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a b s t r a c t

Weathering has always been a concerned around the world, as the first and most important step in the
global cycle of elements, which leads to the fractionation of isotopes on the scale of geological age. The
Middle Ordovician Majiagou Formation in Daniudi area of the Ordos Basin had experienced weathering
for >130 Myr. Through thin section observation, major and trace element analysis, carbon, oxygen, and
magnesium isotopes composition analysis, the dolomitization modes and weathering of ancient dolo-
mite in Daniudi area were analyzed in detail. The results showed that the Sabkha and brine-reflux
dolomitization modes had developed, and the Mg isotopes in different layers of the karst crust were
fractionated by various factors. The vertical vadose zone was affected by weathering, the Mg isotope of
dolomite (d26Mgdol) showed a downward decreasing trend; the horizontal underflow zone was
controlled by diagenesis and formation fluid, d26Mgdol showed a vertical invariance and negative; the
main reason for Mg isotope fractionation in the deep slow-flow zone was the brine-reflux dolomitization
mode during early burial period, which showed a vertical downward increase. Finally, the Mg isotope
characteristic data of the ancient weathering crust were provided and the process of Mg isotope frac-
tionation in the karst crust was explained.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Magnesium isotope exhibits significant fractionation during
weathering and the intensity is much stronger at low temperatures
(Li et al., 2015; Guo et al., 2019). The weathering of carbonate rocks
can lead to the depletion of the 24Mg isotope, eventually the
compositions of the 26Mg isotope (d26Mg) reaching þ1.8‰
(Oskierski et al., 2019), and is relatively large compared to the dif-
ferentiation process of magma which can be observed (Teng et al.,
2016). Therefore, the Mg isotope has the potential to characterize
low-temperature geochemical processes.

With the rise and development of high-precision Mg isotope
).

y Elsevier B.V. on behalf of KeAi Co
testing technology (Galy and France-Lanord, 2001; Ke et al., 2011;
Gao et al., 2016), Mg isotope has gradually become an essential
geochemical proxy for the study of dolomite (Azmy et al., 2013;
Mavromatis et al., 2014; Geske et al., 2015a). Many researchers have
targeted the fractionation of Mg isotope to systematically analyze
the impact of weathering (Pokrovsky et al., 2011; Li et al., 2020;
Chen et al., 2020), and dolomitization (Bialik et al., 2018; Ning et al.,
2020; He R. et al., 2020). The correlation between the Mg/Al ratio
and d26Mg of the Doushantuo cap dolomite indicated that it was
formed by weathering and had a lower strength than the Nantuo
Formation (Li et al., 2020). The granite from the eastern Peninsular
Ranges Batholith preserved the chemical weathering signal in the
form of O and Mg isotopes, and d26Mg from �0.404 to þ0.441‰
suggested that the low Mg content of the Upper Continental crust
in the Phanerozoic might not be caused by the hierarchical crys-
tallization of igneous rocks (Shen et al., 2009). AlthoughMg isotope
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in rivers showed significant fractionation during weathering
(Tipper et al., 2012), glacial weathering had little effect on conti-
nental runoff (Wimpenny et al., 2011). Mg isotope has been widely
used in weathering processes, however, there are few reports on
carbonate weathering formation, especially in ancient formations.

