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The Permian–Triassic transition witnessed the largest mass extinction event in Earth’s history, multiple 
mechanisms have been proposed to explain the cause of this catastrophe, however, relatively less 
attention has been paid to the paleogeography and major element chemistry of seawater and its 
possible link to mass extinction during this interval. Syndepositional massive marine dolostones could 
record the Mg isotope signature of contemporaneous seawater that hold clues of ancient Mg cycling. 
In this study, we investigated Mg isotopes of dolomite from three widely spaced carbonate sections in 
the Paleotethys to trace oceanic Mg cycling during this critical period. The latest Permian dolostones 
from all studied sections have similar δ26Mg values around −2.1 ± 0.1�. However, a remarkable and 
consistent increase in δ26Mgdolomite across the extinction interval occurred in both eastern and western 
margins of the Paleotethys. The results suggest that δ26Mg of seawater in Paleotethys fluctuated by 
0.4� within ∼750 kyr across the Permian-Triassic transition. Modeling reveals that the high rate of 
change in δ26Mgseawater required an extremely short residence time for seawater Mg. This is attributed 
to dramatically intensified dolomitization in a restricted oceanic environment, with Mg isotope evidence 
revealing that the Paleotethys Ocean experienced transient restriction events, in association with radical 
changes in the major cation composition of seawater, around the end-Permian mass extinction event 
(EPME).

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

More than 81% of marine species were wiped out within 
61±48kyr at the Permian–Triassic transition, marking the great-
est extinction event in Earth’s history (Burgess et al., 2014; Fan et 
al., 2020). The triggers and kill mechanisms of this largest mass 
extinction event remain controversial, with different causes pro-
posed, including sea-level changes (Yin et al., 2014), rapid global 
warming (Chen et al., 2016; Joachimski et al., 2012), ocean acidifi-
cation (Clarkson et al., 2015), oceanic anoxia or euxinia (Zhang et 
al., 2018, 2020), and catastrophic soil erosion from continents fol-
lowing terrestrial ecosystem collapse (Sephton et al., 2005), which 
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are mostly interpreted to be caused by the eruption of the Siberian 
Traps large igneous province (SLIP) (e.g., Burgess and Bowring, 
2015). The EPME was accompanied by significant negative δ13C ex-
cursions in carbonates globally (Shen et al., 2013; Xie et al., 2007). 
More recently, significant changes of stable isotope ratios of certain 
metals including Ca and U in carbonates have also been reported to 
correlate with the mass extinction (e.g., Zhang et al., 2018; Wang 
et al., 2019).

Magnesium isotopes are an emerging isotopic tool that could 
be powerful for tracing global Mg cycling, which is directly cou-
pled with the cycling of CO2 through continental weathering and 
carbonates precipitation. Because precipitation of carbonates is as-
sociated with large Mg isotope fractionations, Mg isotopes in sea-
water are responsive to changes in seawater chemistry, on both 
large and small temporal scales (Bialik et al., 2018; Li et al., 2015). 
Among the different types of carbonate sediments, massive dolo-
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stones (particularly those that contain stoichiometric dolomite) 
have been shown to be robust against post-depositional overprint-
ing as archive for C-Mg isotope signatures (Chang et al., 2020; Hu 
et al., 2017; Mueller et al., 2020). Despite the fact that dolomite 
is commonly viewed as a diagenetic product, dolomitization of 
Ca-carbonate precursors at tropical temperature (i.e., 30 ◦C) could 
occur within several kyr (Kaczmarek and Thornton, 2017), which is 
almost contemporaneous from a geological perspective. Dolomite 
may have different origins and not all dolomite can be used as sea-
water δ26Mg recorder, nonetheless, seawater can provide sufficient 
Mg for extensive massive sedimentary dolostone units, and recent 
studies have demonstrated that a large proportion of dolostone 
units are “seawater-buffered” in terms of Mg isotopes (Higgins et 
al., 2018). Dolomite Mg isotopes have exhibited great potential to 
trace marine environmental changes, such as the restriction of the 
Cretaceous carbonate platform (Bialik et al., 2018) and Proterozoic 
ocean anoxia (Shen et al., 2016).

To better understand the marine environmental changes around 
the EPME from a perspective of major metal element (Mg) in 
seawater, we performed a systematic investigation on Mg iso-
topes in syndiagenetic dolostones from three carbonate sections 
with high-resolution biostratigraphic constrained. These sections 
are located at the eastern and western margins of the Paleotethys 
ocean respectively, and have been well documented for conodont 
biostratigraphy, chemostratigraphy, and geochronology (Cao et al., 
2010; Holser et al., 1989; Wang et al., 2019; Zhang et al., 2020). 
The new data provide key constraints on the Mg cycling during 
the Permian-Triassic transition, and shed novel insights into the 
link between oceanic environment changes (i.e., restriction of the 
Paleotethys ocean) and the EPME.

2. Geological background and samples

During the end-Permian to early Triassic time interval, the ma-
jor global paleogeographic units on earth included the superconti-
nent Pangea, Paleotethys and Panthalassa (Fig. 1A) (e.g., Yin et al., 
2014). The vast Paleotethys Ocean was surrounded by Pangea in 
the west, the Siberian Plate in the north, the Gondwanaland in the 
south and Asiatic Hunic terranes within the eastern and southern 
parts of the ocean (Fig. 1A), which included the Cimmerian, South 
China, and North China blocks.

