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Abstract: Chrysophyte cyst fossils were widely pyritized and preserved in black shales from the
seventh member (Ch7 Mbr) of the Yanchang Formation in the Ordos Basin. The age, pyritization, and
preservation model of these fossils have not been studied previously. In this study, the astronomical
orbital cycles of the Ch7 Mbr were determined based on the gamma ray series of the Yan56 and Zhen
421 wells. An astronomical time scale (ATS) analysis revealed that the depositional duration of Ch7
Mbr was approximately 5 Ma. According to the 206Pb/238U radiometric dating of zircons using laser
ablation inductively coupled plasma mass spectrometry (La-ICP-MS), the tuffs at the bottom of Ch7
Mbr were crystallized at 234 Ma, which served as a geological anchor. The ages of three submembers
in Ch7 Mbr were estimated at 234.0–232.4 Ma, 232.4–230.8 Ma, and 230.8–229.1 Ma based on ATS
analysis. In addition, chrysophyte cyst fossils were well preserved by pyritization in the Ch7 Mbr
black shales. There were six types of microscopic morphologies with different pores, collars, and
surface ornamentation under scanning electron microscopy (SEM). The age of the chrysophyte cyst
fossils was at least 233.6 Ma in the Triassic Carnian Pluvial Episode (CPE) based on the 405 kyr
tuned ATS. Moreover, the paleoredox conditions in Ch7 Mbr were reconstructed, and a preservation
model of chrysophyte cyst fossils was established based on geochemical analyses. Fossil pyritization
was caused by bacterial sulfate reduction near the water-sediment interface under suboxic to anoxic
environmental conditions. Pyritization was initiated on the walls of the chrysophyte cysts by the
formation of microcrystalline pyrite. Because of the gradual pyritization of the chrysophyte cyst wall,
the organic matter in the interior of the fossil was well preserved.

Keywords: chrysophyte cyst; pyritization; cyclostratigraphy; Triassic Carnian Pluvial Episode;
Yanchang Formation; Ordos Basin

1. Introduction

Chrysophytes are primarily freshwater algae that produce siliceous cysts (termed
statospores, resting spores, or stomatocysts) during their resting stages [1,2]. Chrysophyte
cysts can be well-preserved in sediments as microfossils [3–6]. Because of their small
size, scanning electron microscopy (SEM) has been used to overcome the limitations of
low-resolution optical microscopy in observing microfossils [2–4,7]. Chrysophyte cysts
naming and classification are based on their characteristic shapes, pores [4], collars [4], and
ornamentation [8] observed under SEM [3]. Chrysophyte cysts are generally indicators of
environmental reconstruction in modern lake sediments [9,10]. Zhang et al. (2016) were the
first to report and describe the morphological characteristics of the chrysophyte cyst fossils
in the Triassic Yanchang Formation in the Ordos Basin [8]. However, the preservation
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conditions of chrysophyte cyst fossils have not yet been studied. In this study, we deter-
mined the age of chrysophyte cyst fossils based on the 206Pb/238U isotopic age of zircons
and cyclostratigraphic analysis. Furthermore, we meticulously described the microscopic
morphologies and pyritization of chrysophyte cysts using optical microscopy and SEM.
Finally, we reconstructed the paleoredox conditions of the shales based on geochemical
parameters and established a model that describes the preservation of chrysophyte cysts.