The fractionation of Mg isotope is affected by many factors, such
as temperature (Li et al., 2015), the form of Mg in an aqueous so-
lution (Schott et al., 2016), and the types of minerals formed (Wang
et al., 2013). And Mg isotope fractionation occurs in different res-
ervoirs (Fig. 1). d26Mg of rivers and groundwater are controlled by
rock type, secondary mineral formation, and biological incorpora-
tion (Wimpenny et al., 2011). In large rivers, the Mg abundance and
isotopic composition of water appear to be dominated by weath-
ering reactions (Tipper et al., 2012). The rate of mineral dissolution
controls the release of Mg from the primary phase, while the nature
of the phase formed determines the ability to incorporate sec-
ondary minerals. For example, heavy Mg isotope preferentially
enters the secondary montmorillonite (Tipper et al., 2006), and
isotopic fractionation is attributed to the formation of secondary
clay minerals preferentially utilizing 26Mg. In contrast, calcium
carbonate preferentially incorporates light Mg isotope, and heavy
isotope remains in residual water (Gao et al., 2016). The importance
Fig. 1. Mg isotopic distribution in major meteorite and terrestrial reservoirs. d26Mg of
seawater (Foster et al., 2010; Ling et al., 2011), fresh water (Mavromatis et al., 2014; Ma
et al., 2015; Dessert et al., 2015), ancient dolomite (Lavoie et al., 2014; Geske et al.,
2015a; Peng et al., 2016), modern drilling dolomite (Blattler et al., 2015; Higgins and
Schrag, 2010), limestone (Immenhauser et al., 2010; Kasemann et al., 2014; Galy
et al., 2002), calcareous vug deposits (Galy et al., 2002; Immenhauser et al., 2010),
upper continental crust (Li et al., 2010; Ke et al., 2016), deep continental crust (Teng
et al., 2013; Wang et al., 2015), marine sediment (Higgins and Schrag, 2010; Geske
et al., 2015b), altered oceanic basalt (Yang et al., 2012; Huang J. et al., 2015), mid-
ocean ridge basalts (MORB) (Teng et al., 2016; Bourdon et al., 2010), mantle xenolith
(Pogge von Strandmann et al., 2011; Hu et al., 2016; Wang et al., 2016) achondrite
(Chakrabarti and Jacobsen, 2010; Sedaghatpour and Teng, 2016) and chondrite (Schiller
et al., 2010; Pogge von Strandmann et al., 2011) have different distribution ranges.
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of rock type is evident in smaller monolithic catchments, where
carbonate-dominated catchments typically produce water with a
lighter Mg isotopic composition than silicate-dominated catch-
ments (Tipper et al., 2012). The sharp drop in d26Mg near the top of
the Nantuo Formation indicated a decrease in weathering intensity
which might have extended to the interval during caprock car-
bonate deposition, and the lowweathering intensity was attributed
to the decrease in atmospheric pCO2 (Li et al., 2020).

The influence of different factors on the d26Mgmust be carefully
considered when using the Mg isotope for analysis. The meaning of
a single d26Mg value may not be clear; however, the variation trend
might represent the fractionation process in certain chemical pro-
cesses (Ning et al., 2020). This study, therefore, focuses on the in-
fluence of various factors on geochemical signals during the period
of uplift, and specific dolomitization and/or weathering processes
represented by the variation trend of the Mg isotope compositions
of dolomite (d26Mgdol) (e.g., Tipper et al., 2012; Li et al., 2015).

The Majiagou Formation of the Middle Ordovician in the Ordos
Basin experienced a long period of weathering. To further improve
the fractionation mechanism of Mg isotope and assess the weath-
ering, we have taken the Majiagou Formation as an example to
systematically study the influence of weathering on the ancient
dolomite and explore the fractionation state of Mg isotope after
being affected by weathering. We also discuss and analyze (1) the
dolomitization modes in the evaporitic tidal flat environment; (2)
the control of dolomitization modes on Mg isotope fractionation;
(3) the influence of weathering on the fractionation of Mg isotope
in different layers; (4) and we provide a new process of isotope
evolution under the interaction of dolomitization and weathering.

2. Geological backgrounds

The Ordos Basin, the second largest sedimentary basin in China,
is located in the western part of the North China Platform, with a
total area of about 37 � 104 km2 (Su et al., 2012; Xie et al., 2020;
Sun, 2020). The basin can be divided into six structural units: the
Yimeng uplift, the Weibei uplift, the Jinxi fault-fold belt, the Yishan
slope, the Tianhuan syncline, and the fault-fold belt of the western
margin; the Daniudi area is located in the northeast of the Yishan
slope (Fig. 2). The Majiagou Formation mainly consists of carbonate
rocks that were deposited in the main part of the Ordos Basin
during the Middle Ordovician.

There are three transgressions (2nd, 4th, and 6th members of
Majiagou Formation, Ma2, Ma4, and Ma6) and three regressions
(Ma1, Ma3, and Ma5), and the Ma1, Ma3, and Ma5 Members are
mainly dolomite, gypsum and salt rock with a small amount of
limestone, the Ma2, Ma4, and Ma6 Members are limestone and
dolomite (Yang, 2011; He et al., 2013; Xi et al., 2017). The Ma5
Member can be further divided into 10 sub-members longitudinally
(Jia and Ding, 2016; Xie et al., 2020), Ma510 to Ma51 are deposited
from bottom to top. And the main stratum in this study is the upper
part of the Ma5, which is mainly composed of dolomite and lime-
stone (Fig. 3). There is obvious zoning in the vertical direction, the
Ma55 is in the stage of rising sea level, and mainly deposits a set of
pure dolomite and limestone; the Ma53þ4 are at the lowest point of
a smaller regression cycle, deposited dolomite interbedded with
gypsum rock, with the highest gypsum content; while the Ma51þ2
are in the stage of regression, a gypsum-bearing dolomite stratum
was deposited (Yang, 2011; Yang et al., 2022).

