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Abstract

Magnesium isotopes are an emerging tool to study the geological processes recorded in carbonates. Calcite, due to its ubiq-
uitous occurrence and the large Mg isotope fractionation associated with the mineral, has attracted great interests in appli-
cations of Mg isotope geochemistry. However, the fidelity of Mg isotopes in geological records of carbonate minerals (e.g.,
calcite and dolomite) against burial metamorphism remains poorly constrained. Here we report our investigation on the Mg
isotope systematics of a dolomitized Middle Triassic Geshan carbonate section in eastern China. Magnesium isotope analysis
was complemented by analyses of Sr-C-O isotopic compositions, major and trace element concentrations, and petrographic
and mineralogical features. Multiple lines of evidence consistently indicated that post-depositional diagenesis of carbonate
minerals occurred to the carbonate rocks. Magnesium isotope compositions of the carbonate rocks closely follow a mixing
trend between a high d26Mg dolomite end member and a low d26Mg calcite end member, irrespective of sample positions
in the section and calcite/dolomite ratio in the samples. By fitting the measured Mg isotope data using a two-end member
mixing model, an inter-mineral D26Mgdolomite-calcite fractionation of 0.72‰ was obtained. Based on the experimentally derived
Mg isotope fractionation factors for dolomite and calcite, a temperature of 150–190 �C was calculated to correspond to the
0.72‰ D26Mgdolomite-calcite fractionation. Such temperature range matches with the burial-thermal history of the local strata,
making a successful case of Mg isotope geothermometry. Our results indicate that both calcite and dolomite had been re-
equilibrated during burial metamorphism, and based on isotope mass balance of Mg, the system was buffered by dolomite
in the section. Therefore, burial metamorphism may reset Mg isotope signature of calcite, and Mg isotope compositions in
calcite should be dealt with caution in studies of carbonate rocks with thermal history. By contrast, Mg isotopes of dolomite
are less prone to post-depositional resetting due to a number of properties including high Mg abundance and high thermo-
dynamic stability, and Mg isotopes in dolomite may be a more robust recorder for original carbonate precipitates.
� 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Carbonate is ubiquitous on Earth, and its element and
C–O–Sr isotope compositions have been extensively used
to study paleo-environments (Cao et al., 2008; Song et al.,
2015), dolomitization (Ronchi et al., 2011; Haas et al.,
2014) and diagenetic processes (Mathieu et al., 2015;
Kolchugin et al., 2016). Magnesium is an important compo-
nent in most carbonate rocks, and advances in multi-
collector inductively coupled plasma mass spectrometry
(MC-ICP-MS) since 2000s have enabled high precision
Mg isotope analyses, which led to an explosion of studies
on Mg isotope geochemistry of carbonates (e.g., Galy
et al., 2002; Young and Galy, 2004; Saenger and Wang,
2014; Teng, 2017; Teng et al., 2017).

A large variation in Mg isotope compositions has been
discerned from terrestrial samples, particularly natural car-
bonates. In contrast to igneous rocks that have very limited
Mg isotopic variability due to the lack of significant Mg iso-
tope fractionation during fractional crystallization pro-
cesses (Teng et al., 2010), natural carbonates, including
aragonite, calcite, dolomite and magnesite, have remark-
ably low and variable d26Mg values, which range from ca.
�1‰ to �5‰ (Saenger and Wang, 2014; Teng et al.,
2017). Almost all carbonates of modern marine origin have
d26Mg values that are lower than that of seawater
(d26Mgseawater � �0.8‰; Ling et al., 2011). Broadly speak-
ing, mineralogy is the first order control of Mg isotope
compositions in carbonates, that the lowest d26Mg values
in nature are reported from low Mg-calcite, which mainly
range between �3‰ and �5‰ (Buhl et al., 2007; Pogge
von Strandmann, 2008; Hippler et al., 2009; Immenhauser
et al., 2010; Wombacher et al., 2011; Pogge von
Strandmann et al., 2014), d26Mg values of high Mg-
calcite, dolomite, aragonite and magnesite are progressively
higher (Chang et al., 2004; Hippler et al., 2009; Wombacher
et al., 2011; Geske et al., 2012, 2015a, 2015b; Lavoie et al.,
2014; Dong et al., 2016). Experiments show that Mg isotope
fractionations in Mg-calcite and aragonite are temperature
dependent (Li et al., 2012; Wang et al., 2013), although the
sensitivity of Mg isotope fractionation is small (0.01–0.02
‰/�C). On the other hand, significant kinetic isotope effects
during precipitation of calcite have been suggested in stud-
ies of Immenhauser et al. (2010) and Mavromatis et al.
(2013). In addition, ‘‘vital effect”, or processes related to
biological activities have been found to affect Mg isotope
fractionations in biogenic carbonates, as Mg isotope com-
positions of skeletons of marine animals are species-
dependent (Hippler et al., 2009; Wombacher et al., 2011),
although the exact mechanism of ‘‘vital effect” on Mg iso-
topes remains elusive.

Despite the complexities in fractionation behaviors, the
large Mg isotope fractionation associated with carbonates
has made Mg isotope a promising tool for studying the var-
ious geological processes recorded in carbonates, such as
hydro-geochemical processes in a karst system
(Riechelmann et al., 2012), hydrothermal fluid activities
(Walter et al., 2015), precipitation of ‘‘molar tooth” car-
bonates in Precambrian oceans (Shen et al., 2016), as well
as deglaciation events after the Snow Ball Earth event
(Kasemann et al., 2014; Liu et al., 2014). On the other
hand, Mg isotope composition of seawater is controlled
by mass balance between Mg sources and sinks (Tipper
et al., 2006), and in light of this, Mg isotope compositions
of marine carbonates have attracted considerable interests
for reconstruction of seawater d26Mg values in geological
history because of their links to Mg cycling and global
change. For example, Pogge von Strandmann et al. (2014)
and Higgins and Schrag (2015) measured d26Mg values of
low Mg-calcites in pelagic carbonates to reconstruct global
Mg cycling in the Cenozoic, but considerable inconsistency
exists between the two studies. Alternatively, Li et al. (2015)
proposed that Mg isotopes in massive dolomite may be
used to reconstruct Mg isotope compositions of ancient
seawater.

