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Abstract: Silica-phosphatic nodules are abundant in black shales of the Yanjiahe Formation in the Three Gorges Area of
South China, which is correlated to the Fortunian Stage, Terreneuvian Series, Cambrian System. The nodules are rich in
small shelly fossils and hence attract the attention of numerous paleontologists and sedimentary geologists. However, the
genesis of the nodules and the preservation of the small shelly fossils are poorly understood. Here we analyze
morphological, structural, mineralogical and chemical features of the nodules in multiscale using a combination of micro-X
-ray fluorescence spectroscopy, X-ray diffraction, scanning electron microscopy and confocal laser Raman spectroscopy.
Results reveal that nodules are concentric in chemical and mineralogical compositions, comprising a silica-phosphatic core
encrusted sequentially by a phosphatic zone, a siliceous zone and a very thin pyrite outer rim. The black shales hosting the
nodules demonstrate a laminated texture of alternating clayey and silty laminae, which were respectively deposited in
sulfidic/less sulfidic, high/low production, intense/weak chemical weathering conditions. The phosphogenesis of the
nodules resulted in the phosphatization of small shelly fossils, which prevented the fossils from being dissolved during
diagenesis, whereas the silica encrustation sealed the fossils within the nodules and thus protected the fossils from alteration
by deep burial and surface weathering.
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1 Introduction
The Neoproterozoic–Cambrian Phosphogenic Event
produced a large-scaled phosphorite all over the world
(Cook and Shergold, 1984; Brasier, 1990; Zhang et al.,
2019). The widespread occurrence of phosphorites or
phosphatic nodules in the Yangtze Block, South China,
has aroused great interest not only because of their
economic value, but also because they provide an
unusually clear window on Ediacaran-Cambrian life and
environments (Zhang et al., 1998; Xiao et al., 2000, 2010,
2014; Yin et al., 2007; Jiang et al., 2007; Muscente et al.,
2015; Bottjer et al., 2020). Microfossil assemblages
preserved in the Ediacaran Doushantuo phosphorites (i.e.,
the Weng’an Biota) and the lower Cambrian Yanjiahe
Formation phosphatic nodules (i.e., the Yanjiahe Biota)
have been extensively studied in the past two decades
(Zhang et al., 1998; Yin et al., 2007; Guo et al., 2008,
2014; Xiao et al., 2014; Steiner et al., 2020). The
discovery of exceptionally preserved eukaryote fossils in

the Weng’an Biota provided a host of evidence for the
Ediacaran radiation of multicellular eukaryotes (Xiao et
al., 2014). The discovery of various fossils including
acritarchs, algae, sponges and small shelly fossils (SSFs)
from the Yanjiahe Formation bridges the gap between the
Ediacaran radiation of multicellular eukaryotes and the
Cambrian Explosion of animal body plans (Guo et al.,
2008, 2014; Ahn and Zhu, 2017; Chang et al., 2019, 2020;
Steiner et al., 2020). The lower Cambrian SSFs of the
Yangtze Platform have long been used as an important
biostratigraphical tool for the correlation and subdivision
of the pre-trilobitic Cambrian strata (Steiner et al., 2007,
2020). Despite extensive studies on the taxonomy and
biostratigraphy of the fossils, the preservation of the small
shelly fossils and the genesis of the fossil containing
nodules have not been systematically investigated. In this
context, we analyze the chemical and mineralogical
composition of the nodules and their host rock in order to
understand the preservation of small shelly fossils within
the nodules.
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2 Materials and Methods
2.1 Geological setting, field sampling and sample
preparation
The Yanjiahe Formation is distributed in a limited area
in the southern and western flanks of the Huangling
anticline near the city of Yichang, Hubei province, China
(Fig. 1a), where it conformably overlies the late Ediacaran
Dengying Formation and unconformably underlies the
Shuijingtuo Formation of the Cambrian Stage 3 (Fig. 1b).
Sedimentological studies suggest that the Yanjiahe
Formation was deposited in an inner shelf environment
during the Terreneuvian of the Cambrian Period (Jiang et

