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Abstract

A new type of polyhalite potassium ore (NTPPO) was found in the Lower Triassic Jialingjiang Formation, NE Sichuan
Basin, SW China. It is water soluble, therefore can be exploited using the water-solution method, and is of great
potential of economic value and research significance. Based on cores, thin sections, energy spectrum and SEM
analyses, its microfeatures, macrofeatures and origin are discussed, and a genetic model is established to provide a
scientific basis for future evaluation, prediction and exploration of potassium ore in the Sichuan Basin. It is proposed
that the NTPPO was caused by storm activities: (1) the storm broke the original sedimentary polyhalite—gypsum
beds, whose fragments were transported into the salt basin with high content of K* and I\/lg”; (2) in the basin, the
polyhalite continued to be formed from gypsum by metasomatism with K- and Mg-rich brine; (3) during
diagenesis, under high temperature and high pressure, K-Mg-rich brine from halite continued to replace anhydrite
(or gypsum) to form polyhalite.
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1 Introduction

Polyhalite is used as a high-quality soil-friendly chlorine-
free fertilizer, which is rich in potassium and magne-
sium, and therefore is good for growing crops (Chen
1999; Zheng et al. 2018). Polyhalite has been found in
the Sichuan Basin, Lop Nur, Qaidam Basin, Bohai Bay
Basin and Jianghan Basin in China (Wang 1982; Zhao
et al. 1987; Lin and Yin 1998; Liu et al. 2008, 2015; Niu
et al. 2015). Among them, the polyhalite from the
Triassic in the Sichuan Basin exhibits the widest distri-
bution and the highest degree of enrichment, with a
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potential reserve as much as 10 billion tons of K,O (Jin
1989). However, the polyhalite found in earlier periods
mostly occur as layers or lenses in gypsum or anhydrite
strata (Huang 1996), which is of relatively high mining
cost due to poor water solubility (An et al. 2004); more-
over, its economic value decreases to zero with increas-
ing burial depth. So far, only the polyhalite from shallow
strata in the Nongle area, Quxian county, Sichuan Basin,
SW China, has been exploited (Huang 1996; Lin and Yin
1998), while those polyhalites in other areas, moderately
to deeply buried, mostly remain unminable. Recently,
our team found a large amount of clastic polyhalite,
which is distributed in the thick halite of the Lower
Triassic Jialingjiang Formation in the Puguang area,
Xuanhan county, northeastern Sichuan Province, SW
China. High solubility of the halite makes this polyhalite
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easy to be exploited via the water-solution method,
which greatly reduces its mining cost; therefore, this de-
posit has great potential economic value. This polyhalite
is considered as a new type of polyhalite potassium ore
(hereinafter called the ‘NTPPO’, Zheng et al. 2018). This
paper mainly focuses on microfeatures and macrofea-
tures of the NTPPO and analyzes its genesis in order to
provide a scientific basis for future prospecting, predic-
tion and evaluation of polyhalite in the Sichuan Basin.
The results of evaporation experiments (Han et al
1982) show that polyhalite can be directly formed when
the six-element system involving K*, Na*, Mg**, Ca>*/
Cl, SO,* and H,O reaches a certain equilibrium, or
can be metasomatically formed by contact between a
concentrated brine with high K* and Mg** concentra-
tions and calcium sulfate salts, such as gypsum or an-
hydrite (Freyer and Voigt 2003; Wollmann et al. 2008,
2009; Wollmann 2010). The first type is called the pri-
mary sedimentary polyhalite, and the second is called
the metasomatic polyhalite. The latter is further divided
into: (1) parasyngenetic metasomatic polyhalite, that is,
in the late stage of evaporation, polyhalite forms through
reaction between concentrated brine with high K* and
Mg>* concentrations and previously precipitated calcium
sulfate salts (such as gypsum and sodium sulfate) (Yuan
1974); and (2) postdiagenetic metasomatic polyhalite,
formed by metasomatism of potassium- and
magnesium-rich brine transported through structural
cracks into contact with calcium sulfate salts, such as
gypsum or anhydrite (Yuan 1974; Liao et al. 1984).
Based on laboratory studies, Chinese researchers have
proposed the following views on the genesis of polyha-
lites deposited in anhydrite in the Sichuan Basin: (1) Pri-
mary deposition, in which polyhalite is formed by
evaporation of a fluid mixture composed of Ca**- and
SO,* -rich drainage water from the gypsum succession
and K*- and Mg”**-rich residual concentrated brine
(Huang 1996). (2) Penecontemporaneous metasomatism,
in which, during the process of deposition, the concen-
trated residual K*- and Mg**-rich brine reacts with
gypsum to form polyhalite (Huang 1996). (3) Metasoma-
tism, in which during diagenesis K—Mg-rich brine from
leaching of a salt layer (Li and Han 1987; Pan 1988) or
from an external hydrothermal environment reacts with
gypsum or anhydrite to form polyhalite. Additionally, in
the Lop Nur Salt Lake, Xinjiang Uygur Autonomous Re-
gion, NW China, Liu et al. (2008) suggested that there
are two kinds of polyhalite precipitation mechanisms: (1)
hydrothermal events, which might result in polyhalite
precipitation through replacement of glauberite, or even
direct precipitation from brine; (2) during the playa
stage, K*- and Mg**-rich intercrystal brine mixes with
Ca**-rich surface water, and precipitates polyhalite
inter-halite crystals. Zhao et al. (1987) inferred that the
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late Eocene-Oligocene polyhalite in the Dawenkou
Depression, Bohai Bay Basin, was precipitated from a
mixture of a Ca**-rich fluid surrounding the playa and a
K*- and Mg**-rich brine in the playa. Based on polyha-
lite characteristics in the Jianghan Basin, Wang (1982)
summarized the genetic mechanism as follows: when a
brine becomes sufficiently concentrated to deposit
potassium and magnesium salts, the calcium ions trans-
ported by relatively low-salinity water combining with
the potassium and magnesium in brine can result in
formation of polyhalite. Niu et al. (2015) suggested that
formation of polyhalite in the Bieletan area of the
Qarhan Salt Lake, Qinghai, occurred through meta-
somatic replacement of early-formed salts by magnesium
sulfates in lacustrine facies. Liu et al. (2015) proposed
two genetic models for the polyhalite in Kunty Salt Lake,
northwestern Qaidam Basin: the reaction between
highly-concentrated brine and anhydrite; and the reac-
tion between highly concentrated brine and K*-rich clay.