In studies of carbonate sedimentary records using Mg
isotopes, one of the challenges is to discern primary sedi-
mentary signatures that reflect water chemistry from sec-
ondary post-depositional processes including early
diagenesis, deep metamorphism and hydrothermal alter-
ation. Overprinting and resetting of original isotopic signa-
tures in carbonates have been widely documented for Sr, C
and O isotope systems (Allan and Matthews, 1982;
Elderfield and Gieskes, 1982; Banner, 1995). It is conceiv-
able that Mg isotopes in carbonates are also subjective to
post-depositional resetting, particularly for low Mg calcite
and aragonite. Early diagenesis with continuous Mg supply
from modified seawater via diffusion has been suggested to
cause changes in Mg isotope compositions of carbonate
sediments, and these changes could be constrained using
reactive-transport models (Higgins and Schrag, 2010;
Huang et al., 2015; Peng et al., 2016). The influences of dia-
genesis and burial metamorphism on dolomite rocks have
been documented by Fantle and Higgins (2014) and
Geske et al. (2012). The impact of diagenetic alteration
on Mg isotope compositions of biogenic low-Mg calcite
in brachiopod shell has been studied by Rollion-Bard
et al. (2016) and Riechelmann et al. (2016) in detail. Despite
these progresses, however, fundamental questions about the
fidelity of Mg isotopes in carbonate rocks as recorders of
primary seawater signatures remain unsolved. These ques-
tions include: (1) in carbonate rocks that contain both cal-
cite and dolomite, do Mg isotopes in the two minerals
respond differently to burial metamorphism? (2) is there a
‘‘closure temperature” for Mg isotopes in carbonates, that
one can ignore post-depositional processes if the thermal
history of the sample was below that temperature? (3) is
there any isotopic signature that one can rely on to discrim-
inate samples that have been reset in terms of the Mg iso-
topic system?

In this contribution, we studied the Mg isotope variabil-
ity within a Middle Triassic carbonate section from South-
east China. The section has experienced a burial history
that is well-documented, and the samples in the section con-
tain carbonates with variable proportions of calcite and
dolomite, these features make the section an ideal natural
laboratory for investigation of the behavior of Mg isotopes
in calcite during dolomitization and burial diagenesis. Our
results reveal that Mg isotopes in carbonates can be reset
at temperature as low as ca. 150 �C, therefore, caution is
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urged in studies using Mg isotopes in calcite to refer pri-
mary sedimentological signatures; in contrast, Mg isotopes
in dolomite seem to be more robust against post-
depositional alteration.

2. GEOLOGICAL BACKGROUNDS AND SAMPLES

The study area is located at Geshan, Yixing City, in
Lower Yangtze Block of Southeast China (Fig. 1A). The
Lower Yangtze Block experienced two different sedimento-
logical stages, including a marginal sea stage in the early
Paleozoic, and an epicontinental sea stage in the Late
Paleozoic-Early Mesozoic periods, when thick bedded car-
bonates were deposited (He et al., 2014). During the Middle
Triassic, the Yangtze Plate drifted toward the North China
Craton, closing up the ocean basin (Shu et al., 2004). In
response, seawater depth in the Lower Yangtze Region
gradually decreased and regional sedimentary system was
dominated by restricted carbonate platform (Tong and
Yin, 1997).

Excellent outcrops of Zhoucunchong Formation, early
Anisian of Middle Triassic (�247 Ma) in age, are exposed
as quarry mining sites at Geshan (Fig. 1A). Locally, the
Zhoucunchong Formation is about 150 m in thickness
Fig. 1. Geological map showing sampling site and the Triassic stratigrap
outcrop (modified fromWang et al., 2014); (B) stratigraphic column of Tr
(C) detailed stratigraphy of the Lower Zhoucunchong Formation in Ges
and consists of carbonates ranging from limestone to dolo-
stone, and interbeded gypsiferous rock (Jin, 2006). From
bottom to top, gypsum contents and thickness of individual
carbonate layer increase, and gypsum and dolomite become
the dominant components of the upper Zhoucunchong
Formation (Fig. 1B). Carbonates in the lower Zhoucun-
chong Formation are variably dolomitized, where lime-
stone, dolomitic limestone, limy dolostone, and
dolomstone layers co-exist and interbed each other without
hiatus (Figs. 1C and 2). The regional strata subsided stea-
dily until the end of Triassic. After middle Jurassic, the
strata experienced several subsidence-uplift cycles, and
reached its maximum burial depth (exceeding 3500 m) in
the late Cretaceous (Hua, 2014; Huang et al., 2014). From
the end of Cretaceous to the present, the regional strata
have undergone continuous tectonic uplift caused by the
Himalayan movement (Hua, 2014; Huang et al., 2014).

High density sampling of the Zhoucunchong Formation
outcrop was performed at a quarry in 2013. The carbonates
were sampled from a newly opened rock surface of the
quarry (Fig. 3A and B; Appendix Fig. S1). The sampled
rocks are fresh and devoid of any sign of surface weather-
ing. Based on detailed field observation, the stratigraphic
column of the lower Zhoucunchong Formation was divided
hy of the Lower Yangtze Block. (A) Map showing the section and
iassic in Lower Yangtze Block (modified from Tong and Yin, 1997);
han section, based on field measurement.



Fig. 2. Variation of lithology, major elements, mineral contents and stable isotope compositions of the Lower Zhoucunchong Formation.
Red arrows mark the sample position along the stratigraphic column, the abundances of dolomite in each sample are calculated based on both
bulk rock chemistry data (red circles) and powder XRD data (blue diamonds) respectively, Appendix Table S4 in detail. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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into 27 apparent layers over a true thickness of 68 m, where
35 representative samples were collected for this study
(Fig. 2).

3. METHODS

3.1. Petrography and crystallography analyses

For petrographic characterization, one-half of each car-
bonate thin-section was stained by Alizarin Red-S and
Potassium Ferricyanide to enhance the contrast between
dolomite and calcite under microscope (Dickson, 1966).
The other half was used for cathodoluminescence micro-
scopy and backscatter electron microscopy. Cathodolumi-
nescence microscopy was performed on a cold-cathode
instrument (type CL8200-MK5) at Nanjing Institute of
Geology and Palaeontology, Chinese Academy of Sciences
with acceleration voltage of 12 kV, a current of 200–
300 mA, and a chamber pressure of 0.03–0.05 mBar. Back
scattered electron images were taken using a Hitachi
SU1510 Scanning Electron Microscope at School of Earth
Sciences and Engineering, Nanjing University.
Powder X-ray diffraction analysis of bulk sample
powders was performed on a Rigaku Rapid II dual-source
X-ray Diffractometer, using a rotating anode Cu target
X-ray source (Cu Ka = 1.5405 Å) running at 40 kV and
100 mA. The instrument is equipped with an imaging plate,
and 10 min exposure was used for each sample. Data pro-
cessing and mineral identification were performed using a
PDXL software. d values and intensities of (104) peaks for
calcite and dolomite were obtained from the XRD spectrum
using a PDXL software. The relative abundance of dolomite
and calcite in bulk rocks was estimated from the intensities
of the (104) peaks (Zevin, 1977). The Mg contents (or stoi-
chiometry) of calcite and dolomite were calculated using the
empirical curve by Zhang et al. (2010), who quantified the
relationship between d104 value and the mole percent of
MgCO3 in the dolomite-calcite series. The degree of order
of dolomite was calculated using the following equation by
Graf and Goldsmith (1956):

R ¼ Ið015Þ=Ið110Þ
where by I is the intensity of the peaks (015) and (110) of
dolomite.



