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Abstract The carbonates in the Middle Ordovician Ma5
5

submember of the Majiagou Formation in the northern

Ordos Basin are partially to completely dolomitized. Two

types of replacive dolomite are distinguished: (1) type 1

dolomite, which is primarily characterized by microcrys-

talline (\30 lm), euhedral to subhedral dolomite crystals,

and is generally laminated and associated with gypsum-

bearing microcrystalline dolomite, and (2) type 2 dolomite,

which is composed primarily of finely crystalline

(30–100 lm), regular crystal plane, euhedral to subhedral

dolomite. The type 2 dolomite crystals are truncated by

stylolites, indicating that the type 2 dolomite most likely

predated or developed simultaneously with the formation

of the stylolites. Stratigraphic, petrographic, and geo-

chemical data indicate that the type 1 dolomite formed

from near-surface, low-temperature, and slightly evapo-

rated seawater and that the dolomitizing fluids may have

been driven by density differences and elevation-related

hydraulic head. The absence of massive depositional

evaporites in the dolomitized intervals indicates that

dolomitization was driven by the reflux of slightly evapo-

rated seawater. The d18O values (-7.5 to -6.1 %) of type

1 dolomite are slightly lower than those of seawater-

derived dolomite, suggesting that the dolomite may be

related to the recrystallization of dolomite at higher tem-

peratures during burial. The type 2 dolomite has lower

d18O values (-8.5 to -6.7 %) and Sr2? concentration and

slightly higher Na?, Fe2?, and Mn2? concentrations and
87Sr/86Sr ratios (0.709188–0.709485) than type 1 dolomite,

suggesting that the type 2 dolomite precipitated from

modified seawater and dolomitic fluids in pore water and

that it developed at slightly higher temperatures as a result

of shallow burial.

Keywords Carbonate platform � Dolomitization �
Dolomite � Middle Ordovician � Ma5

5 submember �
Dolomitizing fluids

1 Introduction

The origin of dolomitization has long been a subject of

discussion (Warren 2000; Machel 2004; Gregg et al. 2015).

Various models have been proposed to explain the origin of

dolomite in carbonate platforms (Warren 2000; Machel

2004; Swart 2015), including regional subsurface flow

models (sometimes referred to as burial-flow models) at

elevated temperatures (Jones and Rostron 2000) and

‘‘early’’ synsedimentary models, such as those involving

seepage reflux (Adams and Rhodes 1960). These models

have been used to explain the massive dolomite in synde-

positional evaporites (Jones and Rostron 2000; Qing et al.

2001) or in seawater with elevated salinity (Rott and Qing

2013; Read et al. 2012; Rivers et al. 2012). However, the
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development of small-scale, discrete dolomites in platform

carbonates in association with elevated salinity seawater

and little gypsum is less well documented. This study

focuses on the early, pervasive dolomitization of shallow

marine platform carbonates by penesaline seawater related

to sea-level changes and the subsequent recrystallization of

this early-formed dolomite during burial. This study then

interprets the discrete, regional-scale distribution of dolo-

mite that may have originated from modified seawater with

high-frequency sequence cyclic changes and the precipi-

tation of dolomitic fluids during burial.

The carbonates in the Middle Ordovician Ma5
5 sub-

member of the Majiagou Formation in the northern Ordos

Basin are partially to completely dolomitized and are an

attractive target for hydrocarbon exploration. In particular,

the discovery of gas reservoirs in the dolomitic strata in the

Jingbian Gas Field was an important finding involving the

Ma5
5 submember, which displays good natural gas explo-

ration prospects among the old dolomite strata of the Ordos

Basin. Tests in well Su-203 resulted in a large gas flow rate

of over 104 9 104 m3/d from the dolomite reservoirs

(Yang and Bao 2011; Zhao et al. 2014), and horizontal well

PG3 had a gas flow rate of over 10 9 104 m3/d from the

dolomite reservoir of the Ma5
5 submember. Since then,

exploration and development of the dolomite gas pools in

the Ma5
5 submember have been the key goal.

The dolomite in the Ma5
5 submember is characterized by an

uneven and discontinuous distribution of dolomitic carbonates

and is classified as a low-seepage lithologic reservoir (Yang

et al. 2006; Fang et al. 2009; Zhao et al. 2014), which is

attributed to depositional facies and diagenetic alteration.

Dolomitization can greatly influenceporosity and permeability

as limestone is replaced (Warren 2000; Zhang et al. 2010);

however, the heterogeneity of the rock is closely related to the

distribution and origin of the dolomite. Previous studies of the

Ma5
5 submember in the study area focused on its depositional

environments and stratigraphic distribution (Wang et al. 2014).

Additionally, many scholars have studied the origin of dolo-

mite in the Ma5 member in the Ordos Basin, and various

models of its diagenesis have been proposed, including those

involving mixed water zones and dolomitization (Zhao et al.

2005), evaporative reflux (Liu et al. 2011; He et al. 2014),

burial dolomitization (Wang et al. 2009; Huang et al. 2010; Su

et al. 2011), hydrothermal dolomitization (Huang et al. 2010;

Wang et al. 2015), and microbial dolomitization (Fu et al.

2011). However, most of these studies have not provided an

integrated stratigraphic, petrographic, or geochemical frame-

work. This study focuses on the dolomitization of the car-

bonate deposits in the Ma5
5 submember using petrography,

stratigraphy, and geochemistry, and assesses the implications

for hydrocarbon resource exploration.

