at the end of the Guadalupian (Permian; ca. 260
Ma). This article reviews the nature and timing of this major turning point in seawater Sr
isotope composition (87Sr/%Sr, §%8Sr) immediately before the Paleozoic-Mesozoic
boundary (ca. 252 Ma). The lowest value of seawater 'Sr/%°Sr (0.7068) in the
Capitanian and the subsequent rapid increase at an unusually high rate likely
originated from a significant change in continental flux with highly radiogenic Sr. The
assembly of the supercontinent Pangea and its subsequent mantle plume-induced
breakup were responsible for the overall secular change throughout the Phanerozoic;
nonetheless, short-term fluctuations were superimposed by global climate changes.
Regarding the unidirectional decrease in Sr isotope values during the early-middle
Permian and the Capitanian minimum, the suppression of continental flux was driven
by the assembly of Pangea and by climate change with glaciation. In contrast, the
extremely rapid increase in Sr isotope values during the Lopingian-early Triassic was
induced by global warming. The unique trend change in seawater Sr isotope signatures
across the Guadalupian-Lopingian Boundary (GLB) needs to be explained in relation to the
unusual climate change associated with a major extinction around the GLB.

Keywords: Sr isotope, seawater, Capitanian, Permian, continental crust, Pangea, climate change, carbonate

INTRODUCTION

The fluctuations in seawater *Sr/**Sr values throughout Earth’s history are archived in ancient
carbonates and have been strongly linked to global phenomena, such as changes in global tectonics
and climate change (e.g., Veizer and Compston 1974; Burke et al., 1982; DePaolo and Ingram, 1985;
Richter and Depaolo, 1988; Hess et al., 1986; Hess et al., 1989; Veizer, 1989; Richter et al., 1992;
Holland, 2003; McArthur et al,, 2012). The ¥Sr/**Sr ratio of modern seawater is globally uniform,
and the major fluxes driving the seawater ratio are threefold; 1) weathering of highly radiogenic
silicates and less radiogenic carbonates on continents, 2) nonradiogenic submarine hydrothermal
fluid from mid-oceanic ridges (MORs), and 3) weathering of less radiogenic basalts of island arcs and
oceanic islands (e.g., Allegre et al., 2010). Continuous stratigraphic sequences of unaltered carbonates
provide the best records of the Sr isotope compositions of ancient seawater and their secular changes,
which have been controlled solely by nonbiological processes. This is a great advantage of Sr isotope
data in paleoenvironmental research with respect to other isotopic proxies, such as §'>C, §'°N, and
8%*S, which reflect mass-dependent isotope fractionation through various biological processes.
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FIGURE 1 | Overview of Phanerozoic seawater 873r/%53r and 8%8Sr profiles with major extinction timings, secular changes in sea level, glacial episodes and the
assembly and breakup of the supercontinent Pangea. 8Sr/%®Sr and §%8Sr profiles are modified from McArthur et al. (2012) and Vollstaedt et al. (2014). The secular
change in sea level is modified from Hag and Schutter (2008). Vertical light gray and blue bars represent are cold and glacial episodes, respectively (Dera et al., 2011;
Friedrich et al., 2012; Montanez and Poulsen, 2013; Bodin et al., 2015; Montanez, 2016; Fielding et al., 2008; Metcalfe et al., 2015).

Overall, the seawater Sr isotope ratio during the Phanerozoic is
characterized by two trends, i.e., the long-term decrease in the
entire Paleozoic and the long-term increase in the Mesozoic-
Cenozoic, with small scale fluctuations of ca. 100 m.y. cycles (e.g.,
McArthur et al, 2012; Figure 1). The most unique aspect of
Phanerozoic Sr isotope values is the major trend change that
occurred in the latest Paleozoic to early Mesozoic, which is
marked by two episodes of the lowest Sr isotopic value: one in
the Capitanian (late Guadalupian, Permian) and the other at the
Middle-Late Jurassic transition. During these episodes, seawater
87Sr/%Sr values decreased to 0.7068, hitting their minimum in the
Phanerozoic. These values clearly recorded the suppression of
continental flux with highly radiogenic Sr with respect to the
nonradiogenic hydrothermal flux from MORs. The Jurassic
episode has been reasonably explained as a direct result of the
opening of the Atlantic Ocean in the framework of the major
breakup of the supercontinent Pangea with the generation of new
continental margins. In contrast, the Permian case remains

