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Marine dolomitization processes are characterized by complex variations in hydrological conditions and pore-
fluid chemistry. Deposition of massive dolomitized carbonates on the Comanche Platform of south Texas, USA,
during the Albian coincided with multiple fluctuations in sea level, thereby providing an ideal setting to study
the response of magnesium isotopes to dolomitization during eustatic sea-level change. In this study, we con-
ducted Mg, C, and O isotope analyses and complimentary mineralogical and petrographic investigations of
dolomitized massive carbonates of the Albian Edwards Group in the Comanche Platform. Petrographic observa-
tions indicate that the carbonate rocks in the studied units were not altered by deep burial diagenesis or hydro-
thermal fluids. Based on our petrographic observations and the trace element and C–O isotope data, we infer the
dolomites were formed via syn-depositional dolomitization during a period of low sea level. The δ26Mg values of
the dolomites increase rapidly from −2.5‰ to −1.8‰ in the basal part of the unit, reflecting a change in fluid
chemistry caused by dolomitization in a restrictedmarine environment. Subsequently, δ26Mgdolomite values grad-
ually decrease back to their initial value of approximately −2.5‰ due to seawater replenishment during trans-
gression. The observed variability in dolomite δ26Mg values reflects changes in the connectivity of the platform
with the open ocean during marine transgressions. However, the δ26Mgdolomite values do not vary with the
high-frequency eustatic sea-level change recorded in the lithological variations, indicating uniform hydrologic
conditions of the massive dolomitization system despite the hydrodynamic variations in the sedimentary envi-
ronment. Therefore, we propose that massive dolomitization systems are mostly fluid-buffered and, as a result,
Mg isotopes of dolomites can be used to trace changes in the paleo-marine environment, such as basin
connectivity.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Magnesium isotope geochemistry of carbonates has been exten-
sively studied in the past decade for the potential to trace the geochem-
ical cycling of Mg under marine environment changes (Hippler et al.,
2009; Higgins and Schrag, 2012; Saenger et al., 2013; Liu et al., 2014;
Hu et al., 2017; Mavromatis et al., 2017; Li et al., 2019; Shalev et al.,
2021). Interpreting Mg isotope compositions recorded in calcite
(i.e., in marine limestones) is complicated by the complexities of Mg
isotope fractionation and diagenetic alteration (Riechelmann et al.,
lik), liweiqiang@nju.edu.cn
2016; Hu et al., 2017; Mavromatis et al., 2017; Ma et al., 2017; He
et al., 2020; Liu and Li, 2020). In contrast, Mg isotope fractionation be-
tween dolomite and aqueous solutions has been experimentally cali-
brated (Li et al., 2015), and the results are consistent with the
observation on Cenozoic dolomitization in drill cores recovered by the
Ocean Drilling Program (Higgins and Schrag, 2010). In addition, Mg iso-
tope compositions in the dolomiteminerals of massive dolostone layers
are resistant to post-depositional overprint (Geske et al., 2012; Hu et al.,
2017; Perez-Fernandez et al., 2017; Hu et al., 2019; Li et al., 2019; Ning
et al., 2019), and are thus robust records of marine environmental
changes (Liu et al., 2014; Hu et al., 2021). Consequently, Mg isotopes
in dolomite can be used to reconstruct paleo-marine environmental
conditions such as basin restriction (Bialik et al., 2018; Hu et al.,
2021), biomineralization processes such as molar tooth formation
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(Shen et al., 2016), andmajor events such as the end-Cryogenian degla-
ciation (Kasemann et al., 2014; Liu et al., 2014; Ahm et al., 2019).

Recent studies on late Cenozoic andmodern dolomitization indicate
that δ26Mgdolomite values are controlled by the hydrologic conditions of
early diagenesis (Blättler et al., 2015; Ahm et al., 2018; Higgins et al.,
2018; Ning et al., 2020; Shalev et al., 2021), while the diffusion of
porewater in carbonate sediments can cause stratigraphic variability
in δ26Mgdolomite values (Huang et al., 2015). As massive dolostone se-
quences are usually deposited over a long time, they often experience
considerable sea-level changes (Jones and Luth, 2003; Zhao and Jones,
2012; van der Meer et al., 2019). Transgression and regression within
a basin can change local seawater circulation and connectivity with
the open ocean (Keller et al., 2004; Yuan and de Swart, 2017). As a re-
sult, Mg/Ca ratios and seawater salinity on a carbonate platform evolve
during periodic transitions between high and low sea levels. These
changes can in turn influence dolomite abundance, stoichiometry, and
δ18O values (Munnecke et al., 2010; Kaczmarek and Sibley, 2011; Gao
and Fan, 2015; Hohl et al., 2015). However, the influence of such hydro-
logical variations on δ26Mgdolomite values in a dolomitization system re-
mains poorly known.

The deposition of carbonates during the Cretaceous coincided with
global perturbations in the marine environment. Frequent submarine
volcanism led to the first- to third-order eustatic sea-level changes
(Haq, 2014). On regional scales, high-frequency repetitions of
lithofacies developed on carbonate platforms (Immenhauser, 2005;
Phelps et al., 2014), where sedimentation cycles are reflected in gradual
variations in dolomitization intensity, sedimentary structures, and sub-
aerial exposure (Adams and Diamond, 2017; Manche and Kaczmarek,
2019). The Albian Edwards Group of the Comanche Platform in south
Texas, USA, underwent massive dolomitization and consisted of several
lithological cycles that recorded the effects of high-frequency eustatic
changes (Rose, 2017; Widodo and Laya, 2017), thereby providing an
ideal case to study the response of magnesium isotopes to dolomitiza-
tion during eustatic sea-level change.