The western margin of the Paleotethys Ocean is represented by 
the extensively-studied Gartnerkofel-1 (GK-1) drill-core from the 
north slope of Mount Gartnerkofel in the Carnic Alps of south-
ern Austria (Fig. 1A, Appendix Fig. S1A). During the late Permian, 
the studied area was located at a marginal basin of the west-
ern Paleotethys on an eastward-dipping homoclinal ramp and the 
sediments of the Gartnerkofel Core were deposited in a stable in-
ner shelf environment (Holser et al., 1989). The core includes the 
upper Permian Bellerophon Formation (331–231 m) and Lower 
Triassic Werfen Formation (231–57 m) (Holser et al., 1989). The 
carbonates of the GK-1 core are predominantly dolomite. Almost 
all the dolostone samples are composed of dolomicrite and fine-
crystalline dolomites (Fig. 2A), with dull red luminescence under 
cathodoluminescence (CL) microscope (Fig. 2D), and no signs of 
overgrowth and recrystallization are observed (Appendix Fig. S2). 
The dolomite is interpreted to be of syndiagenetic origin (Boeck-
elmann and Magaritz, 1991). The strata in the GK-1 core can be 
correlated with the outcrop sections nearby (Posenato, 2019), as 
well as the Meishan GSSP section using conodont biostratigraphy, 
δ13Ccarb chemostratigraphy (Holser et al., 1989; Shen et al., 2013; 
Rampino et al., 2020), and cyclostratigraphy (Rampino et al., 2000). 
This allows the chronology of the GK-1 core to be well correl-
ative with the Meishan GSSP section with high-precision zircon 
U–Pb ages (Burgess et al., 2014) (Fig. 3). The average accumula-
tion rate of dolostone in the GK-1 core was ∼10 cm/kyr (Rampino 
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et al., 2000). Using this rate, the estimated duration of the negative 
δ13Ccarb excursion recorded in the GK-1 core is 470 kyr, which is 
consistent with that from the Meishan GSSP section based on U–Pb 
ages (455 kyr; Appendix Fig. S3). A total of 78 carbonate samples 
from the GK-1 core were analyzed for Mg isotopes (Appendix Table 
S2).

The dolomitized carbonate profiles encompassing the Permian-
Triassic boundary (PTB) in the eastern margin of Paleotheys are 
represented by the Yanggudong (YGD) section from the northeast 
Sichuan Basin of the upper Yangtze platform (Cao et al., 2010) and 
the Dajiang section in the Nanpanjiang Basin of South China (Kel-
ley et al., 2017) (Fig. 1A, Appendix Fig. S1B). The major part of 
Sichuan Basin was a large intra-oceanic carbonate platform from 
Sinian to middle Triassic (Appendix Fig. S1B; Zhao et al., 2015). 
The Yanggudong section was located on the northeastern margin 
of the carbonate platform, bordering to a trough (Appendix Fig. 
S1B). In the study area, the sedimentary facies varied from reef 
to oolitic shoal complex during Lopingian to Early Triassic (Zhao 
et al., 2015). The strata in the Yanggudong section comprise the 
Lopingian Changhsing Formation and Lower Triassic Feixianguan 
Formation (Cao et al., 2010). The lithological boundary is distinct 
in the outcrop, where the dark gray bioclastic limestone of the 
Changhsing Formation contrasts with the light yellow dolostone of 
the Feixianguan Formation (Appendix Fig. S2-A). This sharp litho-
logical change across the PTB interval is ubiquitous in the region 
as revealed by the widely distributed oil exploration boreholes 
(Wang et al., 2015). The dolostones in the Feixianguan Formation 
are mainly composed of dolomicrite and fine-crystalline dolomites 
(Fig. 2B). The dolomite also displays dull red luminescence under 
CL microscope (Fig. 2E). The dolostones are interpreted to form 
via the reflux dolomitization semi-closed lagoons in the intra part 
of the platform in an arid climate that persisted in the northeast 
Sichuan Basin during the earliest Triassic (Zhao et al., 2015). The 
first occurrence of Hindeodus parvus was found 1.5 m above the 
lithological boundary at the Yanggudong section, where a smooth 
negative carbon isotope excursion also reaches its lowest point, in-
dicating that the lowermost 1.5 m of dolostone in the section was 
deposited during the end-Permian period (Cao et al., 2010).

The Dajiang section was located at an isolated shallow marine 
carbonate platform in Great Bank of Guizhou (GBG) in the Nanpan-
jiang Basin (Kelley et al., 2017). Due to a rapid drowning event in 
the Lopingian identified in GBG, the seawater was interpreted to be 
deeper than the area of GK-1 core (Kelley et al., 2017). Dolomitiza-
tion during Permian to Triassic transition period in GBG mainly oc-
curred in the platform interior, where the marine environment was 
dominated by a semi-restricted shallow carbonate platform (Kel-
ley et al., 2017). The Dajiang section is partly dolomitized and has 
well constrained chemostratigraphy and biostratigraphy (Joachim-
ski et al., 2012; Wang et al., 2019). The Permian-Triassic succession 
at Dajiang comprises the Wuchiaping Formation (Wuchiapingian 
to Changhsingian) and Daye Formation (Changhsingian to Gries-
bachian). The lowermost part of Daye Formation is a 20-m-thick 
microbialite, which has a distinct contact with the underlying 
Wuchiaping Formation (Wang et al., 2019). And the first occur-
rence of the conodont Hindeodus parvus had been identified within 
the microbialite interval (Wang et al., 2019). The dolomite-bearing 
carbonate samples show medium crystalline texture microscopi-
cally (Fig. 2C), however, the dolomite crystals do not display over-
growth or hydrothermal rims (Fig. 2F, Appendix Fig. S2), which 
commonly show bright luminescence under CL microscope. The 
medium crystalline texture of dolomite in the Dajiang section was 
interpreted to be the result of carbonate recrystallization and neo-
morphism in rock-buffered conditions, and the carbonate minerals 
have preserved primary signals, based on detailed analyses of the 
δ44/40Ca, δ88/86Sr, and 87Sr/86Sr records of bulk samples from the 
section (Wang et al., 2019).
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Fig. 1. (A) Global paleogeography at ∼252 Ma and the location of studied sections, the base map is from Ron Blakey (http://jan .ucc .nau .edu /~rcb7/); (B)-(D) Lithological and 
C-Mg isotopic variations of carbonates along the studied sections in Paleotethys. In Fig. 1B, “TH” represented the Tesero Member, which is the lowermost member of the 
Werfen Formation, and the lithologic boundary between the Bellerophon Formation and the Werfen Formation is at the base of the Tesero Member. The δ13C values of 
carbonate in Dajiang section are from Wang et al. (2019).

