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ABSTRACT 

Lacustrine dolomite nucleation commonly occurs in modern and Neogene evaporitic 

alkaline lakes. As a result, ancient lacustrine microcrystalline dolomite has been 

conventionally interpreted to be formed in evaporitic environments. This study, however, 

suggests a non-evaporitic origin of dolomite precipitated in a volcanic–hydrothermal lake, 

where hydrothermal and volcanic processes interacted. The dolomite occurs in lacustrine 

fine-grained sedimentary rocks in the middle Permian Lucaogou Formation in the 

Santanghu intracontinental rift basin, north-west China. Dolostones are composed mainly 

of nano-sized to micron-sized dolomite with a euhedral to subhedral shape and a low 

degree of cation ordering, and are interlaminated and intercalated with tuffaceous shale. 

Non-dolomite minerals, including quartz, alkaline feldspars, smectite and magnesite mix 

with the dolomite in various proportions. The 87Sr/86Sr ratios (0.704528 to 0.705372, 

average = 0.705004) and d26Mg values (0.89 to 0.24&, average = 0.55&) of dolostones are 

similar to those of mantle rocks, indicating that the precipitates mainly originated from 

fluids that migrated upward from the mantle and were subject to water–rock reactions at a 

great depth. The d18O values (3.1 to 22.7&, average = 14.0&) of the dolostones indicate 

hydrothermal influence. The trace and rare earth element concentrations suggest a saline, 

anoxic and volcanic–hydrothermally-influenced subaqueous environment. In this 

subaqueous environment of Lucaogou lake, locally high temperatures and a supply of 

abundant Mg2+ from a deep source induced by volcanic–hydrothermal activity formed 

favourable chemical conditions for direct precipitation of primary dolomite. This study’s 

findings deepen the understanding of the origin and processes of lacustrine primary 

dolomite formation and provide an alternative possibility for environmental interpretations 

of ancient dolostones. 

Keywords Non-evaporative environment, Permian, primary dolomite, volcanic lake, volcanic–

hydrothermal activities. 

INTRODUCTION 

The occurrence of abundant massive dolostone in the 

geological record is in sharp contrast to 

the rarity of modern dolomite, suggesting that most 

dolomites were altered from other carbonate minerals 

(Land, 1998; Holland & Zimmermann, 2000; Mazzullo, 

2000; Warren, 2000; 
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Warthmann et al., 2000; Hood et al., 2011). Recently, 

microcrystalline and disordered dolomite, which is a 

precursor of ancient well-ordered massive dolomite, has 

been found in modern and Neogene environments 

(sabkha flats, hypersaline lagoons, playa lakes, organic-

rich deep marine environments and hydrothermal vents) 

that are saline or hypersaline and have abundant organic 

materials and/or a large hydrothermal influx (Last, 1990; 

Arvidson & MacKenzie, 1999; SanzMontero et al., 2008; 

Eickmann et al., 2009; Petrash et al., 2017). The first 

three environments (sabkha flats, hypersaline lagoons 

and playa lakes) are commonly evaporative, whereas the 

last two (organic-rich deep marine environments and 

hydrothermal vents) are rarely reported due to difficulty 

in direct field observation. 

Compared with the well-studied marine dolomite, 

lacustrine dolomite is still poorly understood. Last (1990) 

reviewed over 50 reported world-wide occurrences of 

modern and Holocene non-detrital dolomites and found 

that most of the occurrences occur in salt, shallow and/or 

alkaline lakes which experience intensive evaporation. 

Dolomite crystals are nano-sized to micro-sized, 

imperfectly ordered or well-ordered, volumetrically 

minor, and associated with aragonite, calcite and 

microbial catalysis in modern and Holocene lakes 

(Vasconcelos & McKenzie, 1997; Roberts et al., 2004; 

Cangemi et al., 2016; Petrash et al., 2017), but are 

volumetrically abundant and associated with evaporitic 

minerals in ancient deposits (Garcia-Fresca et al., 2018; 

Cao et al., 2020). Hence, it is speculated that evaporation 

and later dolomitization are required for the formation of 

ancient massive dolostones. In those lakes, some of them 

record strong volcanic–hydrothermal activity; they are 

termed alkaline lakes and have been reported frequently 

in recent years (Cangemi et al., 2016; Newell et al., 2017; 

Yu et al., 2018; Cao et al., 2020; Guo et al., 2021). Those 

lakes have an extremely high primary productivity, 

unique environmental conditions and associated 

carbonate deposits (Southgate et al., 1989; Rothschild & 

Mancinelli, 2001; Cangemi et al., 2016; Hammond et al., 

2019; Cao et al., 2020). Alkalinity, high salinity and 

concentrations of Na+, K+, Mg2+ and Ca2+ are caused 

solely by evaporation and, in some cases, with influx of 

additional materials provided by magmatic water–rock 

reactions and volcanic– hydrothermal activities 

(Stamatakis, 1989; Stueken€ et al., 2015; Cangemi et al., 

2016; Lowenstein et al., 2017; Yu et al., 2018; Hammond 

et al., 2019; Cao et al., 2020). Hence, chemical elements 

from a deep source seem to provide additional ingredients 

for dolomite precipitation but evaporation still seems 

necessary. 

Hydrothermal dolomite, commonly related to fault-

controlled dolomitization, formed through alteration by 

hydrothermal fluid (Davies & Smith Jr., 2006; Smith Jr., 

2006; Hollis et al., 2017; Koeshidayatullah et al., 2020). 

Ilich (1974) first interpreted a genetic type of primary 

hydrothermal–sedimentary dolomite in the Miocene 

freshwater deposits of the Inner Dinarides of Yugoslavia. 

This type has not been the focus of study because the 

reported modern carbonates in hydrothermal fields 

consist mainly of aragonite and calcite without a great 

amount of precipitated dolomite (Kelley et al., 2001, 

2005). Nonetheless, studies in the last three decades have 

shown some dolomite precipitation under various 

hydrological, geochemical and/or geomicrobiological 

conditions (Gregg et al., 2015; Hips et al., 2015; Petrash 

et al., 2017). Dolomite precipitated from a mixture of 

seawater and hydrothermal fluids is reported from the 

Logatchev Hydrothermal Vent Field which contains 

dominantly ultramafic rocks (Eickmann et al., 2009). 

Furthermore, volcanic and hydrothermal activities in both 

modern and ancient records commonly show a strong 

relationship with microbial blooms (Fouquet, 1999; Xie 

et al., 2010; Procesi et al., 2019), and provide the 

elements (for example, CO2, Mg2+ and Ca2+), and modify 

the temperature and pH values that facilitate dolomite 

precipitation. Recently, some organic-rich lacustrine 

dolomitic shales have been interpreted as products of 

volcanic eruption and hydrothermal exhalation, including: 

(i) the middle Permian Lucaogou Formation in the 

Santanghu and Junggar basins of north-west China (Liu 

et al., 2012; Jiao et al., 2018a,b, 2020; Pan et al., 2020; Li 

et al., 2021; 

Zhang et al., 2021); (ii) the Cretaceous Tengger 

Formation in the Erlian Basin of northern China (Yang et 

al., 2020, 2021); and (iii) the Cretaceous Xiagou 

Formation in the Jiuquan Basin of southwest China 

(Zheng et al., 2006; Wen et al., 2013). These studies 

describe complex depositional and diagenetic 

environments affected by volcanic– hydrothermal, 

authigenic and biological processes, which may have 

promoted the formation of primary dolomitic formation 

related to hydrothermal activities (Zheng et al., 2006; Liu 

et al., 2012; Yang et al., 2020). 

Nevertheless, it is still unclear whether hydrothermal 

dolomite precipitation could be a possible mechanism for 

formation of ancient massive dolostone due to the lack of 

modern observations. Most ancient dolomites have 

undergone multiple episodes of diagenesis, which have 

caused overgrowth and/or recrystallization that mask the 

primary phase and prevent accurate interpretation of 

syndepositional environments and conditions (Petrash et 

al., 2017). Hence, ancient microcrystalline dolomites, 
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especially the lacustrine ones, have been commonly 

regarded as products of evaporitic environments, even 

though some lacustrine dolostones do not contain 

evaporitic features. Thus, the possible primary origin of 

microcrystalline dolomite without diagenetic alteration 

and evaporitic features needs to be further studied. 

This study reports a suite of laminated dolostones 

composed mainly of microcrystalline dolomite and minor 

pyroclastics of the Permian Lucaogou Formation which 

were deposited in a mixed volcanic–hydrothermal 

lacustrine environment. This paper provides an 

alternative interpretation on the origin and processes of 

lacustrine microcrystalline dolomite formed in a non-

evaporitic environment with intense volcanic– 

hydrothermal activities. 

GEOLOGICAL BACKGROUND 

The Santanghu Basin is located in the northeastern 

Xinjiang Province in north-west China (Fig. 1A). 

