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Hydrothermal-sedimentary dolomite — a

case from the Middle Permian in eastern
Junggar Basin, China
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Abstract

The Middle Permian Lucaogou Formation in the Jimusar Sag, eastern Junggar Basin, NW China, was deposited in a
salt lake within an intracontinental rift basin with intense hydrothermal activity. Hydrothermal-sedimentary dolomite
in the form of three types of dolostones, namely, analcime-feldspar dolostone (AFD), silicic dolostone (SD) and
buddingtonite-albite dolostone (BAD), related to syn-sedimentary hydrothermal activity at lake bottom was
discovered. The characteristics and formation mechanism of the dolomite were studied based on micron-scale
petrographic and isotopic geochemical research. The syn-depositional formation of these dolostones was indicated
by their rock-mineral features and syn-sedimentary deformation stage. The dolomite was composed of relatively
poorly ordered proto-dolomite crystals with micron-sized spherical or sub-spherical morphology and coexisted with
hydrothermal minerals, including analcime, buddingtonite, albite and chalcedony. Albite clasts were replaced by the
dolomite, indicating high-temperature conditions during formation. The remarkably low strontium isotopic
compositions of the dolostones (3/Sr/%°Sr with an average of 0.705687) indicated that mantle-derived materials
might have involved in the ore-forming fluid. The dolostones had positive §'*Cppg values (with an average of
6.94%0) and negative 5'®0ppg values (with an average of —8.12%o). Based on the 6'®0ppg values, the formation
temperatures of the dolomite were at least ~ 25 °C higher than those of the penecontemporaneous dolomite in
the Lucaogou Formation in the study area. It is concluded that the dolomite precipitated from hydrothermal fluid
erupting at the lake bottom. The possible genetic models are described. We suggest that the hydrothermal-
sedimentary dolomite is an important genetic type, and this study may help increase the awareness of this
understudied type of dolomite.

Keywords: Dolomite genesis, Hydrothermal sedimentary dolomite, Permian, Lucaogou Formation, Jimusar Sag,
Junggar Basin

1 Introduction

How dolomite forms under near-surface conditions has
been puzzling ever since dolomite was first reported by
Dolomieu (1791), and this issue is commonly referred to
as the “dolomite problem” (Land 1998; Arvidson and
Mackenzie 1999; Machel 2004; Bontognali 2019). The
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kinetic difficulty of dolomite formation can be overcome
at high temperatures (Machel 2004). Ordered dolomite
can crystallize directly from solution at high tempera-
tures in the laboratory (e.g., > 140 °C, Rodriguez-Blanco
et al. 2015). Under natural conditions, dolomite forming
at higher-than-ambient temperatures is called hydro-
thermal dolomite (Machel and Lonnee 2002) and is
commonly inferred to form through the replacement of
precursors under the influence of fault-controlled hydro-
thermal fluids in a diagenetic stage (e.g., Boni et al. 2000;
Al-Aasm 2003; Luczaj et al. 2006; Feng et al. 2017). In
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extensional settings, hydrothermal fluids from deep in a
basin can move upward through faults and finally erupt
at the basin floor in either marine or lacustrine settings,
resulting in a “black smoker” composed of metal sulfides
(e.g., the “Rainbow” vent field, Charlou et al. 2002) or a
“white smoker” composed of sulfates, carbonates and sil-
icon dioxide (e.g., the “Lost City” vent field, Kelley et al.
2001). Modern dolomites precipitating under such con-
ditions have been reported (e.g., Shanks III 2001; Eick-
mann et al. 2009). However, they are relatively rare,
probably due to the scarcity of precursors for dolomiti-
zation or proper conditions for direct crystallization.
The Miocene dolomite microcrystals in the Inner
Dinarides of Yugoslavia were found to have crystallized
directly from hydrothermal solutions at the bottom of a
lake within a large peridotite-serpentinite massif and
were named “hydrothermal-sedimentary dolomite” (Ilich
1974). This study was the first to investigate
hydrothermal-sedimentary dolomite in the world. Never-
theless, hydrothermal-sedimentary dolomites did not be-
come widely known until Zheng et al. (2003) claimed,
nearly 30 years later, that the Early Cretaceous dolomites
in the Jiuquan Basin of China were of hydrothermal-
sedimentary genesis and belonged to a lacustrine white
smoker. Since then, more hydrothermal-sedimentary
rocks comprising dolomite and other hydrothermal min-
erals have been found in Chinese basins (Zheng et al.
2006, 2018; Dai et al. 2008; Liu et al. 2010, 2012; Zhang
et al. 2010; Guo et al. 2012; Wen et al. 2013; Fu et al.
2015; Zhong et al. 2015, 2018; Chang et al. 2016; Tao
et al. 2016; Jiao et al. 2017a, 2018, 2020; Li et al. 2017a;
Chen et al. 2018; Su et al. 2020; Yang et al. 2020).
Generally,  hydrothermal-sedimentary ~ rocks  are
composed of ankerite or ferrodolomite microcrystals;
low-temperature hydrothermal minerals, such as zeolite,
albite, barite and quartz; and a few metal sulfide min-
erals, such as pyrite, galenite and sphalerite. They are
characterized by laminated and mesh vein structures,
syn-sedimentary deformation structures and hydrother-
mal intraclastic textures. On the one hand,
hydrothermal-sedimentary dolomite is an important
genetic type of dolomite and is of great significance for
clarifying the formation of dolomites. On the other
hand, it also possesses important economic value both
as a mineral product (Ilich 1974) and as oil and gas res-
ervoirs (Zheng et al. 2003). Thus, it is necessary to inves-
tigate this understudied type of dolomite from both
scientific and application perspectives.
Hydrothermal-sedimentary rocks have generally been
identified according to their mineral assemblages,
macroscopic structures and geochemical characteristics.
However, few studies have focused on the dolomite it-
self. In the meanwhile, most studies have overlooked
that more direct and detailed evidence of the formation
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mechanism could be found by investigating the micro-
scopic features of the dolomites and their associated
minerals. Given the scarcity of hydrothermal-
sedimentary dolomites in modern environments and the
complexity of dolomite formation, it is urgent to carry
out micro-scale petrographical and isotopic geochemical
research on  hydrothermal-sedimentary  dolomites
throughout geological time to shed new light on this
rare type of dolomite.

The Middle Permian Lucaogou Formation in the
Jimusar Sag, eastern Junggar Basin, Northwest China,
was deposited in a salt lake within an intracontinental
rift basin with intense hydrothermal activity. Lots of
sedimentary exhalative rocks that are characterized by
the presence of coarse-grained angular calcites and
calcite layers in a fine-grained matrix have been
found in the Lucaogou Formation (Li et al. 2017a;
Liu et al. 2018, 2019). In this study, hydrothermal-
sedimentary dolomites were discovered in the Lucao-
gou Formation in the Jimusar Sag. To further uncover
the formation mechanisms and increase the awareness
of this understudied type of dolomite, systematic in-
vestigations have been conducted in the present
study. The microscopic features are presented, and
the ore-forming fluid characteristics and detailed
formation mechanisms are discussed based on
micron-scale petrographical and isotopic geochemical
research.