After the Middle Ordovician, affected by the Caledonian Move-
ment, the whole basin was uplifted, then experienced weathering
for up to 130 Myr (Yang, 2011; Jia and Ding, 2016). The widely
distributed bauxite above Ma51þ2 was discovered, which is direct
evidence of long-term weathering in the study area (e.g., He et al.,
2013; Jia and Ding, 2016). The thick dolomite developed in the



Fig. 2. Map showing the structural location (a) and the drilling wells of the Daniudi area (b) in the Ordos Basin.
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evaporitic tidal flat environment of the Middle Ordovician was
seriously affected by weathering (Zhang et al., 2016; He Z. et al.,
2020).
3. Methods

All 29 samples are from well D113, located at the karst slope,
which is the drilling that coring the entire Ma51e5 section. For
comparative study using petrographic, mineralogical characteris-
tics, elemental, carbon, oxygen, and magnesium isotopic analyses.
The micropetrography observations were carried out in the SINO-
PEC's Key Laboratory for Petroleum Reservoir.

The concentrations of major elements were measured by Per-
kinElmer 5300DV ICPeOES at the Analytical Laboratory of Beijing
Research Institute of Uranium Geology (ALBRIUG), using 6 powder
samples, digested in a mixture of ultra-high purity
HNO3 þ HClþ HF in high-pressure Teflon cups, as described by Gao
et al. (2015). Trace elements were determined by PerkinElmer
NexIon300D ICPeMS using sample powders digested according to
the above method.

Stable carbon and oxygen isotopic composition of the carbonate
powder of the 10 samples were measured in the ALBRIUG using a
Finnegan MAT253 mass spectrometer and using the phosphoric
acid treatment method reported by the authors (Zhao et al., 2016;
Lash, 2018; Zhang et al., 2022). The values of d13C and d18O are
reported in d per unit (‰) relative to the Vien-
naePee$Dee$Belemnite (VePDB) standard and the Vienna Stan-
dard Mean Ocean Water (VeSMOW), respectively.

Mg isotope was measured in the International Key Laboratory of
Continental Dynamics, Northwest University, China. 8 samples
were ground into 50 mg powder in a pre-cleaned agate mortar,
then placed in a Teflon beaker and dissolved in 5 mL 4.2N HNO3 as
the stock solution. Two ion exchange columns were used to recover
the Mg in each sample, which was described in detail by Hu et al.
(2017). A 1 ppm Mg-solution in 2% HNO3 was measured using a
Thermo Fisher Scientific Neptune Plus MCeICPeMS. The
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instrument operates with a medium-mass-resolution mode, using
a 100 mL/min self-priming nebulizer and a dual-channel glass
spray chamber. Standard-sample bracketing was used for quality
deviation correction. The sample concentration is usually combined
with the internal standard and is better than ±10%. The typical
internal accuracy (2 standard errors or 2 SE) of 26Mg/24Mg is better
than ±0.04‰, and 25Mg/24Mg is better than ±0.02‰. Based on
repeat analyses of multiple Mg standard solutions, the long-term
external reproducibility is better than ±0.1‰. The pure Mg solu-
tions of Cambridge1 and DSM3 were used to monitor the accuracy
of Mg isotope analysis. All test data are standardized according to
the international Mg isotope standard, using the traditional d no-
tation to indicate deviations per thousand. d26Mg and d25Mg are
calculated relative to the standard DSM3:

dxMg ¼
��

dxMg
.
d24Mg

�
sample

��
dxMg

.
d24Mg

�
DMS3

� 1
�

� 1000

where x refers to mass 25 or 26. In order to verify the accuracy of
the chemical procedures, IAPSO seawater standard samples and
USGS rock standard samples are processed together with the
samples in the ion exchange program.
4. Results

4.1. Petrological characteristics

Three major rock types were found in Majiagou Formation ac-
cording to the criteria established by Sibley and Gregg (1987): gray-
micrite dolomite which can be further divided into micrite dolo-
mite with gypsum mold pore (RD1) and micrite dolomite with
breccia (RD2), dark gray-silty dolomite (RD3) and dark gray-silty
limestone (L1), while different rock types are concentrated in
different strata (Fig. 3).

RD1 mainly developed in the Ma51þ2. Near longitudinal solution



Fig. 3. Lithologic histogram and elements, isotopes composition distribution of well D113 (There are three isotopic variation trends developed in the Ma5 member, and a certain
correlation between Mg isotope and C/O isotopes in the longitudinal section).
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fractures, small-scale karst vugs, and argillaceous nodules devel-
oped in this part could be observed on core samples (Fig. 4aec). The
fractures are filled by residual materials such as infiltrated alumi-
nous mudstone (Fig. 4b). Under the microscope, the dolomite
crystal size of this type is shown in Fig. 4g and h, is the smallest in
the study area, mainly less than 5 mm. A large number of gypsum
mold pores can be observed, and some of them were semi-filled
with dolomite and/or little later ankerite whose grain size is
larger and crystal form is complete, most mold pore shapes are
mainly round and rectangular.