Lacustrine sediments were deposited in a rift basin during 

the late Carboniferous to middle Permian (Gu et al., 2001; 

Zhou et al., 2006; Xia et al., 2008; Nan et al., 2016). The 

basin contains a series of grabens (Fig. 1B; Song et al., 

2013), where fluvial–lacustrine sedimentation started in 

early Permian (Yang et al., 2010). Currently, the basin has 

five depressions, among which the Malang Depression is 

the focus of this study. 

The middle Permian Lucaogou Formation is the target 

unit in this study and is sandwiched by two major regional 

intracontinental volcanicdominated formations (Fig. S1). 

The underlying rocks include the upper Carboniferous 

Haerjiawu Formation and lower Permian Kalagang 

Formation, which contain a 2500 to 4000 m thick package 

of intermediate–felsic volcanic rocks. The overlying 

middle Permian Tiaohu Formation contains ca 2000 m 

thick basalt and tuffaceous shale (Wang et al., 2015). The 

Lucaogou Formation is a regional hydrocarbon source 

rock and is dominantly comprised of well-laminated 

dolomite-rich fine-grained sedimentary rocks, including 

dolostone, shale, tuff and minor sandstone, which were 

deposited in a sediment-starved profundal lake with a 

stratified, saline environment (Fig. 1; Feng et al., 2004; 

Liu et al., 2012; Hackley et al., 2016; Liu et al., 2020). It 

averages 200 m in thickness but locally can be up to 600 

m thick. Recent studies have reported volcanic–

hydrothermal sediments in the formation (Jiao et al., 

2018a,b, 2020; Liu et al., 2020; Pan et al., 2020; Zhang et 

al., 2021). For example, tuffaceous grains are common in 

most lithofacies. Some intervals contain concentrated 

basic, intermediate and/or felsic pyroclastic sediments. 

Many cone-shaped bodies on seismic sections within the 

Lucaogou Formation (Fig. S2) are composed dominantly 

of volcanic–hydrothermal deposits (Fig. 1B and C; Jiao 

et al., 2018a). The predominant lithofacies is a shale, 

composed mainly of angular alkaline feldspars, some 

quartz and dolomite, and minor or no clay minerals 

(smectite) and are identified as tuffaceous shale. They are 

interpreted to be of a volcanic origin with hydrothermal 

alteration (Jiao et al., 2020; Pan et al., 2020; Zhang et al., 

2021). In summary, regional volcanism was intensive 

before and after the deposition of the Lucaogou 

Formation, but relatively weak during its deposition as a 

continuation of Haerjiawu and Kalagang volcanism 

and/or precursor to the Tiaohu volcanism. 

DATA AND METHODS 

Texture and composition of dolostones in the Lucaogou 

Formation were documented in the context of large-scale 

stratigraphy and microscopic petrography by using 

seismic, well log, mud log, core, petrographic and 

geochemical data. First the total thickness of the 

formation and distribution of dolostones and igneous 

rocks was determined by examination of 40 wells in the 

Malang Depression. The data were compared with the 

distribution of volcanic and hydrothermal fields 

interpreted from seismic data by Jiao et al. (2020) to 

define the overall sedimentary setting. Second, 

approximately 200 core segments from 28 wells with a 

total thickness of ca 800 m were described to document 

the sedimentary structures of dolostone and their stratal 
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relationship with adjacent strata and to conduct 

representative sampling. Finally, 38 dolostone core 

samples from three wells were selected for thin-section 

petrographic observations. 

Samples were preliminarily classified on the basis of 

mineral composition, texture, structure and content of 

volcanic clasts. Thirty-eight samples of dolostone 

laminae identified under polarized microscope (BX51; 

Olympus Corporation, Tokyo, Japan) were collected by 

microdrilling to document their mineral composition and 

crystallinity using an X-ray diffractometer (D/MAX-

2500; Rigaku Corporation, Tokyo, Japan). Then, 18 

samples with more than 50% dolomite were selected for 

geochemical analysis. The microscopic structures and 

textures of the 18 samples were documented in detail to 

establish a solid context for interpretation of geochemical 

data. Firstly, the samples were cut perpendicular to 

bedding plane into two pieces, one for microscopic 

observation (well-polished under a stereoscopic 

microscope; Figs S3 and S4), the other for geochemical, 

microprobe and scanning electron microscopic (SEM) 

analyses. Second, the high-resolution crystal textures of 

dolomite and coexisting quartz and feldspar were 

observed under SEM [FEI Helios NanoLab 600 

(SEM/FIB); ThermoFisher Scientific, Waltham, MA, 

USA]. Third, the major chemical compositions and 

crystal size and shape of dolomite crystals were obtained 

using a JXA-8100 electron microprobe (JEOL Limited, 

Tokyo, Japan) with a beam spot size of 1 lm. A total of 90 

test points (30 test points for each sample from the three 

wells) were analysed. Fourth, the homogenization 

temperatures of six representative fluid inclusions in 

dolomite crystals (Fig. S5) were obtained using a 

cooling–heating stage [THMS600 (testing range from 

196 to 600°C, error 1°C); Linkam Scientific Instruments 

Limited, Salford, UK]. Finally, the target laminae of 

dolostones were sampled by microdrilling (see the 

sampled laminae of each studied dolostones in Fig. S3). 

The powder was analysed for isotopic compositions of C, 

O, Sr, Mg, trace elements and rare earth elements (REEs). 

The Sr, Mg, trace elements and REEs were analysed 

using a Nu Plasma Multi-Collector Inductively Coupled 

Plasma Mass Spectrometer (MC-ICP-MS; Nu 

Instruments Limited, Wrexham, UK), while the C and O 

isotope compositions were determined using a MAT252 

mass spectrometer (ThermoFisher Scientific, Waltham, 

MA, USA). All analyses were reported in delta notation 

as per mil (&) and were conducted at the State Key 

Laboratory of Continental Dynamics at Northwest 

University, Xi’an, Shaanxi, China. 

RESULTS AND INTERPRETATION 

Co-occurrence of dolostone and volcanic deposits 

Igneous rocks are mainly basalt with rare andesite and 

were identified in 14 out of 40 studied wells from 

wireline and mud logs (Fig. 1C). The wells that intersect 

igneous rocks are mainly located in the central part along 

the main fault of the Malang Depression, which also has 

volcanic centres identified from seismic and core data 

(Figs 1C and S2; see details in Jiao et al., 2018a). The 

igneous rocks are commonly intercalated within 

tuffaceous shale and range from 0.5 to 5.0 m (mostly 1 m) 

in thickness. The occurrence of dolostones is non-

uniform but concentrated in three areas close to three 

main faults and around the volcanic centres (Fig. 1C). For 

example, lithofacies in Well 7 are mainly tuffaceous shale 

with several intervals of tuff (Fig. 2). A total of three 

layers of basalt and no dolostones were observed. In 

contrast, lithofacies in wells 101 and 91 (Fig. 2) are 

interbedded tuffaceous shale and dolostone with minor 

tuff. Wells containing abundant dolostones are about 5 

km away from the volcanic centres and also distributed 

along the three main faults in the depression (Fig. 1C). 

Petrological characteristics of dolostones 

Several microscopic characteristics of dolostone provide 

strong evidence supporting the close association of 

dolomite formation with volcanic processes. Firstly, 

dolostones are intercalated or interbedded with 

tuffaceous shales of a volcanic origin with hydrothermal 

alterations (Fig. S4; Jiao et al., 2020). The dolostones 

contain a variety of non-dolomite grains of a variable 

amount ranging from 14 to 48%. The grains are mainly 

monomineralic silicate minerals, vitric fragments, 

smectite, quartz, magnesite (Fig. S6) and serpentine of a 

trace amount. Furthermore, less than 2% of calcite is 

detected in some dolostones. The calcite occurs as vein 

filling and does not appear to be related to dolomite 

formation. The dolostones are classified into three types 

on the basis of the type, amount and origin of the non-

dolomitic grains as pyroclasticpoor (Type I), vitric and 

crystal-rich (Type II) and smectite-rich (Type III), 

reflecting a 
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varying degree of influence of volcanic and hydrothermal 

processes during the formation of dolomite. Their 

characteristics and interpretations are described in detail 

below. 

Type I pyroclastic-poor dolostone 

Description. This type of dolostone is the most abundant 

among the three types. It is welllaminated and individual 

laminae range from 50 lm to 1 mm thick. The dolostone 

laminae are brown, dominantly planar and parallel and, 

in rare cases, brecciated and exhibit soft-sediment 

deformation. They alternate with black to darkbrown 

organic-rich laminae to form a lamina set with a thickness 

ranging from 1 to 50 cm 

(Fig. 3A to C). The organic-rich laminae are 5 to 30 lm 

thick and have uneven thickness and wavy bedding 

surfaces (Fig. 3D). The lamina sets are interbedded with 

tuffaceous shale with a sharp and planar contact (Fig. 3C). 