2. Geologic Setting

The study area was situated in the southwestern Ordos Basin (Figure 1), which is
the second-largest petroliferous basin in China [11]. It consists of the Yishan Slope, Jinxi
Fault-fold Belt, Yimeng Uplift, Western Thrust Belt, Tianhuan Depression, and Weibei
Uplift [12] (Figure 1A). The study area is located in the eastern part of the Western Thrust
Belt and the northern part of the Weibei Uplift (Figure 1B). The Triassic Yanchang Formation
in the Ordos Basin is an important formation known for its oil-gas accumulation and
consists of terrigenous clastic rock deposits dominated by fluvial and lacustrine facies,
with a thickness of approximately 1000 m [13,14] (Figure 2). According to the lacustrine
evolution and cyclical lithological characteristics, the Yanchang Formation can be divided
into 10 lithologic units, labeled from top to bottom as the first (Ch1) to tenth (Ch10)
members (Mbr), with the seventh member (Ch7 Mbr) being a key section (Figure 2). The
Yanchang Formation contains records of the entire process of the formation, development,
and extinction of the lake basin, which is characterized by terrigenous clastic sedimentary
rocks of the fluvial, delta, and lake facies [15]. Ch10 Mbr was river sediments, characterized
by fine sandstones and mudstones. The depositional period from Ch9 Mbr to Ch8 Mbr was
a lacustrine expansion stage, with a lithology of primarily mudstones and black shales [15].
At the beginning of the Ch7 Mbr, the lake water level reached its maximum depth, and thick
black shales were deposited [16]. The lake basin began to decrease during the deposition
of Ch6, transforming the lithology of Ch7 Mbr from black shale to mudstone, siltstone,
and sandstone [17] (Figure 2). Ch4 and Ch5 Mbrs were composed of deltas and shallow
lake sediments with mudstone and sandstone. During the deposition period of Ch3 to Ch1
Mbrs, the lake basin shrank and gradually disappeared, and the depositional environments
changed from a shallow lake to a river [15–17] (Figure 2). In addition, tuff interlayers were
formed by the deposition of volcanic eruption materials. Tuff was widely deposited at the
bottom of Ch7 Mbr and served as a significant marker bed in the study area [16,17].
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Figure 1. Tectonic unit division map (A) [18], location of the wells, and thickness of the shales of the
Ch7 Mbr (B) in the Yanchang Fm., Ordos Basin, China [8].
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Figure 2. Stratigraphic column, depositional environment, and lake level in the Ch7 Mbr of the
Yanchang Fm. in the Ordos Basin (modified from Chen et al., 2019) [19].

3. Materials and Methods
3.1. Natural Gamma Ray (GR) Logging and Cyclostratigraphic Analysis

The values of natural gamma ray logging mainly originated from potassium (K),
uranium (U), and thorium (Th) responses, which act as paleoclimatic proxies [20,21]. GR
logging is sensitive to lithologic changes, and the logging curve interval was 0.125 m.
Furthermore, GR data are vertically continuous and have high resolution, making them
good proxies for paleoclimatic changes [21,22]. The GR data of Ch7 Mbr in Yan56 and
Zhen421 were selected for cyclostratigraphy analysis to identify Milankovitch cycles using
the Acycle 2.0 software [21].

The detailed steps of the cyclostratigraphic analysis are presented below. First, abnor-
mal values in the GR curve were removed, and linear interpolation was performed at an
interval of 0.125 m [22]. Second, the locally weighted regression method (LOWESS) was
used to remove the trend of GR data using a “LOWESS smoother” (smoother = 20%) [23].
The third step consisted of a spectral analysis using periodograms and red noise tests.
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The existence of Milankovitch cycles in sedimentary strata was generally identified by
frequency peaks with a confidence level greater than 95%. The fourth step included a
Gaussian bandpass filter analysis using the dominant frequency as an input to obtain the
filtering results [21].

3.2. SEM Observation and Energy-Dispersive Spectroscopy (EDS) Analysis

Chrysophyte cyst fossils were discovered in the black shales of Ch7 Mbr studied by
Zhang et al. (2016) and in different wells [8]. The locations of the wells from which some
of the chrysophyte cyst fossils were preserved are shown in Figure 1B. Chrysophyte cyst
fossils were observed using optical microscopy, field-emission SEM, and EDS. The shales
for SEM observation were prepared in two different ways: (1) samples were manually
broken without polishing to identify chrysophyte cysts, and (2) samples were polished to
obtain clear interior details of the chrysophyte cysts [8]. The SEM images were obtained
using a Quanta 200F field-emission instrument at the Microstructure Laboratory for Energy
Materials, China University of Petroleum (Beijing, China). EDS was used to measure the
elemental content of pyrite in the chrysophyte cysts [18].

