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ARTICLE INFO ABSTRACT

Editor: Dr. Bing Shen The early Toarcian of the Early Jurassic was characterized by an interval of global warming, enhanced conti-
nental weathering, and an oceanic anoxic event (T-OAE, ~183 Ma). However, the changes in continental
weathering intensity in low latitudes still remain poorly constrained. Here, we present strontium isotope
(87Sr/ 86Sr) data of the Pliensbachian-Toarcian (P1-To) interval from the Tibetan Himalaya, which was formerly
located in the tropical/subtropical zone of the southeastern Tethys. An abrupt positive shift in 87Sr/6Sr starting
around the PI-To boundary and continuing during the interval of the negative carbon-isotope excursion (CIE)
suggests enhanced continental weathering and increased terrigenous influx. Stratigraphically higher, the
875r/80sr ratios gradually decrease during the recovery phase of the T-OAE CIE, suggesting a decline in conti-
nental weathering. Notably, the absolute values and positive-recovery pattern of 8Sr/%Sr data from bulk car-
bonate (pure micrite) of this study are not consistent with that from belemnites and brachiopods of Europe. Based
on strong relationship between 87Sr/%sr and diagenetic and silicate-derived Sr proxies, the absolute 87Sr/%0Sr
values here could have been affected to some extent by diagenesis and regional terrestrial input, and thus greatly
amplified relative to those of Europe. However, the strontium-isotope positive-recovery pattern broadly corre-
sponds with the pattern and interpretation of other weathering proxies (5**4°Ca and 1#70s/'%80s) during the T-
OAE. These observations suggest that the 87Sr/%sr trend still likely reflects the real regional signal but was
superimposed by global influence, although the data were biased by diagenesis. Taken together, the 87Sr/36sr
records from Tibetan Himalaya probably provide a useful insight into the regional weathering response,
superimposed by the global weathering signal, to the events of the early Toarcian.
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1. Introduction

One of the most well-known Oceanic Anoxic Events (OAEs) occurred
in the early Toarcian (~183 Ma) and was characterized by the global
distribution of contemporaneous organic-rich sediments from both
epicontinental and pelagic settings (Jenkyns, 1988; Jenkyns, 2010; Hu
et al., 2020; Kemp et al., 2022; Chen et al., 2023). The T-OAE was a
profound environmental perturbation of arguably global extent that
resulted in disruptions to element cycles, for example, by a sudden
negative carbon-isotope excursion (nCIE) interrupting a long-term pos-
itive CIE (Jenkyns, 2010; Xu et al., 2018; Chen et al., 2021). The T-OAE
nCIE is believed to be associated with rapid, large-scale CO5, release from

the Karoo-Ferrar Large Igneous Province (LIP), methane hydrate of
continental margins or terrestrial environments of wetlands, soils, and
lakes (Hesselbo and Jenkyns, 1998; Hesselbo et al., 2000, 2007; Palfy
and Smith, 2000; Them II et al., 2017). Thus, large-scale changes in
climate and environmental perturbations were triggered, such as
accelerated global warming (Dera et al., 2010; Korte et al., 2015), sig-
nificant sea-level rise (Hallam, 1981; Haq, 2018), enhanced continental
weathering (Brazier et al., 2015; Percival et al., 2016; Kemp et al.,
2020), ocean acidification (Miiller et al., 2020), and biotic crisis (Harries
and Little, 1999; Caswell and Coe, 2014; Jiang et al., 2020).

During the OAEs, enhanced continental weathering could have
played a central role in the drawdown of excess atmospheric CO3 in two
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ways (Jenkyns, 1988, 2010; Hu et al., 2020): (1) chemical weathering
consuming CO5 directly and/or (2) increased continental weathering
and nutrient input promoting primary productivity and large-scale
burial of organic matter. Although the obvious increase in chemical
weathering and associated nutrient delivery have been widely recog-
nized by strontium- osmium- and calcium-isotope data (Cohen et al.,
2004; Brazier et al., 2015; Percival et al., 2016; Kemp et al., 2020),
strontium-isotope data still remain the persistent positive values after
the T-OAE CIE. To date, these continental weathering proxies are all
from the northern hemisphere and similar research has been undertaken
on southern hemisphere material by using carbonate-hosted water-
insoluble elements (e.g., Al, Ti, Sc, Th and total rare earth elements
(REE); Han et al.,, 2022b). However, these continental weathering
proxies are not completely coupled, probably due to the partial contri-
bution of authigenic phases (Al) or release (REE) during Fe—Mn oxides
dissolution (Han et al., 2022b). Thus, these uncertainties limit our un-
derstanding of the changes in global continental weathering.