debatable because no apparent coincidence with major
continental breakup is confirmed. This episode surely recorded
a relatively small continental flux into the global seawater with
respect to the hydrothermal flux from ocean floors; nonetheless,
the driving factor of this decrease has not yet been identified.
Notably, a major climate change and biodiversity crisis occurred
near the end of the Guadalupian (ca. 260 Ma; e.g, Jin et al, 1994;
Stanley and Yang, 1994; Isozaki and Ota, 2001; Bambach, 2002; Wang
et al,, 2004; Bond et al., 2010; Wignall et al., 2012; Rampino and Shen
2019; Lucas, 2021), ca. 8 m.y. before the well-known major extinction
across the Permo-Triassic (Paleozoic-Mesozoic) boundary (ca.
252 Ma); however, the main cause of the end-Guadalupian
extinction remains unidentified, although coeval geological
phenomena are emphasized, including the significant change in
seawater Sr isotopes and the lowest sea-level (e.g, Haq and
Schutter, 2008; Isozaki, 2009; Kani et al., 2013; Kofukuda et al., 2014).
This review article documents the latest compilation of *’Sr/
89Sr records of the Permian, particularly with the reappraisal of Sr
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FIGURE 2 | A schematic correlation diagram showing an updated secular change in seawater Sr isotope values across the GLB, together with coeval global
environmental changes, sea-level changes, and extinctions. 873r/853r curve (Upper): Values adopted from Veizer and Compston (1974), Denison et al. (1994), Martin and
Macdougall (1995), Morante (1996), Korte et al. (2003), Korte et al. (2004), Korte et al. (2006), Kani et al. (2013), Sedlacek et al. (2014), Vollstaedt et al. (2014), Song et al.
(2015), Wang et al. (2018), Kani et al. (2018), Li et al. (2020), Li et al. (2021). All data were adjusted to NIST SRM 987 = 0.710248 (McArthur et al., 2001) and
recalculated according to the Geologic Time Scale 2012 (Gradstein et al., 2012). The black line is the running average of biostratigraphically well-defined (conodont
biozonation) and well-preserved (diagenetically screened) brachiopod and conodont and well-defined (conodont or fusuline biozonation) whole rock (micritic carbonate)
data with 2 m.y. time steps and a 3 m.y. window. 8”Sr/%°Sr curve (Lower): modified from Figure 2 in Korte and Ulmann (2016).
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isotopic data from Permian carbonates deposited in various
settings in the world, especially with new data from South
China, Japan, and Primorye (Far East Russia). 87Sr/%6Sr
isotope data from skeletal and bulk micritic carbonate samples
are also comparatively evaluated. In addition, coeval Permian
tectonic/climatic regimes are discussed in relation to their
possible influences on secular changes in ®Sr/*°Sr and §®*Sr
isotopic systems.

V-SHAPED TREND CHANGE IN
CAPITANIAN SEAWATER 2’SR/%°SR

Overall Aspect

The overall Permian profile of the seawater Sr isotope ratio is
characterized by a sharp V-shaped pattern formed by a long-term
decrease during the Cisuralian-Guadalupian and a rapid increase in
the Lopingian-Early Triassic. The lowest value of Sr/**Sr occurred in
the Capitanian (late Guadalupian; 265-260 Ma) (Figure 1), which
recorded the major change in weathering related to climate change or
global tectonics (e.g., Veizer, 1989; Veizer et al., 1999; Korte et al., 2003;
Banner, 2004; Korte et al., 2003; Kani et al., 2008; McArthur et al.,
2012; Kani et al,, 2013).

The entire Permian best-fit curve was demonstrated by Korte and
Ullman (2016), on the basis of the data from well-preserved
brachiopod shells and biostratigraphically well-defined conodonts
data from Korte et al. (2006), which are regarded to represent the
most reliable Sr isotope recorder of ancient seawater. The *’Sr/*Sr
values of conodonts during the late Permian were updated by those of
biostratigraphically re-defined conodonts reported by Song et al.
(2015). Almost all the data from Capitanian brachiopods show
extremely low *’Sr/*Sr values less than 0.7070 down to 0.7068. In
contrast, the ¥Sr/**Sr values of Wuchiapingian brachiopods show a
rapid increase up to 0.7072. The coeval ¥Sr/**Sr values measured for
whole-rock samples of fine-grained limestone (micrite) generally
agree with those of brachiopods. Figure 2 (upper) displays the
¥St/*°Sr curve compiled from previous data (Supplementary
Table S1; references in Korte and Ullman 2016; Kani et al., 2008;
Kani et al,, 2013; Song et al,, 2015; Kani et al., 2018; Wang et al., 2018;
Li et al,, 2020; Shen et al., 2020) from samples of biostratigraphically
dated and well-preserved (diagenetically screened) brachiopod shells,
conodonts and micrite samples. When Burke et al. (1982) first
reported the Phanerozoic Sr isotope curve as a global seawater
signal, nonmetamorphosed micrite samples were regarded to be
promising for high-resolution Sr isotope stratigraphic correlation
because a good correlation was confirmed between the brachiopod
shell and associated micrites. As whole-rock analysis of micrite
samples potentially has uncertainty, careful treatments are needed
before dissolving in dilute suprapure acetic acid, e.g. hand-picking of
millimeter-sized grains of micrite under a microscope for screening
dolomitized and/or other diagenetic products; nonetheless, this
approach is still practical for nonfossiliferous limestone intervals
and/or horizons.

Decrease in the Cisuralian-Guadalupian
According to the compilation of Permian *Sr/*°Sr secular
evolution by Korte and Ullmann (2016), the Late

The Capitanian Sr Minimum

Carboniferous-middle Permian trend is represented by an
unidirectional decrease in *’Sr/*°Sr that stops in the
Capitanian (late middle Permian) (Burke et al., 1982; Denison
et al., 1994; Morante 1996; Korte et al., 2006; Kani et al., 2008;
Wignall et al., 2009; Shen and Mei, 2010; Tierney 2010; Kani et al.,
2013; Liu et al,, 2013). The Asselian-Capitanian *Sr/**Sr decrease
is characterized by a rapid rate of approximately 0.0003/
10 m.y.(from 0.7080 to 0.7069 in 35m.y.), and the curve
displays a stepwise-shape; the Asselian-Sakmarian and
Wordian-Capitanian are the two steep stages (Korte et al,
2006; McArthur et al, 2012). The Capitanian minimum
(~0.7069) marks the termination of the decrease, and the
extremely low value lasted the entire Capitanian (ca. 5 m.y.)
(Kani et al., 2008; Kani et al, 2013). The average of reliable
brachiopods was 0.70684 + 0.00015 [standard deviation (SD), n =
6] (data from Korte et al., 2006) and the average of all types of
carbonates was 0.70694 + 0.00012 (SD, n = 147; data from
Denison et al., 1994; Martin and Macdougall, 1995; Morante,
1996; Korte et al., 2006; Wang et al., 2018; Kani et al., 2008; Kani
et al., 2013; Kani et al, 2018) in the Capitanian, equal to the
minimum values in the Mesozoic curve (0.70683, the early-
middle Oxfordian transition, Late Jurassic) (Wierzbowski
et al,, 2017) as the lowest ¥’Sr/%®Sr ratios in the Phanerozoic.