2 Geological setting

2.1 Tectonic background

The NTPPO was discovered in the Puguang area of
Xuanhan county, northeastern Sichuan (Fig. 1a) in mar-
ine evaporative strata of the Jialingjiang Formation, top-
most Lower Triassic (Fig. 2). This area is located in a
highly elevated and steep tectonic belt, which has been
superimposed and reconstructed by several phases of tec-
tonic activity, resulting in very complex structures (Tang
et al. 2008). Reverse faults in NW and NE directions are
best developed (Fig. 1b). The gypsum salt layer in the
Lower Triassic Jialingjiang Formation and Middle Triassic
Leikoupo Formation experienced plastic deformation due
to tectonic activities, forming a slippage zone; and its
upper and lower strata show significantly different struc-
tural characteristics (Fig. 1c) (Zhou et al. 2013).

2.2 Salt-forming background

The largest extinction event in the Phanerozoic Eon oc-
curred at the Permian-Triassic boundary (Raup 1979;
Erwin 1994; Mundil et al. 2004; Alroy et al. 2008; Ogg
and Gradstein 2008; Yin and Song 2013), when more
than 90% of marine species disappeared, damaging mar-
ine and terrestrial ecosystems (e. g. Retallack 1995;
Payne et al. 2006; Algeo et al. 2011). This was followed
by a dramatic change in the global palaeoenvironment
and palaeoclimate (Stanley 1988). The Early Triassic
temperature increased (Sun et al. 2012), and large-scale
monsoon systems developed (Parrish 1993). At this time,
the Sichuan Basin was within the influence range of low-
latitude monsoons, which is between latitudes of 12.5° N
and 15° N (Jiang et al. 1987; Zhu et al. 1988), subjected
to hot and arid climates (Qian et al. 2010). During the
Jialingjiang stage, the Sichuan Basin changed from an
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Fig. 1 a Map showing geographic position of the study area in Sichuan

section showing evolution mode of the Puguang area (modified from An
see Fig. 2

Basin; gray thick solid lines are boundaries of tectonic units of the Sichuan Basin (modified from Zhang et al. 2018). The inset map of China is
modified after the Standard Map Service of the National Administration of Surveying, Mapping and Geoinformation of China (http://bzdt.ch.mnr.
gov.cn/) (No. GS(2016)1603). b Basement faults and wells in the northeastern Sichuan Basin (modified from Tang et al. 2008). ¢ Schematic cross-