2 Geological setting

The Junggar Basin, located in the north of the Xinjiang
Uygur Autonomous Region (Fig. 1), NW China, and sur-
rounded by mountain ranges, has a basement composed
of pre-Carboniferous micro-blocks, ocean basins and is-
land arcs (Bian et al. 2010). During the Late Carbonifer-
ous, the ocean basin between the Junggar Block and the
Siberian Block to the north and the basin between the
Junggar Block and the Tarim—Middle Tianshan Block to
the south both closed (Li et al. 1990; Carroll et al. 1995).
Consequently, seawater retreated from the Junggar Basin
area, with seawater remaining only in the Bogda Rift in
the southeast and connecting with the open ocean in the
Early Permian (Wartes et al. 2002). An intraplate exten-
sion stage began in the northern Xinjiang area (Fang
et al. 2006; Zhou et al. 2006; Lu 2007), and the eastern
Junggar Basin began to evolve into a rift basin (Fang
et al. 2006). A palaeo-megalake existed in the Junggar
Basin and Turpan—-Hami Basin (Wartes et al. 2002), and
a set of fine-grained lacustrine sedimentary rocks with
total organic carbon (TOC) contents of more than 20%
and a thickness of nearly 2km formed (Graham et al.
1990; Carroll et al. 1992). The Permian strata in the
Jimusar Sag, comprising thickly laminated deposits of



Zhang et al. Journal of Palaeogeography (2020) 9:24

Page 3 of 23

f [ ~— / /
¥ 5 / /

/ ] /7 = / /
Well J1 74)752 / )
/ / y / /

mj /f/;l - // / /‘”
/ /) /]
/ WelJ37¥¢ |
/ / / /
/ J/ / /
/ 4 4

10 km

C | IS I

Jimusar Sag
: Urumchi

1S

Sampling well

BN

Structure contour

Pinchout

Fig. 1 a Location of Junggar Basin in northwestern China (Santanghu Basin and Jiuquan Basin are also shown; the map of China is referring the
standard map available on the official website of Ministry of Natural Resources of China: http://bzdt.ch.mnrgov.cn/); b Location of Jimusar Sag in
eastern Junggar Basin; ¢ Geological outline of Jimusar Sag (modified after Cao et al. 2016) and locations of sampling wells. The grey line denotes

structure contour on top of Lucaogou Formation

Table 1 Strata outcropped in Jimusar Sag, eastern Junggar Basin, Northwest China

Eonothem System Series Group Formation
: oo Upper Shaofanggou
Mesozoic Triassic Lower —
Cangfanggou Jiucaiyuan
Upper Lower Wutonggou
. EE Cangfanggou 99
. Permian ] Lucaogou
Paleozoic Middle - - .
Jlangjunmlao
Carboniferous| Lower Batamayineishan
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semi-deep to deep lake facies, represent the eastern part
of the sedimentary succession.

The Carboniferous and Permian strata in the Jimusar
Sag are composed of, from bottom to top, the Lower
Carboniferous Batamayineishan Formation, the Middle
Permian Jiangjunmiao Formation, the Middle Permian
Lucaogou Formation and the Upper Permian Wutong-
gou Formation (Table 1). The Lucaogou Formation con-
sists of fine-grained lacustrine sedimentary rocks, mainly
dolomitic rocks and sedimentary tuffs, formed by mech-
anical sedimentation, chemical sedimentation, volcanism
(Shao et al. 2015; Xi et al. 2015; Song et al. 2017; Yang
et al. 2019) and hydrothermal exhalative sedimentation
(Jiang et al. 2015; Li et al. 2017a; Liu et al. 2018, 2019).
Taking the maximum flooding surface as a boundary,
the Lucaogou Formation (P,l) is divided into two sec-
tions: lower (P,l;) and upper (P,l,). A “sweet spot body”
has been identified in both sections (Jiang et al. 2015;
Cao et al. 2016). The dolomites in the dolomitic rocks
present as euhedral-subhedral microcrystals mixed with
tuff and terrestrial clasts and are considered to have a
penecontemporaneous origin (Zhang et al. 2018). The
syn-sedimentary hydrothermal activity in the studied
strata is indicated by sedimentary exhalative rocks com-
posed of coarse-grained angular calcites and calcite
layers in a fine-grained matrix (Li et al. 2017a; Liu et al.
2018, 2019).

3 Material and methods

Core samples from Well J174 and Well J37 were ob-
served carefully, and two dolostone samples (J37-A
and J37-B) from Well J37 and one dolostone sample
(J174-A) from Well J174 were selected. The mineral
compositions and sedimentary structures were prelim-
inarily studied by thin section observation using a po-
larizing microscope. X-ray diffraction (XRD) analysis
was used to identify the specific mineral composition
and content and to determine the crystal structures
of the dolomites. However, because of the heteroge-
neous distribution of minerals and their fine grain
sizes, it is difficult to obtain accurate bulk mineral
contents of samples J37-A and J174-A by XRD ana-
lysis of the rock powders extracted locally or by thin
section observations alone. Thus, based on the XRD
analysis results of different parts of the samples ex-
tracted with a micro-drill, the mineral contents of the
whole rock were estimated by thin section observa-
tions and backscattered electron imaging combined
with energy-dispersive spectroscopy (EDS). Addition-
ally, the major element compositions of the minerals
were analysed by electron probe microanalysis
(EPMA). The morphology of minerals was observed
using backscattered electron imaging with the elec-
tron probe and a FEI Quanta 400 FEG scanning
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electron microscope (SEM) (astigmatism <50 pm;
magnification factor =7 to 10% image resolution <3.5
nm; the State Key Laboratory of Continental Dynam-
ics of Northwest University). The XRD and electron
probe analyses were conducted in the Experimental
Test Center of Xi'an Center of Geological Survey.
Strontium isotope analysis was carried out for the in-
spection of ore-forming characteristics on a Nu
Plasma multi-collector inductively coupled plasma
mass spectrometer (MC-ICP-MS) produced by Nu In-
struments at the State Key Laboratory of Continental
Dynamics of Northwest University. Carbon and oxy-
gen isotopic analyses were performed at the Institute
of Earth Environment, Chinese Academy of Sciences,
with a MAT252 stable isotope ratio mass spectrom-
eter. The analytical precision of 8'3C is better than +
0.06%o, and that of 8'%0 is better than +0.08%.

The samples for dolomite crystal structure analysis
by XRD should have a dolomite content of more than
40% and no clay minerals. The dolomite contents of
the samples for carbon and oxygen isotopic analysis
and strontium isotopic analysis should be more than
35% and 90%, respectively, and no other carbonates
should be present. Sometimes, the dolomite content
of the bulk samples cannot meet the requirements
due to the heterogeneous distribution of the dolomite.
Thus, dolomite was extracted with a micro-drill based
on thin section and backscattered image observations.
In addition, three euhedral-subhedral micro-crystalline
dolostones from Well J174 interpreted as having a
penecontemporaneous origin (Zhang et al. 2018) were
chosen for carbon, oxygen and strontium isotopic
analyses for comparative study.