In this studywe investigate the impacts of sea-level change on dolo-
mite Mg isotopes, and use the Mg isotope data to explore the effects of
sea-level fluctuations on hydrological conditions in a massive dolomiti-
zation system.
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Fig. 1. (A) Global paleogeographic map during the Albian (modified from the Blakey web
(B) geological map showing the regional depositional setting of the Comanche Platform durin
transition between the shallow open platform and the semi-closed Kirschberg Lagoon.
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2. Geological background

The Comanche Platform is located in south Texas, USA, and was part
of the northern margin of the Gulf of Mexico during Cretaceous (Fisher
and Rodda, 1969; Scott et al., 2019) (Fig. 1A). After rifting and breakup
of Pangea during the Late Triassic–Early Jurassic, the Atlantic oceanic
crust began to rift during the Middle to Late Jurassic, and the Gulf of
Mexico became a passive marginal sea (Winker and Buffler, 1988;
Ewing, 2010). From the Early Cretaceous, this region was part of the Te-
thyan realm (Fig. 1A), until the northern South Atlantic opened during
the Late Cretaceous. During crustal cooling in the Cretaceous, regional
tectonic subsidence led to marine flooding and the development of ex-
tensive carbonate platforms (Lehmann et al., 1998;Haq, 2014). Regional
sea level increased over a long period and peaked in the Late Cretaceous
(Millán et al., 2014; Laurin et al., 2019; Scott et al., 2019). During the
Albian (late Early Cretaceous), major parts of the Gulf of Mexico's mar-
gins were dominated by shallow marine environments, and massive
carbonate successions were deposited (Föllmi, 2012; Hay, 2016;
O'Brien et al., 2017). Sea-level fluctuations resulted in spatial variations
of sedimentary facies, including open marine, skeletal shoals, shallow
lagoons, and interior tidal flats. The regional climate was arid, as indi-
cated by the deposition of evaporites on the Comanche and adjacent
platforms (Fisher and Rodda, 1969; Lehmann et al., 1998). The intense
evaporation in this region facilitated the formation of hypersaline sea-
water on the platform, and promoted the deposition of massive dolo-
mites in carbonate successions (Rose, 2017; Widodo and Laya, 2017).

Our study site is located in the center of the Comanche Platform,
close to the inner margins of the Kischeberg Lagoon (Fig. 1B). Here,
the Edwards Group consists of the Kainer Formation (lower cycle) and
the Person Formation (upper cycle) (Small and Maclay, 1982; Rose,
2017). The Kainer Formation is 120–140 m thick and comprises a
lower unit composed mainly of dolomitized carbonate and an upper
unit of limy grainstone (Rose, 2017; Scott et al., 2019). The Person
Formation is 40–90 m thick and is composed mainly of massive limy
wackestones and packstones with thin interlayers of dolomitized car-
bonate (Rose, 2017; Scott et al., 2019). Multiple high-frequency
shoaling–deepening cycles can be identified in each formation based
on lithology and facies assemblage (Fisher and Rodda, 1969; Widodo
NB
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and Laya, 2017). Multiple stratigraphic markers (C–O isotope
chemostratigraphy, sequence stratigraphy, and paleontological stratig-
raphy) consistently suggest that the Edwards Groupwas deposited dur-
ing themiddle Albian (ca. 110–105Ma) (Kennedy et al., 1999; Lehmann
et al., 2000; Lowery et al., 2014; Scott et al., 2019). The section is overlain
by the upper Albian Georgetown Formation, which comprises glauco-
nitic calcisphere-bearing wackestones (Rose, 2017; Scott et al., 2019).

The studied carbonate from the “Randolph well”, AY68-30-807 drill
core, which was recovered from the Comanche Platform, can be corre-
lated regionally with the Albian carbonates in the whole North
American (Rose, 2017), all of which record similar global sea-level fluc-
tuations (Haq, 2014; Scott et al., 2019) (Fig. 2).

3. Methods

Samples were collected from the AY68-30-807 drill core (“Randolph
well”; 29.50806°N/98.29583°W) stored at the Texas Bureau of Eco-
nomic Geology repository. The hole was drilled in 1972 by the US Geo-
logical survey, east-northeast of San Antonio, Texas, USA (Small and
Maclay, 1982). The core was described in the repository, and based on
initial reconnaissance, 115 samples were collected as plugs or billets.
These samples were described in more detail, and subsets were used
for further analysis.

3.1. Petrography and mineral analyses

Ninety carbonate samples were selected for X-ray diffraction (XRD)
analyses andmade into thin sections for polarizedmicroscopy. Interpre-
tation of paleoenvironments was performed according to the standard
microfacies model outlined by Flügel (2010). The porosity of plug car-
bonate samples was measured using a Vinci Technologies Helium
Porosimeter (HEP-E) at 200 to 500 PSI pressure at Haifa University
(Israel). The details of this method have been described by Shtober-
Zisu et al. (2017).

Powder X-ray diffraction analysis to determine mineral composi-
tions of bulk samples was performed on a Rigaku Rapid II dual-source
X-ray Diffractometer, using a rotating anode Mo target X-ray source
(Mo Kα=0.714 Å) at the State Key Laboratory forMinerals Deposit Re-
search, Nanjing University (China). Each sample was exposed for 5 min
in the instrument running at 40 kV and 100 mA. In this study, we esti-
mate the relative abundances of dolomite and calcite in bulk rocks via
the intensities of the (104) peaks using the Jade 6.5 software following
Zevin (1977).

