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Key Points

 An Early Holocene lacustrine proto-dolomite layer was reported, whose mean proto-dolomite

content is >50 wt%.

 Morphologic  and  stable  isotopic  features  distinguish  these  proto-dolomites  from  detrital

dolomites and further support their abiotic origin. 

 The precursor  to  proto-dolomite  is  high-Mg calcite  or disordered dolomite,  which favors

previous empirical studies.
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Abstract

The  “dolomite  problem”  is  a  long-standing  puzzle  in  sedimentology  and  mineralogy.  Previous

studies  have  shown  that  some  dolostones  are  formed  by  microbes  or  in  hydrothermal-burial

environments. Here, we provide a different case in which an abiotic and Ca-rich proto-dolomite layer

with weak cation ordering precipitated in Lake Sayram, Central Asia, during the Early Holocene.

The  12-cm-thick  layer,  with  abundant  proto-dolomite  (mean>50  wt% and  maximum=81  wt%),

consists  of  euhedral  and  rhombohedral  grains.  The  similar  δ18O  values  of  proto-dolomites  and

ostracods at the same depth demonstrate that the former are authigenic. Morphologic and isotopic

features  of  these  proto-dolomites  are  distinct  from those  of  microbial  dolomites,  suggesting  an

abiotic origin. We infer that this proto-dolomite layer is the product of a warming and arid climate,

which is supported by regional climatic records. This study provides evidence for previous studies

that dolomite can precipitate directly in “dolomite seas” at ambient temperature. 

Plain Language Summary

Dolostone  is  common in  ancient  rocks  but  rare  in  Cenozoic  marine  sediments,  and dolomite  is

notoriously  difficult  to  synthesize  without  microbes  at  room temperature;  this  is  known  as  the

“dolomite  problem”. In many studies,  microbes have often been associated with dolostones,  and

synthesis by microbial mediation has succeeded. However, the composition and cation ordering of

microbial dolomites have been questioned for the formation of dolostones. In addition, not every

massive  dolostones  have  been found with microbial  structures.  Hydrothermal-burial  alteration  is

another promising solution, but recent studies have demonstrated that dolostones could also form at

surface temperatures (<60 ). In this study, we investigated a Holocene lacustrine proto-dolomite℃

layer (12-cm-thick) precipitated without microbes or burial alteration. Our results demonstrated that

these proto-dolomites have low cation ordering, euhedral crystals and oxygen isotopes, similar to

ostracods  in  the  same horizon,  suggesting  an  authigenic  or  penecontemporaneous  origin.  These

euhedral  and rhombic proto-dolomite  grains  are  consistent  with dolomite  precipitated  abiotically
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rather than by microbial mediation. We inferred this proto-dolomite layer to be the result of local

warming  and  aridification.  This  study  provides  evidence  that  proto-dolomite,  as  a  precursor  of

dolomite, can precipitate at ambient temperatures.
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1 Introduction

Dolomites and massive dolostones (>50 dolomite mol%) are common in ancient sedimentary

rocks but rare in Quaternary marine sediments, although modern seawater is saturated with dolomite

(A.  Mckenzie  &  Vasconcelos,  2009).  In  addition,  inorganic  synthesis  experiments  at  room

temperature have failed (Land, 1998). These issues define the “dolomite problem”, a long-standing

mystery in sedimentology and mineralogy (Land, 1998; Vasconcelos et al., 1995; Wright & Wacey,

2005; Zhang et al., 2015).

Numerous  field  and  laboratory  studies  have  focused  on  the  “dolomite  problem”.  Some

hydrothermal and burial environments can form dolostones, and many high-temperature synthesis

experiments have succeeded (Arvidson & Mackenzie, 1996; Graf & Goldsmith, 1956; Kaczmarek &

Sibley, 2007;  Vandeginste et al., 2019) because high temperatures can lower the strong hydration

enthalpy  of  magnesium  ions  and  the  huge  energy  barrier  inhibiting  long-range  cation  ordering

(Warren, 2000). Nonetheless, evidence derived from petrographic observations and clumped isotope

thermometers have indicated that some massive dolostones could form at Earth surface temperatures

(Chang et al., 2020 and references therein). Therefore, several classic models for the formation of

dolomites under ambient conditions, including the sabkha model (Shinn et al., 1965), the low-SO4
2-

model (Baker & Kastner, 1981), the mixing-zone model (Magaritz et al., 1980), the reflux model

(Adams  & Rhodes,  1960),  and  organogenesis  (Vasconcelos  et  al.,  1995),  have  been  presented.

