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Abstract The genesis of hydromagnesite [Mg5(CO3)4(-

OH)2�4H2O] has attracted great interest as a pathway for

sequestering anthropogenic CO2 and because of its

importance to Mg carbonate depositional environments;

however, there remain uncertainties regarding the chemical

environment for hydromagnesite precipitation in modern

and ancient geologic systems. Trace and rare earth element

(REE) concentrations in hydromagnesite from Dujiali

Lake, central Qinghai–Tibetan Plateau, China identified the

formation conditions in the context of the depositional

environment. The analyzed hydromagnesite samples had

low total REE concentrations, varying from 0.62 to

3.11 ppm, with an average
P

REE value of 1.75 ppm.

Comparisons of Ce/Ce* with LaN/SmN, DyN/SmN, and
P

REE showed no correlation indicating preservation of

the original redox conditions during hydromagnesite pre-

cipitation. Redox-sensitive trace element ratios (U/Th, Ni/

Co, V/Cr and V/V ? Ni), negative Mn* values, and low

authigenic uranium (Ua) values all indicate oxic conditions

at the time of hydromagnesite formation. Furthermore, the

Post-Archean Australian Shale-normalized REE patterns of

the hydromagnesite display slight heavy REE enrichment,

a slightly negative Ce anomaly, and a consistently positive

Eu anomaly, which are consistent with precipitation in a

predominantly oxidizing environment. Data indicate that

hydromagnesite precipitated from waters influenced by

both Mg-rich hydrothermal fluids and meteoric water with

a similar composition to the lake water. This study pro-

vides new insights into the conditions of hydromagnesite

formation at Dujiali Lake with implications for the

understanding of the genesis of modern and ancient Mg

carbonate deposits.

Keywords Trace element � Rare earth element �
Hydromagnesite � Formation conditions � Alkaline lake �
Qinghai–Tibetan Plateau

Introduction

Hydromagnesite [Mg5(CO3)4(OH)2�4H2O] is a rare mag-

nesium carbonate mineral that was named in 1827 by Hans

Gabriel Trolle-Wachmeister in reference to its composition

(Trolle-Wachmeister 1827). This mineral has been reported

in numerous localities in a variety of settings including

lacustrine evaporites (Zheng et al. 1989; Zheng 1997; Lin

et al. 2017), carbonated microbial mats and stromatolites

(Renaut and Long 1989; Braithwaite and Zedef

1994, 1996; Power et al. 2007, 2009; Kaźmierczak et al.

2009; Cangemi et al. 2016), cave deposits (Fischbeck and

Müller 1971; Hill and Forti 1997; Canaveras et al. 1999;

Northup et al. 2001), and is commonly associated with the
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weathering of ultramafic rock (O’Neil and Barnes 1971;

Zedef et al. 2000; Green and Young 2006; Akhtar et al.

2009; Power et al. 2014; Wilson et al. 2009, 2014;

Oskierski et al. 2013, 2016). Although extensive research

has been conducted on hydromagnesite, most of these

works have dealt with either its thermal decomposition

(Yutaka et al. 1978; Rao and Chohan 1995; Hollingbery

and Hull 2010), use as a flame retardant or fire retardant

additive for polymers (Haurie et al. 2005, 2006; Holling-

bery and Hull 2010; Realinho et al. 2014), or the precipi-

tation mechanisms (Janet et al. 2007; Bonales et al. 2013).

Only a small number of investigations have focused on the

chemical environment and formation conditions of hydro-

magnesite within the depositional setting of an alkaline

lake (Müller et al. 1972; Yan and Xia 1987).

Trace and rare earth elements (REE) in chemical sedi-

ments have been effectively used to elucidate palaeo-redox

conditions (Liu et al. 1988; German and Elderfield 1990;

Cullers 2002; Frimmel 2009; Zhao et al. 2009; Kamber

et al. 2014), and the fluids from which the mineral formed

(Wright et al. 1987; Frimmel 2009; Wang et al.

2014, 2015). Anomalies in concentrations of redox-sensi-

tive elements, such as Ce and Eu, provide information on

the redox state of sedimentary environments. For example,

no fractionation of Ce occurs under reducing conditions,

which results in minerals having enriched Ce concentra-

tions when formed in anoxic environments (Webb and

Kamber 2000; Frimmel 2009). The REE characteristics of

hydrothermal carbonate deposits and marine carbonates

have been extensively documented (Ekambaram et al.

1986; Bau and Möller 1992; Hecht et al. 1999; Barrat et al.

2000; Himmler et al. 2010; Loope et al. 2013; Li and Jones

2014; Wang et al. 2014; Franchi et al. 2015; Debruyne

et al. 2016). Their REE concentrations, shale-normalized

REE patterns, and Ce and Eu anomalies provide crucial

information about the redox conditions (Sverjensky 1984;

Sarkar et al. 2003; Frimmel 2009). Conversely, geochem-

ical properties of lacustrine carbonates have received lim-

ited attention regarding their REE patterns with few

datasets being reported (Yi et al. 2008; Barrat et al. 2000),

particularly for magnesium carbonate minerals. Zedef and

Russell (2016) provided a preliminary examination of

some selected rare earth elements of hydromagnesite from

Salda Gölü, Turkey. Variable contents of trace elements,

total REE, and Ce anomalies in these lacustrine carbonates

have provided valuable insights into the complex chemical

conditions from which they formed.