3.2. Geochemical analyses

3.2.1. Trace element analysis
Sixty-eight bulk carbonate samples were selected for trace element

analyses. The bulk carbonates were grinded into 200 mesh in the
agate mortar. About fifty milligram powder of each bulk sample was
weighed and subsequently dissolved in 5 mL 2 N hydrochloric acid at
70 °C. Then we transferred 0.1 mL dissolved sample into a precleaned
Teflon beaker, and transformed the sample into nitrate by repeatedly
drying the sample aliquot with concentrated HNO3 on a hotplate. The
samples were finally diluted in 15 mL 2% HNO3. Trace element concen-
trations were measured using an Agilent 7900 ICP-MS at the State Key
Laboratory of Marine Geology at Tongji University (China). To monitor
the data quality, a dolomite standard material (JDo-1) was analyzed
after every nine sample analyses during the measurement. Totally the
analytical precision was better than 5% (RSD) for all selected elements.

The enrichment factors (EF) of redox-sensitive trace elements are
commonly used to estimate if these elements are relatively enriched
or depleted (Huang et al., 2011). To quantitatively evaluate the relative
depletion or enrichment of V and Ni during the deposition of carbonate,
we calculate the percentage changes of elemental ratios to Ti relative to
4

the upper continental crust (UCC): VEF = (Vsample / Tisample) / (Vucc /
Tiucc) and NiEF = (Nisample / Tisample) / (Niucc / Tiucc).

3.2.2. Carbon and oxygen isotope analysis
Ninety carbonate samples were selected for C–O isotopic analyses

using a Thermo Finnigan Delta V Plus isotope ratio mass spectrome-
ter (IRMS) at the State Key Laboratory for Minerals Deposit Research
in Nanjing University. Approximately 100 μg of bulk powders was
reacted with 30 μL ~100% phosphoric acid at 70 °C to fully transform
the CO3

2− into CO2 in a gas bench which is connected to the IRMS.
Chinese GBW00405 carbonate standards TTB-1 (calcite) and TTB-2
(dolomite) were analyzed for the reference standard (Li et al.,
2019), and isotopic ratios of C and O in the CO2 liberated from sample
powders are normalized to Vienna PDB in δ notation. The analytical
precision is better than 0.1‰ (standard deviation, 1SD) for both
δ13C and δ18O.

3.2.3. Magnesium isotope (δ26Mg) analysis
Following the results of our XRD analyses, forty-two carbonate sam-

pleswith>20wt%dolomite contentswere selected forMg isotope anal-
yses.We used themethodwhich has been described by Hu et al. (2017)
to extract the Mg fraction of each sample. Briefly, in the first procedure,
the dissolved sample in 0.5 mL 1.5 N HNO3 was loaded onto a quartz
glass column containing 1 mL AG50W-X12 (100–200 mesh) resin. We
use 1.5 N HNO3 to elute the resin for removing the Ca, Na, Al, Sr as
well as some minor and trace elements. Then, we use 0.5 mL mixed
acid (0.2 N HNO3 + 0.05 N HF) to dissolve the sample and loaded the
sample onto a PFA column containing 0.2 mL AG 50 W-X8 (100–200
mesh) resin, and we use successively the mixed acid (0.2 N HNO3 +
0.05 N HF), 1 N HNO3, and 1.5 N HNO3 to elute the resin for removing
K and remnant Na, Al from the Mg. After the two-stage treatment, the
Mg recovery was mostly >99%, and the total mass of matrix elements
was less than 0.2%.

The Mg isotopes were analyzed at Nanjing University using a
Thermo Fisher Scientific Neptune Plus MC-ICP-MS. The running condi-
tion of the instrument is the standard wet plasma, low-resolution
mode, and the solution uptake rate is 100 μL/min. The standard–sam-
ple–standard bracketing method was used for correcting the instru-
mental mass bias. The Mg concentration of all samples and standards
is 500 ppb. The pure Mg solutions of the Cambridge1 and DSM3 were
also analyzed tomonitor the analytical accuracy ofMg isotopemeasure-
ments (Appendix Table S1). To monitor the accuracy of the chemical
purification procedures, we processed USGS rock standard and the
IAPSO seawater along with samples during the chemical purification.
Themeasurement of theMg isotope ratios consisted of fifty 4-s integra-
tions, the typical internal precision (2 standard error or 2SE) of
26Mg/24Mg and 25Mg/24Mg was better than ±0.04‰ and ±0.02‰ re-
spectively. Based on the long-term repeated analysis of pure Mg solu-
tions, the external accuracy (2 standard deviations or 2SD) of the
δ26Mg measurements in this instrument is better than 0.10‰ (Appen-
dix Table S1).

4. Results

4.1. Petrography, mineralogy and wire-logs

The Edwards Group sediments are composed of dolomite, calcite,
andminor quartz, as inferred from powdered bulk rock XRD analyses
(Appendix Table S2). Petrographic observations show that the upper
strata contain small amounts of glauconite (Fig. 3A). The abundance
of dolomite decreases upwards, and massive dolostone intervals dis-
tributed mainly in the middle and lower parts of the Kainer Forma-
tion (Fig. 2). The lowest part of the Person Formation and the
upper part of the Kainer Formation (from 300 to 251 m) are domi-
nated by limy grainstones (Fig. 2) that contain skeletal debris of ben-
thic foraminifera, gastropods, ostracods, echinodermata, rudist
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fragments, and unidentifiable bioclasts (Fig. 3C–D, H). Non-skeletal
grains include peloids and intraclasts (Fig. 3E). Microbial laminae
are observed in some of the dolostones (Fig. 3I). The upper part of
the Person Formation (from 251 to 190 m) is composed mainly of
limywackestone and packstone (Fig. 2), in which the allochems con-
sist of calcispheres, foraminifera, and algae (Fig. 3A–B). The upper-
most strata of the drill core (from 190 to 184 m) are wackestone
that contains glauconitic calcispheres (Fig. 3A), representing the
base of the Georgetown Formation (Rose, 2017; Scott et al., 2019).