Among these models,  organogenesis,  in which microbial  activities  and/or  secretions  mediate  the

nucleation and growth of dolomite, prevails (A. Kenward et al., 2013;  Perri et al., 2018;  Sánchez-

Román et al.,  2009;  Vasconcelos et al.,  1995;  Warthmann et al.,  2000;  Wright & Wacey, 2005;

Zhang et al., 2015). However, a reexamination of many published microbial dolomites revealed that

they are high-magnesium calcite (HMC) (Gregg et al., 2015). Neither the thickness nor the area of

these  microbial  ‘dolomites’  reached  the  grade  of  dolostone  (Ning et  al.,  2020),  and how much
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microbes contributed to ancient dolomite formation has been questioned (Petrash et al., 2017). In

contrast,  several  studies  have  suggested  that  massive  dolostones  could  form  with  weak  or  no

microbial activity, although forming dolostones abiotically at room temperature has proven difficult

(Land,  1998).  For  example,  water-level  fluctuations  have  been  identified  within  dolostone

successions (Lumsden & Caudle, 2001; Ning et al., 2020; Wang et al., 2018), and primary dolomites

precipitated  directly  in  the  Ediacaran  “dolomite  ocean”  (Hood et  al.,  2011;  Wang et  al.,  2020).

However,  the  specific  conditions  of  dolomite  precipitation  remain  ambiguous,  and  laboratory

simulations  cannot  fully  replicate  natural  environments.  Therefore,  it  is  necessary  to  scrutinize

modern and Holocene dolomites and their formation environments.

Holocene and modern lake sediments are ideal archives to study the “dolomite problem” due

to their various hydrochemical conditions and lack of diagenesis. Many lakes, lagoons, and playas

worldwide precipitate primary dolomites (compiled in Figure S1a), but few of these dolomites are of

abiotic origin or have a high dolomite concentration (Last, 1990). Here, we examined early Holocene

sediments  containing  a  12-cm proto-dolomite  layer  collected  from Lake Sayram, an alpine  lake

located in Central  Asia,  to study the properties of these proto-dolomites and to explore possible

formation  mechanisms.  By  combining  morphological,  mineralogical  and  isotopic  methods,  we

confirmed  a  primary  and  abiotic  origin  of  this  proto-dolomite  layer  with  an  average  dolomite

concentration of >50 wt%. Furthermore,  comparing these data with regional climate records,  we

constrained the formation conditions of the proto-dolomite layer.

2 Materials and Methods

Lake Sayram (44°30′ to 44°42′N, 81°05′ to 81°15′E) is situated in Central Asia, covers an area

of 453 km2 and has an elevation of 2071.9 m above sea level (Figure 1b). It has an average water

depth  of  46.4  m,  a  maximum  depth  of  ~99  m  (in  2017),  and  mean  annual  precipitation  and

evaporation of 350 mm and 550 mm, respectively (Jiang et al., 2013). The modern lake water is

saturated with dolomite, aragonite, and calcite based on hydrochemical data of surface water in 2017
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(Table S1).

In July 2009, we drilled a 300-cm-long sediment core that covers the entire Holocene and the

late last glacial  period from the center of Lake Sayram (44°34′59.0′′N, 81°09′12.3′′E) at a water

depth of 86.0 m (Figure S1c). In this study, the interval of 200-300 cm was selected, and radiocarbon

dating of bulk organic matter  using accelerator  mass spectrometry (AMS) with carbon reservoir

calibration was performed (Jiang et al., 2020; Jiang et al., 2013). The samples in the interval of 200-

300 cm were subjected to mineralogical and geochemical measurements, such as Fourier transform

infrared spectrophotometry (FTIR), X-ray diffraction (XRD), stable isotope composition analysis,

and scanning electron microscopy (SEM). Shells of Limnocythere inopinata (ostracods) were picked

out due to their abundant distribution in the core.