Here, we report on the trace and rare earth element

geochemical characteristics of Holocene hydromagnesite

from Dujiali Lake, central Qinghai–Tibetan Plateau. To our

knowledge, this study is the first comprehensive examina-

tion of trace and rare earth element geochemistry of

hydromagnesite. Our study represents a novel use of REE

distribution patterns, Ce and Eu anomalies, and selected

redox-sensitive trace elements to decipher formation con-

ditions of lacustrine carbonate. We advance the under-

standing of these geochemical tools for the reconstruction

of lacustrine carbonates and paleo-lake environments as

well as providing new insights into the formation condi-

tions for hydromagnesite precipitation with implications

for the understanding of the genesis of Mg carbonate

deposits.

Site description

Tectonics and stratigraphy

Dujiali Lake is located in the central Qinghai–Tibetan Pla-

teau, China (Fig. 1; 32�0502000N, 88�4201000E, 4524 m above

sea level). The Dujiali Lake sub-basin was part of the ancient

Selin Co basin. The Selin Co Lake gradually narrowed since

the Middle Pleistocene, and divided into several small lake

basins due to the local uplift caused by the tectonic move-

ment. The multi-step lake terraces of this sub-basin are

covered by Quaternary sediments that are a heterogeneous

mixture of gravel, sand, silt and clay as well as salt deposits.

Deeper lake sediments are mainly composed of mirabilite

(Na2SO4�10H2O) and borax [Na2B4O5(OH)4�8H2O], while

shallow sediments are covered by silt (Zheng et al. 2002).

Dujiali Lake is located on the southern margin in the middle

of the Bangong–Shuanghu–Changning–Menglian suture

system, central Qinghai–Tibetan Plateau, and within the

middle of the Bangong–Nujiang ophiolite mélange zone

(Fig. 1; Pan et al. 2012). The ophiolites within the Bang-

gong–Nujiang ophiolite mélange zone are composed mainly

of MORB-type and supra-subduction zone (SSZ)-type

ophiolites (Shi et al. 2005; Shi 2007).

Stratigraphically, the investigated area (Fig. 1) comprises

four major lithologic groups: Niubao, Jinzhushan, Qushenla

and Jiega. The Niubao group is widely distributed around the

Dujiali Lake and consists of mudstones, sandstones and

conglomerates. The Jinzhushan group is exposed to around

the Niubao group within a small range, and this group is

made up of thickly bedded conglomerates and sandstones.

The Qushenla group is exposed in the northwest of the

Dujiali Lake and consists of tuffaceous sandstone and

andesite. The Jiega group is exposed to the southeast and

southwest of the Dujiali Lake within a small range, and is

made up of limestone with orbitolina and shale.

Hydrological condition

Dujiali Lake is found in a semi-closed endorheic basin that

is recharged by meteoric and ground waters as well as a

seasonal stream that intermittently supplies water to the
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southwest part of the lake. The climate in this region is

classified as cold continental, sub-humid to semi-arid, with

low mean annual precipitation (*200 mm) and high mean

potential evaporation (*2400 mm; Zheng et al. 2002). In

the 1950s, Dujiali Lake was a playa with no permanent

surface water. Playa near-surface brines had salinities of

*114 g/L and average pH of 8.8 while the intercrystalline

brine had a salinity of *126 g/l (Zheng et al. 2002). An

increase in precipitation and glacial meltwater due to cli-

mate change over the past decades caused the playa envi-

ronment to evolve into a shallow saltwater lake. Presently,

the lake has an average depth of approximately 3 m and a

surface area of *80 km2. In our previous study (Lin et al.

2017), lake water was mildly alkaline with pH values

ranging from 8.8 to 9.7. The concentration of total dis-

solved solids in the surface water was 1.5–9.3 g/l with

Na?, K?, Mg2?, SO4
2-, HCO3

-, CO3
2-, and B4O7

2-

being the dominant ions.

Materials and methods

Sample description and collection

Deposits of hydromagnesite were found in the first lake terrace

of the northwest of Dujiali Lake in March 2015 (see Fig. 2a, b

for outcrop location). The hydromagnesite sediments directly

overlay Quaternary sediments (Fig. 2c). The terrace was sub-

parallel to the land surface and 10 m thick. Seven samples from

profile DPSP01 were equidistantly collected from different

horizons after removing the weathered surface crust and

numbered 01 (bottom) to 07 (top). The hydromagnesite sedi-

ments were bright-white, dry, and clay-like when sampled.

There were no obvious laminations or bedding in the sediments.