Fig. 3. Photographs showing the petrographic characteristics of Zhoucunchong Formation in Geshan section. (A) Interbedding limestone
and dolostone; (B) gypsum node replaced by sparry calcite; (C) limestone (ZC-26); (D) dolomitic limestone (ZC-12), calcite grains show
distinct red color due to the stain reaction with Alizarin Red-S and K-Ferricyanide, same as photomicrographs E and F; (E) limy dolostone
(ZC-28); (F) dissolution texture of dolomite (ZC-28); (G) back scattered image showing dissolution texture of dolomite (ZC-22) under SEM;
(H) cathodoluminescence photomicrograph of dissolution texture of dolomite (ZC-14). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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3.2. Geochemical analyses

3.2.1. Element analysis

Each bulk sample was powdered in a pre-cleaned agate
mortar and about fifty milligrams of the powder was
weighed and subsequently dissolved in 4 mL 7 M HCl in
a Teflon beaker as the stock solution. For elemental analy-
ses, a 0.2 mL aliquot of the stock solution was extracted
and dried at 99 �C on a hotplate, then treated by adding
0.5 mL concentrated HNO3 and drying to expel HCl,
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before dissolving in 4 mL 2% HNO3. Concentrations of Ca,
Mg, Mn, Fe, Al and Sr for the bulk sample were measured
using an inductively coupled plasma optical emission spec-
trometer (ICP-OES, Thermo Fisher Scientific iCAP 6500
DUO) at School of Earth Sciences and Engineering, Nan-
jing University. The precision is generally better than
±5% and accuracy is better than ±10% for the selected ele-
ments. The remaining stock solution was used for Sr and
Mg isotope analyses.

3.2.2. Carbon (d13C) and oxygen (d18O) isotope analysis

d13C and d18O of bulk carbonate powders were mea-
sured using a MAT 253 isotope ratio mass spectrometer
at Nanjing Institute of Geology and Palaeontology, Chi-
nese Academy of Sciences. All isotope ratios were normal-
ized to the V-PDB standard and reported in per mil (‰).
Analytical error (2 standard error or 2SE) is less than
0.03‰ for d13C and 0.08‰ for d18O.

3.2.3. Strontium (87Sr/86Sr) isotope analysis

For Sr isotope analyses, 2 mL of the stock solution (dis-
solved bulk sample powders) was dried down, converted to
nitrate form by drying in 0.5 mL concentrated HNO3, and
re-dissolved in 2 mL 3 N HNO3 for ion exchange purifica-
tion. Strontium was separated twice using a cation
exchange procedure using 100–200 mesh AG50X8 resin
(Ling et al., 2007). Strontium isotope ratios were measured
using a Finnigan Triton thermo ionization mass spectrom-
eter (TIMS) at the State Key Laboratory for Mineral
Deposits Research at Nanjing University. 87Sr/86Sr ratios
were normalized to 86Sr/88Sr = 0.1194 using exponential
law during each analysis. Repeated measurements of Sr
standard NBS987 yielded 87Sr/86Sr = 0.710259 ± 0.000015
(2r, n = 65).

3.2.4. Magnesium isotope analysis

Based on the measured Mg content, an aliquot of the
stock solution (dissolved bulk sample powders) that con-
tained 50 lg Mg was used for Mg isotope analysis. The
sample was treated with 0.5 mL concentrated nitric acid
and evaporated on plate at 95 �C, this procedure was
repeated three times to convert salts to nitrate form for
ion exchange purification. A two-stage ion exchange proce-
dure was used to purify Mg from the samples. The first
stage ion exchange procedure is the same as the reported
procedure used for K isotope analysis (Li et al., 2016b), that
a sample dissolved in 0.5 mL 1.5 N HNO3 was loaded onto
a quartz glass column that contained 1 mL Biorad cation
exchange resin AG50W-X12 (100–200 mesh), and eluted
using 1.5 N HNO3 to remove Ca, Na, Al and other cations
from Mg. For the second stage column chemistry, the sam-
ples were dissolved in 0.5 mL mixed acid (0.2 N
HNO3 + 0.05 N HF) and loaded onto a custom-made
Teflon column that contained 0.2 mL Biorad AG50W-X8
(100–200 mesh) cation exchange resin, the resin was succes-
sively eluted using the mixed acid (0.2 N HNO3 + 0.05 N
HF), 1 N HNO3, and 1.5 N HNO3 to remove K, Ti and
remanent Na, Al. After these two column treatments,
matrix elements were less than 1% of Mg and recovery
was greater than 95%.
Magnesium isotope ratios of the bulk samples were mea-
sured using a Thermo Fisher Scientific Neptune Plus MC-
ICP-MS at Nanjing University. The instrument was run-
ning at low-mass-resolution mode, using a 100 lL/min
self-aspirating nebulizer tip and a glass spray chamber.
The concentration of samples typically matched the in-
house standard to better than ±10%. A 40 s on-peak acid
blank was measured before each analysis. Each Mg isotope
ratio measurement consisted of fifty 4-s integrations, and
the typical internal precision (2 standard error or 2SE)
was better than ±0.04‰ for 26Mg/24Mg and ±0.02‰ for
25Mg/24Mg. The long-term external reproducibility (2 stan-
dard deviation or 2SD) of Mg isotope analysis is better than
±0.10‰ in 26Mg/24Mg and ±0.05‰ in 25Mg/24Mg over six
months, based on repeat analysis of multiple Mg isotope
standard solutions against in-house stock solutions
(Appendix Table S1).

All data were normalized to the international Mg iso-
tope standard (DSM3) using conventional d notation to
express per thousand deviations from DSM3:

d26Mg ð‰Þ ¼ ð26Mg=24Mgsample � 26Mg=24MgDSM3Þ
=ð26Mg=24MgDSM3Þ � 1000

d25Mg ð‰Þ ¼ ð25Mg=24Mgsample � 25Mg=24MgDSM3Þ
=ð25Mg=24MgDSM3Þ � 1000

We used a Mg solution from High Purity Standards
Company (Lot No. HPS909104) as the in-house standard
for Mg isotope analyses by standard-sample-standard
bracketing method. The Mg isotope composition of
HPS909104Mg solution relative to international standard
DSM3 has been well characterized using two different
MC-ICP-MS at University of Wisconsin-Madison for over
5 years (d26Mg = �0.66‰ relative to DSM3, Li et al., 2011,
2012, 2014, 2015).

