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ABSTRACT 

Giant strata-bound magnesite deposits are absent in modern and most Phanerozoic 

sedimentary environments but occur predominantly in Precambrian strata. These deposits 

may have formed directly through precipitation of evolved Mg-rich seawater in an 

evaporative shallow-marine setting or, alternatively, by epigenetic-hydrothermal 

replacement of the Mg-rich carbonate precursor. To test these hypotheses, we obtained 

the first Mg isotope data from the world’s largest strata-bound magnesite deposit belt, 

hosted by the ca. 2.1 Ga Dashiqiao Formation in Northeast China. The Mg isotope 

compositions (δ26Mg) of most magnesite ores in the Huaziyu deposit are heavier (–0.75 ± 

0.26‰) than most Proterozoic sedimentary dolomite. The Mg isotope compositions and 
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major and trace element data indicate that the magnesites are probably not of 

hydrothermal origin. Instead, a Mg-rich carbonate precursor precipitated from 

evaporating seawater in a semi-closed system. Diagenetic brines altered the Mg-rich 

carbonate precursor to magnesite. Subsequently, recrystallization during regional 

metamorphism produced coarsely crystalline and saddle magnesite. These interpretations 

are consistent with the geological features and other geochemical data (element 

concentrations and C and O isotopes) for the magnesite ores. Hence, we interpret the 

formation of the Huaziyu magnesite deposit to be dominated by evaporative 

sedimentation and brine diagenesis. 

 

Keywords: Mg isotopes; magnesite deposit; Paleoproterozoic; evaporative sedimentation; 

diagenesis 

 

1. Introduction 

The world’s largest strata-bound magnesite (MgCO3) deposits, suggested to be of 

Veitsch-type magnesite (i.e., hosted by marine carbonates; Pohl, 1990), occur in 

Paleoproterozoic carbonates of the ca. 2.1 Ga Dashiqiao Formation of Northeast (NE) 

China (Zhang, 1988). Deposition of the magnesite ores occurred during the ca. 2.22-2.06 

Ga Lomagundi Event, which marks a time of dramatic changes in Earth’s surface 

environment (Bekker and Holland, 2012). The Lomagundi Event is associated with high 

rates of organic carbon burial (reflected by a worldwide positive δ13C excursion in 

carbonates) and relatively high seawater sulfate concentrations (reflected by deposition of 

marine evaporites containing gypsum and anhydrite, as well as by the sulfur isotope 
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compositions of sedimentary sulfate and pyrite) that together point to an episode of 

increased atmosphere and ocean oxygenation (Bekker and Holland, 2012; Bekker et al., 

2006; Melezhik et al., 2005; Planavsky et al., 2012; Reuschel et al., 2012; Schröder et al., 

2008; Scott et al., 2014). 

Deposition of the magnesite ores may suggest locally high seawater Mg/Ca ratios. 

Thin beds of magnesite can precipitate from Mg-rich seawater in modern saline lakes, 

playas, or sabkhas (Power et al., 2014), but large-scale strata-bound magnesite deposits 

occur mainly in Precambrian strata (Frank and Fielding, 2003). Precipitation of evolved 

Mg-rich seawater in an evaporative marine setting may have triggered the formation of 

giant strata-bound magnesite deposits (Pohl, 1990). However, an alternative hypothesis is 

that epigenetic-hydrothermal processes formed magnesite via the replacement of 

sedimentary carbonate rocks, with the Mg being derived from leaching of dolostones or 

other Mg-rich rocks in the region (Aharon, 1988; Henjes-Kunst et al., 2014). 

Thus, new evidence is needed to resolve the controversy about the genesis of giant 

strata-bound magnesite deposits. These deposits are typically affected by greenschist to 

amphibolite facies metamorphism (Zhang, 1988). In contrast with traditional stable 

isotope tracers used to study magnesite deposits (e.g., C and O isotopes), Mg isotope 

fractionation is limited in bulk samples during prograde metamorphic dehydration and 

early diagenesis as inferred from similar Mg isotope compositions in greenschist to 

eclogite facies rocks from eastern China and carbonate sediments from Ocean Drilling 

Program site 807, respectively (Higgins and Schrag, 2012; Wang et al., 2014). Moreover, 

limited Mg isotope fractionation occurs during high-temperature igneous differentiation 

whereas pronounced isotope fractionation is observed during low-temperature geological 
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processes, such as chemical precipitation, dolomitization, and fluids metasomatism 

(Azmy et al., 2013; Galy et al., 2002; Geske et al., 2015a; Immenhauser et al., 2010; 

Lavoie et al., 2014; Shirokova et al., 2013; Teng et al., 2007; Walter et al., 2015). Hence, 

the Mg isotope composition of magnesite has potential to distinguish between competing 

hypotheses for the genesis of giant strata-bound magnesite deposits. We use Mg isotopes 

together with element concentrations and C and O isotopes to trace the metallogenic 

processes responsible for the formation of the giant strata-bound Huaziyu magnesite 

deposit hosted by the Dashiqiao Formation. 

 

2. Geological setting 

The North China Craton (NCC) is one of the oldest cratons on Earth and is endowed 

with a wealth of ore deposit types such as banded iron formations (BIFs), SEDEX Pb-Zn 

deposits, massive sulfide deposits, strata-bound magnesite deposits, and boron deposits 

(Zhao and Zhai, 2013). In the Liaohe Group of the NCC, dozens of strata-bound 

magnesite deposits are found in a belt 60 km long by 1-2 km wide that extends from the 

cities of Dashiqiao to Haicheng (Zhang, 1988) (Fig. 1a). These giant strata-bound 

magnesite deposits underwent greenschist to amphibolite facies regional metamorphism 

at ~1.9 Ga and had an intense recrystallization to form the coarsely crystalline and saddle 

magnesite (Zhao and Zhai, 2013). 