X-ray diffraction

Rock samples were disaggregated against a 200-mesh sieve,

smear mounted onto petrographic slides with anhydrous

ethanol, and allowed to dry at room temperature. X-ray

diffraction (XRD) was conducted at the Key Laboratory of

Saline Lake Resources and Environment, Ministry of Land

and Resources, using a Rigaku MiniFlex 600 X-ray

diffractometer. The long fine-focus Cu X-ray tube was

operated at 40 kV and 15 mA using a take-off angle of 6�.
Data were collected from 3� to 70� 2h using a step size of

0.02�. The major crystalline mineral phases were identified

with reference to the International Centre for Diffraction

Data (ICDD) database using Jade data analysis program.

Major element analyses

Major element compositions were determined using X-ray

fluorescence spectrometry (XRF) at the Beijing Research

Fig. 1 Geologic map showing the tectonic units of the Qinghai–Tibet Plateau and its adjacent regions (modified from Pan et al. 2012). Note: the

study area is located within the Banggong–Nujiang suture zone
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Institute of Uranium Geology (Beijing, China), Chinese

Ministry for Nuclear Industries. Fusion glasses were pre-

pared by mixing the sample with lithium borate flux (Li2-

B4O7) in the proportion 1:10. Pretreatment procedures were

described by Yang et al. (2007). Analytical precision was

better than 5% for repeated analyses of Chinese national

standards GB/T 14506.14-2010 and GB/T 14506.28-2010.

Loss on ignition (LOI) was determined by weighing sam-

ples before and after 1 h of heating at 1075 ± 25 �C.

Trace element and rare earth analyses

Trace elements and rare earth elements were determined

using inductively coupled plasma mass spectrometry (ICP-

MS) at the Beijing Research Institute of Uranium Geology

(Beijing, China), Chinese Ministry for Nuclear Industries.

Rhodium (Rh) was used as the internal standard. This ICP-

MS offers very low detection limits, and its analytical

precision was better than 5%. A powdered aliquot (50 mg)

of each sample was dissolved in ultra-pure acids in four

steps: (1) a mixture of 3 ml of HF with 1 ml of HNO3 and

1 ml of HClO4 (1:1 w/deionized H2O) was added to the

sample in capped Teflon bombs, ultrasonicated and then

heated for 24 h to dissolve any silicates and salts; (2) re-

dissolved in 3 ml of HNO3 (1:1 w/deionized H2O) in

capped Teflon bombs for 7 days on a hot plate to further

dissolve silicates, fluorides and zircons; (3) 3 ml of HNO3

(1:1 w/deionized H2O) was added to ensure complete

dissolution of fluorides and dried on a hot plate; (4) sam-

ples were finally treated with 3 ml of HNO3 (1:1 w/

deionized H2O), and at this stage no residue was observed.

Solutions were transferred to clean flasks and were diluted

with 1% HNO3 to a total volume of 50 ml.

To determine the boron concentrations of the hydro-

magnesite samples, 50-mg aliquots of each powdered

sample were digested in ultra-pure acids in three steps: (1)

a mixture of 1 ml each of HNO3, H3PO4, HCl, HF, and

mannitol was added to each sample in capped Teflon

bombs, ultrasonicated and then heated for 2 h; (2) samples

were transferred to 50-ml quartz beakers containing 20 ml

Fig. 2 a, b Satellite images

showing the hydromagnesite

deposit location at Dujiali Lake,

central Qinghai–Tibetan

Plateau, China. c Photograph

showing hydromagnesite

directly deposited on

Quaternary sediments
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of boiling deionized water, followed by addition of two

drops of phenolphthalein with ammonia (1:1 w/deionized

H2O) neutralized to phenolphthalein red; (3) transferred

into 50-ml quartz volumetric flasks, diluted with high-pu-

rity deionized water, and then immediately filtered into

clean plastic bottles.

Scanning electron microscopy

Scanning electron microscopy (SEM) of hydromagnesite

samples was performed at the Centre for High-Throughput

Phenogenomics at The University of British Columbia.

Samples were mounted onto aluminum stubs using 12-mm

carbon adhesive tabs and coated iridium (10 nm) using a

Leica EM MED020 coating system. Imaging was per-

formed using an FEI Helios NanoLab 650 emission SEM,

operating voltage of 1.0 kV, to produce high-resolution

images.

Results

Mineralogy and crystal morphology

Based on XRD analysis, sediment samples were composed

of pure hydromagnesite (Fig. 4). As observed using SEM,

sediments comprised interlocking crystals of hydromag-

nesite (Fig. 3b). The hydromagnesite crystals were plate-

like in morphology, submicron to several microns in width,

and *100 nm in thickness (Fig. 3c–e).

Major and trace elements composition

The major element compositions of the hydromagnesite

samples are presented in Table 1. MgO and loss on ignition

(LOI) were the dominant components, ranging from 40.85

to 42.78% (avg. = 41.66%, SD = 0.656) and 53.18 to

54.8% (avg. = 54.21%, SD = 0.656), respectively.

Hydromagnesite with ideal stoichiometry has 43.1% MgO

and 56.9% LOI (H2O ? CO2). The CaO and Si content

ranged from 1.33 to 2.85% (avg. = 1.83%, SD = 0.527)

and 0.725 to 2.44% (avg. = 1.61%, SD = 0.634), respec-

tively. The Al2O3, Fe2O3, Na2O, K2O, P2O5, TiO2, FeO

and MnO contents were all less than one percent (Table 1).