RD2 mainly developed in the Ma53þ4. The core is characterized
by network or near horizontal dissolution fractures and colluvial
breccia (Fig. 4d and e). The size of matrix dolomite is less than 5 mm,
however, the volume of cement is large. Secondary calcite and
dolomite cements in large numbers could be observed in the
dissolution pores due to late cementation (Fig. 4i and j).

RD3 and L1 are the main rock types in the Ma55. The size of the
matrix in this part is obviously larger than that of the upper, which
is silty, approximately 20e30 mm. Dolomite developed in the upper
part (Fig. 4k and l) and limestone in the lower part (Fig. 4f); and the
upper part RD3 with a few fractures can be observed, are important
storage space (Fig. 4l).
1449
4.2. Isotopic characteristics

The obtained C and O isotopes showed large fractionation re-
sults, with the C isotopes ranging from �3.8‰ to þ0.8‰, and the O
isotopes are�13.1 to�7.2‰ (Fig. 3). In theMa53e5, the d13C content
showed a slow upward trend, from the lowest d13C content in the
Ma55 about �0.7‰ to the þ0.8‰ at the top of the Ma53þ4. There is
no obvious correlation between the C/O isotopes of the Ma53e5
(Fig. 5). However, in the Ma51þ2, the C isotopes of these strata
appear to be significantly negatively biased. The closer the over-
lying bauxite is, the more negative the d13C content is, until the d13C
content of the top surface of the Ma51þ2 can be reached �3.8‰
(Fig. 3). And the C/O isotopes showed an obvious correlation in
these strata (Fig. 5).

Mg isotopic composition in the study area is tabulated in Table 1,
d26Mgdol and d25Mgdol crossplot is shown in Fig. 6. The d26Mgdol
ranges�1.75 to�1.47‰, and the d25Mgdol ranges�0.91 to�0.75‰.
Mg isotope showed an excellent correlation between the obtained
samples and standard samples in a scatter diagram, indicating that
the measured Mg isotope composition data are truly available.
There are obvious differences between the d26Mgdol of different
strata. The average d26Mgdol of the Ma51þ2 is �1.63‰. The d26Mgdol



Fig. 4. Carbonate rocks developed in the Ma5 Formation in the D113 well. (a) Gray argillaceous dolomite with longitudinal solution fractures, 2e4/35, 2855 m, Ma51þ2; (b) Gray
argillaceous dolomite, vug is filled with mud, and residual longitudinal solution fractures, 2e5/35, 2855.1 m, Ma51þ2; (c) Gray argillaceous dolomite with argillaceous nodule, 2e11/
35, 2856.2 m, Ma51þ2; (d) Dark gray-micritic dolomite, network solution fractures filled with calcite, 4e13/46, 2871.67 m, Ma53þ4; (e) Dark gray-breccia dolomite, solution fractures
filled with calcite, 4e14/46, 2871.75 m, Ma53þ4; (f) Dark gray-silty limestone, cracks are filled with calcite, 10e51/54, 2930 m, Ma55; (g) Gypsum mold pores are developed in
micritic dolomite, D113e22, 2862.21 m, Ma51þ2, plane-polarized light (PPL); (h) Breccia, gypsum mold pores filled with ferrodolomite, D113e25, 2861.71 m, Ma51þ2, PPL; (i)
Fracture filling secondary calcite cement, D113e20, 2887.75 m, Ma53, PPL; (j) Breccia, filled with argillaceous dolomite, D113e15, 2902.57 m, Ma54, PPL; (k) Mud bearing silty
dolomite, D113-5, 2934.91 m, Ma55, PPL; (l) Calcareous dolomite, D113-7, 2931.01 m, Ma55, PPL. The red arrow is the longitudinal dissolution pores, the red dotted line is the
dissolution pore, the brown line is the vug filling bauxite, and the blue line is the argillaceous nodule.
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of the Ma53þ4 is negative, and the average is �1.75‰, while the
average d26Mgdol in the Ma55 is �1.49‰ (Fig. 7). In addition, we
measured the d26Mg of the dissolved residual silica in some sam-
ples, which are significantly higher than that in the matrix,
from �0.6‰ to þ0.6‰ (Table 1).