This type of dolostone is composed mainly of dolomite 

(63.2 to 85.0%, average = 80.4%; Table 1) and quartz (5.7 

to 32.0%, average = 13.6%) and a small amount of K-

feldspar, calcite, smectite, analcite and pyrite. 

Dolomite crystals are mostly smaller than 2 lm in size 

and have a euhedral to subhedral shape with smooth 

crystal edges (Fig. 3E to G); some dolomite crystals close 

to the organic-rich laminae range from 2 to 10 lm in size 

and are associated with pyrite (Fig. 3F). The cation 

ordering of dolomite ranges from 0.36 to 0.46 (average of 

0.42). A trace amount of dolomite crystals are 10 to 30 lm 

in size, euhedral rhombic and filling a local fluid escape 

structure and adjacent microcrystalline dolomite-

dominated laminae (Fig. S6A and B). Their crystals are 

partially replaced by magnesite in association with pyrite 

precipitation. 

Non-dolomite grains include angular shardlike and 

rounded quartz and feldspar. They are scattered discretely 

and randomly in the dolomite matrix (Fig. 3E). As the 

most abundant non-dolomite mineral (Table 1), quartz 

occurs in variable amounts in the samples and show four 

types of textures in this type of dolostone. The first type 

has a shard shape (Fig. S6C). The second type has a 

hexagonal columnar shape with a pinnacle on one end and 

a smooth fracture surface on the other end (Fig. S6D). In 

addition, the surfaces of the above two types of quartz 

crystals are smooth without scratches (Fig. S6C and D). 

The third type is rounded and silt in size (Fig. 3E). The 

fourth type of quartz is rare. It fills in vertical micro-

fractures with a euhedral form (Fig. S6E). The feldspar 

grains are orthoclase and also shard-like. 

Interpretation. The main types of quartz are of 

pyroclastic or terrigenous origin. The first type suggests 

an origin of devitrified volcanic glass (Fig. S6C). The 

morphological features and smooth surfaces (Fig. S6D) 

of the second type indicate that the quartz crystals were 

precipitated from water or crystalized from magma and 

then fractured and had been transported for a short 

distance as bedload or suspension load without frequent 

abrasions (Jiao et al., 2020). The third type (Fig. 3E) is of 

terrigenous and detrital origin. The fourth type (Fig. S6E) 

is interpreted as autogenetic precipitate formed during the 

late diagenetic stage and causing the high quartz content 

in some samples (for example, Sample N-5 in Table 1). 

Furthermore, the relationship between partially replaced 

dolomite and magnesite (Fig. S6A and B) indicates that a 

Mg-rich fluid was present in local interstitial water during 

deposition and may have caused dolomite 

recrystallization. Relatively large dolomite crystals close 

to the organic-rich laminae (Fig. 3F) may also be affected 

by dolomite recrystallization. In the meanwhile, the co- 

 

Fig. 3. Photographs showing the structures, composition and texture of Type I pyroclastic-poor dolostone. (A) Vertical cut of a polished 

core showing parallel laminations. The dark grey laminae are rich in organic matter. (B) Upward changes from brecciation, soft-

sediment deformation, to lamination. Dark grey matrix in the brecciated and soft-sediment deformed parts are mainly dolomite with 

abundant organic matter. (C) Laminated dolostones are sandwiched by black tuffaceous shale (red arrows) with sharp and planar 

contacts. (D) A close-up of (A) showing that dolostones are interlaminated with irregular and discontinuous dark brown organic-rich 

laminae. Plane polarized light (PL). (E) A close-up of (D) showing dolostone lamina containing discrete shard-like pyroclastic (red 

arrows), rounded terrigenous clastic (yellow arrow) and brown to dark brown organic matter grains. PL. (F) Backscatter electron 

microprobe image of (A) showing generally subhedral to euhedral dolomite crystals. The black organic-rich lamina is concave–convex 

and bent or wrapped around the dolomite crystals. Bright white grains are pyrite. (G) Scanning electron photomicrograph of (A) 

showing dolomite crystals that are ca 3 lm in size and euhedral with straight and smooth edges, very fine dolomite (smaller than 1 lm; 

red arrows) and smectite fill in the intercrystalline pores. The vertical white and dark grey veins in (A) to (C) are artificial. 
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occurrence of pyrite and large dolomite crystals only 

occurs close to the organic-rich laminae and in micro-

fractures. This indicates that some alteration, including 

pyrite precipitation and dolomite recrystallization, 

occurred after the nucleation of small dolomites. Hence, 

the dolomites in Type I dolostone are interpreted as 

predominantly precipitates on the lake floor with later 

and local recrystallization. A small amount of terrigenous 
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and pyroclastic sediments were mixed with the dolomite 

through suspension settling. 

Type II vitric and crystal-rich dolostone Description. 

Type II dolostone is common in all samples. It is well-

laminated with individual laminae ranging from 80 lm to 

1 cm thick. Most dolomite laminae are interlaminated 

with organic-rich laminae to form lamina sets similar to 

those in Type I dolostones (Fig. 4A). However, many 

lamina sets are convoluted and intercalated within planar 

and parallel lamina sets, showing syndepositional soft-

sediment deformation, not later tectonic deformation. 

Some lamina sets are cross-laminated (Fig. 4A). Only one 

thick (0.5 to 1.0 cm in thickness) lamina is internally 

massive and intercalated with tuffaceous shale with sharp 

contacts (Fig. 4B). The mineral composition of Type II 

dolostone (Table 1) includes dolomite (66.8 to 86.0%, 

average = 77.3%), quartz (8.9 to 22.0%, average = 13.5%), 

plagioclase (2.8 to 6.5%, average = 4.5%), analcite (0.6 

to 6.3%, average = 3.1%) and rare calcite. In comparison 

to Type I dolostone, Type II dolostone contains 

plagioclase, not K-feldspar, and about 2% more analcite. 

Dolomite crystals in this type are similar to those in 

Type I dolostone, mostly smaller than 2 lm with some 3 

to 8 lm in size (dolomite close to organic-rich laminae). 

Their cation ordering ranges from 0.35 to 0.44, and 0.40 

on average. However, crystals are highly euhedral (Fig. 

4C and D) with smooth crystal edges. Nondolomite 

grains are dominantly volcanicoriginated vitric and 

crystal grains due to their typical shard-like shape and 

non-extinction under cross-polarized light (Fig. 4E to H). 

The grains mainly occur close to the adjacent organic-rich 

laminae (Fig. 4E and F) and are discretely scattered in 

thick dolostone laminae (Fig. 4G and H). The 

monomineralic grains are quartz and feldspars with an 

angular shape and rare embayed edges (Fig. 4F). 

Rounded quartz grains were not observed. Analcite grains 

with an angular and shard-like shape are scattered in 

microcrystalline dolomite-dominated matrix (Fig. S6F). 

A few clay-sized analcite grains serve as matrix filling 

intercrystalline pores of dolomite crystals (Fig. S6G). 

Interpretation. Generally, analcite has three origins. Most 

commonly, it is a diagenetic mineral transformed from 

volcaniclastics at a very early stage (Wilkinson, 1977) 

and from detrital smectite in alkaline water (Hay et al., 

1991). It can also form in saline solution through 

replacement of K+ by Na+ of leucite in leucophonolite or 

nepheline in phonolite, both of which are common in 

peralkaline extrusive rocks (Gupta & Fyfe, 1975; Roux 

& Hamilton, 1976; Wilkinson, 1977). Last, analcite can 

crystallize directly from peralkaline magma to form 

analcite phonolite (Jiang et al., 2008) or from peralkaline 

hydrothermal fluid to form mineral assemblages of 

dolomite–analcite–pyrite in mudstone (Li et al., 2021). 

The shard-like shape of analcite framework grains 

suggests that they may have been formed by replacement 

of the original volcanic vitric grains (Fig. S6F). The pore-

filling analcite is too small to define the grain geometry 

but is probably of the same replacement origin (Fig. S6G). 

Furthermore, the euhedral crystals with smooth edges of 

dolomite, as well as the strong angularity of the non-

dolomite grains indicate that they had experienced 

minimal or no abrasion and, thus, current transport. 

Above all, Type II dolostones show a strong 

syndepositional relationship with volcanic fragments. 

The dolomites are interpreted as in situ chemical 

precipitate on the lake floor and mixed with vitric and 

crystal grains settled from suspension in the water column. 

The lake water is of relatively low energy with episodic 

local turbulence. Local disturbance induced by, for 

example, volcanic eruptions, and facilitated by a steep 

topography may have caused syndepositional soft-

sediment deformation. The massive pyroclastic grains in 

the thick lamina (Fig. 4B, G and H) are interpreted as a 

density-flow deposit. 