Increase in the Late Lopingian to Early
Triassic

The seawater *’Sr/*°Sr rapidly increased across the GLB
(Figure 2). In the early Wuchiapingian, the *’Sr/**Sr value
started to increase after the remarkable trend change from the
long-term decrease via the transitional phase during the
Capitanian. The values decrease again in the mid-
Wouchiapingian. The sharp increase of 0.0017 during ca. 5 m.y.
from the end of the Changhsingian to the late Early Triassic. This
sharp increase is noteworthy because its slope is much steeper
than that in the Late Jurassic, which is 0.0003 during ca. 12 m.y.
from the late Oxfordian to early Volgian, marking the most rapid
increase in the Phanerozoic.

Capitanian Minimum

The overall trend in seawater *’Sr/*°Sr ratios during the Paleozoic
recorded the long-term unidirectional decline superimposed with
short-term fluctuations. In contrast, the Mesozoic-Cenozoic
trend is almost the opposite, i.e., unidirectionally increasing. In
the Paleozoic, the short-term fluctuation in Sr record repeated
4 times with 4 minima, and the magnitudes of all shifts were more
or less the same, except for the Capitanian minimum which is
much larger than others (Figure 1). We infer that this anomalous
signal may have been caused not by common reciprocal process
worked throughout the Paleozoic but was amplified by another
unique agent. A negative shift in §'°C immediately before the
GLB indicates that a major perturbation has occurred in the
global carbon cycle (e.g., Wang et al., 2004; Kaiho et al., 2005;
Isozaki et al., 2007; Saitoh et al., 2013). Several possible
mechanisms for causing this perturbation were proposed; e.g.,
sea-level change (Wang et al., 2004), ocean stratification and
anoxia (Isozaki et al., 2007; Tierney, 2010), methane release
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FIGURE 3| Srisotope stratigraphy of late middle Permian to early late Permian carbonates at various localities in the world. Middle Permian paleogeographic map

of the world modified from Scotese (2008), Kofukuda et al. (2014), Isozaki et al. (2017). Data sources: Iwaizaki (Kani et al., 2018), Senkina Shapka (Kani et al., 2018),
Australia (Morante, 1996), Akasaka (Kani et al., 2013), Kamura (Kani et al., 2008), New Mexico (Denison et al., 1994), Texas (Denison et al., 1994; Martin and Macdougall,
1995; Korte et al., 2006), Utah (Denison et al., 1994), South China block (Denison et al., 1994; Korte et al., 2003; Korte et al., 2004; Korte et al., 2006; Song et al.,
2015; Wang et al., 2018; Li et al., 2020; Li et al., 2021), Iran (Denison et al., 1994; Korte et al., 2003; Korte et al., 2004; Korte et al., 2006; Sedlacek et al., 2014), and
European Zechstein (Korte et al., 2006). All data were adjusted to NIST SRM 987 = 0.710248 (McArthur et al., 2001) and recalculated according to the Geologic Time
Scale 2012 (Gradstein et al., 2012).
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(Retallack et al., 2006; Retallack and Jahren, 2008; Bond et al.,
2010), or Emeishan volcanism (Wei et al., 2012). Nonetheless,
judging from less co-variation of carbon and calcium stable
isotopes of carbonates and conodonts in China (Penglaitan
and Chaotian), and Turky (Koserelik Tepe), Jost et al. (2014)
concluded that the perturbation in the global carbon and calcium
cycles across the GLB were less intense than those across the PTB,
emphasizing the GLB event was less significant than PTB event.
Nonetheless, Sr isotope records indicate the opposite, as marked
by the most remarkable isotopic signature in the Paleozoic,
i.e., the Capitanian minimum. Further analyses with multiple
geochemical proxies in high resolution across the GLB are
definitely needed to constrain extinction-relevant changes in
seawater composition on a global scale.

PALEOGEOGRAPHY OF SR ISOTOPE
RECORDS

Since pioneering studies in the SW United States (Denison et al.,
1994; Martin and Macdougall, 1995), many attempts at seawater
%7Sr/%°Sr analyses for the Permian have been conducted mostly on
carbonate sections, of which the distribution covers various
regions in the world; ie, North America, the Mid-East,
Europe, Australia, and Asia (South China, Japan, and Far East
Russia). From the perspective of paleogeography, the previously
studied sections are widespread across the supercontinent Pangea
as well as throughout the superocean Panthalassa (Figure 3).
Their depositional settings are highly variable; i.e., continental
shelf, intracontinental shallow sea, and mid-oceanic atoll. In
addition, more differences exist among shelf sections in terms
of paleolatitude (from low to high), ocean (Panthalassa, Tethys,
or others), and longitudinal distribution of continental margins.