Mineral compositions were examined by XRD (Bruker D2 PHASER X, Cu-Kα, 0.02° s-1). All

spectrograms  were  corrected  to  a  sharp  quartz  peak  at  3.345  Å.  Minerals  were  identified  by

characteristic diffraction peaks with JADE software. We calculated CaCO3 mol% in dolomites with

Lumsden’s  equation,  N(CaCO3)=333.33d104-911.99 (Lumsden,  1979),  and cation  ordering indices

were defined as I015/I110 (Gregg et al., 2015). Using TOPAS 6.0 software, we semi-quantified the ratio

of carbonate mineral phases (dolomite, calcite and aragonite) with Rietveld refinements to prepare

for the following FTIR quantification. Clay minerals in surface deposits were examined with XRD

after preparation of oriented clay mounts (Dohrmann et al., 2009).

Quantitative analyses of total carbonates were conducted with a Thermo Nicolet 6700 FTIR

equipped with a diffuse reflectance attachment. Total carbonate displays a wide band approximately

2513 cm-1. Following the instructions of Ji et al. (2009) and Meng et al. (2015), we obtained absolute

mass fractions of total carbonate with external calibration. Subsequently, we calculated the dolomite,

calcite and aragonite contents based on carbonated mineral phases derived from XRD. In addition,

dust from the Taklimakan Desert and fluvial deposits were also processed to examine the existence

of dolomite by peaks at 728 cm-1.
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Observations  on  the  external  morphology  and  internal  microstructure  were  processed  as

follows. Samples were coated with platinum and then conducted with a Zeiss Sigma 500 FE-SEM

equipped with energy dispersive X-ray spectroscopy. A specimen from the depth of 232 cm was

pasted  onto  copper  grids  and  milled  to  thinner  than  70  nm  with  a  focused  ion  beam  (FIB).

Microstructures were revealed by selected-area electron diffraction (SAED) patterns parallel to the

[010]-zone axis via transmission electron spectroscopy (TEM) with an FEI Tecnai F20 TEM. High-

resolution TEM (HRTEM) images and [010]-zone axis fast Fourier transformation (FFT) patterns

were also processed to obtain superlattice information.

Geochemical analysis was conducted on dolomite-rich samples, bulk carbonates, and ostracod

shells.  Dolomite-rich samples (15 samples from the 222-250 cm interval)  were soaked in 0.5 M

acetic acid for 4 hours at room temperature to remove other carbonate minerals (Yang et al., 2000).

Then, FTIR was used again to ensure complete removal of calcite and aragonite. For stable carbon

and  oxygen  isotope  analyses,  ~1  mg  bulk  samples,  dolomite-rich  samples  and  ostracods  were

transformed to CO2 by reaction with four drops of 100% phosphoric acid at 70°C. Then, CO2  gases

were tested for δ13C and δ18O using a Delta plus XP IR-MS with GasBench II attachment. The δ13C

and  δ18O data  for  all  samples  are  reported  relative  to  the  Vienna  Pee  Dee  Belemnite  (VPDB)

standard, and the precision is less than 0.11‰ (1σ) for δ13C and 0.10‰ (1σ) for δ18O. The contents of

bulk trace elements, including Mn, Sr, and Ti, were tested with inductively coupled plasma-optical

emission spectrometry (ICP-OES) after digestion.

3 Results

Dolomites exist in almost every sample but account for the majority of the sample only in the

interval of 228~240 cm (the mean is greater than 50 wt%), even reaching more than 80 wt% at 232

cm (Figure 1a and Table S3). Dolomites in this interval have low-medium cation ordering indices

(<0.7), a CaCO3 mol% of approximately 53% (Figure 1b and Figure 1c), and are euhedral and

interpenetrating rhombs (Figure 2d, 2e, 2f and Figure S2b), which are similar to the properties of
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proto-dolomites (Gregg et al., 2015). These proto-dolomites are integrated and are independent of

any microbial structures, such as mycelium or bacterial cells (Samylina et al., 2016). We did not

find microbe-related products, including framboidal pyrite (Deng et al.,  2010). The TEM bright

field image (Figure S4a) illustrates that smaller rhombic crystals (~200 nm) are wrapped in larger

crystals (~2 μm), and their orientations are different. The [010]-zone axis SAED of larger crystals

(Figure S4b) reveal no superstructure reflections,  such as (003) (Hobbs & Xu, 2020; Lu et  al.,

2018), the same result is shown by the HRTEM image of smaller crystals (Figure S4c) and [010]-

zone  axis  FFT patterns  (Figure  S4d).  Therefore,  we call  the  228~240  cm interval  the  “proto-

dolomite layer”. The δ13C and δ18O values of samples from the layer range from 2.15‰ to 3.18‰