4 Results

4.1 Occurrence of the sedimentary exhalative rocks and
dolostones

The Middle Permian Lucaogou Formation in the study
area is composed of a mixed sedimentary succession of
tuffaceous dolostone, dolomitic rocks, siltstone and
mudstone (Fig. 2a). The sedimentary exhalative rocks
that were identified in 26 wells in the Jimusar Sag are
the most common geological records of the Permian
syn-sedimentary hydrothermal activity in the study area
(Li et al. 2017a; Liu et al. 2018). In Well J174 and Well
J37, the sedimentary exhalative rocks occur as interbeds
with thicknesses of 0.5cm to 4cm within dolomitic
rocks, tuffaceous dolostones and mudstones. Their alter-
nation with other normal sediments reflects frequent but
discontinuous eruptions of hydrothermal fluids, as
hydraulic pressure is known to play a key role in typical
subaqueous  hydrothermal activity (Fisher and
Schmincke 2012). The calcites in the sedimentary exha-
lative rocks show two occurrences in the interbeds:
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Fig. 2 Distributions of sedimentary exhalative rocks (according to Liu et al. 2019) and dolostones of the Middle Permian Lucaogou Formation in
Well J174 and Well J37 (a), and petrographic characteristics of the sedimentary exhalative rocks in Well J174 (b-e). a Lithostratigraphy of the
Lucaogou Formation; b Thin-section photomicrograph showing that calcite layers with smooth boundaries are deformed around rigid calcite
crystals under cross-polarized light; ¢ Thin-section photomicrograph of calcite layers and calcite crystals; d Photograph of a sedimentary
exhalative rocks with coarse-grained calcites scattered in fine-grained matrix; e Thin-section photomicrograph showing fractured calcite crystals in
the rectangle part in (d) under plane-polarized light. Zonal structures are present in the crystal

broken calcite breccia clasts scattered in a matrix and in-
tact calcite layers. Syn-sedimentary deformation struc-
tures are widely distributed in the surrounding matrix
(Fig. 2b-e). The homogenization temperature values of
fluid inclusions in the calcites range from 134.7°C to
400°C (Li et al. 2017a). It is inferred that the calcite
crystals in the breccia crystallized from upward-

migrating hydrothermal fluids and then settled to the
lake bottom after an intense explosive eruption, while
the calcite layers were formed by quiet overflow erup-
tions (Li et al. 2017a; Liu et al. 2018).

The dolostones in this study mainly distribute in the
upper section of the Lucaogou Formation, formed in a
late stage of hydrothermal activity.
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Table 2 Mineral compositions and contents of the selected dolostones in the Middle Permian Lucaogou Formation in Jimusar Sag,

eastern Junggar Basin

J37-A J37-B J174-A
Upper part sampled Lower part sampled Bulk®  Bulk® Upper part sampled by a Lower part sampled Bulk®
by a micro-drill® by a micro-drill® micro-drill® by a micro-drill®
Dolomite 72.80% 17.40% 52.00% 58.90% 68.00% 26.20% 50.00%
(ferriferous)
Albite 6.80% 23.80% 12.00% 18.10% 27.70% 23.00%
Potassium 8.20% 20.50% 12.00%
feldspar
Buddingtonite 540% 37.40% 20.00%
Analcime 18.60% 10.00%
Quartz 12.20% 17.70% 14.00% 8.40% 3.90% 5.00%
Quartz 41.10%
(chalcedony)
Calcite 4.80% 2.00%
llite 2.00% trace
Biotite trace
Rock naming Analcime-feldspar dolostone (AFD) Silicic dolostone  Buddingtonite-albite dolostone (BAD)

(SD)

“analyzed by XRD. The upper and lower parts denote the corresponding parts of the dolostone samples in Figs. 3e, 4a and 5a

b estimated based on thin section observation and electron probe microanalysis

4.2 Petrological and mineralogical characteristics of
dolostones

The mineral compositions and contents of the selected
dolostones in the Middle Permian Lucaogou Formation
are shown in Table 2.

4.2.1 Dolostone J37-A

Dolostone J37-A is composed of a lower layer of
analcime-feldspar-dolomite lens and an upper dolomite
layer (Fig. 3e), between which is a thin layer of dark grey
tufaceous dolomite (Fig. 3a). The boundary between the
sample and the underlying tufaceous dolostone (Fig. 3h)
is irregular (Fig. 3g), and syn-sedimentary deformation
structure is observed in the lower laminated tufaceous
dolostone (Fig. 3e), which indicates that dolostone J37-A
formed in the depositional stage of this unit.

The dolostone consists of dolomite, albite, potassium
feldspar, analcime, quartz and trace amounts of illite and
biotite (Table 2). In the lower analcime-feldspar-dolomite
lens, the analcimes exhibit euhedral-subhedral crystals
and incomplete extinction under cross-polarized light
(Fig. 3a, c-d). The EPMA results indicate that the incom-
plete extinction is caused by the analcime being partly re-
placed by potassium feldspar and buddingtonite (Fig. 3i).
The analcime is cemented by potassium feldspar,
buddingtonite and euhedral platy albite (Fig. 3a, c-d, f, i).
Unexpectedly, the buddingtonite was not detected by
XRD. Given that these crystals formed by replacing potas-
sium feldspar (see Section 5), we speculate that a relatively
low replacement extent (see Table 8) may be responsible
or that they were not sampled by the micro-drill for

analysis. The dolomite is mainly present as cloddy aggre-
gates encircling analcime-feldspar assemblages (Fig. 3c-d).
The dolomite is composed of spherical or sub-spherical
micro-crystalline crystals with particle sizes of 5-15um
(Fig. 3f, j). The morphological difference between the
spherical dolomite (Fig. 3n) and the rhombic euhedral
dolomite in the dolomitic rocks in the Lucaogou Forma-
tion (Fig. 30) is clearly shown in the SEM images.

The upper part is mainly composed of dolomite (Fig. 3b,
j), in which terrestrial clasts (Fig. 3k) and crystal pyroclasts
(Fig. 31-m) of quartz and feldspar are dispersed. Two pecu-
liar phenomena should be noted. First, buddingtonite is
present as annuli on the edges of potassium feldspar
cemented by dolomite (Fig. 3k). Second, the albite cemen-
ted by dolomite has been replaced by dolomite (Fig. 31-m),
and irregular albite, whose original boundaries (the red dot-
ted line in Fig. 3m) can be distinguished easily in the back-
scattered images, remains.

In contrast to normal carbonate rocks, the albite, po-
tassium feldspar and analcime in this dolostone show
characteristics of chemical precipitation rather than of
terrigenous clasts, occurred with syn-sedimentary de-
formation structures, which reveals a different genesis
from normal carbonate rocks. We tentatively named the
dolostone J37-A as analcime-feldspar dolostone (AFD).

4.2.2 Dolostone J37-B

Dolostone J37-B is composed of dark grey dense fine-
grained rock (Fig. 4a); and is composed of only dolomite
and chalcedony (Table 2). The dolomite crystals are
black grey spherulites under plane-polarized light and
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Fig. 3 Typical photographs of the analcime-feldspar dolostone (AFD) of the Middle Permian Lucaogou Formation in Well J37 at 2849.3 m, Jimusar
Sag, Junggar Basin. a Thin-section photomicrograph of the thin layer of dark gray tufaceous dolomite in the AFD under cross-polarized light; b
Thin-section photomicrograph of the upper part of the AFD under cross-polarized light; ¢ Thin-section photomicrograph showing the dolomites
in the AFD crystallizing in the intergranular space of analcimes and albites, or exhibiting as banded and amorphous aggregations under cross-
polarized light; d Thin-section photomicrograph showing the dolomite aggregations in the AFD encircle analcimes and albites under cross-
polarized light; e Photograph of the AFD and the below tufaceous dolostone; f Back-scattering image of the area “f" in (d) showing the spherical
and aciniform dolomites coexisting with analcimes, albites, potassium feldspars and buddingtonites; g Thin-section photomicrograph of the
boundary between the AFD and the below tufaceous dolostone under cross-polarized light; h Thin-section photomicrograph of the area “h”" in
(e) showing the tufaceous dolostone under cross-polarized light; i Back-scattering image of the area “i” in (d) showing the analcimes and the
intergrowth of potassium feldspars and buddingtonites within the analcimes; j Back-scattering image of the area “j” in (b) showing the upper
part of the AFD; k Back-scattering image of the upper part of the AFD showing a potassium feldspar cemented by dolomites was replaced by
buddingtonite in the edge; | Back-scattering image of the area “I" in (b) showing albite crystal pyroclasts were cemented and replaced by
dolomites in the upper part of the AFD; m Back-scattering image of the replacement of albites by dolomites; n Scanning electron microscope
image of micro-powder xenomorphic dolomites in the analcime-albite dolostone; o Scanning electron microscope image of euhedral dolomites
taken from Well J37 at 2883.5m. The red points represent the electronic probe analysis locations. Ab = Albite; Ana=Analcime; Bdt=
Buddingtonite; Bi = Biotite; Dol = Dolomite; Kf = Potassium feldspar; Q = Quartz
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Fig. 4 Typical photographs of the silicic dolostone (SD) of the Middle Permian Lucaogou Formation in Well J37 at 2863.6 m, Jimusar Sag, Junggar
Basin. a Photograph of the SD; b Thin-section photomicrograph showing the brown dolomite spherulites (Dol), between which are chalcedony
(Q), in the SD under cross-polarized light; ¢ Thin-section photomicrograph of the SD under cross-polarized light; d Back-scattering image of the
SD; e Back-scattering image of the SD; f Back-scattering image showing the dolomite spherulites in which zonal structure develops due to
varying iron content. The red points represent the electronic probe analysis locations. Dol = Dolomite; Q = Quartz
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have grain sizes of 10—50 um (Fig. 4d-f). The FeO contents
of the dolomite spherulites increase and then decrease from
the grain margin inward, resulting in a zonal structure in
the backscattered images. The chalcedony is present be-
tween the dolomite spherulites (Fig. 4b-c). We tentatively
named the dolostone J37-B as silicic dolostone (SD).