Generally, the Liaohe Group is subdivided into five formations in the Dashiqiao area. 

In ascending stratigraphic order, these comprise the Langzishan Formation, Lieryu 

Formation, Gaojiayu Formation, Dashiqiao Formation, and Gaixian Formation (Zhang, 

1988; Zhao and Zhai, 2013). The Dashiqiao Formation is dominated by carbonate rocks 
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and is subdivided into three Members (Zhang, 1988). The lowermost Member 1 

comprises thin limestone interbedded with calcareous shale. Member 2 is characterized 

by shale intercalated with sandstone and limestone. The uppermost Member 3 is the 

thickest member and is dominated by dolomitic carbonates that host the strata-bound 

magnesite deposits, including the Huaziyu deposit. The magnesite deposits are stratiform 

and conformable with their host rocks. Along with the magnesite deposits, ca. 40-50 cm 

thick interlayers of lenticular sedimentary gypsum (Chen et al., 2002) and variously 

shaped stromatolites (Zhang, 1988) are found in the host rocks (Fig. 1b). Based on the 

rock and mineral assemblages and their geochemistry, a range of sedimentary facies are 

represented in the Dashiqiao Formation, including (from north to south) littoral clastic, 

restricted platform, littoral beach and bar, semi-restricted platform, and open platform 

facies (Chen et al., 2002; Dong et al., 1996; Feng et al., 1995). The magnesite-bearing 

Member 3 carbonates were likely deposited in a restricted platform setting such as a 

lagoon. 

Zircons from a fine-grained biotite gneiss in the Lieryu Formation, stratigraphically 

below the Dashiqiao Formation, yielded a U-Pb age of 2179 ± 8 Ma that represents the 

crystallization age of the original volcanic rock and thus a maximum depositional age 

constraint for the Dashiqiao Formation (Wan et al., 2006). Detrital zircons from the 

Gaixian Formation, stratigraphically overlying the Dashiqiao Formation, yielded U-Pb 

ages from ca. 2225 to 2021 Ma (Wan et al., 2006). Hence, the Gaixian Formation must 

have been deposited after ca. 2021 Ma. Calcium sulfate minerals are found within the 

magnesite deposits (Chen et al., 2002), suggesting deposition of the host carbonate 

sediments during the Lomagundi Event (Bekker et al., 2006; Melezhik et al., 2005; 
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Planavsky et al., 2012; Reuschel et al., 2012; Schröder et al., 2008). Combined, these 

geochronological and geological constraints suggest that the Dashiqiao Formation was 

deposited around ca. 2.1 Ga.  

 

3. Materials and methods 

The Huaziyu magnesite deposit has two main magnesite ore bodies hosted within 

Mg-rich carbonates of the uppermost Member 3 in the Dashiqiao Formation (Fig. 1b). 

Both ore bodies have similar geological features. We focused on the upper magnesite ore 

body in this study (Fig. 1b). The base of this magnesite ore body comprises <10 m of 

dolomitic marble that is overlain by about 200 m of magnesite that is stratiform and 

conformable with the host rocks. A carbon-rich magnesite ore bed several meters thick is 

also observed in the middle of this magnesite ore body. The magnesite ore body is 

generally overlain by dolomitic marble and phyllite.  

A range of textures in the magnesite ores and surrounding dolomitic marbles were 

observed in the field, including primary sedimentary structures, diagenetic fabrics, and 

recrystallization textures. Major sedimentary features include mud cracks and hail 

impressions beneath magnesite orebodies, horizontal bedding, and stromatolites in the 

magnesite ores (Fig. 2; Zhang, 1988). Diagenetic fabrics are represented by the 

appearance of diagenetic magnesite crystals in sedimentary magnesite and slump folds of 

diagenetic magnesite (Zhang, 1988). Nearly all of the magnesite ores in the Huaziyu 

deposit are characterized by intense recrystallization (Fig. 2). In addition to the two main 

magnesite orebodies, many smaller magnesite layers <15 m thick are hosted in dolomitic 

marbles and siliceous dolomitic marbles. These features of the Huaziyu magnesite 
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deposit are also typical of other giant strata-bound magnesite deposits (Jiang et al., 2004; 

Luo and Wang, 1989, 1990; Zhang, 1988).  

Magnesite ore samples (M1 to M20) were collected from the Huaziyu magnesite 

deposit (Fig. 1). One dolomitic marble was also obtained from the footwall of the deposit 

(M21). For comparison, several thinner magnesite ores (M31, M32, M35, M36) and 

dolomitic marbles (C02, C03, C04, C06) were collected from Member 3 of the Dashiqiao 

Formation near Chenjiacun, which is about 14 km southwest of the Huaziyu deposit.  

Rocks or ores were collected from surface outcrop that lacked obvious evidence for 

weathering. Samples were powdered in an agate mortar for bulk mineralogical and 

chemical analysis. The mineralogical compositions of all samples were determined by X-

ray diffraction (XRD) at the Institute of Mineral Resources, Chinese Academy of 

Geological Sciences (CAGS). Major element concentrations were measured using X-ray 

fluorescence (XRF) spectroscopy at the Australian Laboratory Services Company. Each 

powdered sample was fused with a lithium metaborate-lithium tetraborate flux containing 

an oxidizing agent (lithium nitrate), and then poured into a platinum mound for analysis. 

The analytical reproducibility is generally within 5% for major oxides based on analysis 

of rock standards and duplicate samples. Loss on ignition (LOI) was measured by heating 

1 g of sample powder at 1100°C for 1 h.  