The dolomitization of the middle Kainer Formation was fabric-
retentive, with the biological fabrics of the precursor limestone being
preserved to varying degrees (Fig. 3H), while the dolomitization of the
lower part of the Kainer Formation was mostly fabric-destructive and
contains rare fossils (Fig. 3G, I). In the dolomitic limestone, euhedral
dolomite crystals (8–120 μm) are scattered in a micritic matrix
(Fig. 3F). Throughout the various lithologies, the dolomites in the stud-
ied section aremostly fine-grained (<50 μm)and subhedral to euhedral
(Fig. 3G–I), without hydrothermal alteration and saddle dolomites
(Fig. 3F–I). The d104 values of the dolomites and calcites have narrow
ranges of 2.8920–2.895 and 3.027–3.030, respectively (Appendix
Table S2). Using the equation of Lumsden (1979) and the empirical
curve of Zhang et al. (2010), the calculated MgCO3 contents of the
dolomites and calcites are ~47.9 mol% and 0.8 mol%, respectively
(Appendix Table S2–2).
5

The caliper log data show three cycles of high-frequency variations
in lithofacies within the core. The lower part of each cycle shows low
caliper log values (minimal hole extension) and is more dolomitic. In
contrast, the upper parts show higher values and low to no dolomite
(Fig. 2). Carbonates from the Edwards Group mostly have porosity of
>10 vol% (Fig. 2). The porosity is mainly formed by mold and remnant
dissolution pores, which are more common in the dolomitized carbon-
ates than in coeval limestones (Figs. 3G–H, 4A). Calcite cement makes
up the majority of the pore fillings (Fig. 3E, H).

4.2. Trace element geochemistry

Rare earth elements (REEs) and titanium contents in bulk carbonates
of the Edwards Group vary from 0.1 to 18.0 ppm and 0.3 to 9.0 ppm,
respectively (Fig. 4A). Titanium content is positively correlated with
porosity and dolomite content (Fig. 4B), and negatively correlated with
total REE content (Fig. 4A). Vanadium and Ni contents are 1–15 ppm
and 3–20 ppm, respectively (Appendix Table S5). The vanadium and Ni
enrichment factors are higher in the limestones than in the dolomitized
carbonates (Fig. 4E). Manganese contents are 3–122 ppm throughout
the drill core, mainly <50 ppm (Fig. 4C). Strontium contents range from
170 to 5400 ppm, and the dolomitized carbonates have low Sr contents
(180–380 ppm) (Fig. 4C). The Mn/Sr ratios of all the samples are below
0.45 (Fig. 4D).
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4.3. Isotope geochemistry

The Edwards Group samples have carbon isotope (δ13C) values from
1‰ to 3.5‰ and bulk oxygen isotope (δ18O) values from −5‰ to 1‰
6

(Fig. 5A). The δ13C and δ18O values broadly overlap with previously re-
ported values of coeval carbonates in this area (δ13C ≈ 1‰ to 5‰,
δ18O ≈ −6‰ to 2‰; Phelps et al., 2015). The δ13C and δ18O values of
the limestones exhibit a consistent decrease upwards, while the



0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

-6

-5

-4

-3

-2

-1

0

1

2

-2.6 -2.5 -2.4 -2.3 -2.2 -2.1 -2.0 -1.9
1

2

3

4

-2.6 -2.5 -2.4 -2.3 -2.2 -2.1 -2.0

-3

-2

-1

0

1

-2.6 -2.4 -2.2 -2.0

0.0

0.1

0.2

0.3

-2.5 -2.4 -2.3 -2.2 -2.1 -2.0 -1.9

0

2

4

6

8

10

12

-2.6 -2.4 -2.2 -2.0
-2

0

2

4

6

8

10

12

14

16

Georgetown Formation

A
18
O
V-
PD
B

(
)

dolom
ite
(w
t.,%

)

13CV-PDB ( )

0

10

20

30

40

50

60

70

80

90

100

Kainer Formation

Person Formation

B
dolom

ite
(w
t.,%

)

13
C
V-
PD
B

(
)

26MgDSM3 ( )

0

10

20

30

40

50

60

70

80

90

100

Kainer Formation

Person Formation

C

dolom
ite
(w
t.,%

)

26MgDSM3 ( )

0

10

20

30

40

50

60

70

80

90

100

Kainer Formation

Person Formation

18
O
V-
PD
B

(
)

M
n/
Sr

26MgDSM3 ( )

D

dolom
ite
(w
t.,%

)

0

10

20

30

40

50

60

70

80

90

100

Kainer Formation

Person Formation

E Kainer Formation

Ti
(p
pm

)

26MgDSM3 ( )

dolom
ite
(w
t.,%

)

Person Formation

0

10

20

30

40

50

60

70

80

90

100

dolom
ite
(w
t.,%

)

F

R
EE
(p
pm

)

26MgDSM3 ( )

Kainer Formation

Person Formation

0

10

20

30

40

50

60

70

80

90

100

Fig. 5. C–O–Mg isotope compositions of the Edwards Group carbonates. The variation of color of the data points indicates the variation of dolomite contents in the bulk carbonate. (A) δ13C
versus δ18O diagram; (B) δ13C versus δ26Mg diagram; (C) δ18O versus δ26Mg diagram; (D)Mn/Sr versus δ26Mg diagram; (E) Ti versus δ26Mg diagram; (F) total REE contents versus δ26Mg
diagram; (B) δ13C and (C) δ18O show slight positive correlations with dolomite contents, respectively; (B)–(F) δ26Mg values of bulk carbonate are not strongly correlated with the C–O
isotope compositions or elemental contents. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Z. Hu, O.M. Bialik, S.V. Hohl et al. Sedimentary Geology 420 (2021) 105922
dolostones (dolomite content > 50 wt%) contain relatively stable δ13C
values (2.5‰ to 3.5‰) and δ18O values (−1.5‰ to 0‰) throughout
the core (Fig. 6). Themean δ13C and δ18O values in the carbonates grad-
ually increase from 2.0‰ (n = 32) and −3.5‰ (n = 32) in the pure
limestone, to 3.0‰ (n = 29) and 0.5‰ (n = 29) in fully dolomitized
7

carbonates, respectively (Fig. 5A). The oxygen isotope fractionation be-
tween dolomite and calcite Δ18Odolomite-calcite is ~4‰.