4.2.3 Dolostone J174-A

Dolostone J174-A is also composed of dark grey
dense fine-grained rock (Fig. 5a), consisting of dolo-
mite, albite, buddingtonite, quartz and trace amounts
of calcite (Table 2). The dolomite content decreases
and the buddingtonite content increases with increas-
ing depth. The dolomite is composed of spherulites
or irregular xenomorphic particles with grain sizes

less than 10 pm, and the dolomite particles have been
cemented by albite. The backscattered images indicate
lower FeO content in the mineral cores than in the
edges of the dolomite grains (Fig. 5e). Authigenic eu-
hedral platy albite grains can be found (Fig. 5g-h).
Black spherulites are present in the lower part of the
sample, and their sizes increase with increasing depth,
from 50pum to 200pum (Fig. 5c-d). The normally
graded structure reveals sorting and sedimentary pro-
cesses after spherulite formation. Buddingtonite aggre-
gates were detected by EPMA in the spherulites, and
the remaining parts were holes, which made the
spherulites black under the polarizing microscope. Be-
tween the spherulites, dolomite microcrystals were
cemented by albite (Fig. 5f).
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Fig. 5 Typical photographs of the buddingtonite-albite dolostone (BAD) of the Middle Permian Lucaogou Formation in Well J174 at 3126.5m,
Jimusar Sag, Junggar Basin. a Photograph of the BAD; b Thin-section photomicrograph of the BAD consisting of dolomite microlites and albites,
in which authigene lath-shaped albites present, under cross-polarized light; ¢ Thin-section photomicrograph of the dolomitic-albite buddingtonite
rock, in which dolomites and albites filled the holes between black spherulites under cross-polarized light; d Thin-section photomicrograph of the
lower part of the dolomitic-albite buddingtonite rock, in which black spherulites are bigger, under cross-polarized light; e Back-scattering image
showing the dolomite spherulites being cemented by albites; f Back-scattering image of black spherulites consisting of buddingtonites and holes,
between which are dolomites and albites; g Back-scattering image of authigene lath-shaped albites; h Scanning electron microscope image of
the authigenic albites. The red points in e represent the electronic probe analysis locations. Ab = Albite; Bdt = Buddingtonite; Dol = Dolomite
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Given the presence of buddingtonite and authigenic albite,
two representative hydrothermal minerals (see Section 5),
and the characteristics of chemical precipitation, we specu-
late that this dolostone formed in a different way compared
to normal carbonates. And we tentatively named the dolo-
stone J174-A as buddingtonite-albite dolostone (BAD).

4.2.4 Mineral elements and degree of order of dolomites

The EPMA results of dolomites are shown in Table 3. It
is obvious that the substitution of iron and manganese
ions for magnesium ions and the substitution of stron-
tium ions for calcium ions are common in the dolo-
mites. The dolomite in the AFD has lower contents of
(CaO + SrO) (with an average of 28.946%) and higher
contents of (MgO + TFeO+MnO) (with an average of
22.577%) than ideal dolomite, whose CaO and MgO
contents are 30.41% and 21.86%, respectively, while the
dolomite in the SD has a larger (CaO + SrO) value (with
an average of 31.034%) and a less (MgO + TFeO+MnO)
value (with an average of 20.752%). The composition of
the dolomite in the BAD is similar to that of ideal dolo-
mite. All dolomites in three types of dolostone have
order of degree to some extent, and the dolomite in the
BAD has the lowest degree of order (Table 4). Given
their ordered nature, all of them are proper dolomite
despite some degree of stoichiometric deviation (Gregg
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et al. 2015), and they are considered as proto-dolomites
(Gaines 1977).

All the dolomite types are rich in iron ions, and both
the AFD and the BAD are dominated by ferriferous
dolomite (with a TFeO content greater than 1.55%;
Tucker and Wright 1990).

4.3 Geochemical characteristics

4.3.1 Strontium isotopic compositions

The strontium isotopic compositions of the AFD, SD,
BAD, and euhedral-subhedral micro-crystalline dolo-
stone were obtained. The results are shown in Table 5
and Fig. 6.

The ¥Sr/%¢Sr values of all four types of dolostone (re-
ferring to seven black dots in Fig. 6), which plot between
the ®7Sr/*®Sr values of crustal source sialic rocks
(0.720 + 0.005; Faure 1986) and mantle source (0.70350;
Palmer and Elderfield 1985), are closer to those of the
Permian  mantle-derived  hydrothermal-sedimentary
dolomites in the Santanghu Basin, Xinjiang, NW China
(with an average of 0.705005; Liu et al. 2012) than those
of the Permian seawater (0.70685—0.70800; Korte et al.
2006). In addition, they are much lower than the
8Sr/®%Sr  values of the Cretaceous hydrothermal-
sedimentary dolomites in the Jiuquan Basin (with an
average of 0.714718; Wen et al. 2013).

Table 3 Electron microprobe data of chemical composition (%) of dolomites in the Middle Permian Lucaogou Formation in Jimusar

Sag, eastern Junggar Basin

Mineral Analysis location  Na,O MgO  ALO; SiO, SO Ca0 K;O  MnO TFeO BaO Total CaO+SrO MgO + TFeO+MnO
Dolomites in 1 0227 21884 0032 0000 0217 28416 0040 0373 1779 0018 52986 28633 24.036
the AFD 2 0121 20064 0.147 0085 0510 29832 0062 0304 0659 0208 51.992 30.342 21.027
3 0.107 18798 0012 0202 0394 2789 0046 0.158 3257 0206 51.076 28.290 22213
4 0.198 22139 0024 0000 1052 29197 0001 0.127 0827 0.154 53719 30.249 23.093
5 0309 20.054 0093 0079 0.179 27392 0029 0129 2643 0009 50916 27.571 22.826
6 0.136 20.137 0008 0000 0752 28193 0000 0404 1653 0.009 51.292 28945 22.194
7 0.189 20885 0023 0000 0.167 28426 0000 0013 1752 0000 51455 28593 22,650
Average 0.184 20566 0.048 0052 0467 28479 0025 0215 179 0086 51919 28946 22577
Dolomites in 8 0349 20524 0000 0002 0.197 32079 0000 0000 0220 0.064 53435 32276 20.744
the 5D 9 0.120 19773 0009 0024 0.135 30482 0016 0000 0901 0.100 51.560 30617 20674
10 0.175 20557 0000 0023 0.188 31511 0000 009 0836 0000 53386 31.699 21489
" 0.182 18915 0067 0.000 0.190 31491 0000 0089 0636 0018 51.588 31.681 19.640
12 0.120 18473 0033 0000 0277 28761 0000 0.126 3509 0.081 51380 29.038 22.108
13 0328 19262 0017 0000 0.108 30.783 0.005 0019 0576 0.144 51.242 30.891 19.857
Average 0212 19584 0021 0008 0.183 30851 0004 0055 1.113 0068 52099 31.034 20.752
Dolomites in 14 0.113 17852 0012 0000 0224 31964 0006 0082 3.038 0036 53327 32.188 20972
the BAD 15 0.141 16909 0.000 0019 0276 29.788 0000 0083 4113 0072 51401 30.064 21.105
0.158 18558 0.007 0.007 0207 30083 0008 0083 3729 0.144 52984 30.290 22370
0.092 18067 0000 0025 0171 30683 0009 0.172 3915 0216 53350 30.854 22154
Average 0126 17847 0005 0013 0220 30630 0006 0.105 3699 0.117 52766 30.850 21.650
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Table 4 Degree of order of the dolomites in the Middle Permian Lucaogou Formation in Jimusar Sag, eastern Junggar Basin