There is a strong correlation between d26Mgdol with d13C and
d18O (Fig. 8). In the Ma51þ2, d26Mgdol gradually decreases with the
increase of the d13C and d18O. However, due to the relatively small
amount of data in other layers, we cannot directly observe the
corresponding coupling changes.
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4.3. Elements characteristics

The experiment measured the trace elements and major ele-
ments of 6 samples, and the specific data is shown in Table 2. The
content of CaO is mainly distributed between 29.7%e34.58%, and
MgO is distributed between 17.06%e22.27%. There is no significant
change in major elements including Na, Al, and Ti, and the contents
of CaO and MgO in most samples are similar, but a few samples
have high calcite content which produced higher content of CaO. In
addition, the quartz content of some samples is high, whichmade it



Fig. 5. The distribution of C/O isotopes in different subsegments in the study area. There is an obvious correlation between the Ma51þ2 formations, but there is no correlation
between the Ma53þ4 and Ma55. The dotted line shows the distribution range of C/O isotopes of the Middle Ordovician carbonate samples around the world, and the straight line
shows the correlation of C/O isotopes of the Ma51þ2 sub-members in Daniudi area. The data of the small gray circle comes from Yu et al. (2021).

Table 1
Mg and C/O isotopic compositions of dolomite near weathering crust in the Daniudi area of the Ordos Basin.

Type Sample Depth, m Formation C/O isotopic compositions, ‰ Mg isotopic compositions, ‰ Components

d13CVePDB d18OVePDB d18OVeSMOW d25Mg 2SD d26Mg 2SD

Standard Alfa Mg �2.00 0.06 �3.92 0.11
BHVOe2 �0.09 0.07 �0.28 0.14
Seawater �0.44 0.04 �0.85 0.07

Sample D113e1 2948.03 Ma55 �0.7 �7.2 23.4 �0.83 0.01 �1.61 0.04 Carbonate
D113e1* 2948.03 / / / 0.01 0.02 þ0.06 0.04 Silicate
D113e2 2946.01 �0.7 �7.2 23.5 / / / / Carbonate
D113e3 2943.07 / / / �0.85 0.02 �1.64 0.05 Carbonate
D113e3* 2943.07 / / / �0.03 0.03 �0.06 0.03 Silicate
D113e7 2931.01 / / / �0.81 0.09 �1.64 0.06 Carbonate
D113e9 2925.51 �0.1 �7.8 22.9 / / / / Carbonate

D113e12 2914.76 Ma53þ4 �0.5 �8.5 22.1 / / / / Carbonate
D113e13 2911.9 �0.6 �9.2 21.4 �0.91 0.04 �1.74 0.01 Carbonate
D113e17 2895.97 �0.1 �9.4 21.2 / / / / Carbonate
D113e21 2888.75 / / / �0.89 0.07 �1.75 0.07 Carbonate

D113e22 2862.21 Ma51þ2 þ0.3 �7.7 23 / / / / Carbonate
D113e25 2861.71 þ0.8 �7.9 22.7 �0.80 0.02 �1.51 0.06 Carbonate
D113e28 2860.3 �0.9 �9 21.6 �0.76 0.03 �1.49 0.03 Carbonate
D113e29 2854.04 �3.8 �13.1 17.4 �0.75 0.05 �1.47 0.02 Carbonate
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impossible to judge the weathering intensity according to the Si
content. And the content of Fe, MnO, and Sr is low (Tables 2 and 3).

There is a certain correlation between weathering and mineral
trace elements. As shown in Fig. 9, the trace element composition of
the samples in the study area changed with the degree of weath-
ering. Among them, the correlation between ZreHf is well, and
there is also a certain correlation between NbeTa.
5. Discussions

5.1. Dolomitization process

5.1.1. Sabkha dolomitization mode
RD1 and RD2 were developed by Sabkha dolomitization mode

during the penecontemporaneous period (Jia and Ding, 2016;
Zhang et al., 2017; Sun, 2020). Petrological characteristics, the small
1451
size of the micritic dolomite and gypsum during the sedimentary
period which was dissolved to form gypsum mold pore in RD1
(Fig. 4g and h) and breccia in RD2 (Fig. 4i and j), indicate RD1 and
RD2 are developed in the Sabkha dolomitization (Allan and
Wiggins, 1993; Warren, 2000). Affected by the evaporitic tidal flat
environment, duringMa51þ2, large-scale gypsum-bearing dolomite
could easily be developed by the dolomitization process after the
deposition of primary aragonite and calcite. And the sea level was at
the lowest point of a transgressive-regression system in theMa53þ4

period, therefore, the scale of sedimentary gypsum is larger than
that of Ma51þ2 forming gypsum formations.

The major elements and Sr characteristics of different layers are
similar (Table 2). The d13C content of the top surface of the Ma51þ2
can reach �3.8‰, and the correlation of C/O isotopes is very high
(R2 ¼ 0.97) (Figs. 3 and 5). Bauxite, as one of the products of
weathering, proves that weathering could be a key factor to cause



Fig. 6. Mg isotope crossplot of the samples and standards.