Regarding stratigraphic correlation and biostratigraphical
dating, conodont fossils perform best with an average age
resolution of approximately 1.3m.y. (Korte et al, 2006;
Henderson et al, 2012), although unavoidable problems
relevant to faunal provincialism remain (Henderson and Mei,
2007). Among all sections, the Guadalupian sections in western
Texas/New Mexico (United States) and the Penglaitan/Shanxi
sections in South China with numerous fossil data and
geochemical analyses are regarded as the most reliable
reference sections for correlation (Shen et al., 2020). We also
emphasize the significance of the unique records from mid-
Panthalassa because they archive globally-averaged isotopic
signatures of seawater without any influence from local
tectonic disturbances in continental (Pangean) margins/
interiors. This section briefly reviews the distribution of
representative Capitanian sections with Sr isotope analyses,
particularly those with newly added data.

Low-Latitude Shelf Along Eastern
Panthalassa

The Permian marine sequences are exposed in the Permian Basin
in west Texas and southern New Mexico, United States (Glenister
et al, 1992), which include the Global Boundary Stratotype

The Capitanian Sr Minimum

Section and Points (GSSPs) for the Rodian, Wordian and
Capitanian Stages. These sequences represent low-latitude
carbonate facies deposited along an embayment (Delaware
Basin) on the western coast of Pangea (Figure 3). Sr records
were reported by Denison et al. (1994), Martin and Macdougall
(1995), and Korte et al. (2006).

Low-Latitude Shelf Along Paleo-Tethys
Thick fossiliferous shallow marine Permian carbonates are widely
distributed in the northwestern part of South China. The South
China (or Greater South China) was located in the low-latitude
domain during the Permian between the Paleo-Tethys to the west
and the Panthalassa to the east (Figure 3). The Guadalupian-
Lopingian shallow marine carbonates, including the GSSP of the
GLB at Penglaitan, have been analyzed by many researchers (e.g.,
Jin et al.,, 1994; Jin et al., 2006a). The Shansi section in Sichuan
Province represents carbonates deposited on the Paleo-Tethys
side, whereas those in Guanxi Province represents carbonates
deposited on the Panthalassa side. In addition to classic datasets
(Denison et al., 1994; Korte et al., 2003; Korte et al., 2004; Korte
et al., 2006), detailed Sr isotope data were recently added by Song
et al., 2015, Wang et al. (2018), Li et al. (2020), Li et al. (2021).

In addition, Capitanian carbonate-bearing sequences occur at
Abadeh and Jolfa in Central Iran, Mid-East. These sections were
deposited somewhere in the middle of the low-latitude Paleo-
Tethys (Figure 3). The Guadalupian Abadeh Formation, and the
overlying Lopingian Hambast Formation were analyzed for Sr
isotopes by Denison et al. (1994), Korte et al. (2003), Korte et al.
(2004), Korte et al. (2006), and Sedlacek et al. (2014).

Inland Sea in North-Central Pangea

The middle to late Permian sequence of inland-sea facies with
evaporites is exposed in northern Germany and Poland. The
depositional site (Zechstein Basin) was located in a low-latitude
inland domain within the northern part of Pangea with a seaway
connection to the Boreal Sea to the north (Figure 3). This basin
was unique in depositing evaporites, such as bedded halite and
anhydrites; however, carbonates are limited. Sr analyses were
reported by Korte et al. (2006).

High-to Mid-Latitude Shelf Along the

Western Panthalassa Margin

Capitanian shallow marine carbonate sequences of continental
shelf facies are exposed in NE Japan and Far East Russia; e.g., at
the Iwaizaki and Senkina Shapka, Primorye. Despite their current
positions at mid-latitudes, these sections were primarily
deposited at relatively low latitudes along Greater South China
(Figure 3), as evidenced by fossils of warm water-adapted
Tethyan biota (Zakharov et al, 1992;
Machiyama, 1995; Shen and Kawamura, 2001; Kossovaya and
Kropatcheva, 2013; Tobita et al., 2018). Sr isotope records from
both sections were reported by Kani et al. (2018).

Kawamura and

Low-Latitude Mid-Panthalassan Atoll
Numerous large and small Permian limestone blocks currently
occur as exotic blocks within the Jurassic accretionary complexes
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in Japan (Isozaki et al., 1990). They were primarily deposited on
seamount tops as atoll complexes in the low-latitude mid-ocean
of Panthalassa (Figure 3), as evidenced by abundant fossils of
warm water-adapted biota, and secondarily transported by plate
motion until their arrival at the active continental margin of
Jurassic Japan (Pacific margin of Greater South China) (Isozaki,
1997; Sano and Nakashima, 1997). Some limestone blocks
preserve continuous stratigraphic sections of Capitanian
limestone and G-LB intervals, such as the Kamura and
Akasaka limestones in SW Japan (Ota and Isozaki, 2006;
Kasuya et al,, 2012; Kofukuda et al., 2014). Sr isotope records
from these two sections were reported by Kani et al. (2008) and
Kani et al. (2013).

On the basis of these data from various parts of Pangea and
Panthalassa/Paleo-Terthys, all reported Sr isotope data from the
Capitanian and neighboring intervals are compiled in Figure 3.
The overall trend of Permian seawater Sr isotope composition
was confirmed and integrated by the present compilation with the
latest data from South China, Japan, and Far East Russia. In short,
we can conclude that the Permian seawater indeed shared the
same Sr isotope composition worldwide, including the unique
period around the GLB, regardless of paleogeographic positions,
i.e., low-vs. high-latitude, Panthalassa vs. Paleo-Tethys, west (dry)
side vs. east (wet) side of Pangea, mid-ocean vs. continental
margin, etc.