Dolomites in the AFD

Dolomites in the SD Dolomites in the BAD

Molarity of MgCOs (mol%) 49.97%

Degree of order 0.60

47.10%
040 0.17

47.57%

4.3.2 Carbon and oxygen isotopes

The results of carbon and oxygen isotope analysis are
shown in Table 6 and Fig. 7. Dolomites in this study have
positive 83Cppg and negative 8'0ppg values, similar to
those of the two representative hydrothermal-sedimentary
dolostones in China, the Cretaceous dolostones in the
Jiuquan Basin (Wen et al. 2013) and the Permian dolos-
tones in the Santanghu Basin (Liu et al. 2012; Jiao 2017).
The 8%0ppg values of the studied dolostones are in the
same range as those of the hydrothermal dolostones in the
Jiuquan Basin, in Sardinia in Italy (Boni et al. 2000), and in
the Western Canada Sedimentary Basin (Al-Aasm 2003).

5 Discussion

Three critical characteristics of the dolostones in this
study can be outlined. First, the paragenetic relationship
of dolomite with analcime, albite, buddingtonite and
chalcedony and the associated evidence for chemical
precipitation reveal that the genesis of these dolostones
differs from that of normal carbonates. Second, the dolo-
mite is present as micro-sized spherical particles that are
similar to the dolomite precipitating directly from solu-
tion at high temperatures in the laboratory (Rodriguez-
Blanco et al. 2015). Third, the replacement of albite by
dolomite in the upper part of the AFD (Fig. 3], m) indi-
cates exceptionally high temperatures (e.g., >400°C;
Nishiyama 1990). We argue that the dolostones are of
hydrothermal genesis based on the above facts. The for-
mation stage of the dolostones, the genesis of the para-
genetic minerals, the geochemical characteristics of the
dolostones, the nature of the ore-forming fluid, and the
dolomite formation mechanisms are discussed below.

5.1 Formation stage

As previously mentioned, the syn-sedimentary deform-
ation below the AFD indicates that the AFD formed
syn-depositionally. We suggest that the SD and BAD in
this study are syn-depositional deposits as well because
(1) the dolomite grains in the form of micro-sized spher-
ical particles differ from the larger euhedral dolomite
grains that form during a diagenetic stage or saddle

dolomite grains that form through hydrothermal re-
placement (e.g., Luczaj et al. 2006); (2) their macro-scale
appearances are homogeneous, and no replacement tex-
ture or metasomatic relict texture can be found; (3) the
sorting and sedimentary processes revealed by the nor-
mally graded structure in the BAD could hardly have oc-
curred in a diagenetic environment; (4) the degree of
order in the Permian lacustrine dolomites in the Urum-
chi area, southwest of the study area, does not vary with
depth, i.e., the dolomites were not affected by diagenesis
(Li et al. 2017b), which suggests that dolomites formed
by diagenetic replacement are hardly present in this area.
A similar case was also reported in Santanghu Basin, an
adjacent basin situated to the east of the Junggar Basin
(Jiao 2017).

5.2 Paragenetic minerals

Among the paragenetic minerals associated with dolo-
mite in this study, analcime (Zheng et al. 2003; Liu et al.
2010, 2012; Wen et al. 2013), albite (Zheng et al. 2003;
Liu et al. 2010; Zhang et al. 2010) and chalcedony (Tao
et al. 2016) have all been reported in hydrothermal-
sedimentary rock studies. Given the diverse genetic types
of analcime and scarce reports of buddingtonite, these
two minerals are analysed further.

By conducting simulation experiments and theoretical
calculations, Coombs and Whetten (1967) divided the
analcime in sedimentary rocks into three groups: silica-
rich analcime (approximately Naj3Al;3SizsO9enH,O —
Naj4Al14Si34096nH,0) formed by alteration of siliceous
volcanic glass by alkaline fluid; middle-silica analcime
(approximately Naj4Al;14Si34O96:nH,0) formed by re-
placement under burial conditions; and, silica-poor anal-
cime (Najs5Al;5Si33006:nH,O — NajeAl;6SiznOg6:nH,0)
directly precipitating from highly alkaline water and
coexisting with chemically precipitated dolomite. The Si/
Al values of the analcime in the AFD range from 2.153
to 2.494 (Table 7), mainly falling within the region of
silica-poor analcime (Fig. 8). Their coexistence with
dolomite is also consistent with the characteristics of
silica-poor analcime. The euhedral-subhedral crystals of

Table 5 Strontium isotopic compositions of dolomites in the Middle Permian Lucaogou Formation in Jimusar Sag, eastern Junggar

Basin

Euhedral-subhedral micro-powder dolostone AFD SD BAD
Sample number Jm174-1 Jm174-2 Jm174-3 Jm37-1 Jm37-2 Jm37-3 Jm174-A
875r/ 8y 0.705742 0.705739 0.705570 0.705504 0.705591 0.705474 0.706177
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Fig. 6 Characteristics of strontium isotopes of dolomites in the Middle Permian Lucaogou Formation in Jimusar Sag, eastern Junggar Basin

Jm37-1 Jm37-2 Jm37-3 Jml174-A

analcime in the AFD are different from the cement oc-
currence of the middle-silica analcime. Furthermore,
quartz or other siliceous minerals, generally coexisting
with silica-rich analcime, are absent in the AFD. There-
fore, the analcime in the AFD is silica-poor analcime
and precipitated directly from highly alkaline water.
Buddingtonite (with a theoretical molecular formula of
(NH,4)[AlSi3Og]) formed through the replacement of po-
tassium ions in potassium feldspars with ammonium
ions, is generally present in hot springs (Barker 1964;
Erd et al. 1964; Krohn 1987; Krohn et al. 1993) and is
recognized as an indicator mineral of hydrothermal ac-
tivity (Pampeyan 2010). In a few cases, it has been found
in diagenetic environments, as authigenic edges on feld-
spar and as microfracture fill (Hori 1986; Ramseyer et al.
1993). The buddingtonite in this study resembles potas-
sium feldspar, and no authigenic buddingtonite edges
were found. Furthermore, the buddingtonite grains are
distributed unevenly in limited areas; the contents reach
up to 40% in several samples. In contrast, the buddingto-
nite formed by diagenesis is expected to be distributed
relatively evenly in the strata. Therefore, we argue that
the buddingtonite in this study (Table 8) is the product
of hydrothermal activity. When the hydrothermal fluid
rose through organic-rich strata, thermal decomposition
of organic matter occurred, and ammonium ions were
released into the fluid. When this fluid with abundant
ammonium ions erupted at the lake bottom and encoun-
tered potassium feldspar crystals, substitution of the po-
tassium ions in the potassium feldspar by ammonium
ions occurred due to their similar ionic radius, resulting
in the formation of the buddingtonite (Hallam and Eug-
ster 1976). In addition, the inner edge of the buddingto-
nite annulus in the potassium feldspar clasts cemented

by dolomites in the upper part of the AFD is irregular
(Fig. 3k), in contrast to the authigenic edges of feldspar
grains. The best explanation is that ammonium ions per-
meated into the feldspar and replaced the potassium
ions along the edge.