Type III smectite-rich dolostone Description. Type III 

dolostone is characterized by a ‘porphyritic’ texture and 

abundant smectite content. It is only common in Well L, 

which is close to the volcanic-dominated field. A total of 

15 beds are present. The beds are 3 to 12 cm thick and 

intercalated with tuffaceous shale with conformable and 

sharp contacts. This dolostone 
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Fig. 4. Photographs showing structures, composition, and texture of Type II vitric and crystal-rich dolostone. (A) Vertical cut of a 

polished core showing micro-scale sedimentary structures, especially laminations. The black laminae are rich in organic matter. The 

sample contains three lamina sets that are cross-laminated (Set a; red arrow), parallel laminated (Set b) and soft-sediment deformed 

(Set c; yellow arrow). (B) Two dolostone lamina sets (b and c) are intercalated with two laminae of tuffaceous shale (a and d) with 

sharp boundaries. Set b is laminated, while Set c is massive. (C) A scanning electron microscope (SEM) image showing the euhedral 

dolomite crystals ca 1 lm in size. (D) Backscatter electron microprobe image showing the dolomite crystals are generally subhedral to 

euhedral, and 1 to 3 lm in size. (E) A close-up of box E in (A). Dolostones are interlaminated with continuous to discontinuous wavy 

organic-rich laminae (red arrows). Pyroclastic grains (white) occur close to the organic rich laminae. Plane polarized light (PL). (F) A 

close-up of box F in (E) showing that pyroclastic grains (yellow arrows) are typically shard-like, vitric, angular, monomineralic and 

occur close to the organic-rich lamina (green arrows). Some grains show embayed edges (red arrow). Cross-polarized light (XL). (G) 

A close-up of box G in (B) showing the internal massive structure of a thick lamina of dolostone. Bright grey pyroclastic grains occur 

in bright brown microcrystalline dolomite matrix discretely. PL. (H) The same as (G) showing grain extinction patterns of vitric (black) 

and felsic (grey) pyroclastic grains. 

 
is mainly massive and contains rare crudely vertical fluid 

escape structures and associated deformed wavy laminae 

(Fig. 5A and B). Dolomite and smectite dominate (Table 

2), ranging from 51.9 to 73.3% (average = 59.5%) and 

20.1 to 43.5% (average = 34.4%), respectively. Other 

minerals include feldspars (5.3% on average) and rare 

pyrite. The cation ordering of dolomite ranges from 0.35 

to 0.65 (average = 0.50). 

Sand-size grains (i.e. the porphyritic grains) float in the 

dark grey matrix (Fig. 5A and B). They are aggregates of 

fine (10 to 40 lm) dolomite crystals and smectite with 

minor feldspars (Fig. 5C and D). The matrix is also 

composed of the same minerals, but non-aggregated (Fig. 

5E). In the aggregates, dolomite crystals dominate and are 

mainly euhedral to subhedral with smooth crystal edges. 

Clay-sized smectite fills the intercrystalline pores (Fig. 

5D). In the matrix, dolomite crystals are relatively small 

and anhedral with concave–convex edges, and float in 

smectite-dominated matrix (Fig. 5E). The concave–

convex edges indicate partial dissolution. Feldspars are 

mainly albite and orthoclase, subhedral to anhedral, and 

also show partial dissolution (Fig. 5E). Dolomite in 

deformed wavy laminae and fluid escape structures are 

highly euhedral; some of the coarse crystals are replaced 

by serpentine along the edges (Fig. 5F and G). Six fluid 

inclusions (Fig. S5) in the dolomite crystals have a 

homogenization temperature ranging from 56.2 to 86.0°C 

(average = 74.7°C). 

Interpretation. Smectite is the dominant mineral in Type 

III dolostone, but only in a trace amount in Type I and is 

absent in Type II (Tables 1 and 2). Generally, it may have 

formed by alteration of basic volcanic rocks by acidic 

fluids or by alteration of volcanic ash in lake water (Gill, 

2010). In addition, the occurrence of fluid escape 

structures (Fig. 5F and G) suggests that acidic 

hydrothermal fluid had altered the dolomite (Gill, 2010) 

before dolomite lithification. Therefore, the smectite is 

interpreted to have an origin of altered volcanic ash on 

the basis of its matrix distribution. Furthermore, feldspars 

occur in all three types of dolostones. They are alkaline 

feldspars of orthoclase and albite, as determined by Jiao 

et al. (2020), and unevenly distributed among the three 

types of dolostone (Tables 1 and 2). Albite only occurs in 

Type II dolostone; orthoclase only in Type I; and both 

types of feldspars in Type III. The occurrences indicate 

that the feldspars were derived from locally distinct 

sources. Finally, feldspar grains in Type III dolostone are 

dominantly anhedral with concave and convex edges, 

which are interpreted to be caused by dissolution (Figs 

5E and S6H). In contrast, feldspar grains in types I and II 

dolostones are euhedral or angular with sharp edges (Fig. 

4F and G), indicating no or weak dissolution. 

Type III dolostones are interpreted as reworked 

pyroclastic debris-flow deposits when dolomite crystals 

were precipitated but not solidified. The composition and 

texture of aggregates (Fig. 5C and D) suggest successive 

aggregation of original dolomite crystals and matrix 

through collision at a relatively high temperature and wet 

environment in the debris flow (e.g. Schumacher & 

Schmincke, 1995). The smectite is probably altered 

volcanic ash by local acidic hydrothermal fluid. The fluid 

escape structures and soft-sediment deformation indicate 

that the original sediments were watersaturated and not 

fully consolidated (GarciaFresca et al., 2018). 
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Fig. 5. Photographs showing sedimentary structure, composition and texture of Type III smectite-rich dolostone. (A) Core with a 

massive structure. White phenocrysts are scattered in grey matrix. (B) Vertical cut of a core showing the massive structure, local soft-

sediment deformation structures (yellow arrows) and water escape conduits (red arrows). (C) Thin-section photomicrograph of box C 

in (B) showing two yellow-grey phenocrysts in dark brown matrix. Plane polarized light (PL). Black grains are pyrite. (D) Backscatter 

electron microprobe image of box D in (C) showing the internal structure and mineral compositions of the phenocrysts. The grains 

are not monomineralic but an aggregate of dolomite, which is dark grey, subhedral to euhedral, 10 to 40 lm in size, as framework 

grains, and smectite filling intercrystalline pores with rare light grey alkaline feldspars and organic fragments (red arrows). White 

grains are pyrite. (E) Backscatter electron microprobe image of box E in (C) showing features of matrix. Similar to the aggregate 

grains, the matrix is also composed of dark grey dolomite, light grey alkaline feldspars (yellow arrows), and smectite filling 

intercrystalline pores with variable proportions. Rare irregular organic fragments are present (red arrow). Dolomite and alkaline 

feldspars are mostly subhedral to anhedral with concave–convex edges and embedded in smectite matrix. (F) Thin-section 

photomicrograph of box F in (B) showing soft-sediment deformed laminae. Dolomite crystals are well recrystallized and ca 200 lm in 

size with edges replaced by serpentine (red arrows). XL. (G) Backscatter electron microprobe image of box G in (F) showing a water 

escape conduit. Dark grey dolomite crystals are euhedral with smooth edges. Light grey grains are alkaline feldspars. Smectite fills in 

intercrystalline pores. Black irregular grains are organic fragments (red arrows). (G) is modified after Jiao et al. (2018a). 

 
Microbial deposits in dolostones 

Abundant microbial laminations and microbial build-ups 

(1 to 2 mm in width and 0.1 to 0.5 mm in height) with 

some microbial crusts and mineral filaments occur in 

types I and II dolostones (Figs 6 and S7). Only a small 

amount of irregularly shaped organic fragments are 

observed in Type III (Fig. 5D, E and G). Microbial 

laminations are very common in types I and II dolostones 

and interlaminated with dolostones. The laminae are ca 

10 lm thick, crenulated and sub-parallel (Fig. 6A to D) 

and contain abundant alginite (Fig. 6E and F). These 

features suggest that the laminated deposits are 

lamalginite. Detrital grains are present close to the 

organic-rich laminae in the neighbouring laminae (Fig. 

4E and F), suggesting that the grains are organically 

bound. In addition, organic-rich cone-shaped bodies are 

present in types I and II dolostones (Fig. 6A to D). The 

bodies are a few millimetres wide with a flat base and a 

peaked top, and commonly confined in a single lamina. 

The geometry and high organic content suggest that the 

bodies are possible microbial build-ups. This 

interpretation is supported by their close spatial 

relationship with lamalginite. 

Furthermore, many possible microbial crusts (Fig. S7A 

to D) and irregularly curved filamentary minerals (1 lm 

long and approximately hundreds of nanometres wide; 

Fig. S7E and F) are present in types I and II dolostones. 

They are closely intergrown with dolomite. However, the 

exact species of the crust cannot be identified. The 

filamentary minerals are not illite or mordenite which is 

supported by the absence of clay minerals in XRD results 

of Type II dolostone (Table 1). The filamentous structure 

is similar to the biomass of dolomite-rich microbial mats 

in the modern sabkha (Petrash et al., 2017). The 

intertwining relationship between the microbial crusts, 

filamentary minerals and dolomite cannot provide direct 

evidence that the nucleation of studied dolomite is related 

to microbial activities, but at least suggests coeval 

microbial activity and dolomite formation and 

accumulation. 