Fig. 2. Photographs showing the petrographic characteristics of representative dolomite in the studied sections. (A) fine-crystalline dolostone in GK-1 core, 149.22 m; (B) 
fine-crystalline dolostone in Feixianguan Formation in Lower Triassic in Yanggudong (YGD) section, 124.5 m; (C) the calcareous dolostones in microbialite of Wuchiaping 
Formation in Dajiang (DJ) section, 20.84 m; (D) the Cathodoluminescence photograph of the carbonate in Fig. 2A; (E) the Cathodoluminescence photograph of the dolomites 
in Fig. 2B; (F) the Cathodoluminescence photograph of the dolomites in Fig. 2C.
3
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Fig. 3. The stratigraphy, geochronology and C-O-Mg isotope chemostratigraphy of the GK-1 core. The high-resolution C and O isotopes are from Holser et al. (1989). The 
conodont data are from Zhang et al. (2020). The temperature changes around P-T transition period that inferred from oxygen isotopes data in the conodonts apatite (the gray
shadow) are from Chen et al. (2016) and Joachimski et al. (2012). (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
3. Analytical methods

3.1. Carbon and oxygen isotope analyses

Analyses of carbon and oxygen isotopes were performed on a 
Thermo Finnigan Delta-V Plus continuous flow isotope ratio mass 
spectrometry (IRMS) at State Key Laboratory for Mineral Deposits 
research, Nanjing University. Approximately 100 μg of carbonate 
powder was reacted with orthophosphoric acid for >12 h at 70 ◦C 
to fully transform the CO2−

3 into CO2 in a gas bench that is con-
nected to the IRMS. The C-O isotopes were presented in per mil 
relative to the V-PDB standard in δ notation. Following the method 
used by Wang et al. (2020), the standard sample GBW-04405 
(δ13C: 0.57 ± 0.03�, δ18O: −8.49 ± 0.13�) was measured dur-
ing the analysis to monitor the precision (Wang et al., 2020), and 
the external reproducibility was better than 0.2� (standard devi-
ation, 1SD) for both δ13C and δ18O.

3.2. Magnesium isotope analyses

Each bulk sample was powdered in a pre-cleaned agate mortar 
and about fifty milligrams of the powder was weighed and subse-
quently dissolved in 5 mL 4.5 N HNO3 in a Teflon beaker as the 
stock solution. Mg fraction of each sample was recovered using 
two ion exchange columns that have been detailed in Hu et al. 
(2017). After the treatments, matrix elements were less than 1% of 
Mg and recovery was greater than 98%.

A 1 ppm Mg-solution in 2% HNO3 was measured using a 
Thermo Fisher Scientific Neptune Plus MC-ICP-MS. The instrument 
was running at medium-mass-resolution mode, using a 100 μL/min 
self-aspirating nebulizer and a double-pass glass spray chamber. 
Standard-sample-standard bracketing was used for mass bias cor-
rection, the concentration of samples typically matched the in-
house standard to better than ±10%. The typical internal precision 
(2 standard error or 2 SE) was better than ±0.04� for 26Mg/24Mg 
and ±0.02� for 25Mg/24Mg. Based on repeat analyses of multi-
4

ple Mg standard solutions, the long-term external reproducibility 
is better than ±0.1� (Appendix Table S1). Pure Mg solution of 
Cambridge1 and DSM3 were measured to monitor the accuracy of 
Mg isotope analyses. To verify the accuracy of chemical procedure, 
IAPSO seawater standard and USGS rock standards were processed 
along with samples in the ion-exchange procedure. All measured 
data were normalized to the international Mg isotope standard 
(DSM3) using conventional δ notation to express per thousand de-
viations. The measured δ26Mg values of the standard samples well 
match the published values within ±0.05� (Appendix Table S1).

3.3. Mineral analyses

Powder X-ray diffraction analysis of bulk sample was performed 
on a Rigaku Rapid II dual-source X-ray Diffractometer, using a ro-
tating anode Mo target X-ray source (Mo Kα = 0.714 Å) running 
at 40 kV and 100 mA. The instrument is equipped with an imaging 
plate, and 5 minutes exposure was used for each sample. Intensi-
ties of (104) peaks for calcite and dolomite were obtained from 
the XRD spectrum and the relative abundance of dolomite and cal-
cite in bulk rocks was estimated from the intensities of the (104) 
peaks. The Mg contents (or stoichiometry) of calcite and dolomite 
were calculated following Zhang et al. (2010).

4. Results

Bulk rock XRD analyses of the GK-1 drilling core indicate the 
carbonate is mainly composed of dolomite, with dolomite weigh 
percentage mostly >90% (Appendix Table S2). The dolomite sam-
ples generally have uniform d104 values of around 2.883 (Appendix 
Table S2-2), which correspond to near-stoichiometric, ∼50.0mol% 
MgCO3 in the dolomite. In the drilling core, the late Permian dolo-
stones have a tight distribution of δ26Mg values that cluster at 
−2.1±0.1� (Fig. 1A), until the end-Permian, when δ26Mg of the 
dolomite increased to −1.6±0.2� (Fig. 1A). This increase in δ26Mg 
is mirrored by the decrease in δ13C that marks the EPME. Two 
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phases of fluctuations in δ26Mg with a magnitude of 0.5� oc-
curred between 251.950±0.042 Ma and 251.495±0.064 Ma (Fig. 3), 
which correspond to the fluctuations of δ13C in the Meishan sec-
tion (Xie et al., 2007; Burgess et al., 2014), the first of which 
marked the EPME as indicated by the first sharp negative δ13C ex-
cursion around Bed 24 top of the Meishan GSSP section (Burgess 
et al., 2014; Rampino et al., 2000), and the second is at Bed 
34 in the recovery stage immediately above (Appendix Fig. S3). 
The changes in δ26Mg also anti-correlate with δ18O (Fig. 3). After 
251.495±0.064 Ma, the δ13C values of the dolomite stabilized and 
δ26Mg values remained relatively constant at −1.6±0.2� (Fig. 3).