2 Geologic setting

The Ordos Basin is a large-scale, multicycle, stable craton

in northwestern China. The basement of the Ordos platform

is composed of Precambrian crystalline schist, gneiss, and

marble. In the Paleozoic Era, the Ordos Basin experienced

steady uplift and subsidence with weak tectonic activity in

the interior of the platform. During this period, particularly

during the Ordovician, the depositional paleogeomorphol-

ogy was generally higher in the north and middle and lower

in the east, west, and south, and the Ordos Basin developed

a gently inclined carbonate platform in a very shallow

epicontinental sea (Wang et al. 2006). The Early Paleozoic

Ordos platform developed shallow water carbonate

deposits with thicknesses of 400–1600 m (Li and Zheng

2004). In the Late Ordovician, the oceanic crust near the

southern and northern portions of the North China block

began to be subducted, which led to the uplift of the North

China block as a whole and a hiatus in deposition during

the Silurian, Devonian, and Late Cretaceous that spanned

more than 130 million years (Yang et al. 2006). The

Daniudi area is located on a gentle monoclonal slope called

the Yishan slope in the northern Ordos Basin (Fig. 1). This

area is bounded by the Yimeng uplift to the north and the

Jingxi fault-fold zone to the east and covers an area of

approximately 2600 km2. Its structure is a low uplift

trending approximately NE-SW, with a structural crest

located north of Yulin (Fig. 1).

A comprehensive summary of the stratigraphic units and

their distribution in the carbonate platform is illustrated in

Fig. 2a, and related information can also be found in it (Lei

et al. 2010). The Ordovician carbonate rocks are divided

into the following formations: Yeli, Liangjiashan, Maji-

agou, Pingliang, and Beiguoshan. The focus of this study is

the Majiagou Formation, which is widely distributed and is

subdivided into six members. The lithology in the Maji-

agou Formation consists of two parts: one is composed of

gray muddy limestone, gypsum-bearing dolomite, and

argillaceous dolomite (found in the Member 1, Member 3,

and Member 5), and the other is composed of massive

muddy limestone, moderately to thickly bedded muddy

dolomite, and chert-band-bearing dolomite (found in the

Member 2, Member 4, and Member 6). These changes in

sedimentary lithology in the Majiagou Formation generally

represent the carbonate rock formations of the Middle

Ordovician sedimentary sequence, and the sequence can be

divided into three secondary transgression–regression

cycles. The Middle Ordovician carbonate rock in the

Member 5 of the Majiagou Formation developed in a

restricted, shallow, and hypersaline environment. The

carbonates were deposited as a set of dolomite, banded
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limestone, and evaporated and represented the develop-

ment of the regression cycles (Hu et al. 2014) (Fig. 2b).

The sedimentary facies has been studied by Feng and Bao

(1999), who thought that the Ma5
5 submember consists of

restricted, shallow marine peritidal carbonate facies and that

the depositional environment includes supratidal mud flats,

intertidal flats, and shallow subtidal shoals (Zhou et al. 2011).

The lithology of the Ma5
5 submember is associated with a rapid

transgression and a slow regression (Fig. 2b), and high-fre-

quency meter-scale cycles are indicative of a restricted plat-

form facies with subtidal and intertidal–supratidal sediment

succession. The following lithofacies have been identified

(Fig. 3): (1) columnar to hummocky stromatolites, peloidal

mudstone, packstone, and wackestone; (2) thin-bedded to

massive wackestone, rare grainstone/packstone, and lami-

nated mudstone with fine anhydrite; and (3) bioturbated, thin-

bedded wackestones/mudstones with scarce fossils and finely

laminated mudstone with mottled anhydrite. Normal marine

bioclasts and fossils are absent from most of the succession,

but dasycladacean algae, microbial laminites, benthic

foraminifera, and gastropods, i.e., restricted-marine biota,

occur in the Ma5
5 submember limestones (Fig. 3). The

restricted peritidal carbonate successions lack massive evap-

oritic minerals (such as gypsum/anhydrite), suggesting that

the Ma5
5 submember limestones developed in a restricted

evaporitic environment with slightly increased salinity, where

the marine water only rarely achieved gypsum saturation and

did not reach gypsum precipitation.

3 Methods

Approximately 650 samples and 21 cores from the Ma5
5

submember in the Majiagou Formation from the Daniudi

area were taken for facies, stratigraphic, and diagenetic

studies. The cores were from wells at intervals of approx-

imately 620 m.

Approximately 140 thin sections were stained with

Alizarin Red S and potassium ferricyanide to distinguish

calcite and dolomite. The samples were examined using
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both normal and cathodoluminescent petrography with a

Technosyn Cold Cathode Luminescence Model 8200 Mk II

with a beam voltage of 17 kV and a current of 600 lA.

Blue epoxy was used to make approximately 60 thin sec-

tion casts to determine the porosity. More than 300 hand

specimens were collected for further detailed studies.

Forty-seven samples were drilled out with a dental drill

for stable C, O, and Sr isotopic analysis, which was per-

formed at the Analytical Laboratory of Beijing Research

Institute of Uranium Geology. The carbon and oxygen

isotope values were measured using a Finnigan Kiel-III

carbonate preparation device (Perkin-Elmer Inc., Welles-

ley, MA, USA) directly coupled to the inlet of a Finnigan

MAT 253 isotope ratio mass spectrometer. The results are

reported in per mil notation relative to the Vienna Pee Dee

Belemnite (VPDB) standard. The precision and calibration

of the data were monitored through routine analysis of the

National Bureau of Standards (NBS)-18 and NBS-19 car-

bonate standards. The precision was better than ±0.1 %
internally for both the carbon and oxygen isotope values.