The data on 28 trace elements including redox-sensitive

trace elements (Ni, Co, V, Cr, Th, U) are listed in Table 2.

The most abundant trace element was Sr

(avg. = 95.99 ppm), followed by Li, B, Ba (22.07, 20.73,

18.29 ppm average values, respectively). Element enrich-

ment factors (EFUCC) were used to compare hydromagne-

site enrichments to upper continental crust (UCC; Taylor

and McLennan 1985; Fig. 5). The trace elements in

hydromagnesite are characterized as being significantly

depleted relative to the UCC with the exception of Li and

B.

REE compositions

Hydromagnesite REE ? Y concentrations are presented in

Table 3, and PAAS-normalized REE ? Y patterns are

shown in Fig. 6. Y is inserted between Dy and Ho in the

REE pattern because of its identical charge and similar

ionic radius (Bau and Dulski 1996). PAAS-normalized

anomalies are calculated as a ratio between the measured

and calculated concentration of a given element where the

calculated concentration is determined either by a linear or

geometric average of the nearest neighbor element con-

centration (Ge et al. 2010). The difference in the results

obtained from these two methods is insignificant in most

cases (\5%; Frimmel 2009). The Eu and Ce anomalies

were determined, respectively, by Ce/Ce* = 2CeN/

(LaN ? PrN) and Eu/Eu* = 3EuN/(2SmN ? TbN), while

the Ceanom are defined by Ceanom = log(Ce/Ce*). The Pr/

Pr* anomaly is defined by Pr/Pr* = 2PrN/(CeN ? NdN),

(Kamber and Webb 2001), where N refers to concentration

normalized to PAAS (McLennan, 1989). The results of

these calculations are listed in Table 3.

The total rare earth element (
P

REE) contents of Dujiali

Lake hydromagnesite were very low, varying from 0.625 to

3.11 ppm with an average of 1.75 ppm. The PAAS-nor-

malized REE ? Y patterns of all hydromagnesite samples

were similar and had slight heavy REE (HREE) enrich-

ments (Fig. 6). In general, the PAAS-normalized REE

patterns of the hydromagnesite samples showed the fol-

lowing characteristics: (1) slight light REE depletion [(Nd/

Yb)N = 0.51–0.81, avg. = 0.59] except for one sample

with a minor light REE enrichment [(Nd/Yb)N = 1.57], (2)

slight negative Ce anomaly, which is expressed by the Ce/

Ce* ratio [Ce/Ce* = 0.78–0.96, avg. = 0.89], and (3) a

consistently positive Eu anomaly expressed by the Eu/Eu*

ratio [Eu/Eu* = 1.4–3.6, avg. = 2.39].

Diagenesis can affect Ce anomalies (McArthur and

Walsh 1984; Peckmann et al. 2009; Shields and Stille

2001); however, this effect can be excluded if there is no

correlation between LaN/SmN and the Ce anomaly where

LaN/SmN[ 0.35 (Bian et al. 2012; Khan et al. 2012). The

Dujiali Lake hydromagnesite exhibited no such correlation

suggesting that diagenetic changes in REE contents were

negligible. In addition, diagenesis can cause a negative

correlation between Ce/Ce* and DyN/SmN, and a positive

correlation between Ce/Ce* and
P

REE (Shields and Stille

2001). Comparisons of Ce/Ce* with LaN/SmN, DyN/SmN,

and
P

REE in the hydromagnesite samples show no cor-

relation indicating that the samples preserved the original

redox conditions of the sedimentary formational environ-

ment and that diagenesis had little effect on these samples.
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Fig. 3 a Photograph of a representative hand specimen of hydromagnesite showing cementation and globular texture (arrows). b–

e Representative scanning electron micrographs showing interlocking platy hydromagnesite crystals
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Discussion

REE abundance patterns

Dujiali Lake hydromagnesite had low
P

REE values

compared to typical marine carbonates (Sarkar et al. 2003);

however, these data are consistent with hydromagnesite

samples from Salda Gölü, Turkey (Zedef and Russell

2016). Furthermore,
P

REE values were similar to those

reported for the Targejia hot spring cesium-rich geyserite

deposits in Tibet, China (Zhao et al. 2007), travertine from

Zhabuye Lake in Tibet, China (Zhao et al. 2010), and

modern sinters from the geothermal waters on the Tibetan

Plateau (Feng et al. 2014). Wright et al. (1987) showed that

low REE concentrations in biogenic apatite from shallow

water environments were attributed to fast sedimentation

rates and burial that afford little time at the sediment–water

interface. In addition, Ge et al. (2010) suggest that the low

REE content of seep carbonate likely reflects a fast pre-

cipitation rate as there is limited time to incorporate REEs.

Similarly, the low REE content of Dujiali Lake hydro-

magnesite may indicate a fast precipitation rate.