Fig. 7. There are obvious differences in d26Mgdol in different layers (The legend is
shown in Fig. 5).

Fig. 8. The relationship between Mg isotope and (a) C, (b) O isotope, which were significan
correlation between Mg isotope and C/O isotopes of Ma51þ2.
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this phenomenon is possible, resulting in C/O isotopes still chang-
ing significantly after dolomitization (Fig. 5). During theweathering
period, meteoric water intrusion led to the dissolution of gypsum to
form mold pores, which also led to a d18O significant negative bias
and C isotope was affected by the weathering together, showed a
significant correlation. While the C isotopic characteristics of
Ma53þ4 are similar to those of the Middle Ordovician to some
extent (Fig. 5) (e.g., Henderson et al., 2018), the lithology of Ma53þ4
is mainly breccia which indicates weathering. This may be mainly
because of the coupling of sedimentary environment and weath-
ering, which did not produce an obvious shift in C/O isotopic
characteristics (Allan and Wiggins, 1993). The gradual increase of
seawater salinity during the Sabkha environment generally led to a
significantly positive C isotopic composition, while the later
meteoric water resulted in a negative C isotope deviation, which
was similar to the contemporaneous seawater value.

In the Sabkha dolomitization mode, Mg is provided by diffusion,
the dolomitization fluid is directly derived from the contempora-
neous seawater which is affected by the evaporitic tidal flat envi-
ronment. This process can be simulated by the diffusion-advection-
reaction model (DAR) (Huang K. et al., 2015; Peng et al., 2016; Ning
et al., 2020), which results in a downward increasing d26Mgdol
profile (Fig. 10a) (Geske et al., 2015a; Huang K. et al., 2015; Ning
et al., 2020). However, theoretical change is significantly different
from the measured Mg isotope (Fig. 3, Table 1); the reason may be
similar to that of the C and O isotopes, all of which are caused by the
influence of weathering during the later period.
5.1.2. Brine-reflux dolomitization mode
Petrological and geochemical characteristics show that RD3 was

formed by the brine-reflux dolomitization mode (Figs. 3 and 9)
(Allan and Wiggins, 1993; Warren, 2000). Stratigraphic lithology is
dominated by limestone in the lower part and dolomite in the
upper part nowadays, which indicates the dolomitization fluid
flowed through the upper stratum (Fig. 3; Fig. 10b). The dolomite
matrix of the silty crystalline indicates that dolomitization occurred
in a relatively low temperature environment. In addition, the ma-
trix dolomite has low Fe, MnO, and Sr (Table 2), showing that the
dolomitized fluid cannot be deep hydrothermal (Zhao et al., 2005;
Jiang et al., 2019). Dolomitization fluid of Ma55, therefore, was
derived from the high salinity brine in the overlying Sabkha envi-
ronment with brine-reflux (Warren, 2000; Sun, 2020). The high-
tly correlated in Ma51þ2 (The legend is shown in Fig. 5). The red dotted line is a good



Table 2
Element compositions of dolomite near weathering crust in the Daniudi area of the Ordos Basin.

Sample Depth, m Major element compositions, % Trace element compositions, mg/g

MgO CaO MnO Na Fe Al Si Ti Hf Nb Ta Zr Sr

D113e1 2948.03 20.49 30.54 0.01 0.02 0.18 0.17 3.15 0.007 0.068 0.131 0.010 2.340 71.100
D113e13 2911.90 20.47 30.87 0.01 0.02 0.38 0.19 2.11 0.008 0.059 0.169 0.014 1.690 85.300
D113e21 2888.75 17.06 34.58 0.01 0.04 0.83 0.12 1.42 0.006 0.048 0.160 0.014 1.660 77.100
D113e25 2861.71 21.20 29.70 0.04 0.02 2.29 0.10 0.16 0.009 0.064 0.245 0.018 2.190 49.500
D113e28 2860.30 17.56 33.43 0.05 0.01 2.69 0.13 0.29 0.010 0.051 0.198 0.013 1.640 61.600
D113e29 2854.04 22.27 29.76 0.01 0.02 0.34 0.09 0.29 0.009 0.032 0.151 0.010 1.210 73.900

Table 3
X-ray diffraction results of whole rock near weathering crust in the Daniudi area of the Ordos Basin.