The 87Sr/86Sr isotope ratios of 18 samples were analyzed

at the Chengdu University of Technology (CDUT,

Chengdu). The Sr isotopic measurements were performed

on a Finnigan MAT 261 instrument, and the errors asso-

ciated with these analyses are reported as 2 sigma values.

The maximum 2 sigma value for all of the matrix

replacement Sr samples was ±0.000064, with an average

for all the samples of ±0.000028. The NBS 987 standard,
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which has a value of 0.710250, yielded values between

0.710136 and 0.710312 (mean of 0.710253).

Major and trace element analyses were performed using

a Perkin-Elmer Optima 3300 DVICP-Atomic Emission

Spectrometer at the Chengdu University of Technology

(CDUT, Chengdu). Multielemental high-purity solution

standards were used for the calibration. An internal stan-

dard was used to correct the matrix differences. The ana-

lytical errors for Ca, Mg, Fe, Mn, Sr, and Na were B0.5 %,

0.8 %, 1.1 %, 1.1 %, 1.4 %, and 0.9 %, respectively.

4 Dolomite petrography and distribution

4.1 Dolomite petrography

The microcrystalline type 1 dolomite is characterized by

euhedral to subhedral inclusion-rich dolomite (Fig. 5a). In

the core samples, type 1 dolomite is generally present in

algal laminae and displays preserved sedimentary fabric

(Fig. 6a, c). In thin section, type 1 dolomite is primarily

characterized by microcrystalline (\10 lm), euhedral

dolomite crystals associated with pyrite and anhydrite.

Anhydrite was replaced by the precipitation of calcite

(Fig. 5b), and some very finely crystalline (10–30 lm),

subhedral dolomite crystals appear as bright rhombs and

cut across the dolomite crystals (Fig. 5a). A few of the type

1 dolomites show algae laminae (Fig. 5c), such as algal

stromatolite dolostone and algae laminae dolostone

(Fig. 6a, c). The dolomite exhibits dull luminescence under

CL examination.

The finely crystalline type 2 dolomite is the most

abundant type of dolomite and consists of pervasively

subhedral to euhedral dolomite crystals (Fig. 5d). In hand

specimens, type 2 dolomite appears to have accumulated

alongside stylolites and organic seams. The precursor

sedimentary textures are partially to completely obliter-

ated, and the type 2 dolomite displays visible light gray

zones (Fig. 6b). In thin sections, the type 2 dolomite occurs

primarily as finely crystalline (30–100 lm), euhedral to

subhedral dolomite crystals that were truncated by stylo-

lites, which indicates that the type 2 dolomite most likely

predated or developed alongside the stylolites (Fig. 5d, e).

This type of dolomite is commonly associated with abun-

dant intercrystalline pores (Fig. 5d) and exhibits dark red to

dull luminescence (Fig. 5f).

4.2 Dolomite distribution

The carbonate rock of the Ma5
5 submember is extensively

dolomitized in the study area. The interpretation of the

logging data suggests that the dolomite displays extensive

lateral and vertical variations (Fig. 4). The maximum

dolomite thickness exceeds 20 m in the southern, western,

and northern parts of the Daniudi area. In these locations,

the microcrystalline and finely crystalline dolomites are

well developed and thick (16–22 m). An examination of

the cores indicates that there is a close spatial relationship

between the abundances of the microcrystalline and the

finely crystalline dolomites: the microcrystalline dolomite

developed on top of finely crystalline dolomite, reaching

substantial thicknesses, and the presence and thickness of

type 2 dolomite is related to the abundance of type 1

dolomite. Type 1 dolomite is generally laminated and

associated with gypsum-bearing microcrystalline dolomite

that was deposited in a supratidal environment. Type 2

dolomite is primarily present as discrete, thickly bedded

(6–22 m) bodies distributed unevenly in the middle–upper

part of the Ma5
5 submember in the carbonate platform

(Fig. 4). In general, the abundance of dolomite decreases

downward (Figs. 3, 4). Thin, interbedded micritic lime-

stone/wackestone developed in the upper part and
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packstone/wackestone developed in the lower part of the

carbonate strata in the Ma5
5 submember (Fig. 5g, h).

5 Geochemical results

5.1 Isotope characteristics

The stable isotope analysis results for oxygen and carbon

are presented in Table 1 and Fig. 7, and the isotope anal-

ysis results for strontium are presented in Table 1 and

Fig. 8. The d18O and d13C values of the Ma5
5 submember

limestone overlap with the estimated d18O and d13C ranges

of the Middle Ordovician marine limestone (Qing and

Veizer 1994; Veizer et al. 1999). Oxygen isotope differ-

ence between calcite and coevally precipitated dolomite is

approximately 2.5 % (Swart and Melim 2000); thus,

dolomites precipitated from normal Middle Ordovician

seawater should have d18O values between -7.0 and

-5.0 % PDB (Fig. 7). The 87Sr/86Sr ratios of the Ma5
5

submember limestone fall within the estimated 87Sr/86Sr

range (0.7078–0.7093) of the Middle Ordovician marine

carbonates (Qing et al. 1998; Veizer et al. 1999; McArthur

et al. 2001; Davies and Smith 2006). These data indicate

that the 87Sr/86Sr ratios and d13C and d18O values of the

Ma5
5 submember limestone can be used as a baseline for

Middle Ordovician marine carbonate deposits.

The type 2 dolomite yields d18O values ranging from

-8.5 to -6.7 % (average -7.5 %), lower than those of

the type 1 dolomite (Table 1). The 87Sr/86Sr ratios of the

type 1 and type 2 dolomites are slightly higher than those

of the limestone.