The δ26Mg values of the bulk carbonates range from −2.6‰ to
−1.9‰ and exhibit clear stratigraphic variation (Fig. 6). δ26Mg values
show a rapid increase from −2.5‰ at the bottom of the core (364 m)
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to a maximum of−1.93‰ at 343 m, then decrease upwards to −2.6‰
at the top of the Person Formation (Fig. 6). The δ26Mg values do not cor-
relate with other geochemical or mineralogical parameters (Fig. 5B–F).

5. Discussion

Dolomite contains high Mg contents and is thermodynamic stable,
and thus the Mg isotope composition of dolomite in massive dolostone
layers is conservative during diagenesis and hydrothermal alteration,
and preserves the chemical composition of the geological environment
during precipitation (Geske et al., 2012; Hu et al., 2017; Perez-
Fernandez et al., 2017; Hu et al., 2019; Li et al., 2019; Ning et al.,
2019). In contrast, the recrystallization during the shallow burial stage
can reset the C–O isotopic and trace element compositions during re-
crystallization (Gregg and Shelton, 1990; Gregg et al., 1992; Machel,
2004).

The inevitable early recrystallization can occurwithin a fewhundred
to thousands of years after the initial deposition of dolomite (Machel,
1997). In the profile of carbonate deposits, the recrystallization of car-
bonate minerals could result in a progressive increase in crystal size,
which coincides with stratigraphic variations in C–O isotopic composi-
tions (Gregg and Shelton, 1990; Gregg et al., 1992; Machel, 1997). The
EdwardsGroup dolomites aremainly fine-grained and showplanar tex-
tures. The δ13C and δ18O values of the dolomites are relatively consistent
throughout the core (Fig. 6), and are comparable to the values of coeval
carbonates from this area. Hence themineral features and isotopic com-
positions of carbonates in the Edwards Group are not consistent with
the typical effects of “significant recrystallization” as defined by
Machel (1997). Magnesium isotopes in the dolomites must also have
remained unaltered, because the oxygen compositions of carbonates
are more susceptible to post-depositional alteration than Mg isotopes
owing to the high O:Mg ratio in diagenetic fluid (Hu et al., 2017; Hu
et al., 2021). These evidences consistently indicate that recrystallization
had little impact on the geochemical proxieswe employed in this study,
although we cannot completely rule out the effects of recrystallization
on other geochemical signals.

In addition, we did not observe hydrothermal or pore-filling min-
erals in the carbonates such as saddle dolomite, quartz, and fluorite
(Fig. 3). Our samples contain low Mn contents and low Mn/Sr ratios
(<0.4) (Fig. 4), and the δ18O values of the dolomites are relatively
enriched (−2‰ to 1‰) (Fig. 6). These observations suggest negligible
effects of high-temperature diagenesis and hydrothermal alteration on
the carbonates (Brand and Veizer, 1980; Banner, 1995; Swart, 2015).
Besides, studies on the burial of regional strata and thermal history indi-
cate that the Edwards Group did not undergo deep burial (Fisher and
Rodda, 1969; Scott et al., 2019). Therefore, we infer that the geochemi-
cal signals of the carbonates in the Edwards Group record the geological
processes that occurred during deposition, and are not overprinted by
the burial diagenesis.

5.1. Sea-level fluctuations recorded by the stratigraphy

5.1.1. Eustatic sea-level changes recorded by the lithology
A global first-order sea-level rise occurred during the Albian that re-

sulted inworldwide flooding of carbonate platforms (Haq, 2014; Phelps
et al., 2015; van derMeer et al., 2019;Widodo and Laya, 2017). This sea-
level rise is also reflected by paleobiological changes in calcareous or-
ganisms and changes in sedimentary structures and petrological fea-
tures in the Edwards Group (Fisher and Rodda, 1969; Widodo and
Laya, 2017; Scott et al., 2019). The basal part of the succession is domi-
nated by marls and dolostones with abundant microbial laminae
(Fig. 3I), which is characteristic of a low-energy tidal flat environment
(Sadooni et al., 2010; Meilijson et al., 2015). The middle part of the
core contains bioclast-rich packstones–grainstones, indicating high-
energy conditions (Fig. 2). The upper part of the core consists of
plankton-rich wackestones (Fig. 3A–B), suggesting a deep-water, low-
9

energy, muddy depositional environment. The presence of calcispheres
in the upper part of the core indicates relatively high nutrient levels
(Rad and Bralower, 1992). The sea-level changes observed in the Ed-
wards Group core record an overall deepening trend upwards, and are
comparable to coeval global changes in eustatic sea-level (Haq, 2014;
van der Meer et al., 2019).

The Edwards Group carbonates can be subdivided into three litho-
logical cycles based on the caliper log data (Fig. 2), with each cycle
showing a similar pattern of lithological variability in which the dolo-
mite content decreases progressively upwards (Fig. 2), implying rela-
tively high-frequency sea-level fluctuations. Distal facies occur in the
upper portion of each of the cycles, which suggests these lithologic cy-
cles reflect sea-level sub-rises.