Trace element concentrations were measured by inductively coupled plasma mass 

spectrometry (ICP-MS, Finnigan MAT Element) at the Institute of Geochemistry, 

Chinese Academy of Sciences. About 100 mg of whole rock powder was digested by a 

mixture of concentrated HNO3 and HCl in screw-top PTFE-lined stainless steel bombs at 

190°C. Details regarding Q-ICP-MS analysis were described previously by Liang et al. 
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(2000). The analytical precision is generally better than 10% for all elements based on 

analysis of rock standards and duplicate samples. 

Carbon and oxygen isotope compositions were measured using a Finnigan MAT 253 

mass spectrometer coupled with a Thermo Finnigan GasBench II system at the Institute 

of Mineral Resources, CAGS. Carbonate micro-samples were loaded manually into 12 ml 

round-bottomed borosilicate Exetainers. A total of 88 Exetainers, including 18 aliquots of 

four national calcite standards (GBW04405, GBW04406, GBW04416, and GBW04417) 

are routinely analyzed during a single analytical session. The Exetainers are 

automatically flushed with grade 5 helium (flow rate of 100 ml/min) by penetrating the 

septa using a double-hole needle. Subsequently, four to six drops of phosphoric acid were 

added to each sample, which were then placed on an aluminum tray heated to 72°C for 4 

h (dolomite) or 24 h (magnesite). The emitted CO2 was separated from other volatile 

components using a gas chromatographic column heated to 72°C, and then passed into 

the mass spectrometer through an open split (see Spötl and Vennemann, 2003 for further 

details). The oxygen isotope fractionation factors of 1.008636, 1.009861, and 1.010022 at 

72°C were applied for calcite, dolomite, and magnesite during the formation of CO2 from 

carbonate by phosphoric acid reaction, respectively (Rosenbaum and Sheppard, 1986; 

Sharma et al., 2002). The δ13C and δ18O data are reported as per mil deviations relative to 

V-PDB. Based on reproducibility of the 18 calcite standards analyzed per run, the 

external precision of δ13C and δ18O is better than 0.1‰ (2σ).  

Magnesium isotope analysis was carried out at the Laboratory of Isotope Geology, 

Institute of Geology, CAGS. About 10 to 50 mg of whole rock powder (depended on the 

Mg content) was digested by a mixture of concentrated HNO3 and HCl (carbonate) or 
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HNO3, HCl, and HF (basalt) in a clean room. Magnesium was separated by a two-stage 

column procedure using Bio-Rad AG50W-X12 resin (200-400 mesh) and eluted with 

HCl (Chang et al., 2003; Li et al., 2008). For the first stage, the resin bed was first 

washed 3 times with 3 ml of 0.5 M HF and ultrapure water, and then conditioned with 2.5 

ml of 2 M HCl. The sample was then loaded in 0.3 ml of 2 M HCl. After washing with 1 

ml of 2 M HCl, the sample was eluted by 6 ml of 2 M HCl. Before the second column, 

the eluted solution from the first column was dried down and re-dissolved with 0.4 M 

HCl. After conditioning the columns with 0.4 M HCl and sample loading, 12 ml of 0.4 M 

HCl was used to wash the resin. Magnesium was then collected by 6 ml of 6 M HCl. 

During column chemistry, one basaltic standard (BCR-2) was processed with each batch 

of unknown samples. 

Magnesium isotope ratios were measured on a Nu Plasma HR-MC-ICP-MS (high-

resolution multi-collector inductively coupled plasma mass spectrometer) instrument 

operating in high-resolution mode and using a sample-standard bracketing (SSB) 

approach to correct for instrumental mass fractionation. Samples are introduced into the 

mass spectrometer in 0.3 M HNO3 using a DSN 100 desolvating nebulizer with Mg 

concentrations of about 1 µg ml-1, where sample and standard solution concentrations are 

matched to within 10%. Data are acquired in blocks of 10 ratios with 10 s integration 

times, and background measurements are taken prior to each data block. The control 

system of the instrument is based on the Linux system, similar to the Nu Plasma HR-MC-

ICP-MS at the University of Oxford (Belshaw et al., 2000). All Mg isotope results are 

reported relative to the DSM3 standard, and are expressed as:  

i i 24 i 24

sample DSM3Mg = [( Mg/ Mg) /( Mg/ Mg) -1] 1000δ × , i = 25 or 26. 
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The long-term external reproducibility of δ26Mg and δ25Mg, based on repeated 

analyses of in-house standard solution CAGSMg2 relative to CAGSMg1, was 0.12‰ and 

0.07‰, respectively (2SD, n = 91 in one year, see Inline Supplementary Fig. A.1). The 

δ
26Mg value of the CAGSMg2 solution relative to DSM3 was –0.37 ± 0.12‰ (2SD, n = 

57 in one year, see Inline Supplementary Fig. A.2). The δ26Mg value of DSM3 (measured 

against itself) was determined to be –0.06 ± 0.08‰ (2SD, n = 10). During the course of 

this study, the δ26Mg value of basalt standard BCR-2 relative to DSM3 was –0.20 ± 0.08‰ 

(2SD, n = 3), which is identical to previously published values (Tipper et al., 2008). 

 

4. Results 

4.1 Mineralogy and major elements 

Most of the magnesite ores are white, light pink, or steel grey. Significant 

recrystallization of magnesite is observed in the Huaziyu deposit (Fig. 2). The mineralogy 

of the ores is dominated by magnesite (>94%, with variable grain size and crystalloblastic 

texture) with only small amounts of quartz, dolomite, clinochlore, and talc. Dolomitic 

marble contains primarily dolomite and subordinate magnesite, quartz, and clinochlore. 

Quartz, carbonate, and clinochlore are preserved as a vein in one magnesite ore (M34) 

from the Dashiqiao Formation near Chenjiacun. The mineral compositions from the 

magnesite ores and dolomitic marbles are summarized in Inline Supplementary Fig. A.3 

and Inline Supplementary Table A.1. 