The carbonates from the YGD section have a wide span in δ13C 
values ranging from −3� to 4� (Fig. 1C). Across the lithologi-
cal boundary between the Changhsing Formation of Lopingian and 
the Lower Triassic Feixianguan Formation, the δ13C values in car-
bonate show a rapid negative shift from 3.5� in the topmost part 
of the Changhsing Formation to −1� in the lowest part of the 
dolomite unit of the Feixuanguan Formation (Fig. 1C). This C iso-
tope excursion is well correlative with the δ13C excursion in most 
PTB sections in the Paleotethys (Cao et al., 2010; Shen et al., 2013). 
The carbonate δ13C values above this excursion in the Lower Tri-
assic gradually increased to 1.5� (Fig. 1C). Generally, the pattern 
and magnitude of C isotope variation in the P-T transition of YGD 
match the Meishan section well (Shen et al., 2013). Because low-
Mg calcites are prone to resetting in terms of Mg isotope records 
(Hu et al., 2017; Riechelmann et al., 2016), we concentrated on the 
δ26Mg values of dolostones across the Permian-Triassic transition. 
XRD analyses revealed that the d104 values of dolomite in the Tri-
assic dolostones in the Yanggudong section (YGD) mostly distribute 
between 2.882 and 2.884 (Appendix Table S3-2), which correspond 
to ∼50.0 mol% MgCO3 in dolomite. The dolomite δ26Mg values 
in YGD ranged from −1.85±0.02� to −1.48±0.02� (Fig. 1C). In 
the P-T transition interval, dolomite δ26Mg values increase slightly 
from −1.7% to −1.48% upward across the PTB (Fig. 1C). The vari-
ation of Early Triassic dolomite δ26Mg values is within 0.1�. The 
average δ26Mgdol of Lower Triassic is −1.67±0.15� (n = 30), well 
comparable with the coeval dolomite in GK-1 core (Fig. 1).

Powder XRD analyses show that the dolomite in the Dajiang 
section mainly occurs in the microbialite unit of the basal Daye 
Formation below the PTB (Fig. 1D) (Appendix Table S4). The δ13C 
values of carbonate in the Dajiang section have been reported by 
Payne et al. (2004) and Wang et al. (2019). The δ13C varied from 
3.0� to −0.4� across the PTB and stabilized around 2.0� af-
ter the EPME (Fig. 1D). Dolomite consists up to 65 wt.% of the 
bulk carbonate rock, and the d104 values of dolomite range from 
2.8820 to 2.8982, which correspond to 46.6-52.0 mol% of MgCO3
in dolomite (Appendix Table S4). The d104 values of calcite in the 
carbonate samples mostly range from 3.023 to 3.027, correspond-
ing to 2.6-4.0 mol% MgCO3 in the calcite. The δ26Mg values of 
bulk dolomitic limestone displayed a slight increase from −2.3�
to −2.1�, anti-correlative with the negative shift of carbon iso-
topes (Fig. 1D).

5. Discussions

Due to the diverse origins of dolomite, Mg isotope compositions 
in dolomite are controlled by a wide range of processes and fac-
tors (Geske et al., 2015; Higgins et al., 2018). Only if the dolomite 
precipitation occurred in an early marine diagenetic condition, 
that Mg in dolomite was sourced from contemporaneous seawa-
ter without isotopic evolution, the δ26Mg values of dolomite could 
be used to interpret Mg isotope signatures of seawater. Therefore, 
a detailed understanding of the origin of the dolomite records is 
required before using Mg isotopes in dolomite to constrain the en-
vironmental changes during the P-T transition.
5

5.1. The origin of dolomite from the GK-1 core

We first concentrate on the GK-1 core, which has a com-
plete and temporally well-constrained dolomite record over the 
Permian-Triassic transition. The micritic and fine crystalline tex-
tures of the dolostones are commonly inferred as the evidence for 
dolomite crystallization below 50 ◦C (Sibley and Gregg, 1987). On 
the other hand, the dull red luminescence of the samples under 
CL microscope precludes dolomitization during the burial stage. 
Additionally, there is no report of hydrothermal veins and fault-
ing around the drill core site. These multiple lines of evidences 
suggest that dolomite from the GK-1 core formed in a syngenetic-
penecontemporaneous stage (Rampino et al., 2000), and escaped 
overprinting of burial fluids in post-depositional stages. The trace 
element signatures are also supportive of syndiagenetic origin of 
dolomite. Redox sensitive trace elements in carbonate can be sen-
sitive to overprinting of secondary fluids due to the low concentra-
tions, yet a new study demonstrated that the signatures of redox 
sensitive trace elements in the GK-1 core faithfully recorded the 
anoxic to euxinic events at the time of EPME (Rampino et al., 
2020), which was corroborated by U isotope records from GK-1 
core itself and the temporally-equivalent sections from other local-
ities (Zhang et al., 2020).