Here, we present %7Sr/%°Sr data of carbonate rocks from the Nianduo
section (Tethys Himalaya) during the P1-To interval, previously inves-
tigated by Han et al. (2016, 2018), Han et al., 2021, 2022a, 2022b), to
constrain changes in continental weathering and provide a better un-
derstanding of the strontium-isotope cycle.

2. Geological setting and stratigraphy

The studied area is located in the Tethys Himalaya, Tibet, which was
situated in the mature passive margin of the southeastern Neotethys
during the Early Jurassic. This was close to the equatorial regions of the
southern hemisphere, and is now bounded by the Greater Himalaya to
the south and by the Yarlung Zangbo Suture Zone to the north (Fig. 1;
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Liu and Einsele, 1994; Sciunnach and Garzanti, 2012; Huang et al.,
2015). The sedimentary sequence of the Tethys Himalaya consists
mainly of Proterozoic to Eocene carbonate and siliciclastic rocks, which
originally represented the northern margin deposits of the Indian sub-
continent (Fig. 1A; Liu and Einsele, 1994; Jadoul et al., 1998; Sciunnach
and Garzanti, 2012).

The Nianduo section (28°40'52'N, 86°08'07"E) of the Nyalam area is
located on the Kioto Carbonate Platform (Fig. 1B), which has been well
studied and subdivided into the Pupuga and Nieniexiongla Formations
(Fig. 2; Jadoul et al., 1998; Han et al., 2016, 2018, 2021). The Pupuga
Formation is characterized by thick-bedded bioclastic packstones and
was deposited on a shallow-water carbonate platform (Han et al., 2016,
2018). Based on the biostratigraphical data of larger benthic forami-
nifera and Lithiotis bivalves, the Pupuga Formation spans the Pliensba-
chian to earliest Toarcian (Han et al., 2018, 2021). The overlying lower
Nieniexiongla Formation is characterized by micrites deposited on a
deeper-water carbonate ramp, intercalating with abundant coarse-
grained storm-generated beds (Han et al., 2016, 2021). The lower Nie-
niexiongla Formation is Toarcian to Aalenian, as inferred from Toarcian
foraminifera in the basal units and Bajocian ammonites in the upper part
(Jadoul et al., 1998; Han et al., 2021, 2022b). Based on the biostratig-
raphy, the Pupuga-Nieniexiongla transitional interval records the
typical characteristics of the T-OAE CIE: Rapid sea-level rise, carbonate
platform crisis, frequent tempestite layers, negative carbon-isotope
excursion, and a positive carbonate associated sulfur isotope excursion
(Newton et al., 2011; Han et al., 2016, 2018, 2021, 2022a, 2022b).
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Fig. 1. (A) Toarcian global paleogeographic map (~179.3 Ma, Scotese, 2014) and (B) geological sketch map of the Himalaya showing the studied section, modified
after Hu et al. (2016). Abbreviations: GCT: Great Counter Thrust; STDZ: South Tibetan Detachment Zone; MCT: Main Central Thrust; MBT: Main Boundary Thrust;
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Fig. 2. The carbonate 8 Sr/2Sr profile of the Nianduo section (this study), photomicrographs of typical micritic limestones (A. 14NV180, —14.6 m; B. 14NV146, 4.8
m) used for strontium-isotope analysis, and evaluation of possible diagenetic and terrestrial input alteration of Sr/%°Sr values. The Sr-isotope profile was divided
into pre- (It —21.6 — —5.6 m), syn- (II: —5.6— 39.4 m), and post- (III: 39.4- 126.4 m) T-OAE CIE intervals. Cross-plots of 875r/86sr against elemental concentrations:
(C) ®7Sr/®0r - Mn/Sr (w/w) (R? = 0.13), (D) 8Sr/%%8r - Sr(ppm) (R% = 0.07), (E) 87Sr/%%Sr - 1000 x Ca/Mg(w/w) (R% = 0.01), and (F) ’Sr/®Sr - Rb/Sr (w/w) (R?