Samples Depth, m Quartz, wt% K-feldspar, wt% Calcite, wt% Dolomite, wt% Total

D113e1 2948.03 4.3 / 4.4 91.3 100.0
D113e13 2911.90 2.3 / 16.4 81.3 100.0
D113e21 2888.75 2.5 / 17.3 80.1 99.9
D113e25 2861.71 / / / 98.0 98.0
D113e28 2860.30 / / 13.4 86.6 100.0

Fig. 9. Scatter plot of ZreHf, and NbeTa. The relationship between trace elements and weathering (The legend is shown in Fig. 5). The blue dotted line represents the weathering
degree of the Ma5 Member.
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salinity brine rich in Mg2þ migrated from the upper to lower part,
then the upper calcite or aragonite was dolomitized first.

The d13C measured in Ma55 is consistent with the Middle Dar-
riwilian (Yang et al., 2022), proving this formation was relatively
less affected by later diagenesis, and no correlation between C and
O isotopes exists, therefore, the geochemical signals of the stra-
tigraphy should be well preserved (Fig. 5).

In the brine-reflux dolomitization modewhich can be explained
by the advective flow model (AF) (Peng et al., 2016), light Mg
isotope tends to enter the aragonite or calcite first to undergo
metasomatism.With the development of dolomitization, heavy Mg
isotope in fluid gradually enriches and leads to a higher d26Mg
content of late precipitation dolomite, which is the reason why the
d26Mgdol increases downward in the brine-reflux dolomitization
mode (Peng et al., 2016; Ning et al., 2020). The trend is consistent
with the data we obtained (Fig. 3; Fig. 10b).

5.2. Influence of lithology on weathering

Trace elements in the Ma51e5 basically fall on the same weath-
ering trend (Fig. 9), indicating that these five layers have a strong
genetic connection, and the influence of other substances is rela-
tively weak (Ling et al., 2019). In the stratum rich in gypsum (Ma51þ2
andMa53þ4), this part was affected by weathering, but the influence
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of weathering in different formations was also different (Fig. 4).
During the period of uplift, the Ma51þ2 were above the highest

phreatic level and located in the vertical vadose zone (Bai et al.,
2002). The identification of the vertical seepage zone based on
the presence of near vertical solution fractures (Fig. 4a and b),
aluminous mudstone migrated downward to the matrix (Fig. 4b)
(He et al., 2013). Dissolution was severely affected by weathering
which occurred in gypsum-bearing dolomite, although a certain
amount of cement was filled in partial dissolution pores during a
later stage, various dissolved pores were still left (Fig. 4g and h).

TheMa53þ4 developed below the highest phreatic surface and is
located in the horizontal underflow zone, the fluids mainly flowed
in the horizontal direction (Bai et al., 2002). The main character-
istics of the horizontal underflow zone are network or near hori-
zontal dissolution fractures (Fig. 4d) and breccia (Fig. 4e) formed by
weathering (He et al., 2013). Gypsum was the main dissolution
target, then the dissolution strength of the matrix was weaker than
that of the vertical vadose zone. The trace of gypsum cannot be
observed under the microscope after weathering, some pores were
filled with secondary calcite (Fig. 4i), and/or the stratum collapsed
to form breccia (Fig. 4j). And fluid migrated to the lower strata after
weathering the Ma51þ2 strata which salinity content is high. When
entering the horizontal underflow zone, the fluid was over-
saturated with Caþ, and calcite was prone to precipitation (Fig. 4i).



Fig. 10. Process of Mg isotope variation from the dolomitization modes to weathering.
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In comparison, the Ma55 was weakly affected by weathering.
The stratum was located in the deep slow-flow zone, and the li-
thology was pure dolomite and limestone (Figs. 3, 4kel), which was
easier to preserve the original isotopic characteristic than the upper
strata (Figs. 3 and 5).
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5.3. Fractionation of Mg isotope of ancient dolomite in karst crust

In the vertical seepage zone, the d26Mgdol showed a downward
decrease that was only controlled by weathering. And the weath-
ering intensity was limited by the distance from the unconformity
when the weathering was strong enough. The original mineral
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composition has been modified by weathering, resulting in the
fractionation of Mg isotope during the original dolomitization was
impossible to be observed.