The accuracy of Mg isotope measurements is verified by
the measured d26Mg values for Cambridge 1, a second
international Mg isotope standard, which is �2.58
± 0.11‰ (2SD, n = 9), consistent with published values
(e.g., �2.58 ± 0.14‰, Galy et al., 2003; �2.58 ± 0.04‰,
Hippler et al., 2009; �2.57 ± 0.12‰, Li et al., 2012;
�2.62 ± 0.03‰, Teng et al., 2015).

To verify the accuracy of chemical procedure, IAPSO
seawater standard and three USGS rock standards (BHVO,
DST-2, BIR) were processed along with samples in the ion-
exchange procedure. The measured d26Mg values of the
standard samples match the published values within
±0.10‰, and mostly within ±0.05‰ (Appendix Table S1).

4. RESULTS

4.1. Petrography and mineralogy

Limestone outcrops at the Geshan show dark gray
color, whereas dolostone show light gray color and they
interbed each other (Fig. 3A). Gypsum concretions and
nodes occur in dolostone layers (Fig. 3B). Detailed micro-
scope and SEM observations on the thin sections of the car-
bonate rocks confirmed the lack of any microscopic
features of secondary weathering (porosity, secondary min-
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erals) in the carbonate rocks. Irrespective of calcite to dolo-
mite ratios, the carbonate samples consistently show micro-
crystalline textures (Fig. 3C–E), composed of 20–30 lm
sized calcite crystals and 25–50 lm sized dolomite crystals.
The dolomite crystals are mostly subhedral in shape
(Fig. 3E–H), but the etched edges of some dolomite crystals
(Fig. 3F–H) indicate dissolution of the originally more
euhedral dolomite crystals, implying that a process of
dedolomitization may have taken place after the formation
of dolomite crystals.

Powder XRD analyses of bulk sample powders show
that the dolomite components are almost stoichiometric,
containing 48.2–50.0 mol% MgCO3, and have a limited dis-
persion in degree of order [R = I (015)/I (110)] that ranges
between 0.34 and 0.51 (Appendix Table S2). The calcite
components of the carbonate samples have tightly dis-
tributed d104 values (3.028–3.031, mostly 3.029), which cor-
respond to 1.17 mol% of MgCO3 in calcite (Appendix
Table S2). The homogeneity of mineral chemistry in both
calcite and dolomite is in sharp contrast to the large varia-
tion in relative proportion of the two minerals among the
carbonate samples from the Geshan section.

4.2. Major and trace elements

Magnesium contents of the bulk rock samples vary
remarkably, from 0.28 to 10.60 wt%, and the variations in
Mg contents are mirrored by changes in Ca contents that
varies from 24.54 to 39.07 wt% (Appendix Table S3,
Fig. 2), reflecting that the relative abundance of calcite
and dolomite is the main control of bulk rock chemistry.
The relative proportions of dolomite and calcite are calcu-
lated using both the measured Mg and Ca concentrations
and the (104) peaks of dolomite and calcite measured by
XRD, and data from the two methods match well (Appen-
dix Table S4, Fig. 2). Strontium concentrations in carbon-
ates decrease rapidly with increasing Mg concentrations,
from 3471 ppm in limestone to 150 ppm in dolostone
(Fig. 4a). By contrast, Mn concentrations increase with
increasing Mg contents (Fig. 4b). Magnesium contents do
Fig. 4. Cross plots of elemental data of the Geshan carbonates. (a) Cr
contents versus Mg contents; (c) cross-plot of Fe and Al contents, and th
crust (Rudnick and Gao, 2003). (For interpretation of the references to co
this article.)
not show correlation with Fe or Al contents (Appendix
Table S3), but there is a significant positive correlation
between Fe and Al contents (Fig. 4c). In a cross-plot of
Fe-Al contents, the majority of data plot along a trend that
corresponds to upper continental crust values (Fe/
Al = 0.48: Rudnick and Gao, 2003), with exceptions of
only a few high Fe samples, reflecting that these two ele-
ments are mostly detrital in origin.

4.3. Isotope geochemistry

Carbonates from Geshan section have bulk-rock d13C
(V-PDB) values ranging from 4.2‰ to 6.6‰ (Appendix
Table S5, Fig. 2) and these are consistent with the d13C val-
ues of early Anisian seawater which ranges from 4.0‰ to
5.5‰ as summarized from previous stratigraphy studies
(Korte et al., 2005; Ovtcharova et al., 2015). d18O (V-
PDB) values range from �6.4‰ to �10.4‰ (Appendix
Table S5, Fig. 2). Despite remarkable scatter in the dataset,
calcite-rich samples tend to have slightly higher d13C and
d18O values than the dolomite-rich samples. And there is a
positive correlation between d13C and d18O values (Fig. 5).

87Sr/86Sr ratios of the bulk samples range from 0.70801
to 0.70837 and show a significant positive correlation with
Mg contents (Fig. 6a) and a negative correlation with Sr
contents (Fig. 6b). For comparison, 87Sr/86Sr ratios of early
Anisian seawater are suggested to be 0.70780–0.70820
(Korte et al., 2003).

d26Mg values of the samples vary significantly, from
�2.28‰ in limestone to �1.43‰ in dolomite-rich carbon-
ates (Appendix Table S5, Fig. 7a).

5. DISCUSSION

5.1. End member mixing in the Geshan section carbonates

Despite large variations in major and trace element
compositions in bulk samples, XRD analyses demonstrate
the chemical homogeneity of dolomite and calcite in all
Geshan samples (Appendix Table S4). This, together with
oss-plot of Sr contents versus Mg contents; (b) cross-plot of Mn
e red line is the reference line making the Fe/Al ratio of continental
lor in this figure legend, the reader is referred to the web version of



Fig. 5. (a) Cross-plot of d13CV-PDB values versus Mg contents of bulk samples; (b) cross-plot of d18OV-PDB values versus Mg contents of bulk
samples; (c) cross-plot of d13CV-PDB values versus d18OV-PDB values.

Fig. 6. Cross plots of isotopic ratios versus elemental contents. (a) Cross-plot of 87Sr/86Sr ratios versus contents of bulk samples; (b) cross-plot
of 87Sr/86Sr ratios versus Sr contents.