The early marine diagenetic origin of the dolomite is further 
supported by O isotope data. The pattern of the variation of δ18O 
of the dolomite from the GK-1 drill core is consistent with the 
δ18Oapatite profiles of the coeval sequences in South China (Fig. 3). 
Conodont δ18Oapatite data have been widely used as a robust tem-
perature proxy for ancient seawater due to the strong bond be-
tween O and P atoms in apatite (Chen et al., 2016; Joachimski et 
al., 2012). Variations in conodont δ18Oapatite indicate remarkable 
increases in seawater temperature during the Permian–Triassic 
transition (Chen et al., 2016; Joachimski et al., 2012). δ18Odolomite
would record surface ocean temperature because the oolitic tex-
ture in GK-1 core is indicative of a high-energy, shallow deposi-
tional environment (Boeckelmann and Magaritz, 1991; Holser et 
al., 1989). The consistency of the temporal patterns in δ18Oapatite
values of conodonts from many classic Permian–Triassic sections 
and δ18Odolomite values of whole-rocks from the GK-1 core in-
dicates that the global warming event was also recorded in the 
carbonates (Fig. 2). Indeed, based on O isotope fractionation fac-
tors between dolomite and water (Horita, 2014), the shift in δ18O 
from −1� in Permian dolomite to −4� in Early Triassic dolomite 
in the GK-1 core corresponds to a rise of >10 ◦C in temperature; a 
range that is comparable with the records of conodont δ18Oapatite
(Chen et al., 2016; Joachimski et al., 2012) and the brachiopod 
δ18Ocalcie (Wang et al., 2020) (Fig. 3). Therefore the petrographic, 
trace element and oxygen isotopic evidence collectively indicate 
that dolomite from the GK-1 core was formed near the sediment-
seawater interface during the very early stage of diagenesis and 
buffered by contemporaneous seawater.

The similarity between the temporal patterns of whole-rock 
δ18Odolomite data from the GK-1 core and conodont δ18Oapatite data 
further suggests that O isotopes in the dolomite from the GK-1 
core have remained unaltered since deposition. In light of this, Mg 
isotopes in the dolomite must have remained unaltered, because O 
isotopic compositions and trace elements in carbonates are more 
susceptible to post-depositional alteration than Mg isotopes due to 
the high O:Mg ratio in aqueous solutions (Hu et al., 2017) and low 
U, Th and V contents in carbonates. In addition, Al and Ti concen-
trations in the GK-1 core samples are very low (Rampino et al., 
2020), suggesting that Mg from detrital components has a negli-
gible contribution to the variations of δ26Mg in the dolomite. As 
such, the changes of δ26Mg in the GK-1 core must record primary 
sedimentary signatures.
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Fig. 4. Variation of lithology and Mg isotope data across the Permian-Triassic boundary in the Dajiang section.
Phanerozoic dolostones are commonly regarded as a diage-
netic product that is formed via the dolomitization of calcium 
carbonate precursors by Mg-bearing fluids. According to reactive-
transport models, dolomitization by Mg diffusion would result in 
a monotonic change in δ26Mg values across the dolomitization 
front (Huang et al., 2015). However, the multiple perturbations in 
δ26Mg in the GK-1 core do not resemble any single δ26Mg pro-
file of diffusion-driven dolomitization in reactive-transport models. 
It should be noted that, recently Ning et al. (2020) proposed that 
stratigraphic fluctuations in δ26Mg in a dolostone unit could be 
explained by multiple dolomitization events in response to peri-
odic sea-level oscillation. However, reflux dolomitization according 
to Ning et al. (2020) produces a decreasing δ26Mg trend upward 
for a dolostone unite of 0.3 m thick, which dramatically differ-
ent from the key feature of the GK-1 (i.e., an increase in δ26Mg 
upward along >30 m thick dolostone between 220 and 250 m). 
Thus, the observed Mg isotopic variability in the GK-1 core was 
not produced by diffusion-driven dolomitization, but was caused 
by variations in seawater δ26Mg values. Studies on modern dolomi-
tization systems have demonstrated that platform dolomite can be 
seawater-buffered and possess δ26Mg values in equilibrium with 
coeval seawater (Higgins et al., 2018). Indeed, the best explana-
tion for the co-variations between δ26Mg, δ18O, and δ13C along the 
GK-1 core is that they reflect changes in seawater composition. It 
would be highly fortuitous to produce the observed δ26Mg changes 
through diagenetic processes, which also correlate with δ18O and 
δ13C signatures.

5.2. Comparison of dolomite Mg isotope records from eastern and 
western Paleotethys

Compared to the GK-1 core from the western Paleotethys, each 
of the two available carbonate sections from the eastern mar-
gin lacks thick dolomite record over the P-T boundary, never-
theless, it is possible to use multiple sections to piece together 
a complete dolomite record based on correlation of C isotope 
chemostratigraphy and biostratigraphy. Carbonates from the latest 
Permian interval in the Dajiang section are partially dolomitized. 
The dolomitized horizon is stratigraphically correlative to a large 
number dolomitized carbonate sections at other localities in the 
Tethys ocean, pointing to a large-scale dolomitization event (Li et 
al., 2018; Appendix Fig. S3). Such a dolomitization event was in-
terpreted to be contemporaneous, induced by activities of sulfate 
reduction bacteria (Li et al., 2018). Therefore, the dolomite could 
record coeval seawater chemistry. And a recent study based on 
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δ44/40Ca, δ88/86Sr, and 87Sr/86Sr records showed that the primary 
isotopic signatures of the carbonates are well preserved. Therefore 
it is reasonable to use Mg isotope data of dolomite from the Da-
jiang section to infer the Mg isotope signature of coeval seawater.