5.2 Major and trace elements

The results of the trace element concentration analyses are

presented in Table 2. The average Sr, Na, Fe, and Mn

concentrations in the Ma5
5 submember limestone are 209,

274, 308, and 26 ppm, respectively (Table 2). The type 1

dolomite contains Ca2? molar concentrations ranging from

54.3 % to 62.6 % (average 59.1 %), higher than those of

the type 2 dolomite, which range from 50.8 % to 55.7 %

(average 54.3 %). The type 2 dolomite has higher Fe and

Mn concentrations and lower Sr and Na concentrations

than the type 1 dolomite.

6 Discussion and interpretation

6.1 Petrographic implications

Type 1 dolomite is primarily characterized by microcrys-

talline (\30 lm), euhedral to subhedral dolomite crystals

associated with anhydrite that has been replaced by the

precipitation of calcite (Fig. 5b). It has been suggested that

microcrystalline dolomite may form in evaporitic settings

at relatively low temperatures (Gregg and Shelton 1990; Fu

et al. 2006; Loyd and Corsetti 2010). The appearance of

restricted-marine biota with laminar, distorted, green stro-

matolite algae indicates that the original structure of the

limestone has been retained in the microcrystalline dolo-

mite, which most likely originated from near-surface

dolomitization in a restricted, shallow environment during

early diagenesis (Fig. 5c). Type 1 dolomite pervasively

replaces the matrix of all the facies, particularly those

associated with the complete replacement of laminites. The

textures of the type 1 dolomite and its close association

with the restricted-marine deposits suggest that this type of

dolomite most likely formed in a near-surface, low-tem-

perature, saline environment with a high density of

nucleation sites (Gregg and Shelton 1990). The very finely

crystalline (10–30 lm), subhedral dolomite rhombs are

interpreted as partial recrystallization during burial based

on petrographic observations. The finely crystalline bright

rhombs appear to cut across the subhedral dolomite crystals

(Fig. 5a), suggesting that the recrystallization of very fine

dolomite postdates the early penecontemporaneous

dolomite.

Type 2 dolomite is present primarily as finely crystalline

(30–100 lm), euhedral to subhedral dolomite crystals that

preferentially replaced the limestone matrix. The type 2

dolomites are characterized by partial to complete

replacement of muddy limestone/wackestone (Fig. 5g, h).

This phenomenon suggests that the dolomitizing fluids

were somewhat less supersaturated with respect to dolo-

mite or insufficient for complete dolomitization. The

dolomite commonly exhibits destruction of the fabric and

indistinct original depositional features (Fig. 5d). The

crystals in type 2 dolomite are truncated by the early sty-

lolites, which indicates that the type 2 dolomite most likely

predated or developed simultaneously with the formation

of the stylolites (Fig. 5e). The early stylolites in the car-

bonate rocks may have developed at \300 m depth

(Fabricius and Borre 2007), which indicates that the type 2

dolomite formed during a period of shallow burial.

6.2 Stratigraphic constraints

The type 1 dolomites in the Ma5
5 submember have been

shown to have formed in an evaporite-restricted condition

based on their stratigraphic relationships. Type 1 dolomite

is primarily represented by laminated, distorted green

algae, and gypsum-bearing muddy dolomite originating in

a supratidal environment (Figs. 5b, c, 6a), and its textural

characteristics and geographic distribution may be corre-

lated with the composite sea-level changes recorded in the
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Fig. 5 Photomicrographs showing the petrographic characteristics of the dolomite. a Peloidal packstone–wackestone that developed in the lower part

of the whole M5
5 submember carbonate strata. b Peloidal grainstone that is cemented by fine equant calcite cement, which is related to early marine

cementation. c Type 1 dolomite that is primarily characterized by microcrystalline (\30 lm), euhedral to subhedral dolomite crystals. d Layered type 1

dolomite that is associated with pyrite and anhydrite, and the anhydrite is replaced by the precipitation of calcite, though some retain the algal laminae

structure. e Laminar algal dolomite that is characterized by crumpled textures and retains the original features and primary sedimentary structures. f Type

2 dolomite that is primarily present as finely crystalline (30–100 lm), regular crystal plane, euhedral to subhedral dolomite crystals with abundant

intercrystalline pores; this type 2 dolomite commonly exhibits the destruction of the fabric and indistinct original depositional features as a result of

diagenesis. g Type 2 dolomite that occurs primarily as finely crystalline, euhedral to subhedral dolomite crystals that were truncated by stylolites. This

indicates that the Rd2 dolomite most likely predated or developed alongside the stylolites. h Type 2 dolomite that exhibits dull to dark red luminescence,

with calcite cement pore fillings displaying orange luminescence
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carbonate succession (Figs. 2b, 3). The Ma5
5 submember

deposits were largely replaced by type 1 dolomite on the

shallow water carbonate platform, whereas the thinly

bedded dolomite sequences (Fig. 4) and the lack of mas-

sive gypsum/anhydrite suggest that the type 1 dolomite

formed from penesaline seawater in a near-surface envi-

ronment, with magnesium ions provided by a combination

of high- and low-frequency sea-level changes (Qing et al.

2001). The development of dolomite in a zone of mixed

meteoric and marine water has been questioned and con-

sidered to be unlikely by many researchers (Hardie 1987;

Melim et al. 2004). A mixed water process for dolomiti-

zation is not consistent with the type 1 dolomite, particu-

larly because the dolomite strata in the Ma5
5 submember are

generally approximately horizontal rather than present as

lenses (as in the mixing zone model) or related to

unconformities.