Geochemical characteristics of dolostones 

The three types of dolostones exhibit respective unique 

geochemical characteristics, indicating variable 

depositional and diagenetic processes in different 

environments. Most importantly, dolomite crystals in the 

analysed samples are dominantly microcrystalline 

without recrystallization. Hence, the samples likely have 

not been significantly altered during diagenesis and 

contain information on the original sedimentary 

environmental conditions (Sibley & Gregg, 1987). The 

geochemical data and interpretations are described in 

detail below. 

Strontium isotope 

Description. The Sr isotope ratio (87Sr/86Sr) of the three 

types of dolostones ranges from 0.704528 to 0.705372 

(average = 0.705006; Table 3). In detail, the 87Sr/86Sr 

values of the three types of dolostone have discrete ranges 

(Fig. 7). The values of Type II dolostones have a narrow 

range of 0.704528 to 0.704986 (average = 0.704829) 

which is the lowest among the three types of dolostones. 

In contrast, the value of Type I dolostone has the greatest 

range (0.705137 to 0.705327, average = 0.705218). 

Finally, the 87 86 

Sr/ Sr value of Type III dolostones (0.704829 to 

0.705030, average = 0.704932) falls between those of 

types I and II dolostones. 

Interpretation. The data points of three types of 

dolostones (Fig. 7) are clustered between the range of 

global marine Permian carbonate (0.7067 to 0.7085; 

Burke et al., 1982) and the global average of mantle-
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derived rocks (0.7035; Palmer & Elderfield, 1985), and is 

much lower than the range of crustal salic rocks 

(0.720  0.005; Faure, 1986). This pattern indicates that the 

fluid from which dolomite was precipitated was 

predominantly from a deep source. The deeply sourced 

fluid probably evolved through water–rock reactions 

during upward migration, and eventually mixed with the 

lake water. The values of Type II dolostone indicate that 

the precipitating fluid of Type II dolostone was derived 

from the mantle with little crustal contamination. This 

interpretation is consistent with the presence of only 

pyroclastic vitric and crystal grains in this type (Fig. 4). 

The range of Type I suggests a significant contamination 

of mantle-derived fluid by crustal materials, which is 

consistent with the presence of terrigenous grains in this 

type (Fig. 3). The value of Type III dolostones can be 

explained by the high content of pyroclastic grains and 

alteration by acidic fluids. 

Magnesium isotope 

Description. d26Mg values of all three types of 

dolostones exhibit a relatively narrow range from 0.89 to 

0.24& (average = 0.55&; Table 3). In detail, d26Mg values 

of Type II dolostones have a narrow range and a heavy 

average value (0.63 to 0.33&, average = 0.42&). On the 

other hand, types I and III dolostones are 0.89 to 0.24&, 

and 0.86 to 0.39&, respectively. 

Interpretation. The range of the three types of dolostones 

is close to that of fresh middle oceanic ridge basalt (0.25  

0.07&) but very different from that of most of reported 

dolostones (Fig. 8; Teng, 2017). The narrow range and 

heavy value of Type II dolostones indicate a close affinity 

with a mantle-derived fluid, whereas the relatively broad 

ranges of types I and III dolostones suggests increased 

fractionation of Mg isotopes, which was probably caused 

by a mixed mantle and terrigenous source and/ or 

reactions with acidic fluid. This interpretation is 

consistent with the results reported by Huang et al. (2015) 

and Geske et al. (2015a,b) that Mg isotopic fractionation 

is controlled by complex kinetics in precursor formation, 

diagenetic reaction and variable Mg source mixing. 

Carbon and oxygen isotopes Description. Overall, the 

d13C values of the three types of dolostones are positive 

(3.7 to 9.9&, average = 5.6&; Table 3) and the d18O values 

are negative (22.7 to 3.1&, average = 14&). In detail, 

types I and II dolostones have a similar range of positive 

d13C values of 5.2 to 9.9& (average = 6.9&) and 5.6 to 

7.1& (average = 6.3&) respectively, which are much 

higher than that of Type III dolostones (3.7 to 5.0&, 

average = 4.3&). On the other hand, types II and III 

dolostones, which contain common pyroclastic grains, 

have negative d18O values ranging from 17.4 to 13.7& 

(average = 15.4&) and 22.7 to 17.1& (average = 

20.7&), respectively. Type I dolostones containing 

volcanic and terrigenous grains have the least negative 

d18O (6.1 to 3.1&; average = 4.3&) values. 

Interpretation. The range of d13C values is similar to that 

of methanogenetic dolomite and authigenic carbonates in 

alkaline lakes, indicating influence of microbial activities 

(Fig. 9; Mazzullo, 2000; Roberts et al., 2004; Wacey et 

al., 2007; Kenward et al., 2009) and/or evaporation 

(Talbot & Kelts, 1990; Liu et al., 2001; Cangemi et al., 

2016; Newell et al., 2017). However, the range of d18O 

values is similar to that of hydrothermally altered 

dolomite (Davies & Smith Jr., 2006; Lonnee & Machel, 

2006; Hollis et al., 2017). Furthermore, both d13C and 

d18O values differ significantly from that of sulphate 

reduction dolomite in subtidal and peritidal environments 

(Mazzullo, 2000). 

Generally, positive C isotopes can be explained by 

several factors, such as methanogenesis, high primary 

organic productivity and isotopically positive C inorganic 

sources (Mazzullo, 2000; Liu et al., 2001; Roberts et al., 

2004; Wacey et al., 2007; Kenward et al., 2009; Hollis et 

al., 2017; Newell et al., 2017; Yang et al., 2021). 

Combined with the observation of mantle source 

materials supported by Sr and Mg isotopes, abundant 

microbial deposits, as well 
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Fig. 6. Photomicrographs showing microbial laminations and build-ups in types I and II dolostones. (A) to (D) were taken under a 

stereomicroscope; (E) and (F) are under incident blue light illumination. Exposure time is 3 s. The white arrows show the stratigraphic-

up direction. (A) Bright brown dolostones interlaminated with dark grey to dark brown organic-rich laminae. The grey laminae are 

subparallel and crenulated, indicating microbial (algal) laminations. Some cone-shaped bodies with a flat base and a convex top are 

relatively rich in organic matter (orange dashed lines), suggesting microbial build-ups. Sample N-11. (B) Dolostones interlaminated 

with organic-rich laminae with soft-sediment deformation. Some microbial build-ups (orange arrows) are present. Sample N-5. (C) 

Common organic-rich microbial build-ups (orange arrows) in laminated dolostones. Sample N-15. (D) The same as (C) Sample M-3. 

(E) Common orange-coloured alginate (yellow arrows) in organic-rich laminae. Sample N-3. (F) Common orange-coloured alginate 

(yellow arrows) in soft-sediment deformed organic-rich laminae. Sample M-3. 
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Table 3. Mg istotopic compositions, 87Sr/86Sr ratios, d 13C and d 18O values for dolostones from the Lucaogou Formation, Santanghu 

Basin. 
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* 2SD = two times the standard deviation of the population of n (n > 3) repeat measurements of the standards during an analytical 

session. † (87Sr/86Sr)0 is the testing ratio. (87Sr/86Sr)i is the calculated initial ratio. ‡ (87Sr/86Sr)i = (87Sr/86Sr)0  87Rb/86Sr 9 (ekt  1). k = 1.42 

9 1011; t = 270 Ma; e = 2.718. 

 

Fig. 7. Diagram showing the range of Sr isotope ratio of dolostones in the Lucaogou Formation and other common rock sources from 

Palmer & Elderfield (1985), Burke et al. (1982) and Faure (1986). 

as organic-rich lamination in types I and II dolostones 

(see Geochemical characteristics of dolostones), it is 

speculated that the formation of dolomite in those 

dolostones was influenced by isotopically positive C 

inorganic sources, and/or modified by microbial activities 

of methanogenesis (Mazzullo, 2000). Firstly, the volcanic 

activities not only provide clastics, but also release a huge 

amount of volatiles including CO2 (Lilley et al., 2003), 

causing the release of lighter 12C. As a result, the heavier 
13C was precipitated in the dolomite (Lilley et al., 2003; 

Kele et al., 2008; Yang et al., 2021). Second, Type III 

dolostones, which contain a rare microbial deposit with 

organic fragments (Fig. 5D, E and G), also have abundant 

microcrystalline dolomite. The direct relationship of 

microbial activities on dolomite formation is not evident 

in this study. Hence, it is speculated that the nucleation of 

dolomite in the three types of dolostones were not 

strongly influenced by microbial activities. However, 

types I and II dolostones were likely influenced during 

burial by methanogenesis, which may have caused the 

positive d13C values. 
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Commonly, the negative d18O values of dolostones 

suggest possible influence of freshwater or hydrothermal 

fluids (Boni et al., 2000; Davies & Smith Jr., 2006; Hollis 

et al., 2017). During evaporation, light 16O is 

preferentially removed to cause enrichment of 18O in 

carbonate minerals (Talbot & Kelts, 1990; Liu et al., 

2001). Thus, the relatively negative d18O values suggest 

that the volcanism-related hydrothermal fluids had 

significantly influenced the dolomite formation. This is 

supported by the abundance of pyroclastic grains, rarity 

of terrigenous grains and lack of evaporitic features in the 

three types of dolostones. Furthermore, generally, a 

prolonged and/ or strong hydrothermal presence will 

cause more negative d18O values. For example, for a 

wellcrystallized and altered hydrothermal saddle 

dolomite, its d18O value is more negative than a later 

altered hydrothermal dolomite without saddle texture 

(Lonnee & Machel, 2006; Hollis et al., 2017; Fig. 9). This 

tendency coincides with the characteristic d18O values of 

the three types of dolostone. In other words, types II and 

III dolostones with abundant pyroclastic grains have 

much lower d18O values than that of Type I dolostones 

containing volcanic and terrigenous grains. Above all, the 

formation of the dolomite in this study was strongly 

influenced by volcanic–hydrothermal fluid. 