Basin, southwestern China. Black thick solid lines outline the Sichuan

et al. 2009). For information on the members Tyf, T3, T1j?, ToI', Tox,

open shelf to a limited basin as mountains rose around
its periphery. The basin water was concentrated under
evaporating conditions, forming a succession composed
of marine carbonates (mainly dolomite) and gypsum
(Fig. 1a), which covered an area of approximately 1.8 x
10°km> (Zheng et al. 2010). Polyhalite is widely
distributed in this area. During the late Jialingjiang
stage, influenced by a sea-level fall, the marine envir-
onment of the peripheral palaeo-uplifts in Xuanhan
county, mainly the Luzhou-Kaijiang Palaeohigh (e.g.
Xu and Zhao 2003; Zhao et al. 2015), became highly
restricted and changed from an open sea to a

platform, on which large evaporitic basins developed
(Chen et al. 2015; Zhao et al. 2015).

3 Samples and methods

The NTPPO is characterized by uneven distribution of
polyhalite fragments in halite. The fragments are often
of different sizes and complex shapes and occur in forms
of fine grains, irregular blocks and strips that have been
deformed or warped (Fig. 3a; Zheng et al. 2018). In the
black halite, some slightly-wrinkled 2-4-cm-thick an-
hydrite layers have been found locally, in which halite-
dissolution holes were formed, indicating that they used
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Fig. 2 Stratigraphy and lithology of the Lower-Middle Triassic in the northeastern Sichuan Basin (modified from Chen et al. 2010)

to contain halite crystals (Fig. 3a). The anhydrite layer
at the bottom of NTPPO contains polyhalite blocks
and interlayers (Fig. 3a). In this paper, according to
different characteristics of the NTPPO, including the
color of the halite matrix, and the size and shape of
polyhalite fragments and their distribution characteris-
tics in the halite matrix, 155 samples from two wells
were selected for detailed analysis of lithological char-
acteristics. By hand-specimen observation, thin-section
analysis, scanning electron microscopy (SEM), and X-
ray diffraction, the deposition period and its origin
were assessed.

Thin sections were observed under a LEICA2500P
microscope. Carbon-covered thin sections were also ex-
amined under a Zeiss ultraplus scanning electron

microscope at the Institute of Mineral Resources,
Chinese Academy of Geological Sciences. The analytical
conditions were as follows: acceleration voltage: 15kV;
image magnification: x12 - x 1,000,000 (secondary
electron image) and x 100 — x 1,000,000 (backscattered
electron image). Samples were analyzed on a Rigaku D/
max-rA diffractometer using Cu Koa-radiation (40kV,
100 mA). The measurements were performed in the
step-scan mode with an angular range of 3°-70° at
1.5406 A, with a step interval of 0.02° and a rate of 8°/
min at the Beijing Beida Yanyuan Microstructure Ana-
lysis and Testing Center Co., Ltd. The program EVA 3.0
(Bruker AXS) and the pdf-2-database (International
Center for Diffraction Data) were used for evaluation of
the X-ray diffraction results.
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4 Results
The NTPPO is mainly composed of a halite matrix and
polyhalite fragments. In addition, small amounts of an-
hydrite, magnesite and clay are found in the polyhalite
fragments.

4.1 Halite matrix

There are two kinds of halite matrix. (1) The black halite
matrix is composed of white, gray, or black halite crystals,
which are small, highly fragmented, and subhedral to eu-
hedral. The relatively pure white or gray halite crystals
contain less impurities than the black ones. Large halite
crystals, which may be recrystallized, are locally present
(Fig. 4a). (2) The red halite matrix is composed of red hal-
ite crystals, whose sizes are more uniform than those in
the black halite matrix, mostly 0.3—0.8 cm. The crystals
are relatively euhedral, with their boundaries well-defined
(Fig. 4b). It is generally believed that organic matter gives
the sediments a black or light gray color, while high-valent

iron oxide is the main cause for the red color. There is a
good correlation between the generation and degree in
iron enrichment and the average annual temperature. The
redder sediments indicate a higher temperature and a
higher degree of oxidation (Ding et al. 1964; Zhou et al.
1990; Li et al. 2006). Therefore, black halite was formed at
the edge of the salt basin and experienced multiple rounds
of seawater recharge, environmental turbulence and high
organic matter input. In contrast, red halite formed far
away from the provenance, in a relatively stable sediment-
ary environment. Brine temperature increased continu-
ously during the evaporative conditions, resulting in a
water body rich in high-valent iron oxide, which produced
the red-colored halite (Fig. 3).