1295

al., 2011; Peng et al., 2012). The Yanjiahe Formation is
one of the fossiliferous sequences across the EdiacaranCambrian boundary interval of South China. In the type
section at Gunshi’ao region, the Yanjiahe Formation is
54.4 m thick and subdivided into five stratigraphical
intervals, or eight beds, based on lithology (Guo et al.,
2008, 2014; Chang et al., 2019, 2020). The Yanjiahe
Formation in the Gunshi’ao section near Sandouping town
is well exposed and has a continuous stratigraphical
sequence, mainly composed of limestones, shales and
dolostones. Nodules are abundant in the third interval or
Bed 6, which is composed of dark, decimeter-thick
limestones, interbedded with black shales (Guo et al.,

Fig. 1. Geological map and stratigraphical sequence of the Yanjiahe Formation.
(a) Simplified geological map of the Three Gorges areas, modified from Peng et al. (2012) (China basemap after China National Bureau of Surveying and
Mapping Geographical Information); (b) lithostratigraphic sequence in the Gunshi’ao section, showing the lithological subdivision of the Yanjiahe Formation and the occurrence of SSF assemblages. The nodules were sampled from the layer marked with red dots. SJT Fm. = Shuijingtuo Formation; DY Fm. =
Dengying Formation.
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2008, 2014; Chang et al., 2019, 2020). Abundant SSFs
and cyanobacterial fossils have been described from the
nodules (Guo et al., 2008, 2014; Ahn and Zhu, 2017;
Chang et al., 2019, 2020). SSFs from the nodules were
correlated to the Anabarites trisulcatus–Protohertzina
anabarica Assemblage Zone (Steiner et al., 2020).
Therefore, the age of the nodules can be constrained
within the early Fortunian.
The nodules studied here were sampled from the third
interval defined by Guo et al. (2014), or Bed 6 as recently
redefined by Chang et al. (2020). As shown in Fig. 2, the
third interval of the Yanjiahe Formation is composed of
grayish-black thin-to-medium bedded carbonaceous
limestones, interbedded with grayish-black silty shales.
The nodules are oval in shape and centimeters in size.
They are embedded horizontally in the shale layers and
were much less compacted than the host shale during
diagenesis (Fig. 2a, b), causing the shale laminae around
the nodules to be compressed. These indicate that the

nodules formed prior to compaction. Hence, they are
synsedimentary or early diagenetic in origin.
2.2 Methods
Since the nodules displayed very similar macroscopic
and petrographic features (Fig. 3, Supp. Figs. S1, S2),
three samples (labeled as YJH_PN 1–3) encased in the
host shale were selected for further laboratory-based
analyses, via the combination of micro-X-ray fluorescence
spectroscopy (µXRF), X-ray diffraction (XRD), scanning
electron microscopy (SEM) and confocal laser Raman
spectroscopy (CLRS) techniques (Fig. 2b–d). In order to
investigate the internal microstructures, the nodule was
gently cut vertically across the center with a diamond wire
saw cutting machine (Shenyang Kejing Auto Instrument
Co., Ltd.). Half of the sample was polished for μXRF and
SEM observations. Two fresh subsamples were drilled
from the other half of the nodule and its host shale, then
ground into powder for XRD analyses.

Fig. 2. Field photographs, sample preparation and powder XRD results.
(a) An outcrop at Gunshi’ao, showing that the third interval of the Yanjiahe Formation is composed of grayish-black medium-to-thin bedded carbonaceous limestone interbedded with grayish-black silty shale, the inset showing one typical nodule which is embedded horizontally in the shale layer; (b) nodules (arrows) with
diameters ranging from 5 cm to 10 cm exposed on the surface of a shale layer in the upper part of the third interval. Yellow arrows in (a) and (b) indicate the nodules (hereafter referred to as YJH_PN 1, YJH_PN 2 and YJH_PN 3) sampled for this study. (c, d) Sample YJH_PN 1, (c) top view, (d) side view; (e) XRD spectra
of the nodule (upper line) and the host shale (bottom line). F–fluorapatite; Q–quartz; C–calcite; D–dolomite; O–orthoclase; I–illite; P–pyrite.
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Fig. 3. YJH_PN 1 µXRF elemental map with single-element heat maps of nine elements.
(a) Optical photography of YJH_PN 1 nodule (cross-section sample) with reflective illumination; (b–j) false-color maps of P (P Kα) (b),
Ca (Ca Kα) (c), Si (Si Kα) (d), K (K Kα) (e), Al (Al K) (f), Fe (Fe Kα) (g), S (S Kα) (h), Mg (Mg K) (i) and Ba (Ba Kα) (j). The combination maps of S (h) and Ba (j) suggest that barite veins are distributed throughout the phosphate nodules.