Major, trace and rare earth elemental composition 

Description. The Mg/Ca ratio of all three types of 

dolostone ranges from 0.36 to 0.69 (average = 0.56; Table 

S1) and is consistent with their low degree of cation 

ordering. The distribution of major elements in the 

dolomite crystals in the dolostones is uniform without 

zonation under cathodoluminescence (CL) and 

microprobe (Figs 3F, 4G, 5D and 5G). Type II dolostone 

has the highest FeO content with an average of 7.84%, in 

comparison to 0.72% and 1.33% for types I and III 

dolostones, respectively. The total REE content (∑REE) 

of the three types of dolostones ranges from 11.73 to 

142.88 ppm, (average = 49.89 ppm; Table S2). The REE 

pattern was normalized to the North American Shale 

Composite (NASC; 

Fig. 10A) and Primitive Mantle (PM; Fig. 10B) for 

comparative study. For the NASC, the pattern is slightly 

flattened with a weakly negative trend (dCe* ranging 

from 0.87 to 0.94, average = 0.9), whereas the pattern 

shows a clear Eu negative anomaly (dEu* ranging from 

0.49 to 0.90, average = 0.68) for the PM. 

 

Fig. 8. Diagram showing the range and distribution of Mg isotope composition of dolostones in the Lucaogou Formation of the 

Santanghu Basin. The Mg isotopic data are from Teng (2017), who summarized dolostone samples from various geological settings, 

including biogenic and abiogenetic, as well as lacustrine and marine dolostones. 
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Interpretation. The highest Fe concentration of Type II 

dolostone is consistent with the most abundant 

pyroclastic grains, indicating that the Fe concentration is 

the highest in the primary dolomite-precipitating fluid. 

The ∑REE of the three dolostones is very different from 

that of hydrothermally altered dolostone (for example, 

0.82 ppm on average; Hollis et al., 2017). However, the 

content is close to that of tuffaceous shale (96 ppm) and 

middle Permian basalt (109.5 ppm) in the Santanghu 

Basin (Zhao et al., 2006) because of the incorporation of 

pyroclastic grains in dolostones. In other words, Type I 

pyroclastic-poor dolostones have the lowest value 

(average = 37.13 ppm), followed by Type III (average = 

51.70 ppm) and Type II (average = 66.32 ppm). Those 

features indicate a close relationship between dolostone 

formation and volcanism. 

The NASC REE pattern is different from that of 

hydrothermally altered dolostones, which have an 

apparent negative Ce, positive La and slightly flattened 

HREE (Hollis et al., 2017). In addition, the pattern of the 

three types of dolostones shows nearly the same features 

with that of tuffaceous shale, and a similar trend to that of 

middle Permian basalt (Fig. 10). In addition, the PM REE 

pattern is similar to that of the carbonates with volcanic 

deposits in a distal (up to 400 m) hydrothermal zone of 

volcanic massive sulphide 

(VMS) hydrothermal systems (Genna et al., 2014). The 

Ce pattern shows no anomaly and is different from that 

of deposits in the typical volcanic–hydrothermally-

influenced alkaline Lake Van in Italy (Moller & Bau,€ 

1993). 

Furthermore, some trace elements are widely used to 

reflect the lacustrine environments during the nucleation 

of dolomite. Firstly, a Y/Ho ratio greater than 28 

generally reflects marine water invasion or saline lake 

water (Lawrence & Kamber, 2006; Cao et al., 2020). The 

range of Y/Ho ratios of the three types of dolostones is 

27.44 to 30.57, (average = 28.70; Table S2), indicating 

that dolostones were formed in saline water. In addition, 

U, Th, V, Ni and Cr are used to evaluate the redox state. 

For example, the ranges of U/Th > 1.25, 1.25 > U/Th > 

0.75 and U/Th < 0.75 reflect anoxic, dysoxic and oxic 

environments, respectively (Cao et al., 2020). The values 

of V/(V + Ni) > 0.45 and V/Cr > 2 indicates anoxic 

environments (Jones & Manning, 1994; Cao et al., 2020). 

The range of U/Th 

 

Fig. 9. Plot of stable carbon and oxygen isotope values of dolostones in the Lucaogou Formation. Typical ranges of other dolostones 

are from Mazzullo (2000), Davies & Smith Jr. (2006), Lonnee & Machel (2006), Cangemi et al. (2016), Newell et al. (2017) and 

Hollis et al. (2017). 
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ratios of the three types of dolostones is 0.32 to 1.55 

(average = 0.88); that of V/(V + Ni) is 0.68 to 0.93 

(average = 0.84); that of V/Cr is 1.7 to 6.88 (average = 

4.27). The range of ratios for U/Th indicates a dysoxic 

environment, while the ranges of other ratios indicate an 

anoxic environment. 

DISCUSSION 

Depositional environments of dolomite 

The sedimentary structures, mineral compositions and 

textures of the studied dolostones and adjacent tuffaceous 

shale in the Lucaogou Formation indicate a subaqueous 

lacustrine environment controlled by volcanic–

hydrothermal activities. The low cation ordering (average 

= 0.45; Tables 1 and 2), euhedral crystal form (Figs 3G 

and 4C), and nano-sizes to micron-sizes of dolomite in all 

three types of dolostones are consistent with those of 

protodolomite in Holocene deposits reported by Graf & 

Goldsmith (1956) and Gregg et al. (2015). In addition, 

four characteristics of the dolomites indicate their 

syndepositional primary origin, as defined by Sibley & 

Gregg (1987). They include: (i) very fine laminations 

with little soft-sediment deformation (Figs 3 and 4); (ii) 

homogeneous nucleation, as suggested by uniformly 

distributed nano-sized to micron-sized crystals without 

zonation, indicating weak diagenetic alteration (Figs 3F, 

4F, 5D and 5G); (iii) wellpreserved fabric (Figs 6 and S3); 

and (iv) absence of microcrystalline calcite and aragonite. 

Modern and Neogene microcrystalline dolomites occur 

mainly in high-salinity environments, such as sabkha 

flats, hypersaline lagoons and playa lakes, where 

evaporation is intense (Arvidson & MacKenzie, 1999; 

Petrash et al., 2017). However, the Lucaogou dolostones 

do not contain any evaporite minerals and their 

pseudomorphs, as well as evaporitic sedimentary 

structures, such as dewatering-induced shrinkage cracks 

and subaerially exposed and transported sediments with 

ripple marks (Alsharhan & Kendall, 2003; Garcia-Fresca 

et al., 2018; Guo et al., 2021). 

On the contrary, many lines of evidence from the 

Lucaogou dolostones suggest a subaqueous environment 

with frequent and abundant influx of volcanic and 

hydrothermal materials. Recent studies on the mineralogy 

and elemental geochemistry of the dolostones and 

tuffaceous shales in the Lucaogou Formation interpreted 

an anoxic and saline lake environment with abundant 

synsedimentary volcanic ash and hydrothermal deposits 

(Jiao et al., 2020; Liu et al., 2020; Pan et al., 2020; Zhang 

et al., 2021). In this study, the trace elemental 

compositions of the three types of dolostones also 

indicate a saline and anoxic environment. The Lucaogou 

sediments are sandwiched by alkaline basalts (Figs 2 and 

S1; Wang et al., 2015; Zhou et al., 2006). The well-

 

Fig. 10. Rare earth element (REE) pattern of dolostones. (A) REE patterns of all three types of dolostones normalized to the North 

American Shale Composite (NASC; Gromet et al., 1984), hydrothermally altered dolostone (Hollis et al., 2017) and shale in the 

Lucaogou Formation and middle Permian basalt in the Santanghu Basin (Zhao et al., 2006). (B) REE patterns of all three types of 

dolostones normalized to PM (Sun & McDonough, 1989) and of deposits 235 m away from volcanogenic massive sulphides (Genna 

et al., 2014). 
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developed build-ups of volcanic–hydrothermal deposits 

(Fig. S2; see details in Jiao et al., 2018a,b) and basalts in 

the Lucaogou Formation indicate active volcanism, albeit 

subdued in comparison to the subjacent and suprajacent 

formations. In addition, the dolostones are interlaminated 

with tuffaceous shales, indicating frequent volcanism in 

Lucaogou lake (Jiao et al., 2020). The same REE pattern 

(Fig. 10) as that of the distal VMS deposits further 

supports this interpretation. The distal zone is 

characterized by the destruction of volcanic glass leading 

to a negative Eu anomaly at the early and relatively low 

temperature environment (Genna et al., 2014). This 

interpretation is supported by the close spatial 

relationship between the distribution of dolostones and 

volcanic centres in study area (Fig. 1C) as well as the 

weakly altered volcanic glass in samples from the study. 