The geometric configurations and distribution of the

type 2 dolomite bodies are apparent constraints on the

origin of the dolomite (Warren 2000). Type 2 dolomite is

primarily present as discrete, unevenly distributed rocks in

the middle–upper part of the Ma5
5 submember (Fig. 4), and

its distribution and abundance are closely related to those

of the type 1 dolomite. Type 1 dolomite is present as a set

of thinly bedded, continuous, laminar algal subtidal–inter-

tidal cyclical sequences that overlie the type 2 dolomite

and are associated with a downward decrease in the

abundance of the type 2 dolomite (Figs. 3, 4). This asso-

ciation suggests that the dolomitizing fluids may have

originated in the overlying strata. Another possibility is that

type 2 dolomite developed as a result of the minor to

extensive modification of type 1 dolomite. Studies suggest

that early-formed dolomites in ancient carbonates com-

monly experience diagenetic modification (stabilization or

recrystallization) (Rott and Qing 2013).

6.3 Implications of the geochemical data

The type 1 dolomite yields d18O values ranging from -7.5

to -6.1 % (average -6.86 %), which are higher than the

estimated values of the Middle Ordovician marine lime-

stone -9.5 to -7.5 %) (Table 1; Fig. 7) and slightly lower

than those of dolomite precipitated from Middle Ordovi-

cian seawater. Therefore, the dolomite may be related to

dolomite recrystallization at higher temperatures during

burial, but the replacement of the carbonate sediments by

dolomitizing fluids took place in the early contemporane-

ous seawater. The d13C values and 87Sr/86Sr ratios in the

type 1 dolomite are comparable with those in the corre-

sponding limestone in the Ma5
5 submember and were

inherited from the precursor limestone (Fig. 7). The d13C

values of carbonates are usually rock-buffered during dia-

genesis if no significant amount of organic CO2 is involved

(Banner and Hanson 1990; Warren 2000). The appearance

of algae laminae with rare gypsum pseudomorphs suggests

that the type 1 dolomite formed in a near-surface, low-

temperature, and penesaline environment.

The type 2 dolomite yields carbon isotopic values that

overlap with the estimated values of the Middle Ordovician

marine limestone in the Ma5
5 submember, which is inter-

preted to reflect the carbon isotopic compositions of the

precursor limestone and type 1 dolomite. However, the

type 2 dolomite displays lower d18O values and higher
87Sr/86Sr ratios compared to the type 1 dolomite (Fig. 8).

The more negative d18O values have two causes, namely,

dolomitization at deeper burial depths and elevated tem-

peratures or the participation of fresh water (Gregg and

Shelton 1990; Durocher and Al-Aasm 1997). It is unlikely

that meteoric water was responsible for the low d18O val-

ues in the type 2 dolomite based on its petrographic fea-

tures and the lack of evidence of meteoric diagenesis. The

shift to depleted d18O values in the type 2 dolomite was

most likely due to recrystallization at elevated temperatures

during burial. The higher 87Sr/86Sr ratios in the type 2

dolomite relative to the type 1 dolomite are most likely

related to recrystallization in more radiogenic pore water

with slightly elevated 87Sr/86Sr ratios.

The type 1 dolomites (54.3 %–62.6 %, average 59.1 %

mol% CaCO3) are typically nonstoichiometric, and the

type 2 dolomites have more stoichiometric compositions

(50.8 %–55.7 %, average 54.3 % mol% CaCO3) than type

1 dolomites, indicating that these rocks underwent diage-

netic modification (Table 2; Fig. 9). It is possible that the

nearly stoichiometric compositions of the type 2 dolomites

are due to the recrystallization of dolomites or dolomiti-

zation in pore water during burial. Studies have suggested

that this stoichiometry is a function of both the chemistry

and the duration of interaction with dolomitizing/stabiliz-

ing fluids (Sibley 1990). In addition, the Ca concentrations

in syndepositional dolomites decrease with increasing

crystal size (Warren 2000). These previous findings sug-

gest that the initially Ca-rich type 1 dolomite formed near

the surface during a period of rapid penecontemporaneous

crystallization and that the type 2 dolomite formed via the

recrystallization of dolomites or via dolomitization during

burial. The Sr concentrations of the type 2 dolomites

(69–124 ppm, average 92 ppm) are lower than those of the

evaporitic marine type 1 dolomite (138–190 ppm, average

165 ppm). Recrystallization and dolomitization assist in

stoichiometric enhancement and commonly lower the Sr

concentrations in dolomite due to the low distribution

coefficient of this element (\\1), a low Sr/Ca ratio in the

solutions, and/or low reaction rates (Banner 1995)

(Fig. 10).

The Na concentrations in the type 1 dolomite

(387–559 ppm) are significantly higher than those in the
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Table 1 Isotope data of the Ma5
5 submember carbonate rocks in the Daniudi area

Well number Lithology Strata Depth, m d18O, % (PDB) d13C, % (PDB) Sr87/Sr86 (±SE)