SR BUDGET OF PERMIAN SEAWATER

According to Allegre et al. (2010), highly radiogenic Sr (*’Sr/*Sr
ratio of 0.7136) from continental weathering of carbonate (0.708)
and silicate (0.721) contributes 34 and 25% of the Sr to modern
seawater, respectively, whereas mantle-like nonradiogenic Sr
(0.703) from submarine hydrothermal input and weathering of
island arc or oceanic island basalts (0.7035) contributes 11 and
30%, respectively. The ®’Sr/**Sr ratio in a river could have been
controlled by the age of the rocks in its drainage basin (Goldstein
and Jacobsen, 1987). The current flux of continental Sr to the
ocean is quantified as a mixture of younger bedrock and older
exorheic (ocean-connected) land area (Peucker-Ehrenbrinkand
Fiske, 2019). However, the controlling factor of considerable
changes in seawater *’Sr/*°Sr compositions was weathering,
especially age-integrated radiogenic silicate throughout the
Permian because submarine hydrothermal activity could have
remained at a constant low during the stable supercontinent
period (Henderson et al., 2012).

It has been emphasized that the Capitanian minimum is
particularly noteworthy because this episode recorded an
extreme case in the seawater Sr budget during the last
500 m.y. with a possible connection to one of the large-scale
mass extinctions. Nevertheless, the ultimate cause of this extreme
condition at the end of the Paleozoic has not been identified,
although some possible scenarios have been proposed, e.g., global
tectonics with respect to continent configuration, global cooling
with sea-level regression, and plume-related volcanism (e.g.,
Korte et al., 2006; Kani et al., 2008; Isozaki, 2009; Wang et al.,
2018; Huang et al,, 2019; Li et al, 2020). The decrease in the
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portion of time-integrated highly radiogenic crustal silicate in
rivers and then the “continental Sr flux” to the ocean could have
been attributed to bias from less radiogenic carbonate and
younger silicate on the peripheral side of the continent
through the early-middle Permian (Figure 4). Given that the
hydrothermal flux from the mid-ocean hydrothermal system is
relatively constant, a decrease in seawater ’Sr/*°Sr values is
attributed to the suppression of flux from continental crust via
the reduction in carbonate/silicate weathering and/or the
preservation of weathered products in the interiors of
continents far from ocean margins; vice versa, an increase in
seawater *’Sr/*Sr values is attributed to the accelerated release of
continental material into oceans.

Regarding the significant mode change in continental flux
from the suppression to the recurrence on a large scale, during the
early-middle Permian, a unidirectional decrease in seawater *Sr/
89Sr values occurred (Figure 2), probably by the gradual
shutdown of riverine transport of weathered material derived
from continental crust of the supercontinent Pangea at its
maximum size. After reaching the minimum for ca. 5m.y. in
the Capitanian, seawater ¥ Sr/*Sr values started to increase from
the beginning of the Wuchiapingian. The trend decreases again
during mid-Wuchiapingian to the end of the Changsingian. The
major change in the ¥Sr/**Sr trend since the end of the Lopingian
is characterized by an unusually high increasing rate. This
probably reflected the extremely rapid release of weathered
materials derived from continental crust, after their long-term
storage in the interior of the continents during the earlier half of
the Permian.

In general, tectonics and climate change on a global scale have
traditionally been regarded as the main drivers of seawater Sr
composition (e.g., Veizer et al., 1999; McArthur et al., 2012). This
is because the two processes can considerably change the
continental flux of radiogenic Sr to a certain degree. In the
following, we briefly review major interpretations and
discussions on these two aspects.

PANGEAN TECTONICS

It has been frequently pointed out that the secular changes in
Proterozoic-Phanerozoic seawater Sr isotope compositions faithfully
reflect changes in configurations of continents over time, particularly
the formation and breakup of supercontinents (e.g. Halverson et al,
2007; Condie and Aster, 2013). Pangea’s history from its assembly in
the Carboniferous to its breakup in the Jurassic apparently coincides
not only with the Phanerozoic sea-level changes (Schopf, 1970) but
also with the long-term profile of seawater Sr records, which are
characterized by a unidirectional decrease during most of the
Paleozoic, and, subsequently, a unidirectional increase during the
post-Jurassic Mesozoic and Cenozoic (e.g., Veizer et al,, 1999). The
gathering of various continental blocks could prevent the release of
highly radiogenic silicate from the interior of the supercontinent to the
ocean by closing intercontinental seaways, and vice versa, the post-
Pangean opening of the Atlantic Ocean, coupled with the dispersal of
continental blocks could elevate the continental flux by creating new
passages to oceans.
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FIGURE 4 | Box model for the Sr budget of the global ocean, 8 Sr/%6Sr and §%8Sr values of natural samples. The model scheme for the oceanic Sr budget was
modified from Vollstaedt et al. (2014). 8 Sr/26Sr and 8%8Sr values of modern seawater, modern oceanic carbonates (EN-1: modern giant clam shell, and JCp-1: coral), a
granite rock standard sample (G-3), continental crust, modern rivers, hydrothermal water, and the Phanerozoic mean of marine carbonates are from Krabbenhoft et al.
(2010), Moynier et al. (2010), Charlier et al. (2012), Neymark et al. (2014), Vollstaedt et al. (2014), and Pearce et al. (2015).