Furthermore, the Sr, Mg and O isotope values (Figs 7 

to 9) indicate that the dolomiteprecipitating fluid has 

similar isotopic compositions to those of mantle-derived 

hydrothermal fluids (see Geochemical characteristics of 

dolostones). In addition, the low clay content of the 

Lucaogou dolostones (Table 2) and adjacent tuffaceous 

shales (Hackley et al., 2016; Jiao et al., 2020) indicates a 

closed lake with limited terrigenous detrital influx (e.g. 

Boak & Poole, 2015). All of the above evidence indicates 

a high-salinity Lucaogou lake, which is characterized by 

dolomite precipitation, influx of volcanic–hydrothermal 

materials and intense microbial activities in a closed 

saline environment in a tectonically active volcanic 

setting. Lucaogou lake is likely similar to modern lakes, 

such as Lake Magadi and Lake Bogoria in the East 

African Rift Zone, and Mono, Albert, Goodenough and 

Last Chance lakes in North America (Pecoraino et al., 

2015; Cao et al., 2020). 

However, Lucaogou lake has some unique features that 

are very different from evaporitic mixed volcanic–

hydrothermal alkaline lakes (Pecoraino et al., 2015; Cao 

et al., 2020), where evaporation is the main cause for high 

alkalinity and salinity (Stueken€ et al., 2015). The 

absence of highly alkaline minerals, evaporitic 

sedimentary structures and the normal dCe value all 

indicate weak evaporation. Hence, Lucaogou lake is just 

locally alkaline or weakly alkaline and, thus, conducive 

to dolomite formation. It is in contrast to the highly 

alkaline lake of the Permian Fengcheng Formation in the 

Junggar Basin (Cao et al., 2020). 

Factors and processes promoting primary dolomite 

formation 

Hydrothermal fluid provides materials and a relatively 

high temperature and can directly or indirectly cause 

microcrystalline dolomite formation. Volcanic lakes 

undergo a period of active eruptive accumulation of 

volcaniclastic sediments, which is followed by a period 

of slow settlement of suspension load under relatively 

stable lake conditions. The lake may also be influenced 

by volcanism-related sublacustrine hydrothermal systems 

to form sediment-hosted geothermal systems (Fisher, 

1984; White, 2000; Pittari et al., 2016; Procesi et al., 

2019). In this unique environment, deposition of 

sediments from volcanic, hydrothermal, lacustrine and 

terrigenous sources are complex. Two major factors and 

processes may cause microcrystalline dolomite formation 

and are discussed in detail below. 

Firstly, a relatively high temperature of the bottom 

water on the lake floor may promote dolomite nucleation. 

Laboratory experiments show that the imperfectly 

ordered to ordered dolomite can precipitate at ca 50°C 

(Arvidson & MacKenzie, 1999). Unfortunately, the 

Lucaogou dolomite crystals are too small to be used to 

measure the homogenization temperature of fluid 

inclusions in order to estimate the dolomite nucleation 

temperature. However, a broad temperature range of 

dolomite nucleation can be estimated. The lower limit of 

the range should be higher than the temperature of the 

ambient lake water. This is interpreted from the negative 

d18O values of dolostones, which suggest the influence of 

hydrothermal fluids during dolomite formation (see 

section on Carbon and oxygen isotopes). It is reasonable 

to speculate that the hydrothermal fluids would have a 

higher temperature than the ambient lake water. The 

upper limit can be regarded as the homogenization 

temperature obtained from inclusions in well-crystallized 

dolomite in the soft-sediment deformation and fluid 

escape structures in Type III dolostone and is ca 86°C (Fig. 

S5). The data indicates a relatively high temperature of 

pore water at the very early stage of burial before 

lithification. 

Second, the bottom water of Lucaogou lake was likely 

saturated with Mg and Ca, which is critical to dolomite 

nucleation. This interpretation is based on modern 

analogues. In modern hydrothermal fields, many 

elements and gases, such as Mg, Ca, Fe, CO2 and CH4, 

which are not common in normal lake waters, are locally 

enriched through water–rock interaction or direct influx 

from the mantle (Kelley et al., 2001; Procesi et al., 2019). 

The dolostones in the study area are distributed around 

the volcanic centres (Figs 1C and 2). The basalts in the 

Lucaogou Formation (Fig. 2) and the thick mafic rocks in 

the subjacent formations may have supplied abundant Mg 

and Fe, as supported by the Sr and Mg isotope values 

(Figs 7 and 8). This fluid may have provided a large 

quantity of Mg for dolomite nucleation. 
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Model for dolostone formation in an alkaline volcanic 

lake 

The distribution of the three types of Lucaogou 

dolostones forms a general pattern of gradual transition 

from the volcanic eruption centre to the distal field, 

corresponding mainly to gradual changes in lake water 

chemistry and temperature (Table 4; Fig. 11). The 

microcrystalline dolomite formed in a subaqueous 

intracontinental volcanic lake. The lake was strongly 

influenced by volcanic and hydrothermal activities (Fig. 

11A). Two types of hydrothermal fluids occurred in this 

lake. The most important and abundant type is the 

mantle-derived hydrothermal fluid (magmatic water), as 

suggested by the Sr and Mg isotopes. The second type is 

the heated lake water, which seeped into underlying strata 

along fractures at the shallow depth and was heated by 

magma to generate pressurized steam that then welled up. 

The similar REE pattern with tuffaceous shale (Fig. 10) 

may support this speculation. Dolomite nucleation 

occurred directly under conditions controlled by two 

main factors. That is, the volcanic– hydrothermally-

induced local environment had a relatively high 

temperature and continuous supply of Mg and Ca, both 

of which induced a high-salinity and anoxic lake bottom 

environment, which was conducive to dolomite 

nucleation (Arvidson & MacKenzie, 1999; Yang et al., 

2020, 2021). In this unique environment, the emission 

and flow of hydrothermal fluid away from the volcanic 

centre determined that the three types of dolomitic 

sediment were systematically deposited and distributed in 

separate areas in relation to the distance from the centres 

of volcanic–hydrothermal activities (Fig. 11A). Where 

the hydrothermal fluids and lake waters mixed far away 

from the volcanic centres, dolomite nucleated in situ and 

incorporated scarce terrigenous and pyroclastic grains 

settled from the water column to form well-laminated and 

lamalginite-rich Type I pyroclastic-poor dolostone (Fig. 

11B). This interpretation is also supported by the highest 

87Sr/86Sr ratio and d18O value, and low d26Mg value 

(Table 4; Figs 7 to 9) of Type I dolostone. In the 

hydrothermal and volcanic mixed field, dolomite mixed 

with abundant pyroclastics to form well-laminated and 

lamalginite-rich Type II dolostones (Fig. 11C). The 

sediments were likely softsediment deformed due to the 

relative closeness to the volcanic–hydrothermal centres. 

Thus, the dolomite-precipitating water is mainly 

composed of hydrothermal fluid, which is characterized 

by the lowest 87Sr/86Sr ratio, moderately negative d18O 

value and largest d26Mg value (Figs 7 to 9). In the area on 

or in the vicinity of the volcanic–hydrothermal centres, 

the freshly precipitated unsolidified dolomite sediments 

would be greatly disturbed and intensively mixed with 

volcanic ash to form sediment gravity flows which 

deposited the massive and thinbedded Type III smectite-

rich dolostones (Fig. 10D). As a result, abundant volcanic 

ashaltered smectite occurs in this type of dolostone. The 

complex nature of the mixed water of Type III dolostones 

is indicated by its moderately 87 86 18 26 

Sr/ Sr ratio, lowest d O value and low d Mg value (Figs 

7 to 9). It is evident that the ranges of Sr, O and Mg 

isotopic values of types I and III dolostones are much 

wider than those of Type II dolostones. The difference 

indicates that the dolomite precipitating waters of types I 

and III dolostones have a complex origin and/or have 

experienced strong isotopic fractionation. 