The major element compositions of the magnesite ores and dolomitic marbles are 

presented in Inline Supplementary Table A.2 and Fig. 3. For the magnesite ores, MgO 

and LOI are the dominant components, ranging from 40.80% to 47.50% (mean = 46.31 ± 
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3.08%, 2SD, n = 24) and 47.82% to 52.08% (mean = 51.22 ± 2.20%, 2SD, n = 24), 

respectively. The CaO content ranges from 0.21% to 2.50% (mean = 0.59 ± 0.92%, 2SD, 

n = 23), except for one dolomitic magnesite (M15; 7.61%). The Sr concentrations range 

between 0.60 and 9.16 mg/kg, except for the dolomitic magnesite (M15; 289 mg/kg). The 

SiO2 content of the magnesite ores is lower than 1%, except for five magnesite samples 

(up to 8.24%). The Al2O3 (<0.64%), Fe2O3 total (<0.77%), and MnO (<0.06%) contents 

are low.  

For dolomitic marbles, the MgO and CaO contents range from 17.40% to 21.60%, 

and from 26.20% to 30.40%, respectively. The SiO2 and Al2O3 contents are 0.28-1.32% 

and 0.01-0.57%, respectively, except for one dolomitic marble (M21) that has high values 

of 12.10% and 2.57%, respectively. The Fe2O3 total (<1.42%) and MnO (<0.08%) contents 

are low.  

 

4.2 Rare earth elements 

The concentrations and patterns of REY (REE + Y) are presented in Inline 

Supplementary Table A.3 and Fig. 4, respectively. The REY data for the magnesite ores 

and dolomitic marbles are normalized relative to Post-Archean Australian Shale (PAAS, 

McLennan, 1989). Slightly positive EuSN anomalies are observed in both magnesite ores 

and dolomitic marbles (Fig. 4). The REY pattern of the magnesite ores from the Huaziyu 

deposit can be divided into two groups. One group has a flat to slightly medium (M)REE-

enriched REY pattern with a low ΣREE concentration. This REY pattern is similar to that 

exhibited by dolomitic marbles from the Dashiqiao Formation and dolostones from the 

Paleoproterozoic Guanmenshan Group of NE China (Tang et al., 2013a). The other group 



  

 

12 
 

has a moderately LREE-depleted and slightly MREE-enriched pattern with a low ΣREE 

concentration.  

 

4.3 Carbon and oxygen isotopes 

The δ13C and δ18O values of the magnesite ores and dolomitic marbles are presented 

in Table 1 and Fig. 5. The magnesite ores and dolomitic marbles have a narrow range of 

δ
13C values from –0.42‰ to 1.17‰, which fall within the range of δ13C observed in 

metasomatic magnesite from Australia and the eastern Alps (Aharon, 1988; Zadeh et al., 

2015), but are more homogeneous. By contrast, the δ13C values of the magnesite ores and 

dolomitic marbles analyzed in our study are generally higher than magnesite associated 

with ultramafic rocks (Fallick et al., 1991) and lower than Paleoproterozoic magnesite 

deposited in a playa or sabkha environment at the time of the Lomagundi Event 

(Melezhik et al., 2001).  

The δ18O values of the magnesite ores and dolomitic marbles range from –22.3‰ to 

–11.3‰, significantly lower than sabkha carbonate and salt lake magnesite deposited 

during the Holocene (Mees and Keppens, 2013) as well as Paleoproterozoic magnesites 

deposited in an evaporative environment (Melezhik et al., 2001). By contrast, the δ18O 

values of the magnesite ores and dolomitic marbles are similar to metasomatic magnesite 

from Australia and the Eastern Alps (Aharon, 1988; Zedef et al., 2000).  

 

4.4 Magnesium isotopes 

The δ26Mg values of all magnesite ores analyzed in this study range from –1.53‰ to 

–0.49‰ (mean = –0.87 ± 0.50‰, 2SD, n=24) (Table 1 and Fig. 6). The δ26Mg values of 
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the magnesite and dolomitic marbles from Member 3 of the Dashiqiao Formation near 

Chenjiacun cluster in a narrow range from –1.21‰ to –1.04‰ (mean = –1.14 ± 0.15‰, 

2SD, n=4) and from –1.48‰ to –1.07‰ (mean = –1.22 ± 0.35‰, 2SD, n=4), respectively. 

By comparison, most magnesite ores from the Huaziyu deposit have a narrow range of 

slightly more positive δ26Mg values, typically between –0.95‰ and –0.49‰ (mean = –

0.75 ± 0.26‰, 2SD, n=18). However, there are two highly negative δ26Mg values in the 

Huaziyu deposit (M13 = –1.53‰ and M15 = –1.26‰). Sample M13 (magnesite ore) is 

not significantly different from other magnesite ores with respect to major and trace 

element concentrations, but sample M15 (dolomitic magnesite ore) has higher Ca and Sr 

concentrations. Sample M21 from the footwall of the Huaziyu magnesite deposit is a 

dolomitic marble and has a δ26Mg value of –0.88‰, similar to the δ26Mg values of the 

Huaziyu magnesite ores. However, sample M21 has significantly higher concentrations 

of Al, Fe, and Sc that point to an appreciable terrigenous component (with higher δ26Mg) 

in this sample.  