Europium anomaly

The Eu3?/Eu2? equilibria in aqueous solution are widely

considered to be dependent on the pressure, pH, REE

speciation, and most importantly, temperature based on the

theoretical considerations and experimental results (Sver-

jensky 1984; Wood 1990; Bau and Möller 1992). At

Earth’s near-surface conditions, Eu3? should predominate

except possibly under very reducing, alkaline conditions,

whereas Eu2? will dominate at temperatures greater than

about 250 �C (Sverjensky 1984). Consequently, europium

in fluids will generally be divalent under most hydrother-

mal conditions (Sverjensky 1984). Nevertheless, significant

Table 1 Major element concentrations (%) for the Dujiali Lake hydromagnesite

Samples SiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O TiO2 P2O5 FeO LOI

DJSP0101 2.44 0.427 0.055 \0.004 41.48 1.99 0.091 0.075 0.018 0.013 \0.10 53.18

DJSP0102 1.21 0.166 0.123 0.005 42.01 1.38 0.054 0.041 \0.006 0.01 \0.10 54.8

DJSP0103 2.28 0.628 0.153 0.006 40.97 2.04 0.085 0.069 0.017 0.016 0.13 53.72

DJSP0104 1.1 0.279 0.189 0.004 41.86 1.61 0.07 0.042 0.014 0.014 0.16 54.95

DJSP0105 1.6 0.319 0.218 0.004 40.85 2.85 0.01 0.058 0.016 0.013 0.18 53.9

DJSP0106 1.88 0.437 0.262 \0.004 41.65 1.6 0.033 0.065 0.013 0.021 0.23 54.2

DJSP0107 0.725 0.199 0.169 0.004 42.78 1.33 0.045 0.028 0.011 0.011 0.13 54.75

Fig. 4 Representative X-ray diffraction pattern of one of the hydromagnesite samples
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activities of Eu2? and Eu3? and their related complexes

may occur in aqueous solutions at temperatures of

approximately 100 �C depending on solution pH, oxidation

state, and activities of ligands including carbonate (Sver-

jensky 1984).

Eu and Ce commonly behave differently compared to

other REEs as they are more sensitive to changes in redox

conditions (Leybourne et al. 2000). The occurrence of Eu

and Ce anomalies in natural aqueous systems are due to the

redox reactions that are shown in the following equations,

where the reactants are thought to be indicative of reducing

conditions and the products indicative of oxidizing

conditions:

2Eu3þ þ 2OH� ! 2Eu2þ þ H2O þ 0:5O2 ð1Þ

2Ce3þ þ 3H2O þ 0:5O2 ! 2CeO2 þ 6Hþ ð2Þ

Wood (1990) suggested that the Ce4?/Ce3? redox

potential and Ce complex formation constants increase

with increasing temperature and that the Ce4?/Ce3? redox

equilibrium will also shift towards higher oxygen fugacity.

The Dujiali Lake hydromagnesite samples show a slightly

negative Ce anomaly and a consistently positive Eu

anomaly. This combination of anomalies suggests chang-

ing redox conditions during hydrothermal fluid mixed with

lake water from which the hydromagnesite precipitated.

Cerium anomaly

Cerium may be present in aqueous solutions as either

trivalent (Ce3?) or tetravalent species (Ce4?). Ce3? is more

soluble than Ce4? and is, therefore, less likely to be

incorporated into precipitates. Thus, Ce depletion relative

to neighboring rare earth elements can be explained by

oxidation of Ce3? to less soluble Ce4? (Sholkovitz et al.