5.3 Isotopic geochemical characteristics and nature of
ore-forming fluid

Isotopic geochemistry is widely used to investigate the
characteristics and sources of ore-forming fluids. The
8Sr/®°Sr values of the dolomite in this study (with an
average of 0.705685; Table 5) are close to those of the
mantle source and similar to those of the mantle-derived
hydrothermal exhalative dolostone in the Santanghu
Basin (Fig. 6), which implies that mantle-derived mate-
rials involved in the ore-forming fluid. It is noted that
the Sr/®Sr values of the AFD, SD, BAD, and euhedral-
subhedral micro-crystalline dolostones are indistinguish-
able. They are also consistent with the *’Sr/**Sr values
of the dolomitic rocks reported by Jiang et al. (2015),
Wang et al. (2019) and Yang et al. (2019). We propose
two possible sources of mantle-derived materials: (1)
mantle-derived hydrothermal fluids may have partici-
pated in the ore-forming fluid and contributed mantle
materials (Jiang et al. 2015); (2) the palaeolake water it-
self may have possessed low ®Sr/*®Sr values due to the
intracontinental rift setting of the basin (Wang et al.
2019) and played a key role in the dolostone formation,
probably by circulating deeply along fractures, being
heated by underlying strata or magma chambers and fi-
nally erupting into the lake (Li et al. 2017a). However, it
is difficult to provide a definite interpretation at present,
and further studies are needed.



Zhang et al. Journal of Palaeogeography (2020) 9:24

Page 13 of 23

Table 6 Carbon and oxygen isotopic compositions of dolomites in the eastern Junggar Basin (this study), Sangtanghu Basin (Jiao
2017), Jiuguan Basin (Wen et al. 2013), southwestern Sardinia of Italy (Boni et al. 2000), and Western Canada Sedimentary Basin (Al-

Aasm 2003)

Sample number Lithology 8" Copg (%0) 5"80pps (%0) Symbol in Fig. 7
Jm37-1 AFD 6.16 -8.22 Red circle
Jm37-2 7.26 —6.86

Jm37-3 SD 10.16 -7.59

Im174-A BAD 4.16 -9.81

Jm174-1 Euhedral-subhedral micro-crystalline dolostone 6.66 -3.19 Black circle
Jm174-2 9.17 —4.08

Jm174-3 7.60 -232

Jm7-1 Penecontemporaneous dolostone (Zhang et al. 2018) 8.84 -6.31

Jm7-2 9.54 -3.36

Jm7-3 8.98 —-348

Jm7-4 7.38 —7.55

Jm7-5 8.06 -561

Jm7-6 939 -3.16

Jm7-7 9.68 -3.56

N122-2 Hydrothermal-sedimentary dolostone in Santanghu 56 -34 Green square
N122-3 Basin (Jiao 2017) 64 _40

N122-5 52 =52

N122-11 76 -6.1

N122-15 9.9 =31

N122-24 6.4 =37

M11-1-b 56 -164

M11-2 7.1 -13.7

M11-3 6.7 =139

M11-8 56 -174

M3y-1 94 -10

M41-1 7.0 =20

QXCo4 Hydrothermal-sedimentary dolostone in Jiuguan Basin 418 -11.01 Yellow triangle
QXC10 (Wen et al. 2013) 246 970

QXc 567 -6.68

QXC12 5.63 —6.68

Qxc17 3.58 —-7.90

QXC18 490 -5.89

QXC19 4.89 —7.26

QXC20 443 -8.15

QXC21 4.69 -11.38

QXC25 4.21 -1143

QXC29 354 -12.19

QXC34 412 -592

QXC36 3.81 —7.55

QXC37 3.77 -11.28

QXC38 578 -733

QXC42 295 -10.07
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Table 6 Carbon and oxygen isotopic compositions of dolomites in the eastern Junggar Basin (this study), Sangtanghu Basin (Jiao
2017), Jiuguan Basin (Wen et al. 2013), southwestern Sardinia of Italy (Boni et al. 2000), and Western Canada Sedimentary Basin (Al-
Aasm 2003) (Continued)

Sample number Lithology 8" Copg (%0) 5"80pps (%0) Symbol in Fig. 7
QXC43 331 -10.21
QXC45 1.79 -10.22
QXC46 3.31 -7.39
QXC53 2.55 —1347
QXxCs54 417 -9.75
QXC56 4.3 -10.56
QXC57 582 -11.18
QXC58 219 -10.99
QXC59 1.86 -14.15
23 Hydrothermal dolostone in southwestern Sardinia, 096 -95 Blue star
243 [taly (Boni et al. 2000) ~019 _89
24b 041 -89
28(n="5) 041 -89
DG5S 0.04 =91
CP1 —1.48 -7.8
CP2 -0.75 -80
25 047 =95
26b 039 -99
SM1 -0.76 -82
SM2 -0.83 -87
Dolsb2 -0.25 -96
sl Hydrothermal dolostone in U. Debolt-Sikanni, Western 278 —-8.60 Purple diamond
o Canada Sedimentary Basin (Al-Aasm 2003) 273 —962
s3 2.08 -947
s4 253 —-10.15
s5 343 -8.47
s6 3.00 —-9.50
s7 236 -8383
s8 272 -8.44
9 2.83 —-860
s10 253 —8.55
sT1 2.51 -9.34
s12 330 -9.27
s13 1.13 -830
s14 2.71 -838
s15 1.38 -9.85
s16 2.50 -9.52
s17 375 -8.72
s18 1.81 -9.28
s19 2.24 -9.71
520 2.79 -9.31

s21 291 -8.14
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Table 6 Carbon and oxygen isotopic compositions of dolomites in the eastern Junggar Basin (this study), Sangtanghu Basin (Jiao
2017), Jiuguan Basin (Wen et al. 2013), southwestern Sardinia of Italy (Boni et al. 2000), and Western Canada Sedimentary Basin (Al-

Aasm 2003) (Continued)

Sample number Lithology

32-1-5D
32-1-SD
32-2-SD
32-2-5D
32-10-SD
32-10-SD
32-6-SD
32-6-SD
32-5-SD
32-3-5D
32-3-SD
32-9-SD
32-9-SD
14-3-SD
46-19-SD
46-19-SD
46-20-SD
46-20-SD

8"*Cppp (%0) 5"%0ppg (%0) Symbol in Fig. 7
180 -981
190 -108
244 971
253 -878
167 -985
208 -947
256 942
273 962
232 -940
249 -8.80
260 -895
262 -907
1.54 -947
148 -817
3.00 -795
280 -888
307 -7.82
305 827

The 8'C and §'®0 values of the dolostones and dolo-
mitic rocks in this study show poor correlations (Fig. 7),
indicating that the influence of diagenesis is negligible
(Qing and Mountjoy 1994; Veizer et al. 1999; Wen et al.
2013). Moreover, Middle Permian dolomites to the
southwest of the study area are barely affected by dia-
genesis (Li et al. 2017b), which is consistent with our
finding. Therefore, the 8'C and 8'®0 values of the
dolostones represent the primary carbon and oxygen iso-
topic compositions.