3.3. TOC and TS Analysis

Bulk geochemical analysis was carried out in the shales of the Ch7 Mbr in well
Yan56. The total organic carbon content (TOC, wt.%) of 72 shale samples and total sulfur
contents (TS, wt.%) of 88 shale samples were collected from previous studies [24–26]. Before
measuring the contents of TOC and TS, the samples were crushed to 100 mesh, treated
with 10% dilute hydrochloric acid, heated at 60 ◦C for 1 h to 2 h until carbonate minerals
were completely removed, washed with distilled water, and dried for 10 h in an oven at
50 ◦C [27]. The TOC and TS contents were measured using a Leco CS-230HC carbon and
sulfur analyzer at the State Key Laboratory of Petroleum Resources and Prospecting, China
University of Petroleum (Beijing).

3.4. Carbon, Nitrogen, and Sulfur Isotopic Analysis

The organic carbon isotopes (δ13Corg, ‰) and nitrogen isotopes (δ15N, ‰) of 34 shale
samples and sulfur isotopes (δ34S, ‰) of 59 shale samples were collected from previous
studies [23–25,27]. The samples were crushed to 80 mesh and dissolved in diluted hy-
drochloric acid (1 mol/L) until the carbonate minerals were completely removed. The
acidified samples were rinsed five to six times with deionized water and centrifuged after
each rinse to minimize the loss of fine organic debris and clay from the sample material.
The samples were then dried in an oven at 50 ◦C for 24 h and transferred to plastic tubes
for storage until isotope analyses [24,26].

The δ13Corg values were obtained using a Flash HT EA-MAT 253 isotope ratio mass
spectrometer (IRMS) at the State Key Laboratory of Petroleum Resources and Prospecting
(SKLPRP), China University of Petroleum (Beijing) [28]. The δ15N values were measured
using tin capsules in a Costech ECS 4010 combustion elemental analyzer coupled to a
Thermo Finnigan Delta Plus IRMS [26]. The δ34S values were analyzed using a Flash
2000 EA-Delta V Plus IRMS at the Analytical Laboratory of the Beijing Research Institute of
Uranium Geology (Beijing, China) [27].

3.5. Major and Trace Element Analysis

The concentrations of major and trace elements in 73 shale samples from well Yan56
were collected from previous studies [24–26,28]. Fresh shale core samples were ground
using an agate mortar until the powder samples were finer than 200 mesh. The major
element concentrations were determined using an AB104L Axiosm AX X-ray fluorescence
spectrometer at the SKLPRP, China University of Petroleum (Beijing) [25]. The analytical
errors of the major element concentrations were lower than 8%, according to duplicate
analysis. Trace element concentrations were analyzed using a NexION300D ICP-MS
(Element XR) at the SKLPRP, China University of Petroleum (Beijing) [24,29]. Powder
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samples were treated with 1 mL HF and 0.5 mL HNO3 digestion solution in a screw-top
PTFE-lined stainless-steel bomb toasted in an oven at 190 ◦C for 24 h [29]. The insoluble
residues were dissolved at 130 ◦C in 5 mL 30% (v/v) HNO3 for 3 h [25,29]. The analytical
errors in the trace element concentrations were less than <5%. The enrichment factors
of uranium (UEF) were calculated using the equation XEF = [(X/Al)sample/(X/Al)PAAS],
where X and Al represent the concentrations of X and aluminum (Al), respectively [30]. The
samples were normalized using the average Post-Archean Australian shale (PAAS) [31].