1994). For example, negative Ce anomalies in marine

calcites occur because dissolved oxygen oxidizes soluble

Ce3? to insoluble Ce4? (Sarkar et al. 2003). Conversely,

calcite precipitating under reducing conditions displays

normal or sometimes enriched Ce concentrations. Fur-

thermore, negative Ce anomalies in ancient and modern

Table 2 Trace element

concentrations (ppm) for the

Dujiali Lake hydromagnesite

DJSP0101 DJSP0102 DJSP0103 DJSP0104 DJSP0105 DJSP0106 DJSP0107

Ba 20.10 12.90 17.10 15.80 26.90 22.10 13.10

Co 0.48 0.32 0.45 0.29 0.43 0.35 0.24

Li 25.60 23.50 22.50 18.50 22.10 22.70 19.60

Ni 1.57 0.85 1.41 0.90 1.45 1.07 1.06

Pb 0.84 0.57 0.67 0.42 0.70 0.62 0.53

Zr 3.21 1.02 1.11 1.39 1.52 1.36 0.55

Sc 1.00 1.01 0.93 0.85 1.13 1.23 1.27

Hf 0.07 0.03 0.03 0.04 0.05 0.04 0.01

Rb 2.85 1.41 1.68 1.60 2.08 2.58 0.70

Sr 101.00 69.80 102.00 88.00 169.00 77.10 65.00

B 26.20 21.00 19.50 19.90 20.80 21.10 16.60

Be 0.04 0.03 0.02 0.03 0.01 0.04 0.03

Sc 1.00 1.01 0.93 0.85 1.13 1.23 1.27

V 2.32 1.38 1.35 1.31 1.12 1.30 0.85

Cr 2.29 1.17 1.37 1.48 1.45 1.60 1.65

Cu 1.07 0.57 0.60 0.49 0.65 0.50 0.68

Zn 1.36 0.78 1.20 0.55 1.86 1.62 4.52

Mo 0.15 0.05 0.04 0.03 0.02 0.04 0.12

Cd 0.02 0.01 0.01 0.00 0.01 0.00 0.00

Sb 0.13 0.07 0.09 0.07 0.05 0.03 0.87

Cs 0.81 0.19 0.26 0.23 0.23 0.28 0.09

Ba 20.10 12.90 17.10 15.80 26.90 22.10 13.10

Th 0.32 0.20 0.19 0.19 0.26 0.23 0.12

W 0.34 0.15 0.23 0.12 0.08 0.07 0.06

Bi 0.03 0.02 0.01 0.01 0.01 0.01 0.00

U 0.15 0.13 0.13 0.08 0.13 0.10 0.04

Nb 0.34 0.27 0.18 0.22 0.19 0.15 0.08

Ta 0.04 0.04 0.03 0.03 0.02 0.02 0.02
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seep carbonate minerals have been associated with tem-

porary oxic conditions (Ge et al. 2010; Birgel et al. 2011;

Wang et al. 2015). Therefore, a negative Ce anomaly has

long been considered a sensitive indicator of oxidizing

conditions (Liu et al. 1988; Kamber and Webb 2001;

McArthur and Walsh 1984; Wright et al. 1987; Shields and

Stille 2001; Sarkar et al. 2003; Tostevin et al. 2016).

The analysis of Ce/Ce* vs. Pr/Pr* recommended by Bau

and Dulski (1996) can help evaluate whether the aberrant

Ce/Ce* ratio results from anomalous La content or repre-

sents a real Ce anomaly. In the plot of Ce/Ce* versus Pr/

Pr* (Fig. 7), almost all hydromagnesite samples lie in the

area indicating no anomalies, except one sample that

showed a slightly real negative Ce anomaly. Thus, the

appearance of no real negative Ce suggests that reducing

hydrothermal fluids influenced the waters from which the

hydromagnesite precipitated, and that precipitation occur-

red rapidly.

Selected trace elements

Previous studies have demonstrated that some trace ele-

ments including Ni, Co, V, Cr, Th, and U are redox-sen-

sitive elements in sediments (Goldschmidt 1954; Wignall

Fig. 5 Upper continental crust

(UCC) normalized

compositional distributions for

Dujiali Lake hydromagnesite

samples. Elements are listed in

order of decreasing

compatibility from left to right.

UCC values are from Taylor

and McLennan (1985)

Table 3 REE concentrations

(ppm) for the Dujiali Lake

hydromagnesite

DJSP0101 DJSP0102 DJSP0103 DJSP0104 DJSP0105 DJSP0106 DJSP0107

La 0.61 0.33 0.32 0.24 0.37 0.6 0.13

Ce 1.17 0.58 0.57 0.45 0.59 1.15 0.24

Pr 0.14 0.07 0.07 0.05 0.08 0.13 0.03

Nd 0.66 0.26 0.29 0.2 0.28 0.55 0.12

Sm 0.13 0.06 0.05 0.05 0.05 0.09 0.02

Eu 0.03 0.01 0.01 0.01 0.01 0.02 0.01

Gd 0.08 0.05 0.04 0.03 0.05 0.06 0.02

Tb 0.02 0.01 0.01 0.01 0.01 0.01 0

Dy 0.09 0.03 0.06 0.05 0.07 0.07 0.02

Y 0.52 0.3 0.36 0.31 0.43 0.37 0.16

Ho 0.03 0.01 0.01 0.01 0.01 0.02 0

Er 0.05 0.03 0.03 0.03 0.04 0.03 0.02

Tm 0.01 0.01 0.01 0 0.01 0.01 0

Yb 0.09 0.04 0.04 0.02 0.05 0.03 0.02

Lu 0.01 0.01 0 0.01 0.01 0.01 0
P

REE 3.11 1.47 1.5 1.16 1.63 2.76 0.63

NdN/YbN 0.61 0.55 0.58 0.81 0.51 1.57 0.51

Ce/Ce* 0.92 0.9 0.87 0.92 0.78 0.96 0.92

log(Ce/Ce*) -0.04 -0.05 -0.06 -0.04 -0.11 -0.02 -0.04

Eu/Eu* 2.35 1.41 2.04 3.13 1.83 2.39 3.56
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and Myers 1988; Jones and Manning 1994; Algeo and

Maynard 2004; Tribovillard et al. 2006; Manthilake et al.