Negative 8'%0 values of dolomite are generally related
to high temperatures (Allan and Wiggins 1993). The re-
markably negative §'®0 values of the dolostones in this
study are similar to those of the hydrothermal-
sedimentary dolostones in the Jiuquan Basin and the
typical hydrothermal dolostones in both Italy and
Canada but are more negative than those of the dolo-
mitic rocks in the Lucaogou Formation and the Permian
marine carbonate rocks (Fig. 7), which suggests high for-
mation temperatures for the dolostones in this study.

To better understand the formation conditions of the
dolomites in this study, a quantitative estimation of the
differences in formation temperatures of the dolomite in
this study and the penecontemporaneous dolomite in
the dolomitic rocks based on the 8'%0 values was per-
formed. The precipitation temperature of dolomite can
be calculated according to the functional relationship be-
tween the fractionation factor of the dolomite-fluid

system and the temperature, 1000 x Ina = 3.14 x 10° x
T 2-2 (Land 1983), where a = (1 + 8" Odolomite/1000)/
(1 + 8"80p4iq/1000), in which « is the fractionation factor
and T is thermodynamic temperature. Obviously, the
values of 80 gy1omite and 80gquq are needed for the
calculation of temperature. Because of the lack of fluid
inclusions in the micro-crystalline dolomite, it is difficult
to constrain either the temperature or the 8®0quid
value. However, we can make a rough estimation of the
formation temperature of the dolomite based on hypo-
thetical values of 8%0g.q. We adopted 0.82%o, the
8"0spow value of the water in the surface mud at the
bottom of Qarham Salt Lake (Xiao 1995), which has an
environment similar to that of the Permian Lucaogou
palaeolake in the Jimusar Sag (Zhang et al. 2018), as the
hypothetical value for the palaeolake water. The palaeo-
lake also received intermittent seawater input as it was
an offshore lacustrine environment (Bian et al. 2010;
Kuang et al. 2012; Yang et al. 2019); therefore, the
palaeolake water is expected to have had an oxygen iso-
topic composition similar to that of seawater, whose
8"0spow value has remained at ~ 0%o since the Neo-
proterozoic (Muehlenbachs 1998; Hodel et al. 2018; Ryb
and Eiler 2018). Thus, we suggest that 0.82%o is a rea-
sonable hypothetical 8"*Ogyow value for the parent
water of the penecontemporaneous dolomite for such an
estimation. With regard to the 8'®0 value of the ore-
forming fluid of the hydrothermal-sedimentary dolomite,
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oxygen isotopes of dolostones and dolomitic rocks in the Middle Permian Lucaogou Formation in Jimusar
Sag, eastern Junggar Basin, and other two representative hydrothermal-sedimentary dolostones

it is difficult to determine a specific hypothetical value
because the source of the fluid is still an open question.
If the hydrothermal fluid was derived from the lake
water with a deep circulation path (Li et al. 2017a), it is
expected to have a more positive "0 value than the
lake water due to fluid-rock reactions (e.g., Craig 1963;
Pope et al. 2009). There would also be a positive shift in

the oxygen isotopic composition of the hydrothermal
fluid if mantle-derived fluids participated (Taylor 1997;
Valley et al. 1986), as suggested by Jiang et al. (2015).
Therefore, we used 0.82%o as the minimum value of
8"80gmow for the ore-forming fluid to calculate the low-
est formation temperature of the dolomite in this study.
The average 8" 0spow value of modern black smoker

Table 7 Electron microprobe data of chemical composition (%) of analcimes in the analcime-feldspar dolostone (AFD) of the Middle

Permian Lucaogou Formation in Jimusar Sag, eastern Junggar Basin

Mineral Na,O MgO SiO, AlL,O3 Cao FeO MnO K,O NiO Cr,03 Si/Al

Analcime 9.738 0.036 59.932 20.387 0.000 0.000 0.075 0.018 0.000 0.000 2494
10.607 0.017 59.105 20.355 0.000 0.043 0.062 0.030 0.019 0.003 2463
12,659 0.004 56423 21.792 0.000 0.044 0.012 0014 0.000 0.000 2.197
11.385 0.008 57.961 21.502 0.016 0.065 0.000 0.009 0.030 0.000 2287
11.449 0.007 57.192 22.539 0.010 0.005 0.100 0.086 0.007 0.000 2153
12.300 0.015 57.041 20013 0.000 0.043 0.006 0.024 0.028 0.009 2418

Average 11.356 0.015 57.942 21.098 0.004 0.033 0.043 0.030 0.014 0.002 2335
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fluids (0.91%0) compiled by Hodel et al. (2018) supports
the validity of this hypothetical value. Using this hypo-
thetical 8'%Ogyvow value for the parent water of both
the penecontemporaneous dolomite in the dolomitic
rocks and dolomite in this study, their formation tem-
peratures were estimated (Table 9). The results show
that the formation temperatures of the dolostones in this
study are at least 25°C higher than those of the dolo-
mitic rocks in the Lucaogou Formation. It is noteworthy
that the results are only used to evaluate the difference
in formation temperatures of the dolostones and dolo-
mitic rocks, instead of representing the real formation
temperatures of the dolomites.

The 8"C values of the dolomitic rocks in the study
area are positive, which is attributed to the depletion of
2C in the lake water by exceptionally high biological
production, as revealed by the organic-rich strata (Zhang
et al. 2000, 2018). The dolostones in this study also have
positive §'°C values. This is likely because the lake water
played a role in dolomite formation by the way proposed
by Li et al. (2017a), which seems to support the second
inferred source of mantle-derived materials revealed by
the 8/Sr/%Sr ratios. The relatively negative §'°C values
of the hydrothermal dolomites in Italy and Canada are

related to the carbon isotopic compositions of the ori-
ginal rock (Boni et al. 2000) and the diagenesis fluid with
negative 8'3C values (Al-Aasm 2003), respectively.

5.4 Formation mechanism

Based on the above discussion and the fact that the
hydrothermal activity was intense in the palaeolake bot-
tom in the Middle Permian Junggar Basin (Li et al.
2017a; Liu et al. 2018, 2019), we speculate that the AFD,
SD and BAD are lacustrine hydrothermal-sedimentary
dolostones that formed syn-depositionally. The involve-
ment of mantle-derived materials in the ore-forming
fluid is indicated by the strontium isotopic compositions.
In addition, as revealed by the oxygen isotopic composi-
tions, the formation temperatures of the dolomites are
markedly higher than those of the dolomites in the dolo-
mitic rocks in the Lucaogou Formation. We suggest that
the kinetic barriers of dolomite formation were over-
come by the high temperatures of the hydrothermal
fluid, and the high CO3*"/Ca®" ratio of the palaeo-salt-
lake water under an arid climate (Bian et al. 2010; Car-
roll et al. 2010; Jiang et al. 2015; Zhang et al. 2018) and
the Mg”>* and Fe®" contents in the hydrothermal fluid
met the solution compositional requirements for

Table 8 Electron microprobe data of chemical composition (%) of buddingtonites in the Middle Permian Lucaogou Formation in

Jimusar Sag, eastern Junggar Basin

Mineral Analysis point number ~ N,Os  Na,O  SrO SiO, AlL,O5 MgO  TFeO Ca0 K;0 TiO, BaO
Buddingtonite in the AFD 6 5827 0054 0365 62093 18001 0006 0030 0000 8822 0004 0274
Buddingtonite in the BAD 11 6990 0060 0408 63334 18362 0006 0058 0013 8500 0004 0.258
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Table 9 Calculation of formation temperature of dolomites in the Middle Permian Lucaogou Formation in Jimusar Sag, eastern

Junggar Basin

Sample number Lithology 5"%0pps Formation temperature of the dolomites (°C)
(%0) 8"%0 g (SMOW) = 0.82%o
Jm37-1 AFD -822 93.80
Jm37-2 —6.86 8347
Jm37-3 SD -7.59 88.90
Jm174-A BAD —9.81 107.11
Average -8.12 9332
Dolomitic rocks (n=7) (Zhang et al. 2018) —4.72 68.87

dolomite formation. Consequently, dolomite eventually
formed. The possible genetic models of the three dolos-
tones in this study are proposed below.