The XRD experiments were performed on a
DMAX2400 X-ray diffractometer, using Cu Kα radiation
at 40 kV and 80 mA. The XRD data were gathered in the
2θ range from 5° to 70° in the step-scan mode with an
interval of 0.02° and a 6 s accumulation time at each step.
Data analysis was conducted using the MDI Jade 2010
software. After the automatic simulation and curing fitting
process, the percentage of minerals in the measured
powder samples was obtained.
Micro-XRF is a non-destructive elemental analysis
technique which allows for chemical mapping of various
samples over a range of scales, from tens of centimeters to
tens of micrometers at micrometer resolution (Flude et al.,
2017). To fast map the elemental distribution and detect
trace elements in the nodules, the fresh and polished
section samples were analyzed with the Bruker M4
TORNADO
PLUS
Micro-X-ray
fluorescence
spectrometer. This instrument is equipped with a 30 W (50
kV) micro-focus Rhodium tube and two 60 mm² silicon
drift detectors (SDD), which enables the detection and
analysis of the entire elemental range from carbon to
americium, with an energy resolution <145 eV at Mn-Kα.
By using poly-capillary optics focusing a beam spot size
down to ~18 μm and a fast-moving sample stage with a
minimum step of ~4 μm, this instrument can provide rapid
and non-destructive µXRF analysis on objects. Scanning
µXRF experiments were carried out in vacuum conditions
with an X-ray tube energy of 50 kV, a current of 600 µA,
4 ms per pixel spectrum acquisition time and a pixel stepsize of 10 μm.

Prior to SEM observations, the polished samples were
coated with 8-nm-thick platinum to produce a conductive
layer. SEM experiments were then carried out on the
Thermo Fisher Scientific Apreo S LoVac scanning
electron microscope. This instrument is equipped with a
field-emission gun, a backscattered electron (BSE)
detector and a Bruker QUANTAX energy dispersive Xray spectrometer (EDXS) with a XFlash 6-60 silicon drift
detector (SDD). Automated mineralogical analysis by
SEM-EDXS was performed with Maps, following
Nanomin software that was developed by Thermo Fisher
Scientific. This technology collects mineralogical data
based on the EDXS data and has been widely used in
geoscience and planetary studies for the automated
identification and quantification of minerals (Gu, 2003;
Haberlah et al., 2011; Deng et al., 2020; Gu et al., in
press), which can be achieved by Zeiss with Mineralogic,
Tescan with TIMA, Oxford with INCA Mineral, Bruker
with AMICS, FEI (acquired by Thermo Fisher Scientific)
with QEMSCAN and MLA, as well as Nanomin. Back
scattered electron (BSE) images and SEM-based EDXS
microanalyses were collected at a 15 kV accelerating
voltage and a 3.2 nA current using the T1 detector, with a
working distance of ~10 mm. The SEM-EDXS data for
automated mineralogical analyses were collected at a 20
kV accelerating voltage and a 13 nA current, using the T1
detector.
Raman spectra were acquired on the polished rock
section by a Horiba XploRA PLUS confocal laser Raman
spectrometer. This instrument is equipped with multi-laser
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options and multi-resolution modes. In this study, a 532
nm laser was used, the light being dispersed by a grating
with 1200 lines/mm. The diameter of the Raman spot on
the surface of the section was adjusted to 1–2 μm by 50 X
and 100 X objectives, the depth resolution being
approximately 2–3 μm. The laser power on the sample
surface was set at 5–50 mW to prevent irreversible laserinduced thermal damage. To obtain an acceptable signal-to
-noise ratio, each spectrum took ~30 s for a spot test from
100 to 4000 cm–1 shift range.
3 Results
The third interval of the Yanjiahe Formation comprises
decimeter-thick alternations of black shales and dark
limestones, the nodules being hosted within the black
shales. Multiple method analyses demonstrate that nodules
are concentric, comprising a silica-phosphatic core
encrusted sequentially by a phosphatic zone, a siliceous
zone and an outermost pyrite rim (Figs. 3, 4), while the
host shale is laminated in both composition and texture. In
addition, calcite and barite veins were observed, both in
the nodule and in the host shale (Figs. 3j, 4e).
3.1 Chemical and mineralogical composition of the
nodules
Powder XRD measurements show that the nodule is
composed of four major minerals (Fig. 2e): fluorapatite
(~69 wt%), microquartz (~19 wt%), calcite (~7 wt%) and
dolomite (~5 wt%), which is markedly different from the