4.2 Distribution of polyhalite in halite

Polyhalite fragments occur as fine grains, irregular lumps
and beds in the halite matrix. Their characteristics differ
obviously in different kinds of halite matrix. (1) In the
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Fig. 4 Characteristics of the two kinds of halite matrix in polished core
samples from the Well HC3. a Black halite matrix composed of fragmented
crystals; b Red halite matrix composed of cube-shaped crystals

black halite, the size of polyhalite fragments varies
greatly, their diameter ranging from less than 5mm to
over 50 mm (Fig. 5), with a lack of intermediate-sized
fragments. Fine-grained black-and-white-striped polyha-
lite is observed in primary halite (Fig. 5a), indicating that
it was formed in a stable environment of low hydro-
dynamic conditions and high brine concentration. Rela-
tively small polyhalite fragments occur mainly in the
dark halite matrix (Fig. 5b), and the fragments were dis-
tributed in a radial or flower shape. Large polyhalite
lumps or beds are broken and deformed, exhibiting plas-
tic deformation in both the red and the black halite
matrix (Fig. 5d). (2) Compared to the black halite matrix,
the red halite matrix contains more polyhalite fragments.
The fragments are well-sorted and rounded, especially
those with a diameter of 5-10 mm (Fig. 5e). Large lumps
or beds (or laminae) of highly crushed and deformed
polyhalite fragments occur locally (Fig. 5f). The dark-red
polyhalite-rich halite layer and pure red halite layer are
interbedded, showing abrupt boundaries (Fig. 5g), exhi-
biting the same dip direction, and both retain their ori-
ginal sedimentary characteristics.

4.3 Lithological characteristics of polyhalite

One- to ten-mm-thick light and dark sedimentary/pri-
mary laminae are developed in the polyhalite (Fig. 5a),
which however were disrupted by plastic deformation,
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and exhibit no directionality, i.e., they are not consistent
with the orientation of the strata. Fine crystal powder
polyhalite is grayish-black to reddish in color and is
translucent, with a waxy luster and conchoidal fractures
(Fig. 6). The crystals are short-cylindrical to long-
columnar or rod-shaped (Fig. 7b, c¢), Hypidiomorphic—
allotriomorphic crystals are observed (Fig. 7a), with
common complex twin crystals and crystalline ridges,
the length varying greatly (Fig. 8), from 5pum to more
than 400 pum. Generally, in the center of an aggregate,
the crystals are mostly subhedral, fine to medium in size
(0.05-0.5 mm) and compact, and grow superimposed on
each other. At the edges of an aggregate, the crystals are
relatively large, mostly coarse subhedral to euhedral
(0.5-1 mm), and are relatively poorly bound to other
crystals. Compared with the central polyhalite crystals,
the marginal ones were formed later, and were locally
recrystallized as giant polyhalite crystals (>1 mm) (Fig.
8¢, d), implying an un-restricted growth space. Thus,
these crystals may have formed before halite or before
halite consolidation. Under the microscope, polyhalite
aggregates have the following features: (1) A mosaic
structure, with very clear crystal boundaries (Fig. 8c); (2)
directional distribution of polyhalite crystals, showing
mylonite characteristics (Fig. 8d); (3) variable crystal size
in the aggregates, showing no clear crystal boundaries
and no obvious orientation (Fig. 8e), which points to re-
precipitation; and (4) crenulations in some polyhalite ag-
gregates, indicating two deformation stages (Fig. 8f).