= 0.27).
3. Materials and analytical methods
3.1. Sample selection and sequential extraction

Samples were collected from the upper Pupuga-lower Nieniexiongla
of the Nianduo section in the southern part of the Tethys Himalaya that
spans the T-OAE (Han et al.,, 2018, 2022b). Thin sections of these
samples were first checked to select the best-preserved rock components
(pure micrite in this study; Fig. 2A-B) according to the guidelines for the
selection of bulk marine carbonate, because this type of carbonate has
greater resistance to diagenetic alteration (Bailey et al., 2000; Li et al.,
2011; Zhou et al., 2020). Hand samples were cut into fresh rock chips
which were then micro-drilled for ~1 g powder within 0.5 cm? area,
taking care to avoid cement-filled pores, veins and bioclasts. Samples
selected by petrographic evaluation were further screened by geological
selection criteria (Bailey et al., 2000; Li et al., 2011, 2013; Zhou et al.,
2020). After mixing and homogenizing, approximately 50 mg of powder
for each sample was reacted with an excess (~3 ml) of 10% (v/v) hy-
drochloric acid for 24 h at room temperature and this process was
accelerated by frequently using an ultrasonic bath. After centrifugation,
aliquots of supernatant for each sample were extracted and analyzed for
acid-removable Ca, Mg, Al, Sr and Rb, using a Thermo Fisher iCAP 7400
radial Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES). Analytical uncertainties for these analyses were better than +5%
(RSD).

According to the elemental concentrations from HCI leaching, only
samples with [Sr] > 150 ppm, [Rb] < 1 ppm, [Al] < 0.1%, carbonate

content >85%, low Mn/Sr ratio (in most cases <0.5) and Mg/Ca ratio (in
most cases <0.01) were chosen for sequential acid leaching, because
these criteria indicate that bulk samples least likely provide secondary
seawater 87Sr/80Sr values (Bailey et al., 2000; Li et al., 2011; Zhou et al.,
2020). The two sequential leaching steps of the dissolution procedure by
Lietal. (2011) and He (2017) were employed for 200 mg powders from
paired samples of HCl leaching: (1) A calculated volume of diluted acetic
acid (0.3 N) was used to dissolve roughly 30% of the carbonate based on
the total HCl-leachable carbonate content data, which is designed to
remove radiogenic strontium from exchange sites on or within clays and
broken mineral surfaces from powdering; (2) After centrifugation and a
rinse with ultrapure water (18 MQ cm’l), the residue was treated using
the same procedure to dissolve another 40% of the carbonate, which is
expected to represent the near-primary carbonate component. The su-
pernatant of the second acetic acid leachate solution was separated from
the residue after centrifugation. An aliquot of this solution was taken to
analyze for its elemental concentration. Another aliquot was dried down
on a hotplate with a constant temperature of 140 °C, and then re-
dissolved using 0.5 ml 3 N HNOs. This step was repeated three times
to fully remove the acetate. The final solution was then dissolved in 0.55
N HNOs and passed through a column with Eichrom Sr-Spec resin to
purify Sr prior to isotopic determination. All the pre-analysis extraction
was performed in the School of Earth and Environment at the University
of Leeds.
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3.2. Strontium-isotope and elemental concentration measurement

Strontium-isotope analysis was performed by thermal ionization
mass spectrometry (TIMS) at the University of Leeds. The Sr isotope
ratios and their corresponding standard error (better than 0.000018, 2's.
e.) of the mean are listed in the Appendix. Short-term (about one month)
reproducibility was monitored by repeated measurements of NBS-987
(n = 5) and was found to be +0.000004 (1 SD) with an average
875r/%Sr of 0.710264 which is broadly consistent with the standard
value of 0.710248 (McArthur et al., 2012). Within each analytical ses-
sion, the reported 87Sr/%°sr data were corrected by the difference be-
tween the measured mean NBS-987 values and the recommended value
of 0.710248 (McArthur et al., 2012; typically <0.000018, see more
details in the Appendix).

Major and trace element concentrations (Sr, Rb, Al) from the 2nd
leachate during sequential leaching were measured using a Thermo
Fisher iCAP 7400 radial Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) and inductively coupled plasma mass spec-
trometry (ICP-MS), respectively. Analytical uncertainty for this analysis
was <5% (RSD).