2008; Johnson et al. 2010; Sáez et al. 2011). Tribovillard

et al. (2006) state that there tends to be authigenic

enrichments of redox-sensitive trace elements in oxygen-

depleted sedimentary deposits because these elements are

less soluble under reducing conditions compared to oxi-

dizing conditions. Trace elements respond in pre-

dictable manner to varying redox conditions, and it is best

to analyze a suite of trace elements rather than a single

elemental proxy (Tribovillard et al. 2006). Jones and

Manning (1994) suggest that Ni/Co ratios \5 infer oxic

conditions, 5–7 dysoxic conditions, and [7 suboxic to

anoxic conditions. The authors also used V/Cr ratios\2 to

infer oxic conditions, 2–4.25 for dysoxic conditions and

[4.25 for suboxic to anoxic conditions. Using this classi-

fication system, data from all hydromagnesite samples

indicate formation under oxic conditions (Fig. 8). In

addition, Hatch and Leventhal (1992) used V/V ? Ni

ratios to indicate redox conditions based on comparing to

the degree of pyritization and other geochemical redox

indicators. The authors propose that V/V ? Ni

ratios[ 0.84 infer euxinic conditions, 0.54–0.82 for anoxic

conditions and 0.46–0.60 for dysoxic conditions. Again,

almost all the hydromagnesite samples plot within the oxic

ranges delineated by Hatch and Leventhal (1992; Fig. 9).

Manganese has limited use as a proxy for redox condi-

tions (Calvert and Pedersen 1993); however, it plays a

prominent role in the transfer of trace elements from

aqueous solution to sediments because of its peculiar

geochemical behavior (Tribovillard et al. 2006). Mn oxides

in sediments may trap metals, thereby preventing them

from diffusing into overlying waters. These metals can

return to the aqueous solution or be fixed in authigenic

minerals depending on the sedimentary redox conditions

(Tribovillard et al. 2006). Fe and Mn exhibit similar redox

cycling, but Mn2? and Fe2? behave differently in terms of

their oxidation kinetics (Calvert and Pedersen 1993, 1996).

Under different redox conditions, Fe and Mn species form

compounds with variable solubilities (Cullers 2002). For

instance, Fe tends to be incorporated in sulfides under

reducing conditions below the redox boundary, while Mn

tends to accumulate in more oxygenated conditions above

the redox boundary (Bellanca et al. 1996; Cullers 2002).

Thus, Mn* values (Eq. 3) are a useful indicator of redox

conditions for depositional environments (Machhour et al.

1994; Bellanca et al. 1996; Cullers 2002):

Mn� ¼ log Mnsample=Mnshales

� �
= Fesample=Feshales

� �� �
ð3Þ

The mean values of the Mnshales and Feshales are reported

by Wedepohl (1978). The hydromagnesite samples had

slightly positive Mn* values suggesting the Dujiali Lake

hydromagnesite was deposited under more oxidizing

conditions.

Uranium is mobilized as U6? under oxidizing conditions

and precipitated as U4? under reducing conditions (Wright

et al. 1984). The U/Th ratio is a potential indicator of redox

conditions because Th is relatively immobile in sedimen-

tary environments and, therefore, concentrates in detritus

(Wright et al. 1984; Martinez-Ruiz et al. 2000). Authigenic

uranium, calculated as Ua = total U - Th/3, has also been

used as an indicator of bottom-water oxygenation and is

considered a reliable redox proxy (Wignall and Myers

1988; Jones and Manning 1994). Wignall and Myers

(1988) suggested that oxic and dysoxic environments are

separated by a Ua value of 2 ppm, whereas Jones and

Fig. 6 Post-Archean Australian Shale (PAAS)-normalized REE

patterns of Dujiali Lake hydromagnesite

Fig. 7 Plot of Ce/Ce* vs. Pr/Pr* (after Bau and Dulski 1996). Field I:

no anomalies; field IIa: positive La anomaly, no Ce anomaly; field

IIb: negative La anomaly, no Ce anomaly; field IIIa: real positive Ce

anomaly; field IIIb: real negative Ce anomaly. Most hydromagnesite

samples showed no anomalies, except one with a slightly negative Ce

anomaly
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Manning (1994) used a Ua value of 5 ppm and a U/Th ratio

of *0.75 to distinguish these two conditions. The U/Th

ratio in Dujiali Lake hydromagnesite was very low, varying

from 0.36 to 0.66, with an average value of 0.51. The Ua

content in the Dujiali Lake hydromagnesite varied from

0.004 to 0.064 ppm with an average value of 0.038 ppm.

Accordingly, these data further demonstrate that the Dujiali

Lake hydromagnesite formed in an oxidizing environment.

The Tibetan Plateau has at least 354 geothermally active

areas based on incomplete statistics (Tong et al. 1981). The

plateau’s geothermal waters have higher Li concentrations

in comparison to its rivers and springs, and are thus an

important Li source (Zheng et al. 1995). When comparing

the Li concentration of Dujiali Lake hydromagnesite with

the seep, stream, and Dujiali Lake water (Lin et al. 2017),

the hydromagnesite samples showed higher Li contents

(avg. = 22.07 ppm). This finding suggests that geothermal

or hydrothermal waters have influenced those that precip-

itated hydromagnesite.