(n=7,  mean=2.51‰) and from -2.07‰ to  1.14‰ (n=7,  mean=0.13‰),  respectively  (Figure  1f,

Figure 1g, Figure 3 and Table S4). The δ13C and δ18O values of ostracods are close to those of the

proto-dolomite layer (Figure 1f, Figure 1g, Figure 3 and Table S4). The manganese concentration

decreases  significantly  in  the  proto-dolomite  layer,  while  the  strontium concentration  increases

from ~400 ppm to ~2700 ppm (the thinner lines in Figure 1d and e). After normalization to Ti, both

Mn and Sr increase in the proto-dolomite layer (the thicker lines in Figure 1d and e). In addition,

dissolution of aragonite was observed in the 232 cm sample (Figure S2b).

Beneath the proto-dolomite layer (242~300 cm), detrital calcite, quartz and clay minerals are

common (Figure S2). The calcite shows signs of transportation, such as corroded margins and etch

pits. The δ13C and δ18O values of ostracods range from -1.7‰ to 0.9‰ (n=7, mean=-1.28‰) and

from -0.8‰ to 0.1‰ (n=7, mean=-0.4‰), respectively (Figure 1, Figure 3 and Table S4). In contrast,

bulk carbonate has more positive δ13C values ranging from 0.39‰ to 1.9‰ (n=23, mean=1.2‰), and

obvious negative δ18O values ranging from -8.9‰ to -4.01‰ (n=23, mean=-6.8‰) (Figure 1 and

Table S4). The Sr concentration remains steady at ~200 ppm, and the Mn concentration increases

from ~350 ppm to ~600 ppm at the depth of approximately 277 cm (Figure 1d and 1e).

Above  the  proto-dolomite  layer  (200~226  cm),  needle-like  aragonites  are  prevalent,  and

15

160

161

162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

16



calcites with dissolved edges compose a tiny part. Gypsum appears as tabular aggregates at a depth

of 216 cm (Figure S2). Both bulk carbonate and ostracods have similar δ18O values, with an average

of 0.5‰. However, δ13C is more positive in bulk carbonate (from 2.5‰ to 4.1‰, n=10, mean=2.7‰)

than in ostracods (from 0.6‰ to 2.3‰, n=7, mean=1.4‰) (Figure 1, Figure 3 and Table S4). Mn and

Sr concentrations decrease to the previous 280-300 cm levels.

Figure 1. Mineralogical and geochemical compositions within the 200-300 cm interval of the core
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from Lake Sayram. (a) Overall distribution of dolomite, aragonite and calcite (bands) as well as the

concentration of total  carbonates (black line).  (b) CaCO3 mol% in dolomites  calculated with the

equation by Lumsden (1979).  (c) Cation ordering (identity  ratio of d015 and d110).  Some data are

absent  because  dolomite  concentrations  are  too  low  to  calculate  ordering.  (d) Strontium

concentration (light purple line) and Sr/Ti (bold purple line). (e) Manganese concentration (light blue

line) and Mn/Ti (bold blue line). (f) δ13C of bulk carbonate, dolomite and ostracods. (g) δ18O of bulk

carbonate, dolomite and ostracods. Note that the δ18O values of bulk carbonate and dolomite verge

on the δ18O values of ostracods.
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Figure 2. The morphologies of proto-dolomites in Lake Sayram are shown in the  middle column,

and for comparison, dolomites of biotic and abiotic origins are listed in the left and right columns,

respectively.  (a) Spheroidal  microstructures  composed of  dolomite  related  to  methanogens  in

Permian  lake  deposits  (Sun  et  al.,  2020). (b) Spherical  modern  dolomite  mediated  by  sulfate-

reducing bacteria from the Coorong area, South Australia (Borch & Jones, 1976; Wright & Wacey,

2005).  (c) Microbial  dolomites  grouped in  tetrads  found in Miocene saline  lake  deposits  in  the

Madrid Basin (Sanz-Montero et  al.,  2006).  (d) Aggregates  of rhombohedral  proto-dolomite  with
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smooth  facets  in  Lake  Sayram (this  study).  (e) and  (f) Proto-dolomites  with  smooth  facets  and

imperfect or coarse steps accompanied by dissolved aragonites (marked by yellow arrows) in Lake

Sayram  (this  study).  (g) Ideal  dolomite  precipitated  in  the  laboratory  at  218  through℃

recrystallization of calcite seeds (Kaczmarek & Sibley, 2014). (h) Island dolostones from the Xisha

Islands (Na et al., 2019) that precipitated due to sea-level changes and were modified by sea water

(Wang et al., 2018).  (i) Mississippian dolostones formed within hot (170-215 ) and saline brines℃

(Kolchugin et al., 2020).