Because the carbonate samples from the Dajiang section are 
partially dolomitized, the measured δ26Mg of the bulk samples re-
flect mixing of dolomite and calcite that have distinct Mg isotope 
compositions. The Mg isotope data for bulk Dajiang samples can 
be described by an isotope mass balance equation:

δbulk = Xcal ∗ δcal + Xdol ∗ δdol

where X and δ represent the mole fraction and isotope compo-
sition of Mg in calcite and dolomite in the sample, respectively. 
Additionally, there is a constant Mg isotope fractionation factor be-
tween dolomite and calcite:

� = δcal − δdol

δbulk is directly measured, Xcal and Xdol can be derived based on 
XRD data, and � is a constant. Assuming a � of −0.8� at a tem-
perature of 20-30 ◦C based on experimental studies (Li et al., 2012, 
2015), Mg isotope composition of dolomite (δdol) in each sample 
can be calculated combining the two equations above. As shown 
in Fig. 3, δ26Mgdol increased by 0.2� upward within the topmost 
of the Permian, from −2.15� to −1.91% (Fig. 4). Specifically, this 
increase in δ26Mgdol was concomitant with the decrease in δ13C 
of the carbonate. It should be noted that a consensus is presently 
lacking on the equilibrium Mg isotope fractionation factor for Mg-
bearing calcite (Li et al., 2012; Mavromatis et al., 2013). However, 
even if a different � is used, the trend in δ26Mgdol remains. For 
example, when � is set as −1.6� based on the studies of Mavro-
matis et al. (2013) and Li et al. (2015), the derived δ26Mgdol still 
demonstrate an increasing trend that anti-correlate with the δ13C 
in the Dajiang section, increasing from −2.01� to −1.79% (Fig. 4). 
To conclude, regardless of the uncertainty in �, δ26Mgdol from 
the Dajiang section was within −2.1±0.1% before the negative C 
isotope excursion event, then increased as δ13C of carbonate de-
creased, which are consistent with the latest Permian dolomite 
from the GK-1 core.

Dolomite discontinued in the Dajiang section after the P-T tran-
sition, however, the YGD section in northeast Sichuan Basin is com-
plementary to the Dajiang section in dolomite records. The Triassic 
carbonates are pure dolostones whereas the Permian carbonates 
immediately below are limestones that show no sign of dolomi-
tization. It should be noted that the abrupt lithological change 
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Fig. 5. A comparison dolomite δ26Mg from end Permian to early Triassic for the western and eastern Paleotethys. The eastern Paleotethys section combines the record of the 
end Permian in Dajiang section and the record of lower Triassic in Yanggudong section.
across the Permian-Triassic boundary is a regional phenomenon 
rather than a random and localized feature (Wang et al., 2015). If 
the Triassic dolostones were formed by late diagenetic fluids, then 
it is difficult to explain why the underlying Permian limestone was 
not affected by the late dolomitization event. The best explana-
tion is that the Triassic dolostones at the Yanggudong section was 
formed during the syngenetic-penecontemporaneous stage, rather 
than late dolomitization events. Additionally, the 87Sr/86Sr ratios 
of dolomicrite and fine-crystalline dolomite in the Feixianguan 
Formation are similar to the values of coeval seawater, inconsis-
tent with dolomitization by late diagenetic or hydrothermal fluids 
(Wang et al., 2015). Thus multiple lines of evidence support that 
the Lower Triassic dolostones in the YGD section were formed via 
dolomitization in a contemporaneous-penecontemporaneous stage. 
Specifically, δ26Mgdol increases from −1.7% to −1.48% upsection 
across the PTB in the YGD section, which, when combined with 
the Dajiang section in reference to the correlative negative C iso-
tope excursion, make up a continuous increasing trend in δ26Mgdol
record for the eastern Paleotethys (Fig. 5). There are striking sim-
ilarities between this combined δ26Mgdol record and the GK-1 
record for the western Paleotethys as both increased from −2.1�
in the latest Changhsingian dolomite to −1.5� in the Early Trias-
sic dolomite across the PTB, and both show fluctuations after the 
first increase in δ26Mgdol.

5.3. Rapid changes in seawater δ26Mg during the Permian-Triassic 
transition

The consistent and synchronous change in δ26Mg of dolostones 
from the three widely spaced localities, together with the min-
eralogical and geochemical evidence for the syndepositional na-
ture of Mg isotope signatures in the dolostones, point to temporal 
changes in seawater δ26Mg across the EPME. Based on the globally 
synchronous C isotopic anomaly in carbonates, correlative bios-
7

tratigraphy, the high-precision U-Pb dates (Burgess et al., 2014) 
and astronomical cycles (Wu et al., 2013) for the Permian-Triassic 
transition at the Meishan GSSP section, as well as the well-defined 
astronomical cycles in the GK-1 core (Rampino et al., 2000) (Ap-
pendix Fig. S3), it is possible to place fine constraints on the tem-
poral changes in seawater δ26Mg around the EPME event based on 
the records in GK-1 core.

Magnesium isotope fractionation between dolomite and aque-
ous solution is weakly temperature dependent, with �26Mgdolo-aq
varying from −1.8� at 20 ◦C to −1.7� at 30 ◦C (Li et al., 2015). 
Considering the fractionation factors and the temperature drifts 
across the PTB, the variation in δ26Mg values of dolomite from 
the GK-1 core corresponds to a 0.4� shift in δ26Mg values of co-
eval seawater, from −0.3� in the latest Permian to 0.1� in the 
Early Triassic. Ignoring the fluctuations in δ26Mg and only con-
sidering the long-term gap between the stable periods of Lopin-
gian and Early Triassic, the first-order rate of change in seawater 
δ26Mg is conservatively estimated at 0.53� Ma−1 over a period 
of 0.75 million years (Fig. 3). However, if the fluctuations around 
the Permian-Triassic transition are considered, the changing rate 
of seawater δ26Mg is ca. 3-4� Ma−1 (Fig. 3). These rates are ex-
tremely fast, indicating an extraordinarily short residence time of 
Mg in seawater and a tremendous disturbance in Mg cycling at 
such time interval. For a comparison, δ26Mg of seawater varied in-
significantly (within ± 0.15�) in the last 60 million years despite 
the remarkable long-term changes in 87Sr/86Sr and Mg/Ca ratios in 
seawater over the Cenozoic (Wilkinson and Algeo, 1989).