4.4 Paragenesis

The polyhalite and other minerals show the following
paragenesis: (1) Some medium- to large-sized polyhalite
crystals (or crystal twins) are distributed independently
as subhedral to anhedral inclusions (Fig. 9a) in the halite
matrix, while some occur as polyhalite aggregates and
also disperse in the halite matrix (Fig. 9b). The boundar-
ies between polyhalite and halite crystals are clear with-
out metasomatism (Fig. 9b, c). (2) Black organic matter
exhibits a stratified distribution in polyhalite, similar to
that in other sediments and evaporative materials, which
may be influenced by seasonal changes and is respon-
sible for forming bedding in polyhalite (Fig. 9b). (3)
There are three kinds of contacts between polyhalite and
anhydrite: (i) The boundary is clear and straight, with no
visible evidence of metasomatism (Fig. 9d). (ii) Evidence
of metasomatism is common, especially in the SEM data,
and there are no clear boundaries between polyhalite
and anhydrite (Fig. 9e). At the edge of the aggregates,
anhydrite crystals with uneven contours are observed,
which are relics of incomplete replacement by polyhalite
(Fig. 9f; Peryt et al. 1998). (iii) In the aggregates, polyha-
lite has been replaced by and been surrounded by an-
hydrite (Fig. 9g, h). Gypsum can be formed during
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Fig. 5 Distribution characteristics of polyhalite in different kinds of halite matrix. a Fine-grained polyhalite distributed in the primary halite layers
in black halite; b Fine-grained polyhalite distributed in black halite; ¢ Banded polyhalite distributed in black halite; d A large polyhalite lump
distributed in pure black halite; @ Medium-grained polyhalite distributed in red halite; f A large polyhalite lump in red halite; g Thin polyhalite-rich
layer interbedded with a halite layer. a-d Well ZK0O1; e-g Well HC3. H = Halite; Pol = Polyhalite

dissolution of polyhalite, which envelops remaining poly-
halite, and prevents further dissolution. Therefore, the
polyhalite occurring in gypsum (anhydrite) is difficult to
exploit.

5 Discussion

The theoretical origin of polyhalite and previous re-
search results suggest that metasomatic polyhalite forms
in two ways: (1) it forms from K*- and Mg>*-rich brine
reacting with calcium sulfate; or (2) it forms from Ca®*-
and SO,> -rich fluids reacting with salt minerals
containing potassium and magnesium, such as sylvite or
carnallite. Thus, metasomatic polyhalite is mainly associ-
ated with calcium-containing sulfate (such as anhydrite),
sylvite, carnallite, etc. The deposition of polyhalite asso-
ciated with halite should occur under the following con-
ditions: During halite deposition, strong evaporation and

concentration lead to gradual enrichment of K" and
Mg*" in the brine; at this point, a small amount of Ca**-
rich fluid flows into the concentrated brine and forms
primary polyhalite (Zhao et al. 1987). This type of
polyhalite often occurs as relatively thin, stable and ex-
tensive layers in the middle and upper parts of halite.
The polyhalite is relatively pure and exhibits no meta-
somatism. It shows microstratification or rhythmic
structure due to continuous evaporation and concentra-
tion of brine (Yuan 1974; Wang 1982; Zhao et al. 1987).
In the NTPPO, the polyhalite occurs as clastics distrib-
uted in the halite layers, which does not conform to the
typical characteristics of primary sedimentation or meta-
somatism mentioned above, but the laminated texture
can be observed in these polyhalite fragments, implying
this type of polyhalite used to be layered, and was
broken by some geological process to form these clastics.
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Fig. 6 Characteristics of polyhalite in polished core samples. a Polyhalite fragments in black halite of the Well ZK001. The polyhalite is grayish-
black to reddish in color and is translucent, with a waxy luster. The crystal is fine-grained and exhibits conchoidal fractures. At 3083 m depth. b A
polyhalite fragment in red halite of the Well HC3, 1-10-mm-thick light and dark sedimentary/primary laminae are developed in the polyhalite,
which were disrupted by plastic deformation and exhibit no directionality, that is, they are not consistent with the orientation of the strata, at

3445 m depth. H = Halite; Pol = Polyhalite
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In addition, observations in modern sedimentary salt ba-
sins and experiments prove that metasomatic gypsum
can form polyhalite (Holser 1966; Yuan 1974). The poly-
halite in the Sichuan Basin, symbiotic with anhydrite, is
often considered to have been formed by metasomatic
anhydrite (e.g., Pan 1988; Li and Han 1987; Lin and Yin
1998), but in our samples, the polyhalite is distributed in
halite layer instead of in anhydrite (or gypsum) layers.
Obviously, the above-mentioned metasomatism cannot

form such characteristic polyhalite. The polyhalite aggre-
gates exhibit various textures, such as tuft-like, fibrous,
radial, speckle, and petal-like, similar to the anhydrite-
type polyhalite in the Nongle region in the Sichuan
Basin (Liao et al. 1984; Pan 1988), Q Depression in
Hubei Province (Wang 1982), Lop Nur of Xinjiang
Uygur Autonomous Region (Liu et al. 2008), Dawenkou
Depression of the Bohai Bay Basin (Zhao et al. 1987),
Kunteyi Salt Lake of the Qaidam Basin (Liu et al. 2015),