D92 Type 1 dolomite Ma5
5 2970.44 -6.7 -0.1

D92 Type 1 dolomite Ma5
5 2985.45 -6.2 -0.1

D56 Type 1 dolomite Ma5
5 2826.1 -6.6 -0.6

D56 Type 1 dolomite Ma5
5 2825.4 -6.2 -0.3

D92 Type 1 dolomite Ma5
5 2984.38 -6.4 -0.2

D92 Type 1 dolomite Ma5
5 2983.97 -6.1 -0.1

D65 Type 1 dolomite Ma5
5 2871.55 -7.2 -0.7

D65 Type 1 dolomite Ma5
5 2871.7 -7.1 -0.8

D56 Type 1 dolomite Ma5
5 2836.61 -6.8 -0.5 0.709242 ± 0.000064

D78 Type 1 dolomite Ma5
5 2637.96 -7.0 -0.4 0.709128 ± 0.000098

D92 Type 1 dolomite Ma5
5 2973.28 -7.5 -1.0 0.709326 ± 0.000052

D32 Type 1 dolomite Ma5
5 2881.82 -7.0 -0.6

D32 Type 1 dolomite Ma5
5 2884.05 -7.1 -0.1

D29 Type 1 dolomite Ma5
5 2834.55 -6.6 -0.8 0.709082 ± 0.000072

D53 Type 1 dolomite Ma5
5 3012.5 -7.2 -1.0 0.709224 ± 0.000065

D78 Type 1 dolomite Ma5
5 2638.56 -6.5 -0.6 0.709148 ± 0.000024

D78 Type 1 dolomite Ma5
5 2643.32 -6.6 -0.5 0.709168 ± 0.000012

D65 Type 2 dolomite Ma5
5 2873.44 -7.0 0.3

D56 Type 2 dolomite Ma5
5 2842.67 -8.5 0.4

D48 Type 2 dolomite Ma5
5 3009.53 -7.4 0.3

D48 Type 2 dolomite Ma5
5 3013.65 -7.3 0

D48 Type 2 dolomite Ma5
5 3017.32 -7.1 -0.6

D48 Type 2 dolomite Ma5
5 3023.54 -8.1 0.1

D44 Type 2 dolomite Ma5
5 2720.31 -7.7 0.1 0.709382 ± 0.000072

D44 Type 2 dolomite Ma5
5 2720.98 -7.5 0.1 0.709404 ± 0.000044

D44 Type 2 dolomite Ma5
5 2722.3 -7.9 -0.1 0.709485 ± 0.000054

D44 Type 2 dolomite Ma5
5 2723.07 -6.9 0.2 0.709188 ± 0.000072

D29 Type 2 dolomite Ma5
5 2819.74 -7.3 -0.6 0.709326 ± 0.000026

D48 Type 2 dolomite Ma5
5 3013.65 -7.2 -0.5 0.709254 ± 0.000090

D48 Type 2 dolomite Ma5
5 3014.88 -7.5 -0.9

D78 Type 2 dolomite Ma5
5 2639.06 -7.9 -0.4 0.709308 ± 0.000034

D78 Type 2 dolomite Ma5
5 2639.44 -8 -0.3

D78 Type 2 dolomite Ma5
5 2638.20 -7.7 -0.3

D78 Type 2 dolomite Ma5
5 2638.68 -7.9 -0.2

D65 Type 2 dolomite Ma5
5 2872.32 -7.5 -0.3

D65 Type 2 dolomite Ma5
5 2872.97 -7.8 0.2

D65 Type 2 dolomite Ma5
5 2873.45 -7.6 -0.6

D65 Limestone Ma5
5 2873.82 -8.8 -1.3

D53 Limestone Ma5
5 2986.14 -8.7 -0

D53 Limestone Ma5
5 2987.97 -8.5 -1.0

D53 Limestone Ma5
5 2994.5 -8.3 -0.4

D53 Limestone Ma5
5 3003.7 -8.3 -0.1

D29 Limestone Ma5
5 2831.5 -9.0 -1.5 0.708992 ± 0.000084

D29 Limestone Ma5
5 2821.95 -9.2 -0.9 0.709158 ± 0.000036

D56 Limestone Ma5
5 2831.61 -7.9 -0.1 0.708998 ± 0.000052

D101 Limestone Ma5
5 2777.00 -7.8 -1.4 0.709106 ± 0.000045

D92 Limestone Ma5
5 2990.55 -9.0 -2.1
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Ma5
5 submember limestone (average 274 ppm) and are

similar to those in the type 2 dolomite (349–465 ppm),

which is inferred to have formed from evaporitic or slightly

modified seawater (Staudt et al. 1993). The Na concen-

trations in dolomite generally increase with the salinity of

dolomitizing fluids and decrease with stoichiometric

enhancement (Mazzullo 1992). However, the distribution

coefficient of the Na concentrations in dolomite is not well

known (Wheeler et al. 1989). The variable Na concentra-

tions in dolomite may not reflect changes in the salinity of

the dolomitizing fluids, and the Na concentrations during

dolomitization are not useful indicators of the chemistry of

the parent fluid (Wheeler et al. 1989; Fu et al. 2006).

The Fe and Mn concentrations in the type 2 dolomites

are higher than those in the type 1 dolomites and the Ma5
5

submember limestone, suggesting that the dolomitic fluids

in the pore water were slightly reducing, incorporating

Fe2? and Mn2? more easily into the crystal lattice. The

high concentrations of Mn and Fe in the type 2 dolomites

and the lower concentrations of Mn and Fe in the precursor

limestone show that there were no significant sources of

these elements, which suggests that the dolomitic fluids

precipitated under slightly reducing conditions or that the

dolomite formed in a late burial environment (Warren

2000; Franzolin et al. 2012) (Fig. 11).

6.4 Hydrology of the dolomitizing fluids

The hydrology of dolomitizing fluids is such that dolomi-

tization requires both the active circulation of Mg-rich

fluids and favorable geochemical conditions to overcome

kinetic barriers to dolomitization (McKenzie 1980).