5.1.2. Sea-level fluctuations reflected by the early diagenesis

5.1.2.1. Meteoric diagenesis. The carbonates in the Edwards Group com-
monly exhibit high porosity (>10%), and the portions of the section
that exhibit the highest porosity correspond to stages of low sea level
(Fig. 2). The Albian carbonates in the northern Gulf of Mexico did not
undergo deep burial (Fisher and Rodda, 1969; Rose, 2017), and so the
possibility of high-temperature diagenetic and hydrothermal dissolu-
tion can be excluded from our samples. We attribute the high porosity
to meteoric dissolution. Meteoric carbonate diagenesis can lead to par-
tial dissolution and reprecipitation of secondary carbonate minerals,
and can influence the bulk carbonate geochemistry (Hays and
Grossman, 1991; Godet et al., 2016; Adams and Diamond, 2017). Car-
bonate samples from the core show sparry calcite cement rims around
porosity vugs (Fig. 3E), which are commonly interpreted as the prod-
ucts of early meteoric diagenesis (Godet et al., 2016; Adams and
Diamond, 2017), and meteoric calcite cements are characterized by
very low δ13C and low δ18O values (Hays and Grossman, 1991;
Banner, 1995). Consequently, bulk carbonate dissolution and recrystal-
lization of carbonates partially overprinted by meteoric diagenesis
(i.e., meteoric calcite cement and pristine carbonate matrix) could
have led to the relatively lower δ13C and δ18O values. In contrast, no
analogous cement was observed in the fully dolomitized carbonates,
which contain higher δ13C and δ18O values (Fig. 6A). Similarly, we
infer that due to the low REE concentrations of calcite cements, the for-
mation of calcite cements could also account for the relatively low REE
contents of the bulk carbonates.

Carbonate dissolution was more frequent in the basal part of the
Kainer Formation than in the overlying carbonates, as indicated by the
higher porosity (dissolution pores; Fig. 2) and higher content of second-
ary calcite cement (Fig. 3D–E). The overlying Person Formation is com-
posed of low-porosity micritic calcite that shows negligible fluid
overprinting (Figs. 2 and 3A–B). The decrease in fluid-overprinting in-
tensity from the basal to the upper Kainer Formation may reflect eu-
static change, as meteoric diagenesis could preferentially occur during
sea-level regression that results in subaerial exposure.

5.1.2.2. The dolomitization process. Identifying the Mg source for dolo-
mite precipitation is crucial to understanding dolomitization. Possible
Mg sources include (1) Mg-bearing hydrothermal fluid (Warren,
2000), (2) the dehydration of clay minerals (McHargue and Price,
1982; Kırmacı and Akdağ, 2005), and (3) modified coeval seawater
(Machel and Mountjoy, 1986; Machel, 2004). The lack of hydrothermal
minerals and thick shale/mudstone layers in the Edwards Group argues
against the possibility that theMgwas sourced fromMg-bearing hydro-
thermal fluids or the dehydration of clay minerals. Dolomite crystals
throughout the core are fine-grained and euhedral (Fig. 3F–G), which
commonly indicate carbonate precipitation below a critical temperature
of 50 °C (Gregg and Sibley, 1984; Sibley and Gregg, 1987), and argue
against substantial overprinting by hydrothermal fluid. Using the oxy-
gen equilibrium fractionation equations for dolomite and calcite of
O'Neil et al. (1969) and Horita (2014), the Δ18Odolomite-calcite value of
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4‰ indicates the oxygen isotopes attained equilibrium fractionation at a
temperature of ~25 °C. The fully dolomitized carbonates have a narrow
range of δ13C values from2.2‰ to 3.5‰ (Fig. 6), which is consistentwith
the values of coeval carbonates in the region (0.5‰ to 3.5‰; Phelps
et al., 2015). These evidences support a near-surface origin of the dolo-
mite under low-temperature conditions, with coeval (modified) seawa-
ter as the dolomitizing fluid.

In the Edwards Group, mimetic dolomitization textures
superimposed on dissolution features (Fig. 3G–I) highlight the earlier
dissolution of carbonate before subsequent massive dolomitization.
Massive dolomitization generally requires a long-lasting fluid flow
mechanism by which reactants (Mg2+) and byproducts (Ca2+ and CO
3
2−) can be transported to and from the reaction site during dolomitiza-
tion (Budd, 1997; Machel, 2004). We infer that the variation in primary
porosity within the calcareous sediments led to spatial variability in the
distribution of dolomitization fluid. The permeable (i.e., partially dis-
solved) limestonewould have enabled themigration of fluid and there-
fore massive dolomitization (Budd, 1997; Warren, 2000), and the
massive dolomitization system was likely “fluid (seawater)-buffered”
(Higgins et al., 2018). In contrast, the limy layers have low permeability,
which would have inhibited the flow of Mg-rich dolomitizing fluids.
This could explain why the bulk carbonates show a positive correlation
between dolomite content and porosity (Fig. 4B–D). We propose the fol-
lowing dolomitization process for the studied rocks. Following deposition,
partially subaerially exposed calcareous sediments underwent meteoric
fluid–rock overprinting, which led to dissolution (causing increased po-
rosity and permeability) and calcite cementation. Subsequently, seawater
intruded the rocks, and lead to the massive dolomitization.