composition of the host black shale (see below).
Large-area µXRF elemental and Nanomin mineral
mapping, combined with Raman spectra on the crosssection, reveals that the nodule has a concentric zonation
in both elemental and mineralogical composition, with a
large core surrounded sequentially by a phosphatic zone
(silica poor), a siliceous zone and a very thin outer rim,
which gradually transition from one to another (Figs. 3, 4).
The core is a large ellipsoidal body, about two-thirds of
the vertical diameter of the nodule, with a similar shape. It
is generally rich in Si, P, Ca and Mg, but deficient in K,
Al, Fe and S (Fig. 3). Mineralogically, the core is
composed of abundant microquartz and a moderately
enriched in apatite and dolomite. Feldspar and clay
minerals are generally absent from the core.
The core is immediately encrusted with a Si-poor zone
with the most abundant P and Ca (termed the phosphatic
zone), which is consistent in thickness, about one-sixth of
the vertical diameter of the nodule. S and Fe are also
present in this phosphatic zone, but in very low abundance
(Fig. 3g, h). Mineralogically, the phosphatic zone is
characterized by a super abundance of apatite and an
extreme deficit of silica minerals. Calcite is also enriched
in this zone. There is no enrichment of dolomite, feldspar,
or clays (Fig. 4).
The phosphatic zone is surrounded by a siliceous zone,
which has the same thickness as the phosphatic zone (Fig.
3). It is characterized by the enrichment of Al and K, with
no enrichment of Ca and P. Si is the most abundant in this
zone, with the presence of abundant microquartz and less

Fig. 4. YJH_PN 1 Nanomin mineral map with single-mineral heat maps of seven minerals and corresponding Raman spectra.
(a) BSE-SEM image, white rectangle to show Raman test area; (b–h) Nanomin false-color images of apatite (b), feldspars (c), clay minerals (d), pyrite (e),
calcite (f), quartz (g) and dolomite (h). It is noted that calcite veins can be distributed in both the nodules and the host shale. (i) Raman spectra confirming
the mineral identifications by Nanomin. An inserted BSE image displays the Raman test points marked by spots, the colors of which correspond to the
Raman spectra. D band: corresponding to the disordered carbon of organic matter; G band: corresponding to the graphite carbon of organic matter.
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abundant feldspar. Both calcite and dolomite are present,
but no clay is detected in the siliceous zone.
The nodule is covered with an extremely thin outermost
rim (Figs. 3, 4). The rim is composed of abundant Fe, S, Al
and K, corresponding to a combination of pyrite and clays
in mineralogy. Notably, elements Ca and P, and their
corresponding mineral apatite, are also abundant in the rim.
3.2 Composition and texture of the host shale
The black shale hosting the nodule is composed of
seven major minerals: orthoclase (~34 wt%), illite (~30
wt%), quartz (~19 wt%), dolomite (~5 wt%), pyrite (~4
wt%), fluorapatite (~4 wt%) and calcite (~3 wt%) (Fig.
2e). In situ elemental and mineralogical mapping analyses
demonstrate a submillimeter-scaled alternation of silty and
clayey laminae (Figs. 3–5). In contrast with the nodules
that are rich in P and Ca, the host black shale is mainly
composed of Si, Al, K, Fe and S. Mg is also abundant,
while Ca is a minor component. P is less enriched in the
black shale.
Overall, the host black shale contains abundant
microquartz, feldspar, clays, pyrite and a minor
component of calcite and dolomite. Microquartz, clay
minerals and carbonate minerals (calcite and dolomite)
show a laminated distribution pattern, while feldspar and
pyrite appear to be homogeneously distributed in the host
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shale. As shown in Fig. 6, the minerals of microquartz,
calcite, dolomite constitute the silica-dominated laminae
and are obviously coarser than those in the clay-dominated
laminae. They are alternately distributed in the crosssection and are respectively termed as silty and clayey
laminae.
A very minor component of apatite is evenly scattered
throughout the host shale (Fig. 5). Distinct from the
aggregation assembly in the nodule, apatite pellets,
ranging from tens of microns to a hundred microns, are
scattered within the host shale, appearing to be aggregated
by small apatite particles (~1 µm) and other particles of
quartz, feldspar and even organic matter (Fig. 7a–c). It can
clearly be seen that euhedral calcite minerals were often
tightly surrounded by dolomite, suggesting that the
original calcite in the host shale might have been partially
replaced by dolomite, due to burial diagenesis (Fig. 7d–f).
Two types of pyrite are recognized in the host shale.
Framboidal pyrite is predominantly present in the clayey
laminae, while euhedral pyrite is relatively concentrated in
the silty laminae. Euhedral pyrite crystals range from a
few microns to tens of microns in diameter and the pyrite
framboids vary from ~2 µm to ~10 µm in diameter.
Statistically, the average diameter of the framboids in the
silty laminae is larger than those in the clayey laminae
(Fig. 8).