 

5. Interpretation and Discussion 

The new Mg isotope dataset is the first for magnesites from giant strata-bound 

magnesite deposits. A notable feature of most Huaziyu magnesite ores is their higher 

δ
26Mg values (–0.75 ± 0.26‰, n=18) compared with most Proterozoic dolostones (Huang 

et al., 2015; Liu et al., 2014; Pokrovsky et al., 2011). Magnesium isotope compositions in 

bulk magnesite ores may not be significantly altered by regional prograde metamorphic 

dehydration, recrystallization, early diagenesis, and low-grade metamorphism (e.g., 

Geske et al., 2012; Higgins and Schrag, 2012; Wang et al., 2014, 2015), but it is possible 
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that fluids metasomatism/dolomitization could produce Mg isotope fractionation (e.g., 

Geske et al., 2015a; Walter et al., 2015). The C and O isotope compositions of the 

magnesite ores are similar to metasomatic magnesite from other localities, suggesting 

alteration of C and O isotope signatures during metasomatism. During recrystallization, 

the REY signatures of bulk magnesite ores may be affected by the presence of clay 

minerals, which contain significantly higher concentrations of REY compared with 

carbonates. Hence, caution is required when using these tracers (C, O isotopes and REY) 

to explain the magnesite formation. Below, we evaluate hydrothermal fluid 

metasomatism versus evaporative sedimentation plus brine diagenesis as mechanisms for 

producing the Huaziyu magnesite ores.  

 

5.1 Hydrothermal metasomatism 

One possible explanation for the formation of the Huaziyu magnesite ores is that 

hydrothermal metasomatism of carbonate rocks by Mg-rich fluids was the key factor 

responsible for magnesite formation (Luo and Wang, 1989, 1990). Two sources are 

possible: 1) a regional hydrothermal fluid that leached Mg from igneous, sedimentary, 

and metamorphic rocks, or 2) a local hydrothermal fluid that acquired most of its Mg 

from the immediately surrounding Mg-rich carbonates.  

The scenario of regional hydrothermal fluid replacement is not consistent with the 

major and trace element geochemistry of the magnesite ores. Assuming a typical 

hydrothermal fluid chemically interacting on a regional scale with igneous and 

sedimentary rocks, the replacement of the carbonate precursor should lead to the 

formation of magnesite ores with a high Fe content (e.g., the Fe2O3 total content ranges 
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from 2.00% to 3.71% in metasomatic magnesite ores; Henjes-Kunst et al., 2014). A high 

Fe content in magnesite ores would result from the ion exchange between Fe2+ and Mg2+ 

(which have similar ionic radii) during hydrothermal replacement of the carbonate 

precursor (Bau et al., 1996). In addition, the originally low ΣREE of the carbonate 

precursor would be significantly affected by interaction with a hydrothermal fluid 

containing high ΣREE concentrations. However, the generally low contents of both Fe2O3 

and ΣREE, as well as low contents of other important chemical constituents in 

hydrothermal fluids (e.g., MnO, Sr) are not consistent with formation of the magnesite 

ores via metasomatic processes involving an Fe-rich hydrothermal fluid.  

Another possible replacement mechanism involves localized leaching of Mg by 

fluids from the surrounding Mg-rich Member 3 carbonates followed by replacement of 

the carbonate precursor by magnesite. The average δ26Mg value of the dolomitic marble 

from Member 3 of the Dashiqiao Formation is –1.14 ± 0.15‰ (2SD, n = 4). Local 

dissolution of Member 3 carbonates should result in the fluid inheriting the Mg isotope 

composition of the carbonates if such rocks are the dominant source of Mg to the fluid. 

Homogenization temperatures of fluid inclusions in magnesite suggests that magnesite 

recrystallization occurred at 280-300°C (Chen et al., 2002). Even at 300°C, the Mg 

isotope fractionation between magnesite and fluid (∆26Mgmagnesite-fluid) is still about –0.5‰ 

(estimated from Pearce et al., 2012). Hence, if most of the Mg was derived from the 

surrounding Mg-rich carbonates, then the magnesite ores produced by metasomatic 

replacement of the carbonate precursor should have δ26Mg values that are lighter than the 

dolomitic marbles of Member 3. However, the δ26Mg values of most of the magnesite 

ores are significantly heavier than the dolomitic marbles of Member 3, indicating that the 
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metasomatic fluid probably did not derive all of its Mg from the surrounding Mg-rich 

carbonates.  

 

5.2 Evaporative sedimentation and brine diagenesis 

Rather than hydrothermal metasomatism, an alternative hypothesis is evaporative 

sedimentation in a semi-closed system (e.g., a lagoon) (Chen et al., 2002; Zhang, 1988). 

The high atmospheric CO2 level and high seawater alkalinity (e.g., Grotzinger and 

Kasting, 1993; Kaufman and Xiao, 2003; Ohmoto et al., 2004; Sheldon, 2006), and 

widespread stromatolites suggesting abundant microbial activity (Grotzinger and Knoll, 

1999) would favor syn-sedimentary and diagenetic dolostone and magnesite formation in 

the Paleoproterozoic, consistent with the abundant dolomitic marbles and magnesite 

deposits in Member 3 of the Dashiqiao Formation, as well as stromatolites in the 

magnesite ores (Zhang, 1988).  

Two sedimentary processes are possible for magnesite formation: 1) direct 

precipitation from evaporating seawater, or 2) magnesitization during brine diagenesis, 

which is described as that a diagenetic Mg-rich brine altered a Mg-rich carbonate 

precursor to magnesite, similar to dolomitization. The magnesite ores (δ26Mg: –0.75 ± 

0.26‰) and Member 3 magnesite (δ26Mg: –1.14 ± 0.15‰) may have directly precipitated 

from highly evaporated seawater and less evaporated seawater, respectively. In this 

scenario, the δ26Mg values of the local evaporating seawater and contemporaneous open 

ocean seawater should be ~1.2‰ and ~0.8‰, respectively, based on the magnesite-fluid 

fractionation factor of about –2‰ at 50°C (estimated from Pearce et al., 2012). Limited 

δ
26Mg variations have been inferred for Cenozoic seawater, despite the factor of four 
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variation in the seawater Mg/Ca ratios (Higgins and Schrag, 2015). However, it is 

impossible to deduce the δ26Mg values of Paleoproterozoic seawater. In light of these 

observations, we cannot totally exclude the hypothesis of direct precipitation of 

magnesite from evaporating seawater based on the Mg isotope data. If the magnesite 

directly precipitated from evaporating seawater, then Paleoproterozoic seawater may 

have had much heavier δ26Mg values (~0.8‰) than modern seawater (–0.82‰). 