Finally, frequent volcanism–hydrothermal activities 

also provided copious nutrients in the sediment and water 

for intense microbial activities (Xie et al., 2010; Zhang et 

al., 2017), as indicated by the many alginites, microbial 

build-ups and microbial crusts in types I and II dolostones 

(Figs 6 and S7). The C isotopic composition of the 

dolostones is also influenced by methanogenesis during 

shallow burial (e.g. Mazzullo, 2000) to cause a positive 

anomaly. However, Type III dolostone was altered by 

acidic 
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Fig. 11. Depositional model for the three types of Lucaogou dolostones in a volcanic lake. (A) The volcanic– hydrothermal lacustrine 

sedimentary environment, modified after Jiao et al. (2020). The scale is estimated on the basis of the distance between the volcanic 

centres and dolostone deposits on seismic sections. Red boxes are the locations of (B) to (D) which represent interpreted processes in 

the formation of Type I pyroclastic-poor, Type II vitric and crystal-rich and Type III smectite-rich dolostones, respectively. 
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fluids and transported by high-density flows, and was not 

influenced by microbial activities. As a result, Type III 

dolostone contains only a small amount of organic matter 

and does not show a significant positive C isotopic 

anomaly. 

CONCLUSIONS 

Detailed mineralogical, petrographic and isotopic 

geochemical data documented laminated dolostones in 

the middle Permian Lucaogou Formation of the 

Santanghu rift basin. A volcanic– hydrothermal lake is 

speculated to be the environment where microcrystalline 

dolomite precipitation occurred. In this environment, 

volcanic–hydrothermal activities generated favourable 

chemical conditions to promote dolomite precipitation. 

Multiple episodic volcanic eruptions and hydrothermal 

flows created chemical conditions with abundant Mg and 

Ca and raised the temperature on the lake floor so that the 

thermodynamic threshold for dolomite precipitation was 

reached. 

This work provides a mechanism for the 

microcrystalline dolomite to precipitate directly in a 

subaqueous lacustrine environment influenced by 

volcanic–hydrothermal activities without evaporation. 

Most modern and Holocene microcrystalline dolomites 

have been studied in shallow water environments, where 

evaporation is commonplace. As a result, most ancient 

primary dolomite is interpreted as an evaporitic mineral 

formed in evaporitic environments. Findings in this study 

indicate that a continuous supply of Mg and Ca and a high 

temperature provided by subaqueous volcanic–

hydrothermal activities can induce dolomite nucleation to 

form lacustrine dolostone. The Lucaogou dolostones 

provide an analogue for ancient massive primary 

dolomite formation without the commonly invoked 

processes of evaporation. Further research on primary 

dolomite formation in tectonically active sedimentary 

basins will expand the understanding of dolomite 

formation throughout geological history. 
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Supporting Information 

Additional information may be found in the online version of 

this article: 

Table S1. Chemical compositions of dolomite crystals in the 

Lucaogou Formation in Santanghu Basin. 

Table S2. Trace and rare earth elemental compositions (ppm) of 

three types dolostones from the Lucaogou Formation in 

Santanghu Basin. 

Figure S1. Stratigraphic chart of Carboniferous–Jurassic 

deposits in Santanghu Basin (modified after Jiao et al., 2020). 

Figure S2. Seismic sections and line drawings of two sizes of 

cone-shaped stratigraphic build-ups in the Santanghu Basin. 

The cones have a flat base and internal reflections sloping away 

from an apex. The reflections in the upper parts of the cones are 

continuous with high amplitude, whereas those in the lower 

parts are chaotic. The geometry and internal pattern suggest that 

the cones are positive aggradational buildups. Individual 

buildups interfinger with each other to form a variety of offlap, 

onlap, downlap, parallel and truncational termination patterns, 

indicating multiple periods of up-building. Two types of 

buildups are present based on their size and duration. The first 

type is large, ranging from 1 to 6 km wide and 100 to 500 m 

high, and extends from the Haerjiawu and Lucaogou formations 

to the Tiaohu Formation. (A) and (B) Lithofacies of wells in this 

build-up are mainly tuff, tuffaceous shale and igneous rocks. 

Hence, this type of build-up was interpreted as the volcanic 

dominated deposit centre (volcanic centre). The second type is 

small, ranging from hundreds of metres wide and 10 to 200 m 

high, and occurs within the Lucaogou Formation. (C) and (D) 

The lithofacies are mainly interlaminated tuffaceous shale and 

dolostones. This type is interpreted as sub-volcanic–

hydrothermal deposit centre. A total of eight large buildups 

accumulated at the centre part of Malang Depression and 32 

small buildups around the centre part are observed on seismic 

sections. Yellow lines are the formation boundaries. Green 

vertical lines are the location of wells. Vertical scales are 

estimated from synthetic seismograms. Red square is the 

location of Fig. S2C. Modified after Jiao et al. (2018b, 2020). 

Figure S3. Photograph of vertical cut of cores showing the 

laminae (red arrows) of selected samples selected for micro-

drilling. The sample numbers are marked at the lower right 

corner. Black scale bars are 1 cm. 

Figure S4. (A) to (C) Lithostratigraphy of Lucaogou Formation 

and adjacent formations in wells N (depth from 2540 to 2855 

m), L (3290 to 3790 m) and M 
(2650 to 3160 m). Lithofacies were mainly interpreted from 

well logs and calibrated using limited core observation. (D) 

Lithostratigraphy of core segments in (A) (marked with red bar) 

as established by core observation. Detailed sedimentary 

structures and boundary relationship are marked. Position of 

samples used in geochemical analysis is marked with N2, L-1, 

M-1, etc. in (B), (C) and (D). 
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Figure S5. Fluid inclusions and their homogenization 

temperatures in dolomite crystals. Red scale bars are 1 lm. 

Figure S6. Photomicrographs of non-dolomite minerals in 

dolostones. (A) Backscatter electron microprobe image 

showing a recrystallized dolomite-filled fluid escape structures 

(above white dashed lines). The rest of the photograph is 

composed mainly of microcrystal dolomite. This feature 

suggests pore fluid originated from the lower part and caused 

recrystallization of dolomite. White grains are pyrite and are 

concentrated in the fluid escape structure. Sample N-3. (B) A 

close-up of the white-dashed box in (A), showing that 

recrystallized dolomite crystals (bright grey) are euhedral, and 

some are replaced by magnesite (dark grey), indicating local 

Mg-rich fluid. (C) SEM image showing a shard-like quartz 

grain (red arrow) in the intercrystalline pore of dolomite (dark 

grey). Sample N-3. (D) A quartz grain in dolostone with a 

typical hexagonal columnar shape with a pinnacle (yellow 

arrow) on one side and a smooth concave–convex fracture on 

the other side (red arrow). The surfaces are smooth without 

scratches and pits, indicating little rounding and transport. 

Sample N-5. (E) A fracture (outlined by white dashed lines) in 

dolostone filled by autogenetic and euhedral quartz crystals. 

Sample N-5. (F) Backscatter electron microprobe image of a 

shard-like analcite grain (red arrow) in a dolomite (bright grey) 

dominated background, indicating that some vitric grains were 

altered to analcite. Dark grey angular grains are plagioclase. 

Sample M-1. (G) Backscatter electron microprobe image of 

clay-sized analcite (dark grey) serves as matrix and fills 

intercrystalline pore of dolomite (bright grey). Sample M-2. (H) 

A feldspar grain in dolostone with a smooth fracture (yellow 

arrow) and dissolution surface (red arrow). Sample 
L-3. 

Figure S7. Scanning electron microscope (SEM) images 

showing microbial remains in types I and II dolostones. Red 

points are the EDS sites. (A) to (D) were observed on polished 

surfaces by argon ion, while (E) and (F) on fresh surface. (A) A 

possible microbial crust (dark grey) that is plurilocular and 

mainly composed of Ca and C. The bright grey background is 

microcrystalline dolomite. Microcrystalline dolomite crystals 

surround the crust and fill the cavities. Sample M-3. (B) An 

oval-shaped Fe-bearing dolomite in the cavity of the microbial 

crust. However, dolomite crystals outside the cavities contain 

no Fe. This suggests the different influence of microbial 

activities on dolomite nucleation. Sample M-3. (C) and (D) The 

same as (A), showing possible microbial crust (dark grey) in 

dolomite dominated background. Sample N-11. (E) Filamentary 

minerals that are 1 lm long and approximately hundreds of nm 

wide, irregularly curved, and intertwined to form a network, fill 

in the intercrystalline pore of dolomite showing intergrowth 

relationship with dolomite. Sample M-1. (F) A close up of the 

filamentary minerals. The EDS result shows their chemical 

compositions are Al and Si with possible Ca and Mg (may be 

contaminated from dolomite). Potassium, a main chemical 

composition for illite and mordenite, is not detected. Thus, the 

filamentary minerals are not illite or mordenite. Hence, the 

filamentary mineral is interpreted as partially mineralized 

microbial remains. 