Dolomite associated with evaporites is commonly inter-

preted to be related to brine seepage reflux (Warren 2000;

Fu et al. 2006). The type 1 dolomite is primarily repre-

sented by laminated, meter-scale, peritidal, cyclic, gypsum-

bearing muddy dolomite deposited in a supratidal envi-

ronment. It is suggested that the type 1 dolomite formed in

marine conditions of slightly elevated salinity and that the

dolomitization may have occurred in extensive platform-

top environments associated with the repeated flooding and

reflux of marine water with slightly higher salinity

(Friedman and Sun 1995). The flux distribution varies by

orders of magnitude along the flow path (Jones and Rostron

2000). The discontinuous (lengths of 40–50 km and widths

of 20–30 km), meter-scale, stratiform dolomites were

controlled by fourth- or fifth-order regressions associated

with major storms during which seawater was transported

tens of kilometers (Montañez and Read 1992). The strati-

graphic distribution of the dolomite was also controlled by

its position within third-order depositional sequences dur-

ing the early deposition of the Ma5 member (Fig. 2b). The

regressive facies of the third-order sequences tends to be

represented primarily by dolomite, whereas the transgres-

sive facies retains abundant limestone (Montañez and Read

1992). The reflux model is based on the presence of

transgressive facies in third-order depositional sequences

with fourth- or fifth-order regressions (Fig. 2b). This

regional-scale reflux is a viable mechanism for regional-

scale dolomitization during shallow burial (\500 m)

Table 2 Elemental concentrations of the Ma5
5 submember carbonate rocks in the Daniudi area

Well number Lithology Ca, mol% Ca, ppm Mg, ppm Na, ppm Fe, ppm Sr, ppm Mn, ppm

D29 Limestone 99.2 434,600 2040 234 406 158 26

D29 Limestone 99.0 422,400 2640 292 420 152 18

D56 Limestone 99.0 353,900 2220 274 260 144 17

D101 Limestone 98.7 420,400 3300 297 145 171 42

D29 Type 1 dolomite 62.6 257,600 92,400 514 1565 138 50

D53 Type 1 dolomite 61.9 278,800 103,100 444 910 153 44

D56 Type 1 dolomite 56.5 245,800 113,400 387 1145 146 40

D78 Type 1 dolomite 58.9 245,900 102,800 455 876 152 42

D92 Type 1 dolomite 61.4 269,700 101,600 559 1685 169 48

D78 Type 1 dolomite 59.2 248,400 102,800 442 1325 190 44

D44 Type 1 dolomite 54.3 219,700 110,900 442 1270 188 56

D78 Type 1 dolomite 58.0 225,600 98,000 437 1837 181 53

D29 Type 2 dolomite 55.0 229,000 112,300 392 2237 94 52

D48 Type 2 dolomite 55.7 249,400 118,800 434 1948 69 79

D78 Type 2 dolomite 55.3 233,900 113,300 409 1973 104 54

D44 Type 2 dolomite 50.8 200,400 116,500 349 1682 92 62

D44 Type 2 dolomite 54.5 224,600 112,400 465 2042 124 70

D44 Type 2 dolomite 54.4 220,900 111,100 462 2491 69 80
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(Haeri-Ardakani et al. 2013). Seawater with slightly ele-

vated salinity can result in the generation of dense plat-

form-top brines. These dense brines are potential

dolomitizing fluids that can descend into underlying pore

networks under the influence of gravity. However, the flow

of diagenetic fluids critically depends on spatial variations

in the permeability, generating complex dolomite bodies at

a range of scales (Al-Helal et al. 2012). Intervals of peri-

tidal cycles dominated by dolomite are abundant in the

areas of regional highs and on the inner platform during

regressive periods, whereas limestone-rich cyclic intervals

develop best near depocenters during transgression periods

(Zhang et al. 2015). In the study area, this trend most likely

resulted in the uneven distribution of the dolomite but was

also related to sea-level fluctuations (Fig. 12). Of course,

the dolomitizing fluids were easily partitioned by the

regional highs, and the gently inclined, very shallow epi-

continental carbonate platform also encourages vertical

infiltration of the dolomitizing fluids while discouraging

lateral migration, which may be the cause of the disconti-

nuity in the dolomite distribution (as exemplified in well-

D61 and well-D69). The bottom of the Ma5
5 submember

Fig. 6 Photomicrographs showing the depositional characteristics of the dolomite. a Laminar algal dolomite with stromatolites that are

characterized by crumpled textures and retain the original features and primary sedimentary structures, displaying a gradual upward-deepening

sequence. b Type 2 dolomite that appears to have accumulated alongside stylolites; the organic seams may be contemporaneous with the early

stylolites. c Continuous, well-laminated dolomite that generally developed in the algal laminae in the supralittoral zone and may preserve the

sedimentary fabric
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contains a set of layered algal dolomites, which are an

important indicator of the early genesis of the type 1

dolomite (Harwood and Sumner 2012). The relationship

between the petrography and distribution of the dolomite is

illustrated by the fact that a few of the transgressive

depositional facies contain stacks of partially dolomitized

rocks and limestone cycles (Figs. 3, 4). This pattern indi-

cates that the distribution of the syndepositional dolomite is

closely associated with sea-level changes.

6.5 Dolomitization mechanism

The Middle Ordovician Ordos platform was protected from

the open sea to the west by the central uplift and developed

gentle slope (\1�), restricted evaporative tidal-flat facies in

the Ma5 member of the Majiagou Formation (Zhou et al.

2011) (Fig. 12). The precipitation of anhydrite was con-

ducive to elevated Mg2?/Ca2? molar ratios and lowered

the SO4
2- concentrations of the brines. Dolomitization was

likely further promoted by low-sulfate concentrations due

to sulfate reduction in the tidal-flat sediments (Shelton
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et al. 2009). Abundant pyrite has been shown to be syn-

depositional in tidal-flat sedimentary conditions and the

meter-scale stratigraphy of the dolostone, which lacks

massive gypsum/anhydrite, indicates that the synsedimen-

tary deposits of the Ma5
5 submember developed in a very

shallow and slightly altered seawater environment. Ele-

vated salinity seawater percolated downward through the

underlying carbonates, resulting in the dolomitization.