Another possible sedimentary process is magnesitization during brine diagenesis 

which would obviate the need to invoke high Paleoproterozoic seawater δ26Mg values 

(~0.8‰). During the magnesitization, sediment pore fluids could be recognized as brine, 

and the magnesite would have formed by a chemical reaction between the brine and 

carbonate precursor, similar to the dolomitization. Due to incomplete exchange between 

sediment pore fluids and overlying brine, magnesites formed by the brine diagenesis 

would thus have higher δ26Mg values than the magnesite which precipitated directly from 

the same brine.  

Other potential factors likely influenced the δ26Mg values of the magnesite ores 

during the magnesitization, including: 1) the δ26Mg values of the brine, 2) Mg 

concentration of the brine, 3) rate of magnesite formation, 4) temperature, and 5) 

alkalinity and pH. The first three parameters are related to the brine composition and 

should be positively correlated with the δ26Mg values of the magnesite ores. Rayleigh 

fractionation during sedimentary carbonate precipitation results in the δ26Mg of the 

remaining water in the lagoon becoming enriched in the heavier Mg isotopes as lighter 

Mg isotopes are preferentially removed into carbonate. A similar process is observed in 

modern alkaline lakes, where the δ26Mg of the lake water (~0.1‰) is significantly heavier 
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than the incoming spring/groundwater (–1.40‰ to –0.80‰) (Shirokova et al., 2013). 

Moreover, a higher rate of magnesite formation would lead to a heavier δ26Mg value for 

the magnesite because of kinetic isotope fractionation (Immenhauser et al., 2010; 

Mavromatis et al., 2014). Higher Mg concentrations in the brine compared with 

contemporaneous seawater may result in a higher rate of magnesite formation during 

magnesitization, thus resulting in heavier δ26Mg values for magnesite.  

The effect of temperature is more difficult to evaluate. Higher temperatures promote 

seawater Mg2+ diffusion into the sediment during magnesitization. In contrast, a higher 

temperature would decrease the magnitude of Mg isotope fractionation between the 

carbonate and fluid, which is further supported by simulation experiments. In such 

experiments, a negative correlation between the temperature and magnitude of Mg 

isotope fractionation was observed in dolomite (Li et al., 2015) and magnesite (Pearce et 

al., 2012), suggesting gradients of 0.011‰/°C for dolomite and 0.014‰/°C for magnesite. 

The minor effect on δ26Mg values of the diagenetic magnesite and limited temperature 

variation in the semi-closed system together suggest that temperature is not the key 

parameter controlling magnesite δ26Mg during magnesitization. 

In addition, other factors such as the greater alkalinity and possibly different pH (a 

consequence of higher atmospheric CO2 partial pressures) of Paleoproterozoic seawater 

versus modern seawater (Grotzinger and Kasting, 1993; Kaufman and Xiao, 2003; 

Ohmoto et al., 2004; Sheldon, 2006) may have influenced the magnitude of Mg isotope 

fractionation during magnesite precipitation or initial precipitated mineral type during 

magnesitization. Evaluation of the effects of different physicochemical conditions on Mg 

isotope fractionation during magnesitization requires additional experimental studies. 
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The abundant dolostones from the Mesoproterozoic Wumishan Formation (3300 m 

thick) of North China have δ26Mg values ranging from –1.72‰ to –1.35‰ (–1.51 ± 

0.21‰, n=27), suggesting that a narrow range of low δ26Mg in dolostones may originate 

from modification of the original carbonate sediments by diagenetic fluids derived from a 

seawater source (Huang et al., 2015). Similarly, the narrow range of heavier δ26Mg values 

for the magnesite ores (–0.75 ± 0.26‰, n=18) implies that magnesite formation involved 

a diagenetic brine with heavier δ26Mg values and higher Mg concentrations than 

contemporaneous seawater at the bottom of the lagoon. In addition, the geochemical 

characteristics of the brine (i.e., Mg-rich, Fe-poor, and REE-poor) are consistent with 

formation of nearly pure magnesite ores (as inferred from mineralogical observations) via 

diagenetic alteration of the carbonate precursor (Jiang et al., 2004). Hence, we suggest 

that Mg-rich brines accumulating in the bottom of the lagoon penetrated into carbonate 

sediments and altered the underlying carbonate precursor to form magnesite during 

diagenesis.  

The hypothesis of brine diagenesis is consistent with the general slightly increasing 

trend in the δ26Mg of the Huaziyu magnesite ores upsection (Fig. 6c). This trend could be 

explained by a gradual increase of the brine concentration and δ26Mg values in the semi-

closed evaporative system, with some reversals to lower δ26Mg attributed to periodic 

incursions of seawater (with lower δ26Mg values than the brine) into the basin.  

Sabkha dolomites have variable δ26Mg (–1.09‰ to –0.38‰; Geske et al., 2015b) 

that covers the δ26Mg range of our magnesite ores. However, the supply of Mg is limited 

during sabkha formation, whereas an abundant Mg supply is required for formation of the 

strata-bound Huaziyu magnesite deposit. Hence, the deposit probably did not form in a 
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sabkha setting. Therefore, the carbonate precursor and the strata-bound magnesite 

deposits may have formed during evaporative sedimentation and brine diagenesis, 

respectively.  