The dolomitized carbonates of this study have relatively high Ti con-
tents (Fig. 4B) and low V enrichment factors (Fig. 4E) relative to the
non-dolomitized carbonates. Vanadium is a proxy for the paleo-redox
state of seawater, and theV enrichment factor increaseswith the degree
of anoxia (Hatch and Leventhal, 1992; Bennett and Canfield, 2020).
High Ti contents in the bulk carbonate reflect contamination by detrital
siliciclastic material (Bellanca et al., 1997; Wei et al., 2003). The low V
enrichment factors and high Ti contents likely indicate the oxidation
of shallow marine environments with increased riverine input, which
is a favorable environment for dolomitization (Petrash et al., 2021).
We infer that dolomitization in Edwards Group typically occurs during
periods of low sea level because early dissolution and relatively high riv-
erine input in carbonate platform are commonly associated with sub-
aerial exposure during low sea-level stage (Godet et al., 2016; Adams
and Diamond, 2017). This interpretation is supported here because
the dolomitized interval corresponds to the global low sea-level stand
(e.g., Haq, 2014) (Fig. 2).

5.2. Mg isotopes response to sea-level fluctuations

The Mg isotope compositions of bulk carbonates will shift to the
value of dolomite end member during dolomitization, as calcite com-
monly has a low Mg content, and isotopic mass balance is controlled
by dolomite when dolomite contents are >20 wt% (Hu et al., 2017). In
this study, the carbonates measured for Mg isotope analyses have rela-
tively high dolomite contents (mostly >25 wt%; Appendix Tables S2-1
and 4). According to the MgCO3 mole fractions in the carbonate min-
erals (47.9 mol% in dolomite and 0.8 mol% in calcite), almost 92% of
the Mg in the bulk carbonates was sourced from the dolomites; as a re-
sult, the δ26Mg values of the bulk carbonate samples just represent the
Mg isotope compositions of co-occurring dolomites. Although the
trace element and C–O isotopic signals of some bulk carbonate samples
are influenced bymeteoric diagenesis, the δ26Mg values of bulk carbon-
ates showno correlationwith REEs,Mn/Sr, or C–O isotopic signatures or
with Ti contents which commonly derived from leaching of detrital sil-
icates, demonstrating that the δ26Mg values of dolomite in this study are
robust against diagenetic alteration and are not contaminated by terrig-
enous input.
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Studies of modern dolomitization reveal that in sediment-buffered
systems, porewater chemistry is sensitive to authigenic carbonate pre-
cipitation, and the evolution of porewater in a semi-closed system
could alter the Mg isotope compositions of subsequently precipitated
dolomite (Blättler et al., 2015; Ahm et al., 2018; Higgins et al., 2018).
Reactive-transportmodels indicate that this Rayleigh-type fractionation
could result in substantial changes in the δ26Mgdolomite values along the
migration path of dolomitizationfluids (Huang et al., 2015). The carbon-
ates of the EdwardsGroup, particularly thedolostones, exhibit relatively
high porosity (Figs. 2, 4A). As a result, the fluid/sediment ratio of the
sediments would have been high in the dolomitization system, and
widely distributed millimeter-sized pore throats (Fig. 3D–E, G–H)
would have facilitated advection-dominated fluid flow, providing the
existence of a high Mg flux needed for sustained and widespread
fluid-buffered dolomitization. The lithologic and isotope column of
Edwards Group does not indicate diffusion-driven dolomitization
(Fig. 6), because if that were the case the degree of dolomitization
would decline from top to bottom and correlate with increasing δ26Mg
values (Huang et al., 2015). Referring the equilibrium fractionation
factor of Mg isotopes (α26/24; ~0.998) between dolomite and fluid at
the seawater–sediment interface, variations in the dolomite δ26Mg
values suggest the seawater δ26Mg increased rapidly from −0.5‰ to
0.2‰ in the basal 22 m, followed by a long-term decrease to the initial
value of about−0.5‰.

Magnesium isotope compositions of seawater are controlled by
the mass balance of the Mg flux, including the Mg influx of riverine
runoff (Friv) into the ocean, and the outflux of dolomite precipitation
(Fdol) and secondary Mg silicate formation at mid-ocean ridges
(Fsilicate) (Tipper et al., 2006; Li et al., 2015), which are tightly linked
to tectonic activity, global climate change, and weathering
(Wimpenny et al., 2014; Higgins and Schrag, 2015; Hu et al., 2021).
The reported seawater 87Sr/86Sr values during the late Albian
(110–105 Ma) are relatively stable (Howarth and McArthur, 1997;
Navarro-Ramirez et al., 2015), indicating no major changes in
weathering inputs. The relatively invariant C–O isotopes in the dolo-
mite layers also demonstrate a relatively stable marine environment
(Fig. 6). The similarity in the base level of δ26Mgdolomite here and in
the southern Tethys Ocean (δ26Mgdol ≈ −2.4‰ to −2.2‰; Bialik
et al., 2018, Li et al., 2019) also supports a stable state of marine Mg
cycling. Besides, magnesium in the modern ocean has a long resi-
dence time of ca. 13 Myr (Broecker and Peng, 1982), while the depo-
sitional duration for the Edwards Group carbonates was ca. 5 Myr
(Kennedy et al., 1999; Lehmann et al., 2000; Lowery et al., 2014;
Scott et al., 2019). Therefore, the marine Mg cycle in the Albian was
most likely at a steady state. We infer that the observed Mg isotopic
variability in the Edwards Group reflects the regional evolution of
seawater chemistry in a restricted basin rather than global changes
in the Mg flux. This view is further supported by the flat REE patterns
in the Kainer Formation carbonates, as indicated by their shale-
normalized Pr/Yb ratios of ~1 (Fig. 4F), demonstrating no fraction-
ation of REEs caused by the intense detrital input into a restricted
basin, while carbonate deposited in the open ocean is commonly de-
pleted in light REEs and yields Pr/Yb ratios of <1 (Huang et al., 2011;
Kamber et al., 2014).