4. Results
4.1. Elemental concentrations

The data reported below were obtained from the 2nd leachate after
sequential leaching. The Sr concentrations from the carbonate rocks
range from 217 to 914 ppm (654 + 186; 1SD, n = 36) for the Nianduo
section. The Al concentrations are relatively low, ranging from 62 to
331 ppm (144 =+ 60; 1SD, n = 30). Carbonate Mn/Sr, Mg/Ca, and Rb/Sr
ratios mainly range from 0.04 to 0.25 (0.13 £ 0.06; 1SD, n = 36), (7.04
to 12.22) x 1073 ((9.71 + 0.99) x 1073 1SD, n = 36), and (0.15 to
1.17) x 1073 ((0.43 £ 0.32) x 1073; 1SD, n = 32), respectively.

4.2. Strontium isotopes

The carbonate 87Sr/%%Sr profile of the Nianduo section shows an
oscillation between 0.707391 and 0.707550 before the Pliensba-
chian-Toarcian (P1-To) boundary (~ —21.6 to —5.6 m; Fig. 2), followed
by an overall positive excursion and reaching its peak values (~
0.707821) in the negative interval of the T-OAE CIE (over the interval
from —5.6 to 20.4 m; Fig. 2). Following this, 87Sr/30Sr starts to decrease
and reaches ~0.707513 (~ 21.4 to 31.4 m; Fig. 2) in the recovery in-
terval of the T-OAE CIE. Well after the CIE, 8Sr/3®sr achieves relatively
stable values between 0.707479 and 0.707548 (~ 31.4 to 36.4 m;
Fig. 2). Higher in the section, 8’Sr/%0Sr values show large oscillations
during the interval of ~36.4 to 62.4 m with limited datapoints and
subsequently maintain relatively stable values between 0.707487 and
0.707651 (Fig. 2).

5. Discussion
5.1. Diagenetic evaluation of strontium isotopes

To establish high-resolution global chemical stratigraphic correla-
tion profiles and reconstruct paleoenvironment changes, the contribu-
tions of diagenesis, regional and global seawater to the 8Sr/3%Sr ratios
need to be evaluated. Strontium-isotope composition of marine car-
bonates is susceptible to alteration in burial and meteoric environments
(Wierzbowski et al., 2017). Our analyzed samples are dominated by
pure micrite, which retained their sedimentary fabrics (micritic to near-
micritic texture) (Fig. 2A-B). According to the guidelines for the sample
selection of bulk marine carbonate, this type of carbonate has greater
resistance to diagenetic alteration, and is least likely to yield a secondary
signal (Li et al., 2011).

Although the ®Sr/%6Sr ratio of marine carbonates, especially
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micrites, is widely regarded as a reliable proxy for primary seawater
composition (Veizer et al., 1999; Bellefroid et al., 2018), some studies
have pointed out that diagenetic alteration and dolomitization can cause
significant alteration in 878r/80sr (Veizer, 1983; Marshall, 1992; Bel-
lefroid et al., 2018). During the sediment burial history, typical chemical
features of carbonates that have undergone a high degree of diagenetic
alteration are high Mn/Sr ratios, high 8Sr/3°Sr ratios, and low Sr values
(Veizer, 1983; Kaufman et al., 1993; Derry et al., 1994). Therefore,
bivariate plots of Mn/Sr ratios, Sr values and Sr/%0Sr ratios can be an
effective way to evaluate the degree of diagenetic alteration. Although
the 875r/%Sr values of the whole section exhibit a poor correlation with
Mn/Sr ratios (R? = 0.13, n = 36; Fig. 2C) and Sr concentrations ®R? =
0.07, n = 17; Fig. 2D), they show a strong correlation with Mn/Sr (R% =
0.58, n = 21; Fig. 2C), and Sr concentrations ®R%= 0.62,n=17; Fig. 2D)
in the interval from ~—5.6 to 39.4 m, suggesting that the 87Sr/%6sr
values were affected some extent by diagenetic alteration. The potential
effect of dolomitization was tested by plotting Mg/Ca ratios against
875r/80Sr ratios. The measured Mg/Ca ratios (< 0.01) in the Nianduo,
coupled with the absence of any correlation with 87Sr/%sr (R? = 0.01, n
= 36; Fig. 2E), suggest that dolomitization had a negligible effect on
873r/86Sr in this study. These observations suggest that samples
approximately coincident with the nCIE interval of the Nianduo section
were affected some extent by diagenesis, and thus the 8Sr/%0r signal is
overprinted in this interval.