Fig. 7. (a) Plot of d26Mg values versus Mg contents. The solid lines show the mixing trend of end members defined from the best fitting line;
(b) plot of d26Mg values versus 1/Mg values. Red solid line denotes the least squares fitting of the measured data; (c) color contour plot of the
optimization model, which shows the fitting of two end member mixing with the measured data. The end member d26Mg values calculated
from the optimization model is consistent with those obtained from the least squares fitting in Fig. 7b, within statistical uncertainty. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the textural homogeneity in individual carbonate layers
(Fig. 2) as observed from microscopy, provides the basis
for the two end-member mixing concept. Cross-plots of
Sr versus Mg contents also support two end member mixing
(Fig. 4a), this, together with the positive correlation
between Mn and Mg as shown in Fig. 4b, indicate calcite
has low Mn content and high Sr content whereas dolomite
has high Mn content and low Sr content. The higher
87Sr/86Sr ratios of dolomite-rich carbonates (Fig. 6a), how-
ever, are attributed to relatively higher contributions of
radiogenic 87Sr in the low Sr dolostone samples, whereas
carbonates with high Sr concentrations are considered to
be less impacted by radioactive decay of 87Rb from detrital
components (Elderfield, 1986; McCormack et al., 2015).
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Magnesium isotope compositions in Geshan carbonates
also show distinct feature of two end member mixing, as
indicated by the linear relation between Mg isotope ratios
and the reciprocal of Mg contents (Fig. 7b). XRD analyses
(see ‘‘methods” for details) show that the calcite end mem-
ber has a stoichiometry of Ca0.9883Mg0.0117CO3 and the
dolomite end member has an ideal stoichiometry (CaMg
(CO3)2) (Appendix Table S2), and the samples are com-
posed of the only two Mg-bearing minerals. The Mg iso-
tope compositions for the two end members could be
obtained by intercepting vertical lines representing dolomite
and calcite end members with the least-squares best fitting
line in Fig. 7b. Using this method, d26Mg of calcite and
dolomite end members are calculated at �1.52 ± 0.04‰
and �2.24 ± 0.12‰ respectively (Fig. 7a and b).

In addition, we used an independent optimization
approach to derive the end member d26Mg values. In this
approach, we set hypothetical d26Mg values for calcite
and dolomite end members, which can be used to calculate
the modeled d26Mg value for each bulk sample, based on
proportion of calcite and dolomite in each sample
calculated from XRD or bulk chemistry data (Appendix
Table S4), and for each sample we calculated the
residue (absolute difference, or abs[d26Mgi-modeled �
d26Mgi-measured]) between modeled and measured d26Mg
values. We can calculate the sum of residue for all samples
(R =

P
abs[d26Mgi-modeled � d26Mgi-measured]), given a pair

of pre-defined d26Mg values for calcite and dolomite end
members. Such optimization approach allows searching of
the optimum in a two dimensional space of possible
d26Mg values for calcite and dolomite end members. The
optimum d26Mg values for dolomite end member and cal-
cite end member correspond to the lowest sum of residue
are �1.51‰ and �2.28‰ respectively (Fig. 7c).

Both methods show a similar difference of d26Mg values
between the calcite end member and the dolomite end mem-
ber. Because Gauss–Markov theory suggests higher robust-
ness for the least-squares method, we use the D26Mgdolo-
calc = 0.72 ± 0.13‰ as obtained from the least-squares
method in the following discussion. Note that this value
is substantially lower than the Mg isotopic difference
between dolomite and calcite measured in Peng et al.
(2016), where D26Mgdolo-calc = 1.6‰. The origin of such dif-
ference is discussed in the following section.

5.2. Post-depositional processes and the isotopic response of

Mg

Multiple lines of evidence consistently shows that car-
bonates from Geshan section had been affected by post-
depositional processes. Regionally, the strata underwent
burial processes and previous studies on strata burial and
thermal history of the adjacent Jurong Block in the studied
region indicated that Triassic strata reached a maximum
depth beyond 3500 m in the Late Cretaceous and experi-
enced a peak burial temperature of about 140 �C (Appendix
Fig. S2; Hua, 2014; Huang et al., 2014). This is consistent
with the hydrocarbon charging event in the region and
the homogenization temperature of the corresponding
hydrocarbon inclusions is about 145 �C (Liu et al., 2005).
d18OV-PDB values of the carbonates are relatively depleted
(Fig. 5b and c), indicating oxygen isotope compositions of
carbonates were overwritten by fluids in burial stage after
dolomitization (Hodgson, 1966). On the other hand, the
consistency between Sr isotope signatures of carbonates
and Anisian seawater is consistent with the absence of
activity of fluids of magmatic origin throughout the post-
depositional history of the Geshan section, supporting that
the thermal event was purely burial in nature. Petrograph-
ically, dolomite grains commonly show textures of dissolu-
tion and erosion (Fig. 3F–H), also indicating a fluid event
after dolomite formation. Considering the large volume of
gypsum in the upper Zhoucunchong Formation (Fig. 1B),
significant volume of water could be released during the
subsiding stage with increasing burial temperature, based
on the calcium sulfate dehydration reaction sequence
CaSO4�2H2O ? b-CaSO4�0.5H2O? c-CaSO4 (Molony
and Ridge, 1968; Vakhlu et al., 1985). Notably, CaSO4-
�2H2O completely transforms to c-CaSO4 at temperatures
above 115 �C (Ball and Norwood, 1969). Gypsum dehydra-
tion could have provided fluids that aided isotopic resetting
of carbonates.

The evidence above suggests that the carbonate minerals
from the Geshan section have been reset during post-
depositional processes during burial, which could have also
modified the isotopic signatures of Mg in the system.
Indeed, theory of stable isotope fractionation predicts that
the magnitude of isotope fractionation decreases as the
temperature increases (Urey, 1947). The 0.72‰ difference
in d26Mg between the dolomite end member and the calcite
end member of Geshan section is remarkably smaller than
the 1.6‰ difference in d26Mg between calcite and dolomite
in the study of Peng et al. (2016) that was interpreted to
reflect precipitation at a low temperature (Fig. 8). Therefore
a 0.72‰ difference in d26Mg between the dolomite end
member and the calcite end member most likely reflects
inter-mineral Mg isotope fractionation at an elevated tem-
perature during post-depositional processes, and the pri-
mary difference in d26Mg between the two minerals
should be significantly greater and might be close to a value
of 1.6‰ as reported in Peng et al. (2016).