 

5.3 A genetic process for the formation of Paleoproterozoic magnesite deposits 

The occurrence of calcium sulfate minerals with high δ34S (~25‰) in the magnesite 

deposits (Chen et al., 2002) and the high δ11B (~11‰) of the magnesite ores (Hu, 2014) 

both point to the precipitation of the original Mg-rich carbonate sediments in an 

evaporative environment. By contrast, the Fe concentration of the magnesite ores as well 

as REY and other elements cannot be explained by metasomatism via interaction with an 

Fe-rich regional hydrothermal fluid. The largely homogeneous and heavy Mg isotope 

compositions, and the carbon and oxygen isotope compositions of the magnesite ores 

suggest that both evaporative sedimentation and brine diagenesis played a critical role in 

the formation of the Huaziyu magnesite ores. 

During seawater evaporation in a lagoon, lighter Mg isotopes are preferentially 

incorporated into the precursor Mg-rich carbonate sediments during precipitation, leaving 

the remaining seawater enriched in heavier Mg isotopes. Subsequently, seawater 

diagenesis likely formed dolomite and a limited amount of magnesite (e.g., magnesite 

and dolomitic marbles in Member 3 of the Dashiqiao Formation). Formation of large 

quantities of magnesite would be limited under relatively open-system conditions. When 

semi-closed conditions occurred, significant evaporation of seawater in the lagoon to 

form a Mg-rich brine, together with brine diagenesis of the Mg-rich carbonate precursor 

enabled the formation of abundant magnesite. The more positive δ26Mg values of most 
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magnesite ores (–0.75 ± 0.26‰) from the Huaziyu deposit compared with the magnesites 

(–1.14 ± 0.15‰) and dolomitic marbles (–1.22 ± 0.35‰) from Member 3 of the 

Dashiqiao Formation can thus be explained in the context of different Mg sources 

(concentrated brine versus slightly evolved seawater, respectively). In brief, all of the 

geological and geochemical features of the magnesites and dolomitic marbles of the 

Dashiqiao Formation can be explained by the hypothesis of evaporative sedimentation 

plus brine diagenesis. 

Hence, the combination of element concentrations and C, O, and Mg isotope data 

from the Huaziyu deposit sheds new insight on the formation mechanism of the giant 

strata-bound magnesite deposits in NE China. Initially, the local Paleoproterozoic 

seawater may have had a high Mg/Ca ratio relative to modern seawater due to the greater 

proportion of Archean Mg-rich ultramafic and mafic continental rocks exposed to 

weathering (e.g., Dhuime et al., 2015). The lower abundance of exposed ultramafic and 

mafic rocks on land during the Phanerozoic may be a key reason for the lack of giant 

strata-bound magnesite deposits in Phanerozoic sedimentary strata. In the region where 

the giant strata-bound magnesite deposits formed, Mg-rich carbonate precipitation first 

occurred in a marginal restricted marine environment, such as a lagoon. Evaporation and 

carbonate (including calcium sulfate) precipitation would have led to a significant 

increase in the Mg concentration of the lagoon seawater such that Mg-rich brines were 

produced. Subsequently, abundant magnesite was formed during brine diagenesis. The 

giant strata-bound magnesite deposits were subsequently affected by recrystallization to 

form the coarsely crystalline and saddle magnesite during regional metamorphism at ~1.9 

Ga (Zhao and Zhai, 2013). Further modification of the magnesite Mg isotope 
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compositions may not have occurred during regional metamorphism as there is no 

evidence for Mg isotope fractionation during prograde metamorphic dehydration (Wang 

et al., 2014).  

 

6. Conclusions 

We obtained the first Mg isotope data from the world’s largest strata-bound 

magnesite deposit belt, hosted by the ca. 2.1 Ga Dashiqiao Formation in NE China. Based 

on Mg, O, and C isotope compositions, element concentrations, and geological features, 

we infer that the formation of the Huaziyu magnesite deposit was dominated by 

evaporative sedimentation and brine diagenesis. Abundant Mg-rich carbonate 

precipitated from seawater in a semi-closed evaporative environment such as a lagoon, 

thus forming the Mg-rich brine. Most magnesite formed by magnesitization during a Mg-

rich brine diagenesis. Later, the magnesite was transformed into giant magnesite ores 

during regional metamorphism. Giant strata-bound magnesite deposits are absent in 

modern and most Phanerozoic sedimentary environments but occur predominantly in 

Precambrian strata possibly because Mg-rich seawater (from weathering of Mg-rich 

ultramafic and mafic rocks of Archean age) is a key requirement to generate magnesite, 

which in turn can produce highly Mg-rich brines via evaporation, thus enabling the 

formation of magnesite during brine diagenesis.  
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Figure captions 

Figure 1. Sample location and stratigraphy of the Huaziyu magnesite deposit, modified 

from Zhang (1988). 

 

Figure 2. Photos and photomicrographs of magnesite ores from the Huaziyu deposit in 

NE China. a. Huaziyu magnesite deposit; b. Magnesite ores and mafic dyke; c. Magnesite 

ores (stromatolite pseudomorph?) d. Pink recrystallized magnesite ores; e. Interbedded 

magnesite ores (white and black); f. Pure recrystallized magnesite ores; g. 

Photomicrograph of magnesite ores (polarized light); h. Photomicrograph of 

recrystallized magnesite ores (crossed-polarized light); i. Photomicrograph of magnesite 

ores (cross-polarized light). Abbreviations: Mgs = magnesite; Qtz = quartz; Tlc = Talc. 

 

Figure 3. Major and trace element concentrations of the magnesite ores in the profile 

section from the Huaziyu deposit. 