The rate of brine flux is proportional to the concentra-

tion of the brine and critically depends on the magnitude

and distribution of the permeability (Jones et al. 2004).

However, synsedimentary unconsolidated deposits gener-

ally have higher permeability and porosity, and the

dolomitization may have occurred in extensive platform-

top environments associated with the repeated flooding and

reflux of marine water with slightly higher salinity.

The type 2 dolomite primarily consists of finely crys-

talline, regular crystal plane, euhedral to subhedral dolo-

mite crystals that replaced the limestone matrix. The type 2

dolomite is closely associated with the type 1 dolomite in

the stratigraphic column and is most likely related to the

downward flow of modified seawater at elevated temper-

atures during burial (Figs. 3, 4) based on the following

evidence. First, the type 2 dolomite is characterized by

finely crystalline, regular crystal plane, euhedral to sub-

hedral dolomite crystals that most likely predated or were

coeval with early stylolitization at intermediate burial

depths. Second, the bodies of the type 2 dolomite are

scattered and discontinuous, vary greatly in thickness and

generally decrease in abundance downward. The type 2

dolomites are characterized by the partial to complete

replacement of muddy limestone/wackestone but rarely

replace packstone that experienced early marine cementa-

tion (Fig. 5h), which resulted in a decrease in permeability.

Thus, the replacement by dolomite likely postdates the

calcite cementation. Finally, the type 2 dolomite displays

lower d18O values and Sr? concentrations and slightly

higher Na?, Fe2?, and Mn2? concentrations and 87Sr/86Sr

ratios, suggesting that the type 2 dolomites precipitated

from modified seawater and dolomitic fluids in the pore

water and that their development was affected by elevated

temperatures.

Thermal convection has been proposed by some

researchers (Morrow 1998; Jones et al. 2004), but the type

2 dolomites are not likely related to thermal convection.

The northern Ordos Basin may have experienced tectonism

and large-scale heat flow anomalies during the Late Pale-

ozoic (Wang et al. 2006), but thermal anomaly events are

not consistent with the timing of the formation of the type 2

dolomites. Fault and fracture conduit systems are com-

monly important and efficient in delivering dolomitizing

fluids to the overlying strata, thus causing extensive

dolomitization (Qing and Mountjoy 1989). Faults are rare

in the northern Ordos Basin, but fractures are well devel-

oped in the Ma5
5 submember, and parts of this unit have

been affected by calcite cementation. However, the frac-

tures are mostly present in the limestone, and the under-

lying fractured limestone displays no dolomitization

features. Furthermore, the type 2 dolomite did not form

from upward-migrating basinal fluids in a burial environ-

ment because the volume of the dolomite decreases

downward.

7 Conclusions

The Middle Ordovician Ma5
5 submember carbonate unit in

the northern Ordos Basin is partially to completely

dolomitized. Two types of replacive dolomite are distin-

guished: (1) type 1 dolomite, which is primarily charac-

terized by microcrystalline (\30 lm), euhedral to

subhedral dolomite crystals, mimetically replaces the pre-

cursor limestone, and is generally laminated and associated

with gypsum-bearing microcrystalline dolomite; and (2)

type 2 dolomite, which is present primarily as finely

crystalline (30–100 lm), regular crystal plane, euhedral to

subhedral dolomite crystals that are truncated by stylolites,

indicating that the type 2 dolomite most likely predated or

developed simultaneously with the formation of the stylo-

lites. Stratigraphic, petrographic, and geochemical data

indicate that the type 1 dolomite formed in slightly evap-

orated Middle Ordovician seawater and that dolomitizing

fluids may have been driven by density differences and

elevation-related hydraulic head. The absence of

High-frequency 
sea-level changes 
drive reflux fluids 
into platform 

Sabkha dolomite Penesaline dolomite

EvaporationStorm recharge
Free inflow

Central paleo
-uplift

PenesalineSabkha saline Vitasaline

Dolomitizing fluids

Reflux flow

Fig. 12 Diagram indicating the dolomitization model of peritidal carbonates by slightly evaporated (penesaline) sea water in a restricted

platform setting driven by high-frequency sea-level changes (after Adams and Rhodes 1960; Qing et al. 2001)
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depositional evaporites in the dolomitized intervals sug-

gests that dolomitization was driven by the reflux of

slightly evaporated seawater. The d18O values of type 1

dolomite are slightly lower than those of the seawater-

derived dolomite, suggesting that dolomite may have been

recrystallized at higher temperatures during burial.

The type 2 dolomite has lower d18O values and Sr?

concentrations and slightly higher Na?, Fe2?, and Mn2?

concentrations and 87Sr/86Sr ratios than the type 1 dolo-

mite. These results suggest that the type 2 dolomites pre-

cipitated from modified brines and dolomitic fluids from

pore water and that their development was affected by

elevated temperatures. Their distribution and abundance

are closely related to those of the type 1 dolomite, but their

downward decrease in abundance and discontinuous lateral

distribution suggest that the dolomitizing fluids were most

likely related to the infiltration and diffusion of penesaline

water that replaced the carbonate sediments in association

with higher temperatures related to shallow burial. The

relationship between the petrography and distribution of

the dolomite is illustrated by the fact that a few of the

transgressive depositional facies contain stacks of partially

dolomitized rocks and limestone cycles, indicating that the

distribution of the syndepositional dolomite is closely

associated with cyclic sea-level changes, which may

account for the development of the discrete dolomite

bodies.
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