Although the overall picture appears reasonable, it seems difficult
to explain the details, such as the Capitanian minimum and
subsequent extremely rapid increase after the GLB (Kani et al,
2008). The timing was too early for the main continental breakup,
which indeed occurred in the Jurassic, more than 60 m.y. later. The
uplifted intracontinental silicate weathering area had grown
extensively by continental doming due to mantle plume
impingement (Kani et al,, 2013) and by the reduced weight of the
ice sheets on continents under a warm climate. Some troughs in the
seawater *’Sr/**Sr curve in the Mesozoic appear to coincide with the
emplacement of large igneous provinces (LIPs) (Taylor and Lasaga,
1999; Cohen and Coe 2007; Callegaro et al., 2012; Kristall et al., 2017),
which might temporarily contribute to the decline in ¥Sr/**Sr in
seawater. In the Capitanian, submarine hydrothermal activity
associated with the opening of Neotethys and the erosion of the
Emeishan basaltic rocks might have provided a large flux of
nonradiogenic Sr into the oceans (Korte et al., 2006; Huang et al,,
2019; Li et al, 2020). Although these apparently contradict with
expected constant submarine hydrothermal activity under a stable
supercontinent during Permian and increasing continental
weathering the Emeishan LIP activity (Henderson et al,, 2012), the
period of the opening of Neotethys and the period and rate of the
erosion of the Emeishan basalts and their quantitative contributions
may be worthy considerations as the short-term contributions. After

the Capitanian minimum, the cessation of basaltic volcanism with the
decline of hydrothermal activity was suggested (Korte et al., 2006;
Wignall et al, 2009). Bagherpour et al. (2018) explained that the
temporary decline in seawater ¥Sr/**Sr during the Wuchiapingian
may have reflected an increase in nonradiogenic flux from enhanced
continental erosion related to LIP activity. Some minor fluctuations in
the whole Phanerozoic curve possibly reflected pulses of
nonradiogenic Sr input related to LIP activities.

At present we still need better explanations for shorter-term
changes in global seawater Sr profile. Although smaller in
magnitude, several pairs of rapid increases/decreases are identified
during the Paleozoic, in which the Capitanian minimum is included.
These short-term signals superimposed onto the long-term change are
likely related to another essential mechanism, which is totally distinct
from the overall supercontinent-relevant scenario. In this regard,
large-scale sea-level change coupled with the short-term climate
change appears promising, on which we will discuss next.

PERMIAN GLOBAL CLIMATE

Climate changes on a global scale may affect considerably the
seawater *’Sr/*°Sr ratio because global cooling/warming can
cause sea-level drop/rise and sometimes glaciation/
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deglaciation. Sea-level change and continental ice coverage are
critical to continental flux of radiogenic Sr into the oceans,
whereas nonradiogenic mid-oceanic ridge flux is not related to
climate change. Global cooling may cause sea-level to decrease,
which can drive more surface exposure of less radiogenic
peripheral continental crusts to enhance less radiogenic flux to
ocean. Furthermore, when global cooling involves major
glaciation, the ice coverage over extensive intracontinental
crusts may suppress more effectively the highly radiogenic
continental Sr flux.

The late Paleozoic ice age (LPIA) was identified on the basis of
glacial deposits formed at high to mid-paleolatitudes (e.g, Fielding
et al, 2008). Although intermittently truncated by short-lived
deglaciations, the glacial condition of the LPIA essentially
continued for over 50 m.y,, ie., from the Early Pennsylvanian (late
Carboniferous) (~320 Ma) to the late Wuchiapingian (ca. 255 Ma)
(Montanez and Poulsen, 2013; Frank et al,, 2015). At the beginning of
the early Cisuralian (early Permian), seawater Sr isotope values started
to decrease rapidly, in good accordance with the apex timing of the
LPIA with extensive continental glaciation (Figure 2). On the other
hand, the onset of the Capitanian Sr minimum was during a cold
climate with the lowest Phanerozoic sea level, and it continued until
the GLB, which roughly corresponded to the termination, rather than
in the middle, of the LPIA (Figure 2). As to the coeval global cooling/
sea-level decrease and Sr isotope minimum, a similar observation was
confirmed also for the end-Ordovician timing (Isozaki and Servais,
2018).

In response to a global cooling in the interval, aridity and the post-
main Gondwanan glaciation were presumed as possible causes of the
decreasing of 878r/%6Sr (Korte et al., 2006; Henderson et al., 2012),
rather than local/regional tectonism. In general, glaciation is regarded
as an effective agent to increase continental weathering/erosion. For
the Capitanian case during the assembly of Pangea, however, the
expansion of continental glaciers might have suppressed continental
weathering. Kani et al. (2013) explained the decrease in 878r/%Sr had
been derived possibly from the regional ice cover over vast continents
under a cool climate. In contrast, as to the increase in *’Sr/**Sr during
the end of the Lopingian to Early Triassic, the warmer climate
associated with sea-level rise might have enhanced the weathering
of older intracontinental silicate-dominant crustal rocks, reducing the
weathering of younger rocks along ocean margins. The transient
increase in *’Sr/**Sr at the beginning of the Lopingian likewise
possibly resulted from a short-lived warmer climate (Chen et al,
2013). Currently popular scenarios prefer the rapid continental
weathering by assuming a global warming triggered by the vast
CO, emission from the Emeishan LIP volcanism (Henderson
et al, 2012), humidification (Korte et al, 2006; Wignall et al,
2009), acid rain (Huang et al, 2008; Song et al, 2015), and
resultant loss of land vegetation. Nevertheless, the emerging 8**Sr
data, as introduced in the following section, provide an alternate
explanation.