Fig. 5. Nanomin mineral mapping of the host shale layer of the YJH_PN 1 nodule.
(a) BSE-SEM image; (b–h) mineral maps of apatite (b), quartz (c), clay minerals (d), feldspars (e), dolomite (f), calcite (g), pyrite (h); (i) overlap map of
apatite, clay minerals and quartz showing the laminated structure of the host shale.
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Fig. 6. SEM imaging and SEM-EDXS microanalysis showing the laminated microstructures of the host shale.
(a) BSE-SEM image; (b–i) false-color maps of Si (Si Kα) (b), Al (Al K) (c), K (K Kα) (d), P (P Kα) (e), Ca (Ca Kα) (f), Mg (Mg K) (g), Fe (Fe Kα)
(h) and S (S Kα) (i); (j) overlap map of Mg (red), K (cyan), Si (yellow) and P (blue).

3.3 Microstructures
The chemistry and microstructures of the nodules were
investigated at nanometer scales via SEM imaging
coupled with EDXS elemental mapping. As shown in Fig.
9a–c, euhedral quartz grains ranging from a few microns
to tens of microns are concentrated within the core and the
siliceous zone. The microquartz grains in the core are
commonly encrusted with organic matter that is scarcely
seen in the phosphatic zone (Fig. 9d–f). Euhedral pyrites
ranging from a few microns to tens of microns are
predominantly distributed in the outer rim of the nodule
(Fig. 9h, i), while pyrite framboids tend to be present
within the core of the nodule (Fig. 9g).
3.4 Distribution of small shelly fossils
No small shelly fossils are observed in the host shale. In
contrast, SSFs are abundant in the nodules, with 138
fossils recognized in a cross-section of a single nodule

(Fig. 10). They are concentrated in the phosphatic zone
and are rarely present in the core and siliceous zone (Fig.
10). The distribution pattern generally coincides with
apatite-rich but silica-poor regions. The shelly fossils were
replaced by dolomite or apatite (Fig. 10f–m).
4 Discussion
The above results demonstrate that the nodule is
generally a Si-P rich, ellipsoidal body with a pyrite rim.
The elemental and mineralogical alternations in abundance
constitute the concentric fabric seen in cross-section. The
abundance of Si (microquartz) and P (apatite) is mutually
complementary in different zones below the rim. SSFs are
concentrated in the phosphatic zone, where both apatite
and calcite are the most abundant. Chemical and
mineralogical compositions and their distribution patterns
in the nodules and the host rock have environmental,
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Fig. 7. Morphological and chemical features of apatite, calcite and dolomite in the host shale.
(a) BSE-SEM image of a typical apatite pellet; (b) zoomed-in BSE-SEM image of the apatite pellets in image (a); (c) overlap EDXS maps of Si (red), P
(Blue) and K (yellow); (d, e) BSE-SEM images of calcite (Cal) and dolomite (Dol); (f) overlap EDXS maps of Mg (red) and Ca (green).