Fig. 7 Microscopic photograph of the polyhalite crystals under cross-polarized light (XPL). a A short-cylindrical polyhalite crystal from the Well
ZK001, at 3085 m depth; b A long-columnar polyhalite crystal from the Well HC3, at 3444 m depth. H = Halite; Pol = Polyhalite
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3444 m depth, XPL

Fig. 8 Micrographic characteristics of the polyhalite aggregates. H = Halite; Pol = Polyhalite. a Subhedral granular texture of polyhalite. Sample
from Well ZKOO1 at 3086.8 m depth, SEM. b Polyhalite with different crystal sizes. Sample from Well ZK001 at 3089 m depth, SEM. ¢ Mosaic
polyhalite structure. Sample from Well HC3 at 3444 m depth, XPL. d Oriented polyhalite crystals showing mylonite characteristics. Sample from
Well HC3 at 3439 m depth, XPL. e Polyhalite crystals with no clear boundaries and no obvious direction. Sample from Well HC3 at 3441.5m
depth, XPL. f Fine-grained polyhalite showing two different bending directions, indicating two deformation stages. Sample from Well HC3 at

and Bieletan area of the Qarhan Salt Lake, Qinghai (Niu
et al. 2015). The polyhalite structure in the NTPPO is
simple and blocky. In summary, in terms of genesis of
the deposit, the NTPPO is a new type of polyhalite,
which is different from that described in previous
researches.

The polyhalite fragments in the NTPPO shows a
laminar structure, which indicates that the original poly-
halite layer was crushed due to storm events during
deposition, or due to tectonic compression during late
diagenesis. Which is the main cause for the formation of
NTPPO? The halite layers and thin anhydrite layers in
the NTPPO retain their original sedimentary characteris-
tics, whereas the laminar structure of the polyhalite

fragment has been destroyed, implying that the forma-
tion of the original polyhalite is earlier than the depos-
ition of halite and anhydrite layers. The crystals at the
edges of the polyhalite aggregates formed earlier than
the halite, which also reflects this. Thus, we believe that
the polyhalite fragment in halite is allogenic. Polyhalite
forms K,SO4 MgSO, and CaSO, during the dissolution
process, CaSO, precipitates to form gypsum and
wrapped polyhalite so that polyhalite cannot dissolve
continuously. This is also the reason why the polyhalite,
symbiotic with anhydrite, cannot be exploited by solu-
tion mining (Zheng et al. 2018). In the sample, the poly-
halite fragments were found to be replaced by anhydrite
on the edge of the polyhalite fragments. This is evidence
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and encased by anhydrite. At 3100 m depth in Well ZK001, XPL