4 Discussion

4.1 Abiotic origin of proto-dolomite layer in situ

The CaCO3 mol% values  of  ~53%,  the  weak but  existing  superstructure  peaks,  and local

disordering (Figures 1c, S2, S4 and Table S5) confirm that Lake Sayram samples from the 228-240

cm interval  are  dominated  by proto-dolomites  (Gregg et  al.,  2015; Petrash et  al.,  2017).  Before

discussion of the mechanism, it is necessary to identify whether these proto-dolomites are exogenous

or  authigenic.  Exogenous  materials  within  Lake  Sayram sediments  include  windblown dust  and

detritus from lake basin carried by rivers. Central Asian dust contains an average dolomite content of

2.2% in the bulk fraction and an average dolomite content of 4.6% in the fine-grained fraction (Meng

et al., 2019), and fluvial deposits contain no dolomite (Figure S3). SEM images illustrate that the

crystals of proto-dolomites are euhedral and rhombic (Figure 2d) and have no traces of transportation

or dissolution (as shown in Li et al., 2007). Furthermore, Lake Sayram proto-dolomites have δ13C-

δ18O values that are different from Asian dust (Li et al., 2007) but are similar to those of ostracods

from the same depth (Figure 3a). According to these pieces of evidence, this proto-dolomite layer

does not have a detrital provenance.

Proto-dolomites and L. inopinata ostracods have similar δ18O values, which suggests that they

precipitated in the same solution. Notably, δ18Odolomite values within the 244-250 cm interval change

positively  (from -7.9‰ to  0.0‰)  and  are  similar  to  δ18Oostracod values  when  the  proto-dolomite
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fraction increases (Figure 1 and Figure 3), indicating the existing contribution of dust to oxygen

isotopes. To estimate the detrital contribution, we suppose δ18Odolomite value of 250 cm (-7.9‰) as the

detrital endmember and δ18Oostracod values from near the same depth as the authigenic endmember and

find that a >20 wt% authigenic partition of proto-dolomite ensures a >90% authigenic contribution

(Table S4). Therefore, δ18O values of the proto-dolomite layer can represent δ18O values of missing

ostracods in the 240-228 cm interval (Figure 4f).

Based on the deduction of authigenic origin, we further discuss whether the proto-dolomites

are  the  result  of  primary  precipitation  or  secondary  alternation  and  whether  they  are  related  to

microbes. Hydrothermal-burial alteration can be easily ruled out because of soft mud conditions and

Mn/Sr ratios of <1 (Chang et al., 2020). The euhedral and rhombic proto-dolomites are comparable

to abiotic dolomites which were found at the sediment-water interface (McCormack et al., 2018), in

the high-temperature synthesis of ideal dolomite (Figure 2g) (Kaczmarek & Sibley, 2014), in island

dolostones (Figure 2h) (Na et al., 2019), and in Mississippian dolostones (Figure 2i) (Kolchugin et

al., 2020) but are not analogous to biotic spherical dolomites from saline lakes or lagoons (Figure 2a,

2b and 2c) (Borch & Jones, 1976; Hu et al.,  2019; Sanz-Montero et al.,  2006; Sun et al.,  2020;

Wright  &  Wacey,  2005).  No  mycelium,  bacteria,  or  other  traces  of  microbial  activities  (e.g.,

contacting lines in Samylina et al. (2016)) are found in the Lake Sayram samples.

The δ13Cdolomite values (1.5~3.8‰) further support the abiotic origin of Lake Sayram dolomite.