Fig. 8. Morphology and distribution of pyrites in the host shale.
(a) BSE-SEM image of a small area from a clayey lamina; (b) zoomed-in BSE-SEM image of framboidal pyrites in image (a); (c) histogram of the diameter of framboidal pyrites from the clayey laminae; (d) BSE-SEM image of a small area from a silty lamina; (e) zoomed-in BSE-SEM image of framboidal
pyrite in image (d); (f) histogram of the diameter of framboidal pyrites from silty laminae.

sedimentological and taphonomic implications, which are
discussed below.
4.1 Depositional environment of the host shale
Pyrite is relatively abundant in the black shales.
Framboidal pyrites are dominant in the clayey laminae and
less abundant in the silty laminae, while euhedral pyrites
are relatively concentrated in the silty laminae. Framboids
from the silty laminae are larger than those from the
clayey laminae (Fig. 8). It has been well documented that
smaller pyrite framboids, with a diameter of 3–5 µm,
generally formed in a sulfidic water column (Benning et
al., 2000; Wilkin and Arthur, 2001; Bond and Wignall,

2010). Their sizes are sensitive to the variation within
sulfidic environments, and therefore have been used as a
proxy for paleoenvironmental reconstructions (Wilkin et
al., 1996, 1997; Wignall and Newton, 1998; Nielsen and
Shen, 2004). Pyrite framboids from the clayey laminae are
generally smaller than 5 µm in diameter. This suggests
that the water column during the deposition of the clayey
laminae was characterized by a sulfidic environment in
which sulfate and organic matter were sufficiently
abundant (Li et al., 2010; Feng et al., 2014). In contrast,
the presence of larger euhedral and framboidal pyrites in
the silty laminae suggests that these pyrites precipitated at
the sediment-water interface, rather than in the sulfidic
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Fig. 9. SEM imaging and SEM-EDXS microanalysis of representative areas in the core, the phosphatic zone and the siliceous
zone of the YJH_PN 1 nodule.
(a) BSE-SEM image of a small area in the core, showing that numerous quartz and calcite grains are scattered throughout the phosphatic matrix; (b)
zoomed-in BSE-SEM image of one typical quartz grain surrounded by organic matters; (c) overlap maps of elemental Si (red), Ca (green), C (cyan) and P
(blue) corresponding to image (b); (d, e) BSE-SEM images of a small area in the siliceous zone, showing that the microquartz grains appear to be tightly
contacted with the phosphatic matrix; (f) overlap maps of elemental Si (red), C (cyan), P (blue) and K (yellow) corresponding to the image (e); (g–i) BSESEM images showing framboidal and euhedral pyrites from the core zone (g), the phosphatic zone (h) and the siliceous zone (i) of the nodule.

water column. Therefore, the combination of pyrite size
and clay richness indicates a relatively intense chemical
weathering condition, which tends to deliver more
nutrients (e.g., SO42–, PO43– and SiO42–) and results in an
increase of primary productivity in the water column and a
subsequent burial of organic matter in the sediment. The
coupling of sulfate reduction and organic matter
degradation, mainly mediated by sulfate reducing bacteria
(SRB), resulted in the release and accumulation of sulfide
(e.g., H2S) in the water column (Li et al., 2021). Smaller
framboidal and larger euhedral pyrites precipitated in
different microenvironments, e.g., the water column and
the sediment-water interface, respectively (Wilkin et al.,
1996, 1997; Wignall and Newton, 1998; Wilkin and
Arthur, 2001; Bond and Wignall, 2010). In contrast, the
presence of euhedral pyrites and abundant silts in the silty
laminae indicates relatively weak chemical weathering
conditions, which may result in a decrease of primary
productivity and an alleviation of sulfidic conditions in the
water column. Therefore, the lamination of the black shale

was attributed to the rhythmic fluctuations between
sulfidic/less sulfidic, intense/weak chemical weathering
and high/low sedimentary supply.
4.2 Genesis of the nodules
The precipitation of apatite requires a supersaturation of
PO43– and Ca2+, which generally involves organic matter
diagenesis at the sediment-water interface in modern
marine environments (Burnett, 1977; Sheldon, 1981;
Burnett et al., 1983; Froelich, 1988; Föllmi, 1996). The
degradation of organic matter could provide sufficient
PO43–, but also leave irregular pore spaces for the
precipitation of apatite (Williams and Reimers, 1983;
Reimers et al., 1990). Two kinds of phosphatic deposits
were observed: centimeter-sized phosphatic nodules and
micrometer-sized apatite pellets, scattered throughout the
host shale (Figs. 2, 7). These pellets and nodular apatite
are structurally similar to those from the Monterey
Formation (Föllmi, 1996; Föllmi et al., 2005). The genesis
of both types of phosphatic sediments should be linked to
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Fig. 10. Morphology, distribution and chemical features of SSFs in the YJH_PN 1 nodule (cross-section).
(a) A mosaic image of one intact nodule acquired by automatically collecting multiple BSE-SEM images. The yellow open circles indicate the
locations of SSFs. (b–e) BSE-SEM images of some typical SSFs; (f–i) EDXS false-color maps of SSF in (b), P (P Kα) (f), Si (Si Kα) (g), Ca
(Ca Kα) (h), Mg (Mg K) (i); (j–m) EDXS false-color maps of SSF in (c), P (P Kα) (j), Si (Si Kα) (k), Ca (Ca Kα) (l), Mg (Mg K) (m).