5.2. Other possible triggers of the 87Sr/%Sr record changes

The early Toarcian was characterized by large-scale changes in
global climate and environment associated with emplacement of the
Karoo-Ferrar LIP (Burgess et al., 2015; Percival et al., 2015). Therefore,
it is possible that the changes in sea-level, volcanic activity of the Karoo-
Ferrar LIP, and continental weathering may have driven the evolution of
seawater 87Sr/%Sr. These issues are discussed one by one to constrain
the factors that controlled the composition and evolution of 87Sr/36sr in
seawater during the early Toarcian of the Tethys Himalaya.

5.2.1. Sea-level changes

Generally, the rise and fall of sea level can cause variations in
seawater 5/Sr/%0r values. A sea-level transgression can lead to the total
land surface shrinking, resulting in the decline of the input of terrige-
nous strontium, which in turn contributes to a reduction in seawater
875r/80Sr values (Kani et al., 2013; Wang et al., 2018). Regression causes
the opposite effect. Thus, seawater &’Sr/20Sr values are negatively
correlated with sea-level change (Burke et al., 1982; Krishnaswami
et al., 1992; McArthur et al., 2012).

On the basis of biostratigraphy and the characteristic early Toarcian
organic carbon-isotope profile of the Nianduo section, the 87gr/865r
started to rise at ~—5.6 m around the Pl-To boundary, reaching a
maximum value of 0.707821 (~ 20.4 m) near the start of the recovery of
the T-OAE CIE. The reconstructed global sea-level changes show that the
P1-To boundary was accompanied by an ephemeral transgressive pulse,
followed by a major amplitude and short duration of forced regression in
the earliest Toarcian (Fig. 3; Krencker et al., 2019; Ruebsam et al., 2019;
Bodin et al., 2023). However, there are no obvious sea-level changes
over the PI-To boundary based on the analysis of carbonate microfacies
in the Tethys Himalaya (Fig. 3; Han et al., 2016). Importantly, the
changes in ®%sr/%Sr are not synchronous with the trans-
gressive-regressive cycle. During the onset interval of the T-OAE CIE,
there was a globally recognized large sea-level transgression (Hallam,
1981; Haq, 2018; Ruebsam et al., 2019), which was also observed in the
Tethys Himalaya (Fig. 3; Han et al., 2016). However, this large trans-
gression is positively correlated with the rapid increase in seawater
878r/8%r ratios. The same relationship was also observed in Europe
(Yorkshire and Peniche section; McArthur et al., 2000, 2020). Although
the short-term sea-level change would have controlled exposed land
area and thus terrigenous strontium input that could have modified the
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873r/86sr evolution of the early Toarcian seawater, the decoupled rela-
tionship suggests the negligible influence of sea-level fluctuations.
Therefore, it is likely that other factors are more important in influ-
encing the 87Sr/86Sr composition of Tibetan carbonates during the early
Toarcian.

5.2.2. Volcanic activity of the Karoo-Ferrar Large Igneous Province

The significant environmental and biotic perturbations during the
late Pliensbachian to early Toarcian have been linked to the volcanism
of the Karoo-Ferrar LIP (Fig. 3; Jourdan et al., 2008; Svensen et al., 2007,
2012; Percival et al., 2015; Moulin et al., 2017). Recent high-precision
40Ar/%%Ar results further indicated that Karoo-Ferrar magmatism trig-
gered the P1-To extinction event and contributed to the T-OAE (Ware
et al., 2023). Thus, a significant role for Karoo-Ferrar LIP in the evolu-
tion of seawater 7Sr/%%Sr is possible. Since Karoo-Ferrar basalts-derived
strontium generally has low 875r/86Sr values (Su et al., 2023), the
weathering input from the basalts tend to decrease the 87Sr/%0Sr ratios in
seawater. By contrast, the seawater ¥’Sr/%Sr of Nianduo records an
overall gradual positive shift (from 0.707391 to 0.707821) during the
negative phase of the T-OAE CIE. This observation does not support the
hypothesis that Karoo-Ferrar basalts-derived strontium with low
879r/%5r values severely affected the early Toarcian seawater in Sr-
isotope compositions. The inference is consistent with the fact that the
Karoo-Ferrar LIP occurred on land in temperate regions and thus prob-
ably had less impact directly on the seawater Sr/2°Sr compositions.