4. Results
4.1. Spectral Analysis and Floating Astronomical Scale

The power spectra of the GR series of the Ch7 Mbr from the Yan56 well showed
prominent peaks of 9.26–5.10 m, 2.29–1.27 m, and 0.91–0.63 m (Figure 3A). In addition, the
power spectra of the GR series of the Zhen421 well exhibited distinct peaks of 8.89–5.82 m,
1.99–1.26 m, and 0.90–0.68 m above the 99% confidence level (Figure 3B). The peaks of the
two wells are close to the ratio of long eccentricity (E), short eccentricity (e), and obliquity
(O) (E:e:O = 20:5:2), which is similar to the theoretical cycles of the Middle Triassic [32].
Thus, the evidence of Milankovitch cycles existed in the sedimentary strata of the Ch7
Mbr of the Yanchang Fm. Generally, the long eccentricity obtained from the GR series
of the Yan56 and Zhen421 wells was the most stable orbital parameter. Additionally,
405 kyr filtering of the GR series was combined with Gaussian passbands of 0.110 ± 0.022
and 0.118 ± 0.023 for the Yan56 and Zhen421 wells, respectively (Figure 4A). The long
eccentricity cycles were numbered E1 to E13 from the bottom to the top of the Ch7 Mbr,
which is consistent with the results of the magnetic susceptibility data of Ch7 Mbr from
the Y1011 well [21] (Figure 4A). As each long eccentricity represented 405 kyr, chrysophyte
cysts were discovered at the top of E1 (at least 233.6 Ma) (Figure 4A,B).
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Figure 4. (A) Representative stratigraphic columns and long eccentricity (E: 405 kyr) filter outputs
of the Yanchang Fm. in wells Yan56, Zhen421, and Y1011 [23]; (B) the 206Pb/238U isotopic age of
zircons in the tuffs at the bottom of the Ch7 Mbr of the Yanchang Fm. [33,34]. CCF represents the
chrysophyte cyst fossil.

4.2. TOC and TS Contents

The Carnian Pluvial Episode (CPE) was an important period of global climate spanning
from 232 to 234 Ma [35,36]. According to the astronomical time scale (ATS) of the Ch7
Mbr established in this study, the samples from well Yan56 were sub-divided into two
intervals: interval CPE (age: 232–234 Ma) and interval A (age: 229–232 Ma). The TOC
content of interval A ranged from 0.68% to 7.40%, with an average value of 4.38%. The
TOC content of interval CPE ranged from 1.93% to 9.7%, with an average of 5.60%, which
is considered high. The TS values ranged from 0.05% to 5.17% (average: 1.04%) in interval
A, and from 0.05% to 5.04% (average: 1.23%) in interval CPE, respectively.. Please refer to
Supplementary Materials.

4.3. Inorganic Elements and Isotopic Results

The Vanadium/(Vanadium + Nickel) [V/(V + Ni)] ratios of intervals A and CPE
ranged from 0.73% to 0.82% (average: 0.77%) and from 0.72% to 0.89% (average 0.79%),
respectively. The UEF values of interval A ranged from 0.63% to 6.63% with an average of
1.94%, and the UEF values of interval CPE ranged from 0.58 to 4.21 (ave. 2.32). In interval
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A, the (δ13Corg:P) ratios ranged from 7.2 to 182, with an average of 84.2 and the (δ13Corg:P)
ratios ranged from 11.9 to 215.8 (average: 97.9). The degree of pyritization (DOPT) is
generally used to evaluate paleoredox conditions [37]. Interval CPE was characterized by
high DOPT values, whereas the negative carbon isotope excursion (NCE) zones had much
higher DOPT values than those in interval CPE. The DOPT ratios of interval A and interval
CPE varied from 0.01 to 0.59 (average: 0.17) and from 0.01 to 0.67 (ave. 0.20), respectively.
In addition, interval A δ13Corg values ranged from −27.6‰ to −23.9‰ (average: −25.9‰),
and interval CPE values were lower than those of interval A and ranged from −28.8‰ to
−25.1‰, with an average of −26.9‰. The δ34S values in interval A (4.4‰ to 12‰) were
slightly higher than those in interval CPE (3‰ to 7.2‰), with averages of 7.4‰ and 5.0‰,
respectively. However, the δ15N values in interval A (3.2‰ to 8.5‰) were slightly lower
than those in interval CPE (7.3‰ to 12.2‰), with averages of 5.4‰ and 9.4‰, respectively.
Please refer to Supplementary Materials.