the degradation of organic material at the sediment-water
interface, specifically, the enzymatic degradation of
organic matter, resulting in a release of labile organic
phosphorus at the early diagenetic stage (Arndt and
LaRowe, 2017; Zhu et al., 2018). Such a process generally
does not require the involvement of oxidants such as NO3–
and SO42– (Froelich, 1988). In the second stage, the
microbial degradation of organic matter, generally coupled
with the reduction of NO3– and SO42–, continues to release
labile phosphorus, as well as free sulfide for the
precipitation of pyrites (Rullkötter, 2000). In the host
shale layers, a relatively slow and continuous degradation
of the organic matter may result in an in situ precipitation
of apatite pellets and the deposition of large amounts of
pyrite.
In contrast to the in situ precipitation of apatite pellets
in the host shales, the formation of phosphatic nodules
involved an accretion and growth of silica- and phosphatic

-rich core during the first stage (Fig. 11). Recent studies
have revealed that silicified metazoans such as sponges
and radiolarians had a major role in controlling the silicon
cycling of the water column during the deposition of the
Yanjiahe Formation (Chang et al., 2019, 2020). The
deposition of chert in the lower part of the Yanjiahe
Formation was considered to be associated with biological
activity (Chang et al., 2019; Ye et al., 2021). However,
siliceous fossils of sponges or radiolarians were not found
in our nodule samples. Thus, the present study provides no
evidence for the biogenic origin of silica in the nodules.
No quartz vein was observed in the nodules, which
suggests a negligible alteration or invasion of silica after
the formation of the phosphate nodules. Detailed SEM
observations revealed that the silica grains in the core of
the nodules are encrusted with organic matter (Fig. 9a–c).
This suggests a close relationship between the deposition
of the silica and the organic matter. It is possible that a
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Fig. 11. A conceptual model for the formation of nodules in the Yanjiahe Formation.
(a) Genesis of silica-rich cores. This period is characterized by intense chemical weathering, sufficient nutrient supply and high primary productivity.
Elevated seawater SO42- will accelerate the accumulation of H2S in the water column, while silicon nucleates on the organic matter debris to form organosilica complexes at the seafloor. (b) Accretion around the organo-silica nucleus. This period is characterized by weak chemical weathering and accordingly
the redox conditions of the water column were alleviated due to lower nutrient and SO42- inputs. More widespread oxic conditions in the region will promote the flourishing of metazoan animals. Furthermore, a continuous degradation of organic matter in the organo-silica complexes could induce a deposition of apatite within and around these complexes to form the Si- and P-rich nodules.

rapid silica precipitation on organic matter debris in the
water column could result in a sedimentary sink for
organo-silica complexes (Stolper et al., 2017). A
continuous degradation of organic material in the organosilica complexes could induce a deposition of apatite
within and around these complexes, to form the silicaphosphatic core of the nodules (Fig. 11). Comparatively,
the core regions contain more framboidal pyrites and less
euhedral pyrites than other regions of the nodules (Fig. 9g
–i). Therefore, it is likely that the organo-silica rich core of