5.2.3. Enhanced continental weathering

Many authors have suggested a link between the Karoo-Ferrar LIP
and the perturbed carbon cycle during the T-OAE (e.g., Palfy and Smith,
2000; Hesselbo et al., 2000; Svensen et al., 2012), which led to increased
pCO;, levels and greenhouse gas-induced global warming. The signifi-
cant global warming starting around the Pl-To boundary time and
reaching maximum temperatures during the negative phase of the T-
OAE CIE (Dera et al., 2011; Korte et al., 2015; Miiller et al., 2020;
Ruebsam et al., 2020). Additionally, an abundance of storm deposits has
been discovered at a range of low latitude sites during the early Toar-
cian, indicating enhanced tropical cyclones likely caused by Toarcian

global warming (Krencker et al., 2015; Han et al., 2018), which could
have carried elevated rainfall within the tropical cyclone track. Rising
temperatures and enhanced rainfall (and thus water availability) would
lead to increased terrigenous runoff, causing increased dissolution rates,
and thus enhancing chemical weathering rates (Kump et al., 2000;
Gislason et al., 2009). These processes have been confirmed by records
of weathering proxies such as Os and Ca isotopes (Brazier et al., 2015;
Them et al., 2017; Kemp et al., 2020) and carbonate-hosted water-
insoluble elements (e.g., Th, Sc, and REE; Han et al., 2022b), although
the interpretation of the Ca isotope record is ambiguous because the
recent Ca isotope data from Portugal can probably be interpreted in
multiple ways (Li et al., 2021). Since crust-derived strontium has rela-
tively high 8Sr/®Sr values, a high flux of continentally-derived Sr into
seawater can increase the %Sr/%°Sr ratios. Therefore, the increase in
873r/88sr ratios during the T-OAE CIE in the Tethys Himalaya, as well as
in European sections, could have been caused by enhanced continental
weathering and terrigenous fluxes (Fig. 3). This observation is similar to
the other OAEs (e.g., OAE 1la and OAE 2) which recorded pulses of
relatively radiogenic strontium that were also attributed to enhanced
continental weathering (Jenkyns, 2010), as further confirmed by zinc-
and lithium-isotope records (Pogge von Strandmann et al., 2013; Chen
et al., 2020). The volcanism of the Karoo-Ferrar LIP was observed to be
broadly synchronous with the 7Sr/%6Sr positive shift in the Nianduo
section (Fig. 3), suggesting that the impact of the Karoo—Ferrar basalts
weathering with low %7Sr/%Sr values was much lower than that of
continental weathering influxes with high 87Sr/%0sr.

During the recovery interval of the T-OAE CIE, the 85r/%sr ratios
from Nianduo gradually decreased and maintained relatively stable
values (~ 0.7075). This decreasing trend is consistent with the weath-
ering proxies of §**4°Ca ratios from Peniche and '870s/!®80s ratios
from East Tributary, Sakuraguchi-dani, Yorkshire, Mochras and Dor-
mettingen (Fig. 3; Brazier et al., 2015; Them et al., 2017; Kemp et al.,
2020). These proxies overall exhibit a positive relationship with §'%0
from belemnite, brachiopod, and TEXge during the recovery interval of
the T-OAE CIE (cf. Ruebsam et al., 2020 and references therein), likely
suggesting that enhanced organic-carbon burial consumed atmospheric
CO,, continued to lower global temperatures, and gradually reduced
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continental weathering. In summary, in addition to diagenesis, conti-
nental weathering is also likely to be a dominant factor influencing the
87r/865r ratios change of the early Toarcian seawater in the Tethys
Himalaya of the southern hemisphere.

5.3. Comparison with other strontium-isotope records in the early
Toarcian

879r/86Sr ratios can offer a sensitive and reliable monitor for un-
derstanding the evolutionary history of the Earth system (Azmy et al.,
1999; Veizer et al., 1999; McArthur et al., 2001, 2012; Korte et al., 2003,
2006). The studied location was located in the open Neotethys Ocean
and therefore in a different ocean basin far away from previously studied
sections in the European shelf (Yorkshire, UK and the Swabo-Franconian
Basin, Germany), western Tethys (Peniche, Portugal and Monte Sor-
genza, Italy), and eastern Panthalassa (Queen Charlotte Islands, Canada)
(Fig. 1A). The comparison of 8Sr/%Sr records at different regions
during the Toarcian is beneficial for our understanding of the global
879r/80sr evolution in seawater. The %7Sr/%°Sr data from Tibet are
intriguing: The 87Sr/36sr profile is markedly different from that of other
records during the interval from P1-To boundary to the end of the T-OAE
CIE in both absolute values and trends (Fig. 4; Grocke et al., 2007;
Woodfine et al., 2008; McArthur et al., 2000, 2020; Frederiksen et al.,
2022).