In the basal part of the studied section (365–343 m), an upward
increase in δ26Mg values coincides with a decrease in dolomite contents
(Figs. 2 and 6). This might be explained by the evolution of the Mg
isotope compositions of seawater over the platform during dolomitiza-
tion in a semi-closed environment. The semi-closed Kirschberg Lagoon
and inner platform dominated the marine environment of the study
area during carbonate deposition (Fig. 1B). Seawater circulation was
supposed to be hindered during the initial stage of transgression due
to the low sea level. In semi-closed environments, the preferential
uptake of 24Mg into dolomites causes a relative enrichment of 26Mg in
the remaining aqueous Mg pool, thereby increasing the δ26Mg values
of subsequently precipitated dolomite (Fig. 7B) (Blättler et al., 2015;
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Bialik et al., 2018). The opposite trend can be seen in the overlying layer
(343–329m), in which an increase in dolomite content is accompanied
by a decrease in δ26Mg values (Fig. 6). This indicates Mg replenishment
into the basin and the porewater system, which promoted further
dolomitization and caused a δ26Mg shift towards to the value of the
replenished seawater (Fig. 7C). The long-term decreasing trend in
δ26Mg values from 343m to the top of the coremight reflect the replen-
ishment of seawater into a semi-restricted basin during ongoing sea-
level rise. Therefore, the changing connection to the open ocean during
sea-level fluctuations and the long-term evolution of seawater chemis-
try were recorded in Mg isotopic signals of the Edwards Group dolo-
mites (Fig. 7).

Sea-level rise on the ComanchePlatformduring the Albian enhanced
the connection between different marine environments and likely in-
creased seawater circulation between the restricted platform and
open ocean. Multiple events of high-frequency eustatic changes re-
sulted in variable sedimentary facies, redox conditions, andmeteoric ef-
fects that were recorded in lithological and geochemical variations.
However, high-frequency eustatic change presumably did not impact
dolomite δ26Mg values (Fig. 6). Therefore, we infer that the high-
frequency eustatic change did not impact the long-term Mg isotope
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compositions of the dolomites and the type of dolomitization, possibly
because this high-frequency eustatic change did not change the marine
connectivity between the platform and open ocean. Ning et al. (2020)
showed that in nearshore deposits, the δ26Mgdolomite values of
shallowing-upward sequences display considerable variation, with a
total range of ~0.5‰. We note that in each depositional cycle of that
study, the sedimentary environment evolved gradually from lower in-
tertidal to evaporated supratidal conditions, a change that could be
caused by basin restriction or a strong dolomitization gradient, such as
that in evaporitic tidal flats (Shalev et al., 2021). In comparison, the
Lower Ordovician massive dolomites of the Tarim Basin were precipi-
tated in an open platform setting and have fairly uniform Mg isotope
compositions (Hu et al., 2019).

5.3. The application of dolomite Mg isotopes for the reconstruction of past
seawater chemistry

As shown in this study, the δ26Mg values of dolomites formed via
massive dolomitization do not correlate with high-frequency changes
in sedimentary environment, indicating that the hydrologic conditions
of the massive dolomitization system are relatively uniform despite
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the hydrodynamic variations in the marine environments. Massive do-
lomitization commonly requires aMg source and fluid flow to transport
Mg and byproducts to or from the reaction site (Budd, 1997; Machel,
2004). Since theMg consumption needed for dolomitization far exceeds
the stored fluid volumes in a sedimentary pore system, fluid flow needs
to be unhindered and persistent (Machel and Mountjoy, 1986; Budd,
1997; Warren, 2000; Machel, 2004; Hu et al., 2019). As a result,
dolomite that forms via massive dolomitization is seawater-buffered
(Higgins et al., 2018). A recent study indicated that even when
dolomite-forming porewater evolves in a sabkha dolomitization sys-
tem, the lowest δ26Mg values of the dolomite can still be used to trace
the Mg isotope composition of coeval seawater (Shalev et al., 2021).

Given that the seawater on the Comanche Platform evolved during
dolomitization under semi-closed environments, we ascribe the lowest
δ26Mg value of dolomite as being in equilibriumwith the coeval seawa-
ter of the open ocean. Assuming an equilibrium fractionation factor
(α26/24) of ~0.9980 (Higgins and Schrag, 2010; Fantle and Higgins,
2014; Li et al., 2015), the deduced δ26Mg value of Albian seawater
would be ~−0.5‰, which matches well with the result of Li et al.
(2015) (Fig. 8). The Edwards Group on the Comanche Platform is coeval
with other southern Tethys Ocean deposits (Bialik et al., 2018; Li et al.,
2019) for which analyses of dolomites indicate a δ26Mg value of
−0.4‰ for Albian seawater (Li et al., 2019). Hu et al. (2019) reported
a similar global consistency in dolomites formed via massive dolomiti-
zation processes (Fig. 8). Therefore, we argue that massive dolomitiza-
tion can reliably record the Mg isotope composition of coeval seawater.

6. Conclusion

This study investigated the Mg isotope signature of carbonates from
the Edwards Group to assess the impact of sea-level fluctuations on
early dolomitization systems. Fluctuating connectivity between the
basin and open ocean modulated water exchange. As a result, during
the rapid dolomitization, the remnant solution and subsequently pre-
cipitated dolomite made the residual Mg poll in the restricted basin iso-
topically heavier. The replenishment of seawater from the open ocean
12
during ongoing sea-level rise caused a continuous decline of dolomite
δ26Mg values. During the period of high-frequency eustatic changes,
the dolomite δ26Mg values do not show any correlation with the
variations in sedimentary facies. Therefore, we infer that the hydrolog-
ical conditions in the massive dolomitization system were relatively
uniform despite the hydrodynamic variations. Our presented δ26Mg
value of Albian seawater in this study is ~−0.5‰, which is consistent
with a previous estimate of −0.4‰. In conclusion, dolomites formed
in massive dolomitization systems can be used to infer paleo-seawater
Mg isotope compositions.
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