the nodules precipitated during a period of intense
chemical weathering (Fig. 11). Strong chemical
weathering would cause a large amount of input of SiO42–,
SO42– and PO43–, the input of silicon providing an
adequate source for silicon nucleation (Fig. 11a), while the
input of a nutrient like PO43– would promote elevated
primary productivity. Thus, the intense chemical
weathering would increase the supply of organic matter
and SiO42–, providing favorable conditions for the
formation of siliceous nodules. Further degradation of the
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silica-rich organic matter near or below the sedimentwater interface leads to supersaturation of PO43– and Ca2+
and the production of phosphate, forming the core of
phosphorus nodules (Fig. 11a). Thus, the growth model of
phosphate nodules in the Yanjiahe Formation is different
from phosphatic nodules in the modern ocean, which often
grow around fragments of biological remains such as
vertebrate bone fragments or teeth (Froelich, 1988). In
addition, because of the strong delivery of sulfate and
subsequent intense bacterial sulfate reduction during this
period, the water column would be enriched in sulfide,
which was lethal to metazoans. The scenario provides an
explanation for the fact that few SSF fossils are preserved
in the core of the phosphate nodules.
The second stage of the formation of the phosphate
nodules is the later concretion around the core. This stage
corresponds to a period of weak chemical weathering.
Less delivered nutrient and sulfate due to weak chemical
weathering would alleviate the reducing conditions. The
occurrence of larger euhedral pyrite crystals in the outer
zone of the nodules indicates a significant change of the
redox conditions in the water column, from a reduced to a
suboxic environment, during this period (Figs. 9g–i, 11b).
This change in the redox conditions of the water column
was also an important controlling factor for the formation
of nodules during the Ediacaran and lower Cambrian
periods (Jiang et al., 2007; Xiao et al., 2010). It is the
decrease in nutrient input that mitigates the reducing
environment in the water column and instead establishes
an environment conducive to the flourishing of metazoan
animals and the large number of SSF that could be buried
in the phosphatic zone of the nodules (Fig. 10). Below the
sediment-water interface, the phosphate released from the
decomposition of organic matter accumulated in large
quantities around the Si- and P-rich cores that had formed.
Once the pore is supersaturated with PO43– and Ca2+, the
apatite will begin to grow around the core.
4.3 Preservation of SSFs in the nodules
Our multi-scaled observations revealed that SSFs were
abundant in the nodules, while they were almost absent in
the host shales. The slow and continuous degradation of
organic matter occurring at the host shale tends to dissolve
SSFs. The processes of the later diagenesis and weathering
may also dissolve carbonate skeletal remains. However,
the phosphogenesis of the nodules was responsible for the
phosphatization of small shelly fossils, making them more
resistant to dissolution. The Si- and P-rich nodules are also
a solid shelter for the long-term preservation of small
shelly fossils (Fig. 11). Firstly, the rapid phosphatization
pseudomorphed the morphology of the skeletons and the
phosphatized skeletons were able to survive much longer
than the carbonate skeletons during diagenesis. Secondly,
mineral encrustation assisted the initial fossilization of
SSFs (Li et al., 2013, 2014). The siliceous zone encrusted
on the fossil-rich phosphatic zone sealed the fossils within
the nodules, hence preventing the fossils from being
altered during burial at depth or weathering on the surface.
As discussed above, the zonation of the nodules is
attributed to perturbations of environmental and climatic
conditions. SSFs are enriched in the phosphatic zone,
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which was deposited during a period of less intense sulfate
reduction, favorable conditions for metazoans. Thus, this
provides an explanation for the presence of SSFs in a
specific zone of the nodules.
5 Conclusions
In situ analyses using multiple state-of-the-art
techniques reveal the composition and texture of small
shelly fossil-bearing nodules and their host black shales.
The nodules are concentric in chemistry and mineralogy,
comprising a large silica-phosphatic core, surrounded
successively by a phosphatic zone, a siliceous zone and a
very thin pyrite rim. SSFs are absent in the host shale but
abundant in the nodules, which are concentrated in the
phosphatic zone, rarely being present in the core and
siliceous zone. A two-phased mechanism is proposed for
the formation of the nodules, early genesis of a Si-P core
and later successive accretion of surrounding zones with
different compositions in response to the rhythmic
fluctuations of depositional environments. The black shale
is composed of alternations of clayey and silty laminae,
which were deposited in different environmental and
climatic conditions. The nodules provide a solid shelter for
small shelly fossils. The phosphogenesis is responsible for
the phosphatization of fossils and their subsequent
survival of dissolution during diagenesis, while the
siliceous zone encrusted on the fossil-rich phosphatic zone
sealed the fossils within the nodules and thus protected the
fossils from being altered during deep burial or surface
weathering.
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