Regarding the differences in absolute values, the absolute 8Sr/26sr
values of Tibet (China) are much higher than those of European and
Canadian sites during the entire early Toarcian. The main reason is that
879r/%05r data of Tibetan Himalaya are partly biased by diagenesis and
silicate-derived Sr as discussed in Sections 5.1 and 5.2. Additionally, the
studied area was geographically close to the equatorial regions of the
southern hemisphere, where the surroundings were probably warmer
and wetter than the European sections. Thus, Tibetan Himalaya may
have been subjected to stronger continental weathering, which is sup-
ported by the Rb/Sr data in this study and carbonate-hosted water-
insoluble elements (e.g., Th, Sc, and REE) from the previous study of
Han et al. (2022b). The Rb/Sr ratio has been generally used to evaluate
the influence of chemical weathering and terrigenous influx, and in-
creases with enhanced chemical weathering (McLennan et al., 1993;
Asiedu et al., 2019). This is because Rb™ preferentially remains fixed in
the weathered residue, but Sr2* is selectively realeased during the
continental weathering (Nesbitt et al., 1980). Some correlation is
observed between 8Sr/%°Sr and the Rb/Sr ratio (R® = 0.44, n = 17;
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Fig. 2F) in the interval between ~—5.6 to 39.4 m, suggesting that the
absolute 8Sr/%0Sr values of Nianduo are partly affected by regional
terrestrial inputs. The carbonate-hosted water-insoluble element con-
centrations are sensitive to the terrigenous influx and can serve as a good
monitor for continental chemical weathering (Frimmel, 2009; Zhao and
Zheng, 2014; Li et al., 2017). These elements began to increase around
the PI-To boundary and continued to rise during the negative phase of
the T-OAE CIE in the Nianduo section (Fig. 3; Han et al., 2022b), which
is broadly consistent with the pattern in the strontum isotopes. In
conclusion, crust-derived strontium released into the regional seawater
through enhanced continental weathering, coupled with effects of post-
depositional diagenesis, likely caused higher 8Sr/3®sr ratios in the Ti-
betan Himalaya.