The controlling factors of δ13Ccarbonate include temperature, δ13CDIC of lake water, and δ13CDIC of pore

water. The effect of temperature is slight (Δcarbonate-DIC  decreases 0.035‰/°C at 20°C, calculated by

Emrich  et  al.  (1970)),  while  the  other  two factors,  which are  controlled  by microbial  activities,

significantly affect δ13Ccarbonate. Various biogenic or organogenic dolomites in previous studies have

distinct  δ13Cdolomite values compared to Lake Sayram samples (Figure 3b). For instance,  δ13Cdolomite

ranges  from  -50‰  to  -30‰  due  to  sulfate-driven  anaerobic  oxidation  of  methane  (SD-AOM)

consortium (Lu et al., 2018), from 6‰ to 20‰ when influenced by methanogenic archaea (Sun et al.,
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2020), from -60‰ to -40‰ when derived from methane oxidization (Aloisi et al., 2002), and from -

36‰ to 13‰ when precipitated on sulfate-methane interfaces (Meister et  al.,  2007). In addition,

proto-dolomites have slightly positive δ13C values compared with L. inopinata ostracods in the proto-

dolomite layer, which accords with higher carbon isotope fractionation factor of dolomite-dissolved

inorganic carbon (DIC) than that of calcite-DIC (Li et al., 2016) and the Δ13Ccalcite-ostracods at a level of

1~2‰ due to vital effects (Grafenstein et al., 1999; Van der Meeren et al., 2011).

Briefly, this systematic investigation demonstrates that the Lake Sayram proto-dolomite layer

precipitated in situ and without involvement by microbes or hydrothermal processes.

Figure 3. Comparison of dolomite C-O isotope compositions of Lake Sayram with other origins. (a)

δ13C-δ18O cross-plot of the proto-dolomite layer, non-proto-dolomite layer and ostracods in this study

and reported potential provenances, including Chinese Loess and deserts (Li et al., 2007), Cretaceous

lacustrine dolostones from the Tianshan Mountains (Wang et al., 2020) and proto-dolomite in the

Red  Clay  Formation  in  Chinese  Loess  (He et  al.,  2012).  (b) δ13C-δ18O cross-plot  of  the  proto-

dolomite  layer and ostracods in this study as well as microbial  dolomitization models, including

sulfate-driven anaerobic oxidation of methane consortium (Lu et al., 2018), methane generation by

archaea (Sun et al., 2020), methane oxidization (Aloisi et al., 2002), and microbial activities at the
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sulfate-methane interface (Meister et al., 2007).

4.2 Mechanism of proto-dolomite layer formation

How does this proto-dolomite layer form? We address three aspects of this question: (1) What

is  the  precursor  to  proto-dolomite?  (2)  How  do  Mg2+ ions  dehydrate  and  incorporate  into  the

precursor, and how long does this process take? (3) Why did cations not reach perfect ordering?

The precursor to dolomite remains controversial, but several experiments have demonstrated

that  they  are  a  series  of  metastable  intermediate  phases,  including  aragonite,  Mg-rich  calcite,

hydrated Ca-Mg-carbonate, and disordered dolomite (Gregg et al., 2015). In Persian Gulf sabkhas,

dolomite  accompanied  by  aragonite  has  drawn  much  attention  and  has  led  to  the  aragonite

replacement hypothesis (Brauchli et al., 2015). However, later studies revealed this mechanism to be

unrealistic at ambient temperature because dolomite and aragonite have distinct lattice configurations

(Li et al., 2015) so that the energy barrier for aragonite to convert to dolomite is too high (Brauchli et

al., 2015; Dunham et al., 2020). Although the dissolution of aragonite has also been observed in this

study (Figure 2e, 2f and Figure S2b), we do not consider aragonite  as the precursor because no

aragonite-like pseudomorph was observed. The dissolution of aragonite may provide extra Ca2+ ions

to precursors in the immediate vicinity. Very high-Mg calcite (VHMC) and disordered dolomite are

promising precursors found in both the field and laboratory (Dunham et al., 2020; Gregg et al., 2015;

Wright, 1997; Zhang et al., 2012; Zhang et al., 2015). The TEM images revealed small rhombic

crystals (~200 nm) inside the aggregates (Figure S4a), and whether SAED or FFT of HRTEM image

showed  no  superstructure  reflections  (Figure  S4b,  c  and  d).  Therefore,  we  consider  VHMC or

disordered dolomite to be the precursor. The extremely high Mg2+ concentration (19.8 mmol/L) and

high Mg:Ca ratio (~27.5) in Lake Sayram (see Table S1) could have enabled a short induction time

(Hobbs & Xu, 2020; Kaczmarek & Sibley, 2011). 

To address question (2), the rigid hydration shells around dissolved Mg2+ ions restrict Mg2+

incorporation  (Lippmann,  1974),  and  dehydration  may  be  the  rate-limiting  step  in  dolomite
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precipitation  at  ambient  temperature  (Petrash  et  al.,  2017;  Shen  et  al.,  2015).  To  resolve  this

question, high-temperature water-free solutions, microbes, and catalysts were used in synthesis trials.