5. Discussion
5.1. Pyritization of Chrysophyte Cyst Fossils

Chrysophyte cyst fossils were widely pyritized and preserved in the black shales, together
with framboidal pyrite in the Ch7 Mbr of the Yanchang Formation (Figures 5A–C and 6A–D). The
six types of chrysophyte cyst fossils are shown in Figure 6E–J, which were discovered in Ch7 black
shales in well Zhen421 in this paper. Although similar types of fossils were described by Zhang
et al. (2016), more fossil details (such as pyritized walls, fossil interiors, and the inside of collars and
walls) are reported in this paper [8]. In this study, chrysophyte cyst fossils were mostly spherical or
oval in shape (Figure 6E–J), and the average diameter of the intact cysts was 10 µm (Figure 6K,L).
Chrysophyte cysts were divided into anterior and posterior hemispheres, with pores found in the
anterior hemisphere [38,39] (Figure 6K,L). A few cysts had conical pores without collars, whereas
most cysts had cylindrical or obconical collars around the pores [39] (Figure 6E–J). The surface
ornamentation of the cysts included circuli (Figure 6F), verrucae (Figure 6G), ridges (Figure 6H),
reticula (Figure 6I), and stars [8,38] (Figure 6I), whereas some cysts were characterized by no
ornamentation (Figure 6E). Constricted cavities were observed between the wall and fossil interior
of the chrysophyte cysts (Figure 6M,N). The internal structures of the collars of chrysophyte cysts
are shown in Figure 6O–S. The interior characteristics of the collars have different shapes. The
chrysophyte cysts had walls with a thickness of 0.05 µm, and the inside of the wall of some
chrysophyte cysts had small and evenly distributed protuberances (Figure 6O–T).
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Figure 5. Photographs of black shale (A) and thin sections of black shale with chrysophyte cysts
under transmitted light (B) and reflected light (C). CCF represents the chrysophyte cyst fossil.
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Figure 6. SEM images of the chrysophyte cysts in manually broken surfaces (A,B) without polishing
and (C,D) polished surfaces in the black shales. The six types of chrysophyte cysts with (E) smooth,
(F) circuli, (G) verrucae, (H) ridges, (I) reticula, and (J) stars. Vertical sections of (K) unpolished and
(L) polished samples showing internal structures of the chrysophyte cysts. (M,N) Pyritized wall,
fossil interior, (O–S) inside of collars, and (T) wall of the chrysophyte cysts in the shales at the bottom
of the Ch7 Mbr of the Yanchang Fm. (sample: Zhen421, 2339.7 m, Ch7 Mbr, black shale).

5.2. Age of the Chrysophyte Cysts and the Triassic CPE

Ch7 Mbr showed well-preserved Milankovitch cycles [23]. The long eccentricity (E)
is the most stable Earth orbit parameter [32]. Thirteen filtered 405 kyr long eccentricity
cycles of wells Yan56 and Zhen421 (Gauss filter) were identified (Figure 4A). The floating
astronomical scale of Ch7 Mbr was established based on a previous study [23]. The
depositional duration of the Ch7 Mbr in the Yanchang Formation was approximately 5 Ma.
Furthermore, the U-Pb isotopic age of zircons in the tuffs at the bottom of the Ch7 Mbr was
234 Ma based on La-ICP-MS analysis (Figure 4B), and it served as a geological anchor [33].
The last U-Pb isotopic age of zircons in the lower Ch7 Mbr in the section of Yunmeng
and Yishi villages is in agreement with this result (Figure 4B) [33,34]. The ATS of the Ch7
Mbr was determined according to the floating astronomical scale and geological anchors.
The depositional ages of three subunits in the Ch7 Mbr were determined at 234.0 Ma to
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232.4 Ma (Ch73 sub-Mbr), 232.4 Ma to 230.8 Ma (Ch72 sub-Mbr), and 230.8 Ma to 229.1 Ma
(Ch71 sub-Mbr) from the bottom to the top (Figure 7). In this study, according to the
ATS, chrysophyte cysts were discovered at the top of E1, with each long eccentricity (E)
representing 405 kyr. The microfossils of chrysophyte cysts in the Ch7 Mbr black shales
were estimated to be at least 233.6 Ma (Figure 7). Previous studies have indicated that
CPE is a period of marked changes in the global climate from 234 Ma to 232 Ma [35,36].
Chrysophyte cysts in the Ch7 Mbr black shales were well preserved during CPE.
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5.3. Depositional Response and Redox Conditions in the CPE