Magnesium isotope fractionation factors for carbonate
minerals have been investigated by a number of workers,
using approaches of theoretical calculation (Rustad et al.,
2010; Schauble, 2011; Pinilla et al., 2015), or experimental
calibration (Li et al., 2012, 2015; Pearce et al., 2012;
Mavromatis et al., 2013; Wang et al., 2013). Large discrep-
ancies, however, exist between the available studies. These
are illustrated by the inter-mineral Mg isotope fractiona-
tions between calcite and dolomite (D26Mgdolo-calc, Fig. 8).
Large temperature effect was predicted for D26Mgdolo-calc
(Rustad et al., 2010; Pinilla et al., 2015) in theoretical calcu-
lations. D26Mgdolo-calc can also be derived from experimen-
tally calibrated Mg isotope fractionation factors between
carbonate minerals and aqueous solutions, and by combin-
ing the experimental studies for dolomite (Li et al., 2015)
and calcite (Mavromatis et al., 2013; Saenger and Wang,
2014). The experimental study of Mavromatis et al.
(2013) is preferred over other studies (Li et al., 2012;
Saulnier et al., 2012) on calcite due to the better control



Fig. 8. Compilation of Mg isotope fractionation factors between dolomite and calcite as a function of 1/T2 in different studies. Red, Purple
and blue lines denote fractionation factors calculated by Pinilla et al. (2015) and Rustad et al. (2010) using different models. In addition,
experimental results for dolomite (Li et al., 2015) and calcite (Mavromatis et al., 2013 and Saenger and Wang, 2014) are combined and
extrapolated to higher temperatures using a 1/T2 function. Shadowed squares mark the ranges of burial temperature and inter-mineral Mg
isotope fractionation at the Geshan section. The peak burial temperature of Geshan carbonate is about 140 �C as estimated based on the
strata burial history by Hua (2014) and Huang et al. (2014). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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of kinetic isotope effects in the study of Mavromatis et al.
(2013). Experimentally determined Mg isotope fractiona-
tion factors are extrapolated to higher temperatures using
a 1/T2 relation (Fig. 8), which is a common practice in
stable isotope geochemistry (Li et al., 2011; Young et al.,
2015).

The well-constrained thermal history and Mg isotope
fractionation factors between dolomite and calcite end
members provide a valuable opportunity to resolve the cur-
rent controversy on Mg isotope fractionation factors
between calcite and dolomite. Because rate of isotopic
exchange increases exponentially with increasing tempera-
ture (Cole and Chakraborty, 2001), the D26Mgdolo-calc we
measured from Geshan section most likely reflects Mg iso-
tope equilibrium at the maximum burial temperature of
145 �C. Particularly, phase transformation from c-CaSO4

back to CaSO4�2H2O would consume any free H2O and
suppress fluid activity during the retrograde metamor-
phism, therefore Geshan section would remained dry dur-
ing uplifting after burial peak, and isotopic exchange
without fluid is much more sluggish than with the presence
of fluid. As shown in Fig. 8, the D26Mgdolo-calc fractionation
and temperature data for Geshan section plot well below
the lines of theoretical calculations, but is more consistent
with the experimentally calibrated T-D26Mgdolo-calc trend.
It is also important to note that the data (D26Mgdolo-calc =
1.6‰) of Peng et al. (2016) also plot along the
experimentally calibrated T-D26Mgdolo-calc trend, but at a
lower temperature. Peng et al. (2016) suggested that both
calcite and dolomite in their study formed near the seawa-
ter–sediment interface (about 25 �C). This would imply that
the carbonate minerals from samples in Peng et al. (2016)
remained un-altered throughout the geological history.
Isotopic difference of Mg between calcite and dolomite
pairs, therefore, may be useful to distinguish the thermal
history of carbonates, and help to identify alteration events
in carbonates. In some cases (this study for example), Mg
isotopic difference between calcite and dolomite pairs could
be used as geothermometer, although the sensitivity of
D26Mgdolo-calc as geothermometer decreases rapidly at tem-
peratures above 150 �C (Fig. 8).

5.3. Applicability of Mg isotopes in carbonate minerals as

seawater proxy

The potential of Mg isotope composition in carbonates
as a tracer of seawater chemistry through geological history
has attracted great interests (Hippler et al., 2009; Pogge von
Strandmann et al., 2014; Li et al., 2015; Geske et al., 2015b;
Riechelmann et al., 2016; Rollion-Bard et al., 2016). To use
d26Mg of carbonates as a proxy to study coeval sea water,
two important pre-requisites of carbonate minerals need to
be satisfied: (1) magnesium isotopes in carbonate minerals
were in equilibrium with the coeval seawater, and (2) mag-
nesium isotopic signatures in carbonate minerals remained
conservative against post-depositional alterations. Compre-
hensive geochemical data from the Geshan section allows a
detailed assessment of these two aspects of Mg isotopes in
carbonates as seawater proxy.

5.3.1. Robustness of Mg isotope record in calcite and

dolomite

Post-depositional processes are ubiquitous for sedimen-
tary rocks, and as discussed in the previous section, reset-
ting of Mg isotopes between dolomite and calcite could
occur during burial processes at a temperature as low as
150 �C. Using the calculated proportions of calcite in bulk
rock samples from each carbonate layer (Appendix
Table S4), and the measured thickness of the 26 individual
layers (Fig. 2), we calculated that the Geshan section
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comprises 26 mol% dolomite and 74 mol% calcite. Combin-
ing the stoichiometry of dolomite and calcite measured by
XRD, we further calculated that 97% of Mg in the Geshan
section exists in dolomite, and only 3% of Mg in the section
occurs in calcite. The relative sensitivity of Mg isotopes in
calcite and dolomite against resetting is evaluated as below
in two extreme scenarios, one is completely closed, and the
other is completely open, and natural processes may be
somewhere between the two extreme scenarios. In a com-
pletely closed system scenario, because the overwhelming
majority of Mg exists in dolomite, when re-equilibration
of Mg isotopes occurred between calcite and dolomite dur-
ing burial metamorphism, the Mg isotope mass balance
would be controlled by dolomite rather than calcite. There-
fore, d26Mg of dolomite changed little, whereas d26Mg of
calcite shifted toward d26Mg of dolomite in response to
increasing temperature in the fluid-rock interactions,
through in-situ dissolution-precipitation (recrystallization)
processes even without significant input of external fluids.
In an open system scenario such as resetting by fluids
released from compaction and dewatering of clay-rich suc-
cessions below the carbonate formation, the higher Mg con-
tent in dolomite than calcite means that given the same
intensity of secondary fluid alteration (e.g., Mg addition
or Mg exchange), dolomite would be less susceptible to
Mg isotope change than calcite. Therefore, from a mass
balance point of view, dolomite is more robust in retaining
the original Mg isotope signature, irrespective of open sys-
tem or closed system behavior of the carbonates. This is in
agreement with Azmy et al. (2013) and Geske et al. (2012)
who suggested that Mg isotopes in dolomite tend to be
conservative.