Controls on hydromagnesite formation at Dujiali

Lake

It is widely understood that the key processes that form

authigenic carbonate minerals in lakes are (1) loss or

extraction of CO2 mainly by degassing, (2) evaporative

concentration of solutes, and (3) mixing of different waters

(Müller et al. 1972). In addition, the deposition of hydro-

magnesite in alkaline lake requires high Mg/Ca ratios and

Mg concentrations. It has been suggested that Mg/Ca ratios

of[39 are generally required for hydromagnesite forma-

tion in modern lacustrine microbialites (Chagas et al. 2016)

and[50 in lacustrine carbonates (Last and Last 2012). For

instance, Power et al. (2014) found that water discharging

into hydromagnesite–magnesite playas in British

Columbia, Canada had a Mg/Ca & 100, which may

increase further after the precipitation of calcium carbonate

minerals in the playas. In evaporation experiments of water

from Tuz Gölü, Turkey, Müller et al. (1972) found that

hydromagnesite was only precipitated when Mg/Ca ratios

were[500 and Mg concentrations[34 g/L. In a study with

particular relevance to the present one, Yu et al. (2015)

carried out evaporation experiments using Dujiali Lake

water, which showed that the precipitation sequence

through natural evaporation in the field was first mirabilite

followed by carbonate-containing alkaline salts [halite—

NaCl, trona—Na2CO3�NaHCO3�2H2O, burkeite—Na6(-

CO3)(SO4)2, nahcolite—NaHCO3, northupite—Na3-

Mg(CO3)2Cl], and the finally boron- and potassium-

bearing minerals. However, there was no Mg carbonate

precipitation except for northupite [Na3Mg(CO3)2Cl] in

this experiment.

While the hydrogeochemistry of groundwater near

Dujiali Lake has not been determined, it is likely that the

main source is the Mg and dissolved inorganic carbon. The

weathering of ultramafic rocks in the Banggong–Nujiang

ophiolite mélange zone certainly produces Mg-rich

groundwater. These Mg-rich waters likely discharge near

or into Dujiali Lake, where CO2 degassing and evaporation

drive the precipitation of hydromagnesite. There are sev-

eral examples of hydromagnesite deposits that result from

ophiolite weathering including the hydromagnesite–mag-

nesite playas in northern British Columbia, Canada (Power

et al. 2014) and the hydromagnesite microbialites in Tur-

key (Braithwaite and Zedef 1996). Hydrated Mg carbonate

minerals readily transform to less hydrated, more

stable phases under Earth’s surface conditions (Hopkinson

et al. 2012; Königsberger et al. 1999; Power et al. 2016).

Fig. 8 Cross plots of redox-sensitive trace element ratios V/Cr vs.

Ni/Co. Ranges for V/Cr and Ni/Co are from Jones and Manning

(1994)

Fig. 9 Cross plots of redox-sensitive trace element ratios V/(V ? Ni)

vs. Ni/Co. Ranges for V/(V ? Ni) are from Hatch and Leventhal

(1992)
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No evidence was gathered that would indicate Dujiali Lake

hydromagnesite formed from a precursor, yet this possi-

bility cannot be excluded.

With respect to the precipitation of hydromagnesite

under predominantly oxic conditions, we propose a

physicochemical model: alkaline Mg-rich groundwater

flowed up to the near-surface or discharged at the surface

of Dujiali Lake in the form of alkaline springs, and expe-

rienced either mixing with surface water or shallow water

as well as air–water interaction. Air–water interaction

allows the absorption of CO2 directly from the atmosphere

and results in the formation of hydromagnesite by evapo-

ration. In our previous study at Dujiali Lake, we had pro-

posed the supergene formation of authigenic

hydromagnesite resulting from evaporation with atmo-

spheric CO2 being the major carbon source; thus, seques-

tering both natural and anthropogenic CO2 (Lin et al.

2017). Our depositional model provides valuable insights

for the interpretation of modern and ancient Mg carbonate

deposits and the potential for harnessing of natural pro-

cesses for sequestering atmospheric CO2.

Conclusions

Trace and rare earth element geochemistry of hydromag-

nesite deposits in Dujiali Lake offer insights regarding the

chemical and depositional environments of hydromagnesite

formation. The total REE contents (
P

REE) of the hydro-

magnesite were low and had a narrow variation. Compar-

isons of Ce/Ce* with LaN/SmN, DyN/SmN, and
P

REE in

the hydromagnesite samples showed no correlation indi-

cating that the samples preserved the original redox con-

ditions of the sedimentary formational environment.

Redox-sensitive trace element ratios (U/Th, Ni/Co, V/Cr

and V/V ? Ni), negative Ce anomalies and Mn* values as

well as low Ua indicated a predominantly oxidizing envi-

ronment for hydromagnesite deposition. The hydromag-

nesite samples were consistently enriched in Eu, which is

attributed to a local hydrothermal fluid input. Thus, the

hydromagnesite likely precipitated from mixtures of

emergent Mg-rich hydrothermal fluids mixed with near-

surface waters similar to the lake water. New observations

and detailed analyses of hydromagnesite sediments in

Dujiali Lake provide an improved understanding of the

modes of sediment deposition and chemical conditions at

the time of deposition.
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