 

Figure 4. The REE + Y (REY) distribution pattern of magnesite ores and dolomitic 

marbles from the Dashiqiao Formation of NE China. Data sources: a from Tang et al. 

(2013a); b from Aharon (1988); Zadeh et al. (2015); c from Alibo and Nozaki (1999); d 

from Bau and Dulski (1999); e from Bau and Dulski (1996); f from Douville et al. (1999). 

PAAS = Post-Archean Australian Shale. 

 

Figure 5. The δ13C and δ18O values of magnesite ores and dolomitic marbles from the 

Dashiqiao Formation of NE China as well as other marine carbonates (magnesite and 
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dolostone) and magnesites associated with ultramafic rocks, salt lakes, and metasomatism. 

Data sources: a from Mees and Keppens (2013); b from Fallick et al. (1991); c from Tang 

et al. (2011); d from Melezhik et al. (2001); e from Aharon (1988); f from Zadeh et al. 

(2015). 

 

Figure 6. Magnesium isotopic composition of seawater, lake water, magnesite, limestone, 

and dolostone. a. Bar chart of Mg isotope compositions from the magnesites and 

dolomitic marbles analyzed for this study. b. Mg isotope composition of other carbonates 

and waters. The gray bar represents the bulk Earth composition from Teng et al. (2007). 

Data sources: a from Shirokova et al. (2013); b from Blättler et al. (2015); c from Geske 

et al. (2015a); d from Geske et al. (2012); Azmy et al. (2013); Geske et al. (2015b); e 

from Galy et al. (2002); Jacobson et al. (2010); Geske et al. (2012); Sun et al. (2012); 

Azmy et al. (2013); Lavoie et al. (2014); Geske et al. (2015); f from Galy et al. (2002); 

Immenhauser et al. (2010); Azmy et al. (2013); g from Ling et al. (2011). c. Geochemical 

profile of Mg isotope compositions of the magnesite ores from the Huaziyu deposit. 
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Table 1. Mg, C, and O isotope compositions measured in this study 

Sample Type 
Schematic 
Sedimentary 
depth (m) 

Location δ26Mg 2sd δ25Mg 2sd δ13C δ18O 

M01 Magnesite -10 HZY -0.65  0.05  -0.31  0.01  0.70  -19.30 

M02 Magnesite -20 HZY -0.49  0.08  -0.26  0.01  -0.26  -18.31 

M03 Magnesite -30 HZY -0.67  0.09  -0.35  0.06  0.80  -18.87 

M04 Magnesite -40 HZY -0.63  0.04  -0.31  0.04  N.D. N.D. 

M05 Magnesite -50 HZY -0.65  0.06  -0.34  0.00  0.69  -18.34 

M06 Magnesite -60 HZY -0.85  0.14  -0.43  0.04  0.67  -18.41 

M07 Magnesite -70 HZY -0.73  0.04  -0.36  0.06  0.81  -18.87 

M08 Magnesite -80 HZY -0.74  0.03  -0.36  0.10  N.D. N.D. 

M09 Magnesite -90 HZY -0.76  0.12  -0.40  0.05  0.79  -19.10 

M10 Magnesite -100 HZY -0.77  0.10  -0.39  0.04  N.D. N.D. 

M11 Magnesite -110 HZY -0.53  0.00  -0.26  0.04  0.76  -11.32 

M12 Magnesite -120 HZY -0.88  0.04  -0.45  0.04  N.D. N.D. 

M13 Magnesite -130 HZY -1.53  0.11  -0.78  0.05  0.82  -16.92 

M14 Magnesite -140 HZY -0.82  0.05  -0.42  0.03  N.D. N.D. 

M15 Dolomitic magnesite -150 HZY -1.26  0.09  -0.64  0.06  -0.42  -22.29 

M16 Magnesite -160 HZY -0.89  0.06  -0.45  0.09  0.94  -17.21 

M17 Magnesite -170 HZY -0.95  0.08  -0.48  0.05  1.17  -17.02 

M18 Magnesite -180 HZY -0.88  0.12  -0.44  0.06  N.D. N.D. 

M19 Magnesite -190 HZY -0.85  0.03  -0.42  0.04  0.69  -16.84 

M20 Magnesite -200 HZY -0.82  0.07  -0.41  0.05  N.D. N.D. 

M21 Dolomitic marble -210 HZY -0.88  0.00  -0.43  0.00  0.37  -16.14 

M31 Magnesite 
 

CJC -1.14  0.06  -0.54  0.03  0.81  -15.96 

M32 Magnesite 
 

CJC -1.04  0.13  -0.55  0.08  1.03  -16.00 

M35 Magnesite 
 

CJC -1.21  0.00  -0.64  0.04  0.79  -16.00 

M36 Magnesite 
 

CJC -1.18  0.00  -0.63  0.07  N.D. N.D. 

C02 Dolomitic marble 
 

CJC -1.14  0.04  -0.60  0.01  N.D. N.D. 

C03 Dolomitic marble 
 

CJC -1.07  0.13  -0.55  0.05  0.95  -12.55 

C04 Dolomitic marble 
 

CJC -1.48  0.01  -0.77  0.02  N.D. N.D. 

C06 Dolomitic marble 
 

CJC -1.20  0.07  -0.63  0.06  0.62  -15.86 

 N.D., no data; HZY, Huaziyu deposit; CJC, Chenjiacun; 2SD, 2 times the standard deviation. 

Magnesium, carbon and oxygen isotope results are reported as per mil deviations relative to the 

DSM3 and V-PDB standards, respectively. 
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Highlights 

• We obtained the first Mg isotope data from Paleoproterozoic magnesite deposits. 

• The results rule out the possibility that the magnesites are of hydrothermal origin. 

• The Mg isotope data can be explained by magnesitization during diagenesis. 

 