Dolomite was formed by the Sabkha dolomitization mode dur-
ing the vertical vadose zone; however, the d26Mgdol trend is con-
trary to the result of the DAR simulation. Both C/O isotopes and Mg
isotope show strong fractionation with the increase in weathering
degree, and their negative coupling changes may have a certain
indication of strong weathering (Fig. 8) (Pokrovsky et al., 2011).
Therefore, the fractionation of the Mg isotope is similar to that of C
and O isotopes and is affected byweathering. The stratum closest to
the unconformity is affected by the strongest weathering. The
characteristics of vertical seepage can be seen on the core
(Fig. 4aec), and the C and O isotopes show a strong correlation
which is a direct display of weathering (Fig. 5). In conclusion, this
part of d26Mgdol is unlikely to be the result of original dolomitiza-
tion, which finally appears to be the opposite of DAR simulation.
Meanwhile, the intensity of weathering was not static. Here we can
judge the intensity of weathering according to the distance be-
tween the stratum and the weathered surface because the weath-
ering in the study area had a genetic relationship (Fig. 9) (Gao et al.,
2016). The d26Mgdol changed to a certain extent with the intensity
of weathering, which was mainly manifested as a downward
decrease. This phenomenon is related to the difference in Mg iso-
topes between insoluble silica and carbonate component. As
weathering progresses, the carbonate component is more prone to
weathered, and the silica component gradually enriches until only
the silica component that cannot be weathered remains (Tipper
et al., 2012; Gao et al., 2016). The test results show the content of
d26Mg in the insoluble silica component (�0.6‰ to þ0.6‰) is
significantly higher than that of the carbonate component (�1.8‰
to �1.4‰) (Table 1).

In the horizontal underflow zone, the reason for the fraction-
ation of the d26Mgdol might be (1) secondary calcite precipitation
mixes with matrix, fractionation between matrix dolomite and
formation fluid rich in light Mg isotope are the reasons for the
negative bias of the d26Mgdol; (2) transverse fluid is the key to the
trend of the d26Mgdol changes is not obvious in the vertical direc-
tion. Finally leads to the unchanged downward and negative bias
trend.

Weathering is an important reason that affects the d26Mgdol in
the horizontal underflow zone. However, the dissolution of matrix
dolomite caused by weathering was weaker than that of the
overlying strata due to the different contents of gypsum. The
dissolution of gypsum produced Caþ, and a large amount of sec-
ondary calcite was precipitated nearby (Fig. 4i). The d26Mg in sec-
ondary calcite cement is more negative than that in dolomite (Gao
et al., 2016). Therefore, the d26Mgdol which was mixed with various
secondary calcite was significantly negative compared to other
formations. In addition, the fluid that weatheredMa51þ2 was rich in
light Mg isotope. After this part of the fluid entered Ma53þ4, strong
fractionation between fluid and matrix dolomite was possible,
which led to a negative deviation of d26Mgdol. Finally, since the fluid
in the formations mainly showed horizontal migration, the influ-
ence of water-rock interaction was mainly shown in the horizontal
change, and the vertical influence of d26Mgdol was weak (Fig. 3).

In the deep slow-flow zone, this layer was weakly affected by
weathering; this result can be confirmed by C/O isotopes data
(Fig. 5). The Mg isotope signal therefore represents the result of
fractionation during the original dolomitization period.

The dolomitized fluid migrated down to the sediments, result-
ing in a continuous process of precipitation and dolomitization of
pre-existing calcite. When the high-salinity Mg-rich fluid pene-
trated into the limestone formation, the dolomite was precipitated
in the form of pore filling or direct metasomatism or mixing with
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normal underground fluid before causing dolomitization, forming a
larger-scale dolomite layer (Warren, 2000). Finally, the d26Mgdol
gradually increases, here d26Mgdol shows an overall downward in-
crease process (Fig. 10c) (He R. et al., 2020).

6. Conclusions

(1) Three types of dolomite were developed in the study area.
Affected by the environment and sea-level, Sabkha and
brine-reflux are the main dolomitization modes. In the
Sabkha mode, dolomitized fluid came from the contempo-
raneous seawater, micritic dolomite and gypsum were
developed together; in the brine-reflux mode, dolomitized
fluid came from the overlying strata, silty crystalline dolo-
mite and limestone were their lithological characteristics.

(2) In the ancient dolomite karst crust, the responses of
geochemical characteristics in different layers to weathering
are different. In the vertical vadose zone, the geochemical
signals only showed the fractionation caused by the weath-
ering intensity, decreasing with distance from the uncon-
formity; in the horizontal underflow zone, the horizontal
migration of fluid caused little longitudinal change of
d26Mgdol, and C/O isotopic signals were not changed due to
the coupling of various factors; the deep slow-flow zone was
not sensitive to the influence of weathering, and retained the
geochemical signals of the original dolomitization.

(3) Various factors control the different trends of d26Mgdol in the
ancient karst crust. In the vertical vadose zone, the main
control of Mg isotope fractionation is weathering. The
d26Mgdol gradually enriched with the increase of weathering
intensity, and finally showed a downward decrease profile. In
the horizontal underflow zone, fluids and late diagenesis
jointly control the fractionation of d26Mgdol, then showed
unchanged downward and obviously negative. In the deep
slow-flow zone is not restricted by later diagenesis, dolo-
mitization occurred preferentially with light Mg isotope,
resulting in heavier dolomitization fluid later, which led to
the increase downward of d26Mgdol.
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