UTILITY OF §%8SR ISOTOPIC SYSTEM

Stable Sr isotope (8%8Sr = [(®3Sr/2°Sr) carbonate’ (CEST/*°ST) standard —
1] x 10’} has been recently recognized as a useful proxy for
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monitoring past burial/dissolution of oceanic carbonates
(Vollstaedt et al., 2014). The 8*Sr value of marine carbonate
is lighter than that of coeval seawater because carbonate
preferentially incorporates lighter **Sr (Figure 4, e.g., Bohm
et al, 2012). As confirmed in modern oceans, the degree of
burial/dissolution of oceanic carbonate is essential to determine
8%3Sr value of seawater. (Krabbenhoft et al., 2010; Vollstaedt et al.,
2014). In general, the rate of preservation/dissolution of oceanic
carbonate is attributed to environmental changes, such as
seawater temperature, pH, and sea-level change (Riebesell
et al., 1993; Knoll et al., 1996; Woods et al., 1999; Payne et al,,
2010). During sea-level low stands, in particular, the regional
exposure of ancient marine carbonates along continental shelf
margins may increase carbonate-derived Sr flux (Stoll and Schrag,
1998; Krabbenhoft et al., 2010), which is characterized by low
8%Sr (Vollstaedt et al., 2014).

To date, §**Sr analysis for ancient marine carbonates has not
yet covered the entire Paleozoic (Vollstaedt et al., 2014; Figure 1).
As to the Permian (Vollstaedt et al., 2014; Figure 1), nevertheless,
the secular trend of seawater 8**Sr was preliminarily shown, in
which 8%%Sr values started to decrease in the early Permian and
kept decreasing till the end of the Capitanian when the lowest
value of the Phanerozoic was marked. The minimum of §**Sr
values strictly during the Capitanian essentially suggest the
unique dominance of carbonate weathering/erosion. The
carbonate dissolution and associated discharge of less
radiogenic Sr likely occurred on continental margins with
ample archives of past carbonates, mostly along the Tethyan
and low-latitude Panthalassan peripheries during the Permian.

In the Capitanian, the carbonate production declined globally
in high latitudes, with the significant shrinkage of reef ecosystems
(e.g., Beauchamp and Grasby, 2012; Blomeier et al., 2013). For the
cause of this temporary shutdown of bio-carbonate factory,
possible candidates include global cooling, anoxia, or
acidification (Bond et al, 2015). Temperature drop in
seawater, in particular, promotes the dissolution of carbonate,
as the increase of pCO, in seawater leads higher solubility
(Freeman and Hays, 1992) to move the carbonate lysocline to
shallower levels, and to limit consequently the depositional area
on seafloor for carbonates.

The overall correlation between &%*Sr and ¥Sr/*°Sr
throughout the Phanerozoic has not been examined owing to
the incomplete dataset; however, the secular change in seawater
8%Sr did not apparently synchronize with that of ®Sr/*°Sr
(Vollstaedt et al., 2014; Figure 1); i.e., these two curves often
deviate from each other with remarkable off-sets in timing of
inflection points. Nevertheless, for the Middle-Late Permian
interval, an intimate correlation is observed between §**Sr and
875r/®°Sr (Figure 1); i.e., the shape of the §**Sr trend during the
Permian in the vertex of the parabola centered in the Capitanian
is almost identical to that of coeval *’Sr/**Sr. The synchronized
decreases in the seawater ¥'Sr/**Sr and 8%Sr values are likely
caused by the elevated input of less radiogenic and **Sr-enriched
carbonate-derived flux through intense weathering/dissolution
along continental margins. Although the causes of changes in
preservation/dissolution were differently each changes in §**Sr
curve through Phanerozoic, the dual isotopic systems i.e., §**Sr
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and ¥Sr/**Sr provide a further information to understand global
Sr budget changes. By analyzing secular changes in seawater
5%%Sr, we can reconstruct the history of preservation/dissolution
of carbonates at continental margin as a global average.

Vollstaedt et al. (2014) also pointed out that the long-term
trends of §**/*°Ca and 8%*Sr resemble each other throughout the
Phanerozoic, which reflect variations in carbonate fluxes in global
Ca and Sr cycles. The changes in §%Sr likely synchronized with
carbon isotope excursions, as well as that of Ca stable isotope,
because the carbon and calcium cycles are generally coupled via
CaCO; preservation/dissolution processes. The post-Kamura
negative shift in §"°C in the Capitanian may have reflected an
enhanced marine carbonate dissolution. As to the PTB, the §'°C
negative shift from +3 to —1 permil (Korte and Kozur, 2010) and
Ca isotope negative shift were explained by the dissolution of
’C-depleted carbonate, which was triggered likely by oceanic
acidification (Hinojosa et al., 2012). The expected co-variation of
8**%9Ca and §%Sr in seawater is not clear for the GLB interval.
The §%*Sr may have been dependent only on changes in carbonate
flux (Vollstaedt et al., 2014), whereas 8***°Ca was influenced
probably by different fractionation factors between calcite and
aragonite (Farkas et al., 2007; Blattler et al., 2012). There is no
8"C negative excursion nor consistent pattern in §*¥*°Ca
confirmed in three distinct sections across GLB in the
southern Tethyan domain (Penglaitan and Chaotian section in
China, and in Koserelik Tepe in Turkey), which may reflect local
effects or diagenetic alteration (Jost et al., 2014). For establishing a
quantitative model, it is required that investigations of the
magnitude and timing of variations of 8%Sr and other
geochemical proxies as indicators of the ocean chemical
condition during the Capitanian-Wuchiapingian interval, on
continuous sequences of carbonates without local effects or
alteration.