During the Triassic CPE, the lake water level reached its maximum because of exces-
sive rainfall and surface runoff [35]. Under these conditions, black organic-rich shales in
the Ch7 Mbr were widely deposited, signifying suboxic to anoxic depositional environ-
mental conditions in the global CPE. CPE is characterized by multiple negative carbon
isotope excursions [35], increased rainfall [40], intensified continental weathering [41], and
widespread anoxic conditions [36,42]. As shown in Figure 7, NCEs in the black shales
of the Ch7 Mbr were recorded, which was consistent with the carbon isotope schematic
composite curve of the northwestern Tethyan realm in the CPE [35] (Figure 7). In addition,
the δ34S values of interval CPE ranged from 3 to 7.2‰, with an average of 5.0‰. The δ34S
of seawater in the Late Triassic was generally 15.5‰ [43]. Thus, the δ34S fractionation in
the interval CPE varied from 8.3‰ to 12.5‰%, suggesting that sulfur originating from
atmospheric precipitation and surface runoff varied from 3‰ to 15‰ [44]. The interval
CPE of Ch7 Mbr showed indications of strong rainfall and surface runoff. Nitrogen iso-
topes (δ15N) act as effective proxies for evaluating redox conditions [45]. Under suboxic
conditions, incomplete denitrification (conversion of nitrate to N2 gas) resulted in high
δ15N values [45,46]. The δ15N values in interval CPE were higher than those in interval A,
indicating suboxic-to-anoxic conditions (Figure 7).

Redox-sensitive trace element concentrations and ratios are widely used as indicators
of redox conditions [47]. Uranium (U) is highly soluble under oxic conditions, and a
high concentration of the U element indicates oxygen-deficient bottom water [47,48]. The
interval CPE had higher UEF values than interval A under suboxic to anoxic conditions.
Vanadium (V) exists as V5+ (i.e., HVO4

2−) in vanadate ionic species under oxic conditions,
whereas V5+ is converted to V3+ in the form of solid oxides or hydroxides under reductive
conditions [47]. Elemental V is more concentrated in anoxic environments than nickel
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(Ni) [49,50]; therefore, the V/(V + Ni) ratio was used to evaluate the redox conditions
and stratification of bottom water [49]. The V/(V + Ni) ratios ranged from 0.72% to 0.89%
(average: 0.79%) in the interval CPE, indicating suboxic to anoxic conditions with stratified
water (Figure 7).

5.4. Models of Preservation of Chrysophyte Cyst Fossils

Based on SEM observations, it was apparent that the chrysophyte cyst fossils were
well preserved through pyritization in the black shales of the Ch7 Mbr in the CPE (Figure 8).
Although chrysophyte cyst fossils have previously been reported in the Triassic Yanchang
Fm. [8], their preservation conditions and pyritization were not studied. In this study, a
model was developed to explain the formation mechanism of pyritized fossils. CPE is a key
period in global climate change [36,40,51]. Surface runoff leads to high terrigenous detrital
matter inputs and enhanced the supply of sulfate in the CPE [24,28,40–42] (Figure 9A). As
discussed above, the sulfur in the black shales of the Ch7 Mbr originated from watermass
sulfate [25,28]. Chrysophyte cyst fossils were probably pyritized near the water-sediment
(W-S) interface in suboxic to anoxic environments (Figure 9B). The two steps of pyritization
of chrysophyte cysts are shown in Figure 9C. Pyritization was initiated on the wall of the
chrysophyte cysts, with microcrystalline pyrite precipitation (Step 1). Subsequently, full
pyritization of the wall was achieved (Step 2) (Figure 9C). Under the above conditions, the
organic matter was degraded by anaerobic metabolic processes [52]. Pyrite was formed by
the reaction of sulfide (H2S) with reduced iron (Fe2+) (Figure 9B). H2S was produced via
bacterial sulfate reduction (BSR; 2CH2O + SO4