Before the eruption of the hydrothermal fluid, the for-
mation of high-magnesium calcite was driven by micro-
bial metabolism in the pores of sediments on the lake
bottom. Penecontemporaneous dolomite formed by re-
placement of the calcite (Fig. 9a). When the hydrother-
mal fluid erupted, its physico-chemical properties
changed rapidly due to the abrupt decreases in
temperature and pressure. A vapour film formed at the
interface of the fluid and the lake water, which preserved

the high temperatures to some extent (Kokelaar 1982;
White 2000; Jiao et al. 2017b). Under these conditions,
euhedral-subhedral analcime crystallized (Fig. 9b). Then,
albite and potassium feldspar crystallized and cemented
the analcime as the temperature decreased. The potas-
sium ions in the feldspar were then replaced with am-
monium ions in the subsequent fluid, forming
buddingtonite (Fig. 3i). After that, hydrothermal fluid
continued to erupt and influenced large amounts of
high-magnesium calcite in the sediment pores. When
the alkalinity of the fluid was adequate for dolomite for-
mation, proto-dolomite crystallized on the surface of the
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high-magnesium  calcite  via  spherulitic  growth
(Rodriguez-Blanco et al. 2015) through the growth front
nucleation mechanism (Grandsy et al. 2005) (Fig. 9b)
and formed assemblages surrounding the analcime-
feldspar assemblages (Fig. 3c-d). The mineral
crystallization sequence of the AFD was analcime — alb-
ite and potassium feldspar — buddingtonite — dolo-
mite. Notably, the subaqueous eruption of hydrothermal
fluid could occur in multiple phases due to the water
pressure (Fisher and Schmincke 2012). A hiatus probably
occurred, as indicated by the deposition of the dark thin
layer of clasts on top of the AFD (Figs. 3a and 9c). Sub-
sequently, dolostone formed above this layer when the
next phase of hydrothermal activity dominated by the
crystallization of dolomite began (Figs. 3b and 9d).
When potassium feldspar clasts on the lake bottom were
influenced by the fluid, buddingtonite formed at the
edges of the potassium feldspar grains (Fig. 3k). In
addition, albite pyroclasts were replaced by dolomites at
high temperatures (Fig. 31-m).

If a hydrothermal liquid is rich in silica, it first turns
into a colloid during cooling. In this case, dolomite pre-
cipitated as spherulitic assemblages, and chalcedony
crystallized and cemented the dolomite (Fig. 4). The
mineral crystallization succession of the SD was dolo-
mite — chalcedony.

When the fluid brought abundant ammonium ions
from organic matter in the lower strata, the potas-
sium feldspar influenced by the fluid changed to bud-
dingtonite (Fig. 10a), and buddingtonite spherulites
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formed (Figs. 5c-d, f and 10b) (the specific mechan-
ism needs to be studied further). Sedimentation and
sorting of buddingtonite spherulites seemed to have
proceeded in an aqueous environment, resulting in a
normal graded sequence (Figs. 5c-d and 10c). Add-
itionally, dolomite microspherulites crystallized on the
surfaces of high-magnesium calcite. Then, albite crys-
tallized and cemented the buddingtonite spherulites
and the dolomite microspherulites (Figs. 5e and 10b-
¢). Authigenic albite developed locally due to hetero-
geneity in the fluid (Fig. 5g-h). The mineral
crystallization succession of the BAD was buddingto-
nite — dolomite — albite.

5.5 Geological significance

A lacustrine environment is more conductive to the for-
mation of primary dolomites than a marine environment
due to the high alkalinity of salt lake water and the in-
duction of microbial organisms (Last 1990). This makes
the lacustrine environment a natural laboratory for re-
search into the dolomite problem, and there have been
many studies on lacustrine dolomite (e.g., Del Cura et al.
2001; Shaked Gelband et al. 2019). On the other hand,
hydrothermal dolomites can form when a hydrothermal
fluid ascending from deep encounters thick layers of lime-
stones (e.g., Boni et al. 2000; Feng et al. 2017). What hap-
pens if such a fluid erupts at the bottom of a salt lake?
Hydrothermal-sedimentary dolomite connects these pro-
cesses. We believe that hydrothermal-sedimentary dolo-
mite is an important genetic type of dolomite, and this
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study can help increase the awareness of this understudied
type of dolomite.

Furthermore, syn-sedimentary hydrothermal activity at
the lake bottom could facilitate the circulation of lake
water and nutrients, such as phosphorus and nitrogen,
making them available to organisms. Consequently, the
biological productivity of the lake may be promoted,
resulting in an increase in the organic carbon input to
the sediments (Zhang et al. 2010; Liu et al. 2019; You
et al. 2019; Jiao et al. 2020). The Lucaogou Formation in
the Junggar Basin is thought to be one of the best source
rocks in the world (Graham et al. 1990; Carroll et al.
1992). The contemporary hydrothermal activity may be
partly responsible for the exceedingly high organic car-
bon contents (Liu et al. 2019).

Previously reported hydrothermal-sedimentary rocks
are characterized by special mineral assemblages and
macro-scale structures. In contrast, the features of the
hydrothermal-sedimentary dolomites in this study are
mostly present at the micro-scale, which implies that
more hydrothermal-sedimentary dolomites may exist in
lake basins with similar tectonic settings and sediment-
ary environments. We highlight the importance and ur-
gency of the micro-scale petrographical study of this
kind of dolomites.

6 Conclusions

The AFD, SD and BAD in the Middle Permian
Lucaogou Formation in the Jimusar Sag, eastern
Junggar Basin, Northwest China, are hydrothermal-
sedimentary dolostones. The dolomite is relatively
poorly ordered proto-dolomite with a spherical or
sub-spherical morphology and is similar to high-
temperature synthetic dolomite. Furthermore, the
dolomite coexists with hydrothermal minerals, includ-
ing analcime, buddingtonite, albite and chalcedony.
Albite clasts are replaced by dolomite, indicating
high-temperature conditions. The remarkably low
strontium isotopic compositions (with an average of
0.705687) indicate that mantle-derived materials may
have involved in the ore-forming fluid. The dolos-
tones have positive 83Cppp values (with an average
of 6.94%o) and negative 8®0ppp values (with an aver-
age of —8.12%o). The 8'®0 data estimate that the for-
mation temperature of the dolomite is at least ~25°C
higher than those of the dolomitic rocks in the
Lucaogou Formation in the study area. Based on the
formation temperature, it can be concluded that the
dolomites and the associated minerals precipitated
from hydrothermal fluid erupting at the lake bottom.
The kinetic barriers of dolomite formation are over-
come by the high temperature of the hydrothermal
fluid. Additionally, the high CO3>"/Ca®" ratios of the
palaeo-salt-lake water and the Mg** and Fe®*
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contents of the hydrothermal fluid meet the solution
compositional requirements for dolomite formation.
We suggest that the hydrothermal-sedimentary dolo-
mite is an important genetic type of dolomite, and
this study may help increase the awareness of this
understudied type of dolomite.
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