Hydrothermal-burial conditions can lower the energy barrier (Graf & Goldsmith, 1956) and microbes

can release carboxyl groups and polysaccharides weakening hydration shells (Brauchli et al., 2015;

Roberts et al., 2013; Shen et al., 2015; F. Zhang et al., 2012; Zhang et al., 2015). However, we have

demonstrated that the Lake Sayram proto-dolomite layer is independent of hydrothermal fluids and

microbial activities. Clay minerals with negative-charged surfaces, such as montmorillonite and illite

(Figure S5), catalyze the dehydration of Mg2+, but they result in cauliflower- and dumbbell-shaped

(proto-)dolomite grains (Liu et al., 2019; Wanas & Sallam, 2016), which are not applicable to this

study. In addition, elements including zinc, Mn(II), and silica have been found to facilitate dolomite

precipitation (Daye et al., 2019; Hobbs & Xu, 2020; Vandeginste et al., 2019). Manganese increased

in the Lake Sayram section after  normalization  to  Ti  (Figure 1e)  suggesting  an increase  of Mn

incorporation in authigenic fraction because Ti usually exists in detrital minerals, is insensitive to

redox conditions and difficult to dissolve (Yancheva et al., 2007). However, since the existing forms

of  Mn are  uncertain,  whether  and how they influenced  proto-dolomite  precipitation  is  doubtful.

Evaporitic  environments,  such as  playa  lakes,  sabkhas,  and hypersaline  lagoons (Sadooni  et  al.,

2010; Wright & Wacey, 2005), and water-free solutions (Xu et al.,  2013) also favor magnesium

dehydration, but aridity is not a sufficient condition, as proven by Land (1998).

An empirical study by Hobbs and Xu (2020) showed that cycles of temperature and pH in

solutions with high Mg2+ concentrations and high Mg:Ca ratios facilitate the precipitation of Mg-rich

carbonates by promoting preferential dissolution of existing Ca-CO3 bonds and later incorporation of

Mg2+. This mechanism sheds light on the formation of proto-dolomite layer in Lake Sayram section.

According to  the depth-age model  established by Jiang et  al.  (2020),  the dolomite  layer  formed

during 9.3~8.7 cal. kyr BP (Figure 4g). The regionally averaged temperature index (Zhang & Feng,

2018) suggests that the temperature reached a maximum during this period (Figure 4c) and had an
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~2000-year lag relative to the local summer insolation maximum (Figure 4a) (Laskar et al., 2004;

Zhao et  al.,  2017).  Before  the  proto-dolomite  layer  formed,  Pediastrum spp.  appeared  suddenly

(Figure 4), which demonstrates that the lake level might have shallowed to less than 15 meters (Jiang

et  al.,  2013).  In  agreement  with  previous  data  of  moisture  index  in  Central  Asia  (Figure  4d),

concentrations of charcoals and pollens also indicate a warm and arid climate (Figure 4h and i). On

the one hand, the shrinking lake had a large diel temperature range on individual days (even reaches

15°C)  (Woolway  et  al.,  2016)  and  annual  maximum lake  surface  temperatures  increases  under

climate warming (Dokulil et al., 2021). The increase and swings of water temperature could have

caused iterative dissolution and precipitation,  which would have favored Mg2+ incorporation and

proto-dolomite growth (Hobbs & Xu, 2020). On the other hand, as the lake water concentrated, the

alkalinity and pH rose gradually, which favored proto-dolomite and aragonite precipitation (Figure

S6) (simulated after Dunham et al., 2020), and gypsum (Figure 4e) finally precipitated, coinciding

with  an extremely  high temperature  (see negative  PCA-2 scores  in  Jiang et  al.,  2013).  High Sr

concentrations (>2000 ppm, Figure 1d) in the dolomite layer also support arid trends (Wang et al.,

2020). The partition coefficient of Sr for dolomite increases with temperature and is even higher

when sulfate exists (Sánchez-Román et al., 2011).