5.4. Dolomitization and the shift in seawater δ26Mg

Magnesium isotope composition of seawater is controlled by 
the balance between the Mg influx of riverine runoff (Friv) into the 
ocean and the Mg outflux of dolomite precipitation (Fdol) and sec-
ondary Mg silicate formation (Fsilicate). Mg isotope composition of 
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Fig. 6. Response in seawater δ26Mg to (A) enhancement of continental weathering and (B) enhancement of dolomitization in oceans during Permian to Triassic transition. A 
steady state is assumed for seawater in Permian, and an abrupt disturbance to the steady state is induced to the box model at 0.65 Ma, to mimic the dramatic environmental 
changes at the end-Permian mass extinction event. Details of the model settings are provided in Appendix 3. For the scenario of enhanced continental weathering (A), δ26Mg 
value of the riverine input is set to be −0.1�, 0.2�, and 0.5�, for different scenarios; For the scenario of enhanced dolomitization (B), the dolomitization intensity is set 
to increase 3, 7.5 and 11 folds relative to the initial values.
seawater therefore can be modeled using an isotope mass balance 
equation:

d(δ26Mgsw)/dt = δ26Mgriv · Friv − (δ26Mgsw − �26Mgdol-sw) · Fdol

− (δ26Mgsw − �26Mgsil-sw) · Fsilicate (1)

Basalt alteration at mid-ocean ridges and formation of clay min-
erals in sediments are the main pathways of secondary Mg silicate 
formation. Alteration of basalt at high temperature is associated 
with quantitative Mg removal from aqueous solution, which does 
not produce Mg isotope fractionations in seawater (Teng, 2017). 
However, neoformation of clay minerals and low temperature al-
teration of basalts lead to removal of heavy Mg isotopes from 
seawater (Shalev et al., 2019). Combining these two processes, sec-
ondary Mg silicate formation is associated with close to zero or 
slightly positive �26Mgsilicate-seawater. By contrast, dolomite precipi-
tation is associated with negative �26Mgdolomite-seawater. Therefore, 
the increase in seawater δ26Mg across the Permian-Triassic tran-
sition could be produced by enhance in dolomitization. According 
to Equation (1), the alternative explanation for the increase in sea-
water δ26Mg is the increase in riverine runoffs with high δ26Mg 
values.

It has been suggested that riverine input increased by up to 3 
times as a result of soil erosion enhancement during the Permian-
Triassic transition (Song et al., 2015). The effect of increased river-
ine input on seawater δ26Mg is assessed using a box model, the 
details of which are provided in Appendix 3. The modeling results 
show that even the 3-fold increase in riverine input sustained for 
0.75 million years, with a high δ26Mgriv value of 0.5�, the rate 
of change in δ26Mg for global seawater is still not fast enough to 
account for the observed δ26Mg variations in GK-1 core (Fig. 6A). 
Because the increase in riverine input at the end-Permian was re-
lated to global soil erosion (Sephton et al., 2005; Song et al., 2015), 
such a high riverine flux should wane upon complete soil deple-
tion, thus it is unlikely to last 0.75 million years. In addition, a 
δ26Mgriv of +0.5� for global average riverine input is unrealisti-
cally high, relative to the average igneous rock value of −0.25�
(Teng, 2017). Therefore, we conclude that enhanced continental 
weathering alone cannot be responsible for the rapid shifts in 
δ26Mgseawater as recorded in the GK-1 core.

It has also been reported that dolomitization intensity increased 
remarkably at a global scale during the Permian-Triassic transi-
tion (Wilkinson and Algeo, 1989; Li et al., 2018). Modeling re-
sults indicate that in order to account for a drift of +0.4� for 
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seawater δ26Mg by only change of Mg outflux through dolomiti-
zation, dolomitization intensity is required to increase by a factor 
of 7.5 (Fig. 6B). As a result, the Mg flux ratio [Fdol/(Fdol+Fsilicate)] 
increased from 0.5 in the Permian ocean to 0.9 in the Triassic 
ocean (Appendix 3), such change of Mg outflux ratio around the 
Permian-Triassic transition is consistent with the estimate in liter-
ature (Wilkinson and Algeo, 1989).

A compilation of the global sedimentary records for the Per-
mian-Triassic transition illustrated remarkable higher dolomite 
abundance in earliest Triassic marine sediments than the late 
Permian sediments (Li et al., 2018), particularly around the Pale-
otethys ocean (Appendix Fig. S9). A number of changes in the end-
Permian oceans were in accordance with the increase in dolomiti-
zation. Firstly, temperature is a well-known factor that controls the 
rate of dolomitization and seawater temperature increased during 
the Permian-Triassic transition (Chen et al., 2016; Joachimski et al., 
2012), which could boost dolomitization. Secondly, dissolved sul-
fides have been demonstrated to catalyze dolomite precipitation 
(Zhang et al., 2012), and expansion of euxinic waters to shallower 
seafloor has also been suggested to occur during the Permian-
Triassic transition (Zhang et al., 2020). In addition, microbialites 
and stromatolites are known as preferable for dolomitization, and 
the disappearance of shallow water grazers at the EPME allowed 
spreading of microbialites and stromatolites globally. To conclude, 
a significant increase in global dolomitization is a reasonable ex-
planation for the observed first-order increase in seawater δ26Mg 
across the Permian-Triassic transition.

5.5. Restriction events in the Paleotethys and the link to mass extinction

In the box models discussed above, a rate of 0.53� Ma−1 for 
the change in δ26Mg for global seawater can be reproduced by sig-
nificantly increasing the dolomitization intensity in oceans. How-
ever, such δ26Mgseawater change rate is only a conservative estimate 
based on the long-term trend in the GK-1 core. The Mg isotope 
data from dolomite interval at the PDB (i.e., 215 m-230 m of GK-1 
core) requires that the change in δ26Mgseawater to be eight times 
faster (Fig. 3). It should be noted that the box model discussed 
above is a global ocean model, which assumes homogeneity in all 
seas and oceans. Evidently, such a global model would not be able 
to interpret the more rapid drifts in δ26Mg records in the GK-1 
core. In order to have a faster change in δ26Mgseawater, the mass 
of the seawater in a model must be reduced to be <20% of global 
oceans (Fig. 7).