Additionally, previous studies have shown that high Mg
calcite and aragonite of marine origin are thermodynami-
cally unstable (Friedman, 1965; Aissaoui, 1988; Bischoff
et al., 1993) and have a tendency to recrystallize and trans-
form to low-Mg calcite even at a low temperatures
(Aissaoui, 1988; Bertram et al., 1991; Bischoff et al.,
1993). Hydrothermal alteration experiments of brachiopod
shell indicated that even for low-Mg calcite that has rela-
tively higher thermodynamic stability, d26Mg values are still
sensitive to diagenetic alterations (Riechelmann et al.,
2016). Stoichiometric dolomite as confirmed from the
Geshan section, by contrast, is a thermodynamically stable
mineral under a wide range of physical-chemical conditions
(Rosenberg and Holland, 1964; Alruopn, 1977; Katz and
Matthews, 1977; Carpenter, 1980). Thermodynamics there-
fore favors stoichiometric dolomite as the more robust min-
eral recorder. It should be noted that Gao et al. (2016)
reported dissolution of dolomite and precipitation of calcite
and accompanied Mg isotope fractionation in a surface
dolostone sample. The case as reported by Gao et al.
(2016), however, comes from a long-exposed rock surface
with presence of silicates that has been intensely weathered
by copious meteoric water, and it is not clear whether this is
a universal phenomenon that applies to unweathered dolo-
stones. By contrast, in a more relevant case, Jacobson et al.
(2010) reported that d26Mg values of ground water in the
dolomite-dominant Madison Aquifer of United States
remain invariant along the flow path for �170 km. The best
and most straightforward explanation is the lack of Mg iso-
tope fractionation during dolomite weathering, attesting to
the robustness of dolomite as a Mg isotope reservoir.

Finally, given that intergrowth texture is common in
carbonates, from an analytical point of view, Mg isotope
composition of pure calcite mineral is usually difficult to
measure from natural carbonate rocks because Mg in cal-
cite is prone to influence of impurities of Mg rich minerals
such as dolomite. This is clearly demonstrated in Fig. 7a,
that d26Mg of calcite-rich bulk rock samples increases dra-
matically with a small increase in Mg content. By contrast,
d26Mg of dolomite rich samples is insensitive to existence of
calcite in the bulk samples (Fig. 7a).

In short, we argue that dolomite is a more robust min-
eral than calcite as an archive of Mg isotopes. Caution is
therefore needed when using Mg isotopes in calcite to
reconstruct ancient seawater chemistry. Pogge von
Strandmann et al. (2014) analyzed Mg-calcite in pelagic for-
aminifers and proposed a seawater d26Mg curve for the past
40 Myr. In a similar approach, Higgins and Schrag (2015)
measured Mg isotope compositions of bulk pelagic carbon-
ates over the last 75 Myr. However, there is considerable
inconsistency in reconstructed seawater d26Mg curves
between the two studies (Fig. 9). Considering the homo-
geneity of Mg isotopes in open ocean seawater (Ling
et al., 2011), the difference in reconstructed d26Mg of seawa-
ter in the last 40 Myr between the studies of Pogge von
Strandmann et al. (2014) and Higgins and Schrag (2015)
seems to be best explained by either post-depositional alter-
ations to at least some of the measured low Mg-calcite sam-
ples, or the lack of equilibrium Mg isotope fractionation
during precipitation of low Mg-calcite in at least some of
the samples.

5.3.2. Dolomite: an effective archive of d26Mg of coeval

seawater?

Given the greater robustness of Mg isotopes in dolomite
than calcite against post-depositional processes, questions
about the applicability of Mg isotopes in carbonate sedi-
mentology center on whether we can derive Mg isotope sig-
nature of ancient seawater from dolomite. First we consider
the source of Mg for dolomite. The possible Mg sources for
dolomite include (1) hydrothermal fluids (Davies and
Smith, 2006; Gasparrini et al., 2006; Lapponi et al.,
2014), (2) clay mineral transformation (McHargue and
Price, 1982) and compaction waters coming from shale
(Machel and Anderson, 1989; Kırmacı and Akdağ, 2005),
and (3) coeval sea water or evolved/modified seawater
(Dickson et al., 2001; Qing et al., 2001). In case of the
Geshan section, the lack of occurrence of large-scale
igneous rocks and skarn in the sampling area rules out
the possibility of hydrothermal Mg supply. On the other
hand, 943 cm3 of shale would be needed to dolomitize
1 cm3 of calcite, according to Machel and Anderson
(1989). Although shales occur in the Lower Triassic strata
below the Zhoucunchong Formation at Geshan (Fig. 1B),
the volume is not significant enough relative to the mass
of dolomite in Zhoucunchong Formation. In addition, cal-
cite layers within the Lower Triassic shale strata are not
dolomitized (Fig. 1B). Therefore Mg in Zhoucunchong



Fig. 9. Comparisons of measured d13C, 87Sr/86Sr, data from Geshan section, and the proposed d13C, 87Sr/86Sr values of seawater over the
Phanerozoic, as well as a comparison of d26Mg of dolomite end member from the Geshan section and corresponding seawater, with the
proposed d26Mg values for massive dolomite and seawater over the Phanerozoic. Seawater d13C, 87Sr/86Sr data are from Veizer et al. (1999),
and the d26Mg values of massive dolomite and seawater are from Li et al. (2015). Mg isotope compositions of Phanerozoic massive dolomite
are reported by Azmy et al. (2013), Blättler et al. (2015), Fantle and Higgins (2014), Geske et al. (2012), Jacobson et al. (2010), and
Mavromatis et al. (2014). The seawater d26Mg curve over the past 40 Ma as proposed by Pogge von Strandmann et al. (2014) is plotted for
comparison. In addition, Higgins and Schrag (2015) measured d26Mg values of pelagic carbonate over the past 75 Ma, and a seawater d26Mg
curve is derived from the results of Higgins and Schrag (2015) by assuming D26Mgcalcite-solution of �3.5‰ at 25 �C (Mavromatis et al., 2013).
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Formation cannot be provided from shale and clay diagen-
esis. This is consistent with the modeling results of Li et al.
(2016a), who suggested that clay minerals in marlstones are
not able to provide enough Mg2+ for massive dolomitiza-
tion. Finally, seawater is the only reservoir that can provide
sufficient Mg in massive dolomite (Sun, 1994; Qing et al.,
2001; Kırmacı, 2008; Rameil, 2008). Previous studies on
local sedimentology and paleogeography indicated
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development of carbonate platforms in the lower Yangtze
Region of eastern China during the Middle Triassic
(Tong and Yin, 1997), which facilitated production of pene-
saline–hypsaline seawater by evaporation and formation of
syngenetic–penecontemporaneous dolomites (Qing et al.,
2001; Rameil, 2008). Seawater evaporation is confirmed
by occurrence of gypsum in the strata (Fig. 2B). We con-
clude that Mg in carbonates in Geshan section ultimately
originated from modified (evaporated) seawater. Our con-
clusion is further supported by the agreement in 87Sr/86Sr
and d13C between the Geshan carbonate samples and the
coeval seawater (Veizer et al., 1999; Korte et al., 2003), as
demonstrated in Fig. 9.