To address question (3), time is the crucial  factor  for dolomite  to reach long-range cation

ordering. Pina et al. (2020) compiled dolomites from the Neoproterozoic to the late Holocene and

found that at least 30 million years are required for high ordering. XRD reveals that Lake Sayram

proto-dolomites  have weak (015),  (101),  and (021) superstructure peaks (Figure S2c),  indicating

weak ordering. The [010]-zone axis SAED results (Figure S4b) reveal no superstructure reflections,

such as (003) (Hobbs & Xu, 2020; Lu et al., 2018), which demonstrates that Mg2+ and Ca2+ are not

distributed in alternant layers. The HRTEM image (Figure S4c) and [010]-zone axis FFT patterns

(Figure S4d) also suggest a disordered distribution of cation layers. Nonstoichiometry and disorder

are  energetic  drives  for  proto-dolomite  to  recrystallize  (Kaczmarek  & Sibley,  2014);  thus,  Lake
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Sayram proto-dolomites may reach a more perfect ordering state in the future.
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Figure 4. Comparison of paleoclimatic  records during the period when the proto-dolomite  layer

formed.  (a) Mean insolation at 45°N in June (Laskar et al., 2004).  (b) Global stacked temperature

anomaly that has increased since ~11 ka BP and maintained its maximum during ~10 - ~7 ka BP

(Marcott et al., 2013). (c) Regionally averaged temperature index of Altai Mountain and surrounding

areas that was continually warming from ~12 ka BP to ~9 ka BP and has been gradually cooling

since ~9 ka BP (Zhang & Feng, 2018). (d) Moisture index in Central Asia indicating an extremely

arid early Holocene (from ~12 ka BP to ~8 ka BP) (Chen et al., 2008).  (e) Dolomite and gypsum

concentrations vary along the section. (g) Pediastrum spp. appeared suddenly just before the proto-

dolomite  later  formation  (Jiang et  al.,  2013). (h) Increasing total  pollen counts indicate  that  the

regional climate has become wetter since ~8.5 ka BP (Jiang et al., 2013). (i) Charcoal counts indicate

that the changing high temperatures resulted in increases in the frequency of local fires during 11.0-

9.4 cal. kyr BP (Jiang et al., 2013).

4.3 Implications for geological records and the Early Holocene climate in Central Asia

First,  this  study  provides  a  detailed  investigation  on  primary  proto-dolomite  in  ambient

conditions  and of abiotic  origin during the early Holocene,  supporting several  studies of ancient

abiotic dolostones.  For  example,  massive  dolostones  in  the  Doushantuo  Formation  formed  at

temperatures  <60  ℃ (Chang  et  al.,  2020), and  primary  dolomite  could  precipitate  directly  in

“Neoproterozoic aragonite-dolomite seas”  (Hood et al., 2011; Wang et al., 2020). This study also

supports the viewpoint of Wang et  al.  (2016) that  the removal of sulfate  may play little  role in

dolomite precipitation at surface temperatures because Lake Sayram has a high sulfate concentration

(~16.88 mmol/L).

Second, lacustrine dolomites may respond to regional warm and not just arid trend. The proto-

dolomite layer also corresponded to a warm period both locally (Figure 4c) (Zhang & Feng, 2018)

and globally (Figure 4b) (Marcott  et  al.,  2013). A similar  situation was also discovered in Lake

Qinghai after the Younger Dryas (Hou et al., 2015; Liu et al., 2003). This warming trend with a high
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dolomite concentration was supported by the kinetic model from Arvidson and Mackenzie (1996),

which  implies  that  dolomites  respond to  relatively  modest  warming of  surface  environments.  If

correct,  under  global  warming,  lake  heatwaves  will  become hotter  and longer  (Woolway et  al.,

2021), which may facilitate lacustrine (proto-)dolomite precipitation.

5 Conclusions

We  report  a  case  of  an  abiotic  lacustrine  proto-dolomite  layer  formed  during  the  early

Holocene in Lake Sayram, Central Asia. Low ordering, euhedral and rhombohedral shapes, and δ13C-

δ18O values confirm that the proto-dolomites precipitated authigenically and abiotically. We suggest

that due to warming and evaporation, disordered dolomite crystallized as a precursor in lake water

with high Mg:Ca ratios and Mg2+ concentrations. More proto-dolomite then precipitated via iterative

preferential  dissolution and reprecipitation.  The dolomite-aragonite-gypsum sequence suggests an

arid  and  warm  trend  in  Lake  Sayram  during  10.0-8.0  ka  BP,  which  correlates  with  regional

temperature and moisture indices.  This study also provides insight into massive low-temperature

abiotic dolomites.
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