Z. Hu, W. Li, H. Zhang et al. Earth and Planetary Science Letters 556 (2021) 116704
Fig. 7. The relationship between changing rate of δ26Mgseawater, volume of the re-
stricted ocean (basin), and intensity of dolomitization intensity according to the Mg 
isotope mass balance box-model, for details, see Appendix 3.

A Mg isotope study on dolostones from hinterland-attached 
carbonate platforms shows that δ26Mg of dolomite can increase 
rapidly in response to basin restriction (Bialik et al., 2018) and 
this has been confirmed by an independent study of Ning et 
al. (2020). The Permian-Triassic transition was associated with a 
global regression event as evidenced from sedimentary disconfor-
mities in numerous sedimentary records from the oceans, particu-
larly around the Paleotethys (Yin et al., 2014) (Appendix 4 Fig. S9). 
The regression event could have resulted in restriction of regional 
basins, where enhanced dolomitization led to rapid increase in 
seawater δ26Mg, which was recorded in the dolostones that were 
analyzed in this study.

It is possible that the events of restriction around the Permian-
Triassic transition occurred to small local basins that were sepa-
rated from each other. However, the similarity of Mg isotope pat-
terns of the three dolomite records from the east and west of Pale-
otethys Ocean hints at an intriguing scenario: could the Paleotethys 
Ocean as a whole experienced the restriction event during the 
Permian-Triassic transition? Paleogeographic reconstructions sug-
gest that the Paleotethys Ocean was surrounded by Pangea con-
tinents at 250 Ma (Fig. 1A; Appendix 3). The Paleotethys Ocean 
should have contained much less seawater mass than the outer 
Panthalassa Ocean, due to its smaller size and shallower aver-
age depth (Fig. 1A). Because shallower seawater is favorable for 
dolomite precipitation, dolomitization intensity should have been 
disproportionally higher in the Tethys than in the Panthalassa 
Ocean, which is indeed supported by the report of Li et al. 
(2018) and our own compilations (Appendix 4). Therefore, en-
hanced dolomitization in a restricted Paleotethys Ocean is not only 
supported by the multiple Mg isotope records, but also permissible 
from a modeling perspective (Fig. 7).

The restriction events, regardless of the scale, should have been 
transient, and the connection between the restricted basins and 
outer oceans can be restored episodically. The GK-1 core also 
recorded events of rapid drifts in δ26Mgseawater towards more neg-
ative values (Fig. 3), and this can be explained by replenish of 
seawater from outer oceans. It should be noted that the GK-1 
core was from a continuous sequence without sedimentary hiatus, 
which is also consistent with the lack of detritus in the samples 
(Rampino et al., 2020), implying that the carbonates in the GK-1 
core was supposed to have well recorded the changes in seawater 
chemistry without the interruption.

Magnesium isotope data therefore suggests transient periods of 
basin restriction within the Paleotethys Ocean around the Permian-
Triassic transition, particularly, the first rapid rise of δ26Mgdolomite
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in the GK-1 core coincided with the EPME (Fig. 3). Because the 
mass extinction was a global event that stroke both the Pale-
otethys and the Panthalassa Ocean, the basin restriction was not 
a direct killing mechanism for the mass extinction. U isotope evi-
dence suggests that the end-Permian oceans witnessed remarkable 
expansion of anoxia globally that could lead to crisis for oceanic 
life (Zhang et al., 2018, 2020). Restriction of the Paleotethys should 
have exerted a major disturbance to global seawater circulations, 
which might have caused stagnation of waters and subsequently 
development of anoxia in both the Paleotethys and the Panthalassa 
oceans (Hotinski et al., 2001). For organisms in the Paleotethys, the 
restriction event would significantly weaken the ocean’s buffer-
ing capacity against external disturbances such as global warming 
(Chen et al., 2016; Joachimski et al., 2012), soil erosion (Sephton 
et al., 2005; Song et al., 2015), and enhanced dolomitization. Mod-
eling results indicated that a 0.4� increase in δ26Mgseawater by 
intensified dolomitization would be accompanied by a decrease in 
seawater Mg/Ca ratio from 4.5 to 1.8 (Appendix 3, Fig. S8). Because 
skeletal marine organisms are generally adaptive to a restricted 
range of seawater Mg/Ca ratios (Montanez, 2002), such rapid and 
intensive changes in major element budgets in seawater would 
lead to crisis to skeletal marine life, in addition to other environ-
mental stresses.

6. Conclusion

In this study, we report remarkable variation of δ26Mgdolomite
values around the end-Permian extinction interval that anti-
correlated with global perturbations in δ13Ccarbonate recorded from 
different localities in the Paleotethys. Generally, the dolomite 
δ26Mg values displayed a first-order increase from −2.1±0.1� at 
the end Permian to −1.6±0.2� in the early Triassic. Based on 
the high-precision temporal model, our results suggest that the 
δ26Mg of seawater fluctuated by 0.4� within ∼750kyr across the 
Permian–Triassic transition. Modeling reveals that the high rate 
of change in δ26Mgseawater is attributed to dramatically intensi-
fied dolomitization in a relatively restricted oceanic environment. 
The restriction could have occurred to local basins that were sep-
arated from each other, however, our data are also consistent with 
a hypothesis of the Paleotethys Ocean being episodically separated 
from the Panthalassa Ocean around the Permian-Triassic transition. 
The restriction events within the Paleotethys Ocean could have sig-
nificantly weakened the ocean’s buffering capacity against external 
disturbances, and exacerbated marine environmental crisis to the 
marine ecosystem.
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