Regarding the differences in trends, the Sr/%°sr from Nianduo
gradually decreased during the recovery interval of the T-OAE CIE,
whereas the 8Sr/%°Sr from the European shelf and western Tethys
maintained elevated values after the nCIE (Fig. 4). Notably, the Euro-
pean 87Sr/%%sr data are from belemnite and brachiopod calcite, which
was thought to be a more true primary seawater signal because these Sr-
hosted carbonate materials were not thought to be affected by diagen-
esis (McArthur et al., 2000, 2020; Frederiksen et al., 2022). Addition-
ally, the 878r/80Sr trends from several sites (UK, Portugal, Germany, and
Italy) in Europe are parallel during this interval (Fig. 4) and thus were
logically believed to represent a truly global signal. Thus, the unique
878r/8%6r trends from the Tibetan Himalaya may have been caused by
regional factors, such as local hydrographic restrictions, rates of water
renewal, etc., and likely preserve a regional signal. However, it seems to
be unsupported by regional and global paleogeographic, environmental,
and hydrographic changes, such as the lack of any known geographic
barriers between the carbonate platform and southeastern Tethys,
comparable fauna assemblages between Tethys Himalaya and western
Tethys, significant sea-level rise, or enhanced storm activity during the
early Toarcian (Hallam, 1981; Han et al., 2018, 2022a). This evidence
for an open setting and free water exchange of the Tethys Himalaya
during the early Toarcian suggests that the 8Sr/®°Sr should theoreti-
cally be similar to that, if representing global signal, from Europe,
because strontium has a long residence time compared to other ele-
ments. Notably, the positive-recovery pattern of 8Sr/%°Sr of Nianduo
from the Tethys Himalaya has a strong similarity to the correlative 5*4
40Ca record from Peniche (western Tethys) and 18705/18805 data from
the East Tributary (eastern Panthalassa), Sakuraguchi-dani (eastern
Panthalassa), Mochras (UK) and Dormettingen (Germany) from
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Fig. 4. Comparison of ¥’Sr/%6Sr data for the upper Pliensbachian-lower Toarcian interval. For Nianduo section (Tibet), 8’Sr/%6Sr data are from this study. The
875r/866r data of Yorkshire (UK) are from McArthur et al. (2000), of Peniche (Portugal) from McArthur et al. (2020), of Swabo-Franconian Basin (Germany) from
Frederiksen et al. (2022), of Queen Charlotte Islands (Canada) from Grocke et al. (2007), of Monte Sorgenza (Italy) from Woodfine et al. (2008).
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northern Europe (Fig. 3; Brazier et al., 2015; Them et al., 2017; Kemp
etal., 2020). These observations suggest that although the 8Sr/%°sr data
from Tibet were affected by diagenetic alternation, its trend likely re-
flects a real regional signal that was superimposed by a signal of global
enhanced continental weathering. In summary, it is hard to reconcile the
contradiction between open setting and different /Sr/®Sr evolution
from that of Europe. In view of this, we have to reserve the view that the
existence of some restriction is still possible because the regional
paleogeographic setting for Tibet is less known for Tibet when compared
with Europe. Actually, we also could not confirm whether the 87Sr/%0sr
records from Europe necessarily reflect true global trends, because the
persistent positive values after the T-OAE CIE could plausibly be
attributed to local hydrographic restriction and rates of water renewal,
as confirmed by multiple lines of evidence from isotopes, trace elements
and biomarkers (French et al., 2014; Dickson et al., 2017; Them et al.,
2017; McArthur et al., 2020; Li et al., 2021; Han et al., 2023).

To date, high-resolution Toarcian strontium-isotope data are still
scarce, especially outside of Europe. There are %Sr/%0Sr data from
Queen Charlotte Islands (Canada), but most of them were affected by
diagenesis, and the key T-OAE CIE interval lacks data (Fig. 4; Grocke
et al., 2007). Although the newly reported southern hemisphere
87r/865r data from Tibet are not consistent with those of Europe, they
probably provide a useful insight into the regional weathering response,
superimposed by the global weathering signal, to the events of the early
Toarcian. The exact mechanism driving the discrepancy of 87Sr/%0sr
between the Tethys Himalaya and Europe still remain equivocal. It is
thus necessary to seek additional high-resolution ¥’Sr/%sr data from
other global regions worldwide to confirm the factors that controlled the
composition and evolution of seawater %Sr/®Sr during the early
Toarcian.

6. Conclusions

This study presents new &Sr/%6Sr records of marine carbonate (pure
micrite), spanning the Pliensbachian-Toarcian (Pl-To) transitional in-
terval, from the Kioto carbonate platform of the Tethys Himalaya. The
absolute values of 8’Sr/%0Sr data in this study were notably higher than
those from belemnite and brachiopod calcite of European sites during
the entire early Toarcian because our samples were likely biased by
diagenesis effects and regional silicate-derived Sr.

An abrupt positive shift of the 87gr/80gr began around the Pl-To
boundary and culminated during the negative phase of the T-OAE CIE,
suggesting enhanced continental weathering and increased terrigenous
influx that brought more crust-derived strontium to seawater. The
87r/86sr gradually decreased during the recovery phase of the T-OAE
CIE, illustrating a decline in continental weathering likely due to the
CO4 drawdown caused by organic matter burial. This positive-recovery
strontium-isotope pattern corresponds well with the pattern and inter-
pretation commonly used continental weathering proxies from previous
investigations. These observations thus suggest that the 7Sr/%Sr trend
in the Tethys Himalaya likely preserved the real regional signal in
continental weathering change, and concurrently superimposed by a
signal of global continental weathering, although the data were biased
to some degree by diagenesis. Notably, the positive-recovery &Sr/%6Sr
trend from an open setting of Tibet is not consistent with that from
Europe where the belemnite- and brachiopod-derived 8Sr/%%sr did not
recover but maintained high values after the T-OAE CIE. In general, the
driving mechanism for the discrepancy in 8’Sr/8°Sr absolute values and
trend between the Tethys Himalaya and Europe is still uncertain, which
remains a topic for further research.
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