Based on the seawater origin of Mg in dolomite from the
Geshan section, we further discuss whether Mg isotope
fractionation occurred during dolomite precipitation. It
has been reported by Geske et al. (2015b) that d26Mg of
modern sabkha dolomite has d26Mg value of �0.79
± 0.41‰, close to that of seawater (�0.8‰: Ling et al.,
2011), reflecting inadequate Mg exchange between dolomite
and seawater and the lack of equilibrium Mg isotope frac-
tionation during sabkha dolomite precipitation. In con-
trast, a ca. 2‰ fractionation between dolomite and
aqueous solution is inferred from experiments and ODP
drill cores (Fantle and Higgins, 2014; Li et al., 2015). A
dolomitization process without Mg isotope fractionation
does not apply to the Geshan section, because the d26Mg
value of dolomite is low (�1.52‰). Such value is lower than
that of global riverine input into oceans (�1.09‰: Tipper
et al., 2006). Average d26Mg of global riverine input is unli-
kely to have changed dramatically in the Phanerozoic, and
d26Mg of seawater should be higher than that of riverine
input due to the important sink of isotopically light Mg into
carbonates (Tipper et al., 2006). Therefore d26Mg values of
the Phanerozoic seawater should be higher than �1.09‰
unless a large Mg sink with opposite Mg isotope fractiona-
tion exists, and in light of this, Mg isotope fractionation
should have occurred between dolomite and coeval seawa-
ter during formation of Geshan carbonates.

As discussed above, Mg in Geshan section carbonates
originated from coeval seawater and Mg isotope fractiona-
tion occurred during formation of carbonates, but can we
use the d26Mg values of dolomite to reconstruct Mg isotope
compositions of ancient seawater? Dolomitization process
is complicated and the behavior of Mg isotopes during
dolomitization at low temperature is still not fully under-
stood. Although equilibrium Mg isotope fractionation fac-
tors have been proposed based on experiments and field
observations (Fantle and Higgins, 2014; Li et al., 2015),
non-equilibrium processes like kinetic isotope effects during
dolomitization remain under-explored. It is not known
whether kinetic isotope signatures in primary dolomite pre-
cipitates can be erased by later recrystallization during early
burial processes over geological timescales. An additional
source of complexity is that Mg isotope composition of
pore fluids may also evolve in respond to dolomitization,
which produces dolomite that is not in equilibrium with
seawater. The isotopic effects of such process have been
studied theoretically by Huang et al. (2015) based on a
Diffusion-Advection-Reaction model, which indicated that
Mg isotope composition of bulk carbonate rocks should
change systematically across a dolomitization front (or dif-
fusion profile). The highly variable and irregular calcite/-
dolomite ratios across the Geshan section (Fig. 2),
however, show that a vertical dolomitization/diffusion front
cannot be identified across the strata, therefore the
Diffusion-Advection-Reaction model by Huang et al.
(2015) does not seem to be applicable to the case of this
study. Finally, despite all the complexities in regard to
Mg isotope fractionation during dolomitization as dis-
cussed above, Li et al. (2015) calculated curves of d26Mg
values for seawater and massive dolomite throughout the
Phanerozoic based on an isotope mass balance model and
data of intensity of dolomitization in geological history
(Wilkinson and Algeo, 1989). In the model of Li et al.
(2015), an equilibrium D26Mgdolo-aq fractionation of
�1.8‰ is assumed between massive dolomite and seawater.
As shown in Fig. 9, the measured d26Mg for dolomite from
Geshan agrees with the modeled d26Mg value for dolomite
well. Such agreement implies that dolomite in Geshan sec-
tion might be in equilibrium with coeval seawater, and
therefore, dolomite in Geshan section is likely to be synde-
positional in origin, which allowed adequate Mg isotope
exchange between carbonate precipitates and coeval seawa-
ter. Therefore, irrespective of its origin (e.g., direct precipi-
tates from seawater or replacement of seawater in early
diagenesis), syndepositional massive dolomite may reason-
ably record Mg isotope composition of coeval seawater.
Nonetheless, we stress that further work is needed to check
whether the modeled d26Mg values of dolomite by Li et al.
(2015) match those of geological records and to rigorously
test whether massive syndepositional dolomite can be used
as an effective archive of Mg isotope compositions of
ancient seawater.

6. CONCLUSION

The Middle Triassic Geshan section in the Lower
Yangtze Block consists of carbonate of variable dolomite
to calcite ratios and has a well-constrained burial history,
which is ideal for investigation of Mg isotope behaviors
during post-depositional processes. The carbonates con-
tains only dolomite and calcite, and the two minerals
demonstrate chemical and textural homogeneity. Magne-
sium isotope compositions of the bulk carbonate rocks clo-
sely follow a mixing trend between a high d26Mg dolomite
end member and a low d26Mg calcite end member. An inter-
mineral D26Mgdolomite-calcite fractionation of 0.72‰ was
obtained after deconvolving the end member Mg isotope
compositions. Using the experimentally derived Mg isotope
fractionation factors for dolomite and calcite, a tempera-
ture of 150–190 �C was calculated to correspond the
0.72‰ D26Mgdolomite-calcite fractionation, and such tempera-
ture range matches well with the burial-thermal history of
the local strata, making a successful case of Mg isotope
geothermometry and revealing Mg isotope re-
equilibration at a relative higher temperature after dolomi-
tization. Mass balance calculation shows that because the
overwhelming majority of Mg existed in dolomite, the sys-
tem was buffered by dolomite rather than calcite during
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resetting of Mg isotopes in burial stages. Furthermore, con-
sidering the higher thermodynamic stability of dolomite
than Mg-bearing calcites, Mg isotopes in dolomite are more
robust against post-depositional alterations. Measured Mg
isotope compositions for dolomite end member of Geshan
section matches with the modeled Mg isotope curve for
Phanerozoic massive dolomite as proposed by Li et al.
(2015), supporting the idea that massive syndepositional
dolomite could be used to reconstruct the Mg isotope com-
positions of ancient seawater.
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