CAPITANIAN ENVIRONMENTAL CHANGES
WITH EXTINCTION

Besides the above-discussed beacon in the Sr isotope episode,
other geological records, such as the lowest sea-level of the
Phanerozoic (Haq and Schutter, 2008; Kofukuda et al., 2014),
C-isotope anomaly called the Kamura event (Isozaki et al,,
2007; Isozaki et al, 2011), and the major geomagnetic
excursion called the Illawara Reversal (Isozaki, 2009a),
altogether indicate that major global environmental
changes surely appeared in the Capitanian and across the
GLB. The uniqueness of this interval has been focused also in
view of biodiversity crisis with the Capitanian extinction (Jin
et al., 1994, Jin et al, 2006b; Stanley and Yang, 1994;
Bambach, 2002; Isozaki, 2009; Bond et al., 2010 etc.),
which is rated high in the ranking of the extinction
magnitude (McGhee and Mukhopadhyay, 2013; Stanley,
2016). The main cause and processes of this global scale
episode were not yet fully revealed, although wvarious
possible scenarios were proposed; e.g., the Emeishan Trap
volcanism (Chung et al., 1998; Ali et al., 2002; Wignall et al.,
2009), the onset of global anoxia (Isozaki, 1997; Saitoh et al.,
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2014); non-bolide extraterrestrial effect (Isozaki, 2019). The
coeval unique signals in C, S, and N isotope records across the
GLB (e.g., Isozaki et al., 2007; Saitoh et al., 2013; Yan et al,,
2013; Bond et al, 2015; Zhang et al., 2015; Maruoka and
Isozaki, 2020) further imply strong links to the major
environmental changes with extinction.

As to the Sr behavior in the Permian ocean, sea-level change
and relevant development/retreat of reef carbonates appear more
critical than the rest. The Permian reef ecosystems were severely
destructed during the Capitanian, and their recovery was
extremely slow afterwards until the late Wuchiapingian (e.g.,
Weidlich, 2002). In addition to the low-latitude reef complexes,
high-latitude carbonates also disappeared quickly, e.g. in
Greenland and Spitsbergen, during the Capitanian (e.g.,
Beauchamp and Grasby, 2012; Blomeier et al., 2013). This
profound collapse of carbonate factory was likely caused by
the claimed global cooling associated with the remarkable sea-
level drop (Haq and Schutter, 2008; Kofukuda et al., 2014), which
is supported also by the selective extinction of warm-water
adapted biota and the end of gigantism among symbiotic biota
(Isozaki and Aljinovic, 2009; Feng et al., 2020), and also the
migration of mid-latitude fauna to low latitude domains (Shen
and Shi, 2002).

It seems difficult to specify any direct cause-effect
relationship between the nonbiological Sr episodes and
extinction; however, both phenomena were caused by a
large-scale agent of global context that appeared during
the Capitanian. The ultimate driver of such global change
is not yet identified; nevertheless, global cooling and
carbonate dissolution appear as the most significant
explanation for the Sr records and other lines of geological
evidence at present. The seawater *’Sr/*°Sr changes, the
minimum or the maximum, seem to coincide with several
extinction events, e.g., the end-Ordovician, the end-
Guadalupian, and the end-Permian (Figure 1). Recently,
various similarities were recognized between two major
extinction-related episodes in the Paleozoic; i.e., the
Hirnantian (end-Ordovician) and Capitanian (end-
Permian) events, because both episodes commonly
recorded the preferential removal of sessile biota in the
tropics, global sea-level drop, negative excursion of carbon
isotopes, and end of long-term geomagnetic polarity interval
(Isozaki and Servais, 2018; Isozaki, 2019). This may promote
further research on other cooling-relevant extinction events
and coeval changes in Sr isotope signatures in global oceans.

SUMMARY

The “Capitanian minimum” episode of Sr isotope records is
reviewed, particularly in terms of dual Sr isotopic systems;
i.e., ¥Sr/*Sr ratio and §°®Sr value. The long-term trend of the
Paleozoic seawater *’Sr/*°Sr was punctuated by the
Capitanian minimum at the end of the Guadalupian
(Permian). The lowest value of seawater 3’Sr/3%Sr (0.7068)
in the Capitanian and subsequent rapid increase at an
unusually high rate likely originated from a significant
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change in continental flux with highly radiogenic Sr with
respect to relatively stable hydrothermal flux from MORs.
The assembly of the supercontinent Pangea and subsequent
mantle plume-induced breakup were responsible for the
overall secular change throughout the Phanerozoic;
nonetheless, short-term fluctuations were superimposed by
global climate changes. The unidirectional decrease in Sr
isotope values during the early-middle Permian and the
Capitanian minimum was driven by the suppression of
continental flux with time-integrated highly radiogenic
silicates and also by the extensive dissolution of carbonates
with less radiogenic Sr along continental margins. During the
existence of Pangea, a cold climate appeared to develop
extensive ice covers over continents, as well as the lowest
sea-level. In contrast, the extremely rapid increase in Sr
isotope values during the end of the Lopingian-Early
Triassic was induced by global warming, during which all
processes worked in the opposite manner. Major changes in
the Capitanian surface environments, including the
significant sea-level drop, system disturbance in Sr and
other isotope, decline in carbonate formation, and large-
scale Dbiodiversity crisis called the end-Guadalupian
extinction, were all consequences of a rare and large-scale
agent that appeared not only during the Capitanian but also
in other cooling/extinction relevant timings.
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