2− → 2HCO3
− + H2S) (Figure 9A), whereas

Fe2+ was predominantly released from the reactive iron-bearing minerals [53]. In addition,
the organic matter content affected the redox conditions of the bottom water column by
affecting the BSR intensity, which in turn regulated pyritization. Our results showed that the
interval CPE in Ch7 Mbr had higher average TOC values (5.60 wt.%) than those of interval
A. The addition of organic matter enhanced the BSR, which led to an increase in the H2S
content. According to the EDS results, both chrysophyte cyst fossils and framboidal pyrite
were enriched in Fe and S, which exhibited strong reflection under the light (Figure 8A).
Initially, pyrite was preferentially formed on the surface of chrysophyte cyst fossils, where
the diffusive H2S encountered Fe2+ [54,55]. Because the external surface of the chrysophyte
cyst was gradually pyritized, the organic matter in the fossil interior was well preserved
(Figure 8). The fossil interior was predominantly composed of C and differed in elemental
composition from the external surface (Figure 8B–C). Overall, chrysophyte cyst fossils
were preserved in the Triassic Ch7 Mbr black shale during the CPE and were substantially
pyritized. BSR caused fossil pyritization under suboxic to anoxic conditions, while the high
organic matter and supply of sulfate stimulated the BSR process. Thus, fossil pyritization
has contributed substantially to fossil preservation.
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Figure 8. (A) SEM images, (A1) EDS results of the chrysophyte cysts, and (A2) framboidal pyrite in
the unpolished shales. (B) SEM images, (B1) EDS results of the fossil interior, and (B2) pyritized wall
of the chrysophyte cysts in the unpolished shale samples. (C) SEM images, (C1) EDS results of the
fossil interior, and (C2) pyritized wall of the chrysophyte cysts in the polished shale samples from
Yanchang Fm. (sample: Zhen421, 2339.7 m, Ch7 Mbr, black shale).
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Figure 9. (A) A model explaining the preservation of chrysophyte cysts under anoxic conditions in
the CPE (modified from Saleh et al., 2018 [56]), (B) fossilization process of chrysophyte cysts in the
sulfate reduction zone, and (C) steps of chrysophyte cysts pyritization.
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In addition, fossil pyritization and preservation models were studied in different
shale basins [56,57]. Saleh et al. provided an orbital-controlled soft-tissue fossilization in
Fezouata black shale [56]. Guan et al. revealed the preservation of pyritized Chuaria in
the Ediacaran shales, dominated by sedimentary organic matter content and bottom water
redox condition [57]. However, chrysophyte cysts were characterized by siliceous struc-
tures, which were widely distributed in modern lake sediments in southwest Greenland [2],
Western United States [3], northern Poland [5], Finland [6], northwestern Mediterranean
region [7], Muskoka Haliburton region [9], Northeast Spain [10], and northeast China [39].
But, chrysophyte cyst fossils were first discovered in the Triassic Yanchang Formation,
Ordos Basin, China [8]. The pyritization and preservation model of chrysophyte cyst fossils
in this study were comprehensively discussed, which provided detailed information on the
pyritization and evolution of algae with siliceous structures for the first time.

6. Conclusions

Chrysophyte cysts were discovered in the black shales of the Ch7 Mbr in the Yanchang
Fm. Although previous studies primarily focused on their morphological characteristics,
models of their preservation and pyritization have not been developed. In this study, the
ATS of Ch7 Mbr was determined based on cyclostratigraphy and radiometric dating. The
tuffs at the bottom of Ch7 Mbr were crystallized in 234 Ma and the duration of Ch7 Mbr
was estimated to be approximately 5 Ma. According to the 206Pb/238U isotopic age of
zircons and cyclostratigraphic analysis, The three subunits in the Ch7 Mbr were deposited
at 234.0–232.4 Ma, 232.4–230.8 Ma, and 230.8–229.1 Ma. Moreover, six types of chrysophyte
cyst fossils were well pyritized and preserved in the Triassic CPE, and the age of the
fossils was at least 233.6 Ma based on the ATS. Models of chrysophyte cyst preservation
indicated that BSR led to fossil pyritization near the W-S interface under suboxic to anoxic
environments. Pyritization was initiated on the walls of the chrysophyte cysts by the
formation of microcrystalline pyrite. Subsequently, the wall was fully pyritized, a fact
that contributed to the preservation of organic matter in the fossil interior. Thus, fossil
pyritization considerably contributed to their preservation.
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