Fig. 9 The paragenesis between polyhalite and other minerals. An = Anhydrite; H = Halite; Pol = Polyhalite. a Medium- to large-sized subhedral to
anhedral crystals (or crystal twins) dispersed in halite matrix as inclusions. At 3439 m depth in Well HC3, XPL. b Banded polyhalite containing
organic matter distributed in the halite matrix. At 3441.5m depth in Well HC3, XPL. ¢ Halite squeezed by polyhalite, with clear and straight
boundary (solid line). At 3086 m depth in the Well ZKO01, SEM. d Anhydrite and halite squeezed by polyhalite, with clear and straight boundaries.
At 3100 m depth in Well ZK001, SEM. e No clear boundary (dashed line) between polyhalite and anhydrite, but very clear boundaries (solid lines)
between other crystals. At 3088 m depth in Well ZK001, SEM. f Residual structure of anhydrite at the edges of a polyhalite aggregate. At 3100 m
depth in Well ZK001, XPL. g Polyhalite encased in anhydrite, with no clear boundary. At 3089 m depth in Well ZK001, SEM. h Polyhalite replaced
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that the polyhalite fragments had been partially dis-
solved, in other words, polyhalite fragments were once
carried by water with lower salinity. To sum up, com-
bined with other characteristics of NTPPO, we imagine
that it formed through the process illustrated in Fig. 10:
During the Early Triassic, the Sichuan Basin was a harsh
environment with an intense monsoon and high temper-
atures. The West Qinling Trough experienced strong
storms, while the Pingjiang and Kaijiang uplifts increased
the hydrodynamic conditions in the area, resulting in
fragmentation of unconsolidated or weakly-consolidated
gypsum (turning into anhydrite during complex diagen-
esis)—polyhalite layers on the gypsum flat or at the bot-
tom of the salt basin. After these fragments had been
carried into the salt basin by storm-induced currents (or
had been re-deposited in situ), the gypsum in the frag-
ments reacted with K- and M-rich brines in the basin to
continue to form polyhalite, which resulted in a complex
metasomatism between polyhalite and gypsum/anhyd-
rite, and increased the amount of polyhalite. The polyha-
lite content in the fragments is very high, usually more
than 90%, from which it is inferred that during diagen-
esis, the anhydrite/gypsum in the fragments continued
to form polyhalite by reacting with K—Mg-rich brines.
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The long-term existence of K—Mg-rich brines also led to
the recrystallization of polyhalite, which resulted in lar-
ger, more complete and looser polyhalite crystals at the
edge of the fragments. Finally, the polyhalite fragments
were cemented by halite. When storms transported ma-
terial to the salt basin, the relatively large plastic polyha-
lite fragments were deposited first, which then were
fixed by pure halite particles that had already formed at
the bottom of the basin. Due to salinity differences of
water bodies and the gradual decrease of the kinetic en-
ergy of storms, fragments with better sorting and round-
ing were deposited rapidly after a certain transport
distance. Then, fine-grained fragments and black organic
matter entrained by storm backflows were deposited
above the larger polyhalite fragments. Therefore, com-
pared to nearshore areas, the polyhalite fragments show
different sedimentary characteristics in the center of a
salt basin where more stable conditions exist. It has not
been verified whether the mylonitic features of polyhalite
were caused by breaking of the plastic sedimentary layer.
However, during late diagenesis, under intense tectonic
activities, polyhalite fragments were compressed along
with halite deformation, which could have produced the
mylonitic features of polyhalite and the slight

\/

sea level

Fore-platform Semi-restricted Secondary Semi-restricted
slope platform salt basin platform

[ |Marinebrine [I]Seawater [ Mixing zone — Stormdirection /% Evaporation
+ + Halite Il Anhydrite Zz7z Dolomite < < Polyhalite <=® Polyhalite fragments

Fig. 10 Model (not to scale) of the formation of NTPPO in the Sichuan Basin. In the mixing zone of marine brine and seawater, the ratio of
marine brine increases gradually where the color changes from blue to yellow. SWB: Storm wave-base; FWB: Fair-weather wave-base; MSL: Mean
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deformation of thin polyhalite and anhydrite layers in
halite. In conclusion, according to the metallogenic
model of the NTPPO, this kind of deposit may have de-
veloped at the edge of the Sichuan Basin (salt basin) dur-
ing the Early Triassic period.

6 Conclusions

Recently, a kind of deep-buried polyhalite deposits with
economic value was found in the Xuanhan area in the
northeastern Sichuan Basin and is called a new type of
polyhalite potassium ore (NTPPO). Fine- to medium-
grained polyhalite crystals, medium-to-large polyhalite
aggregates, and polyhalite beds are distributed unevenly
in the halite matrix. The main features and genesis are
as follows:

The polyhalite aggregate has complex characteristics. It
can be replaced by anhydrite; in adverse, it can be
formed by metasomatism of the latter.

The sedimentary characteristics of polyhalite fragments
differ according to environment. There are two kinds
of polyhalite fragments in turbulent areas: coarse-
grained and fine-grained. In tectonically stable areas,
the polyhalite fragments are of better roundness than
those in less stable areas.

The polyhalite fragments exhibit alternations of light
and dark bands, which are interpreted to be primary.
The primary polyhalite deposits were broken up, and
developed as a layered polyhalite—anhydrite deposit.
The polyhalite fragments can be derived from the
original polyhalite layer formed at or nearby the
bottom of a salina. The highly concentrated K*- and
Mg**-rich brine enriched the polyhalite content in the
fragments through metasomatism with gypsum and
through recrystallization.

The NTPPO was the result of storm events and
tectonic activities, with the former being the main
agent.
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