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In order to ascertain the origin of granular phosphorites and the roles of microorganisms in phospho-
genesis, we conducted comprehensive petrographic surveys and correlated in situ micro-analyses of
granular phosphorites from the Doushantuo Formation near Yichang, South China. Phosphatic gran-
ules display organically-zoned internal structures often associated with abundant cyanobacteria-like
microfossils. The internal ultrastructure of the granules, as documented by Raman microspectroscopy,
scanning electron microscopy (SEM) and transmission electron microscopy (TEM), is characterized by
randomly-oriented apatite nano-crystals embedded with ubiquitous carbonaceous particles in the apatite
groundmass. These represent primary textures formed by the rapid growth of apatite provided with
abundant nucleation sites within microbial biofabrics. NanoSIMS elemental mapping revealed close cor-
respondence of carbon and nitrogen with microfossil structures at the cellular and sub-cellular level. We
propose that the Doushantuo granules themselves were formed by microbially-mediated accretionary
growth followed by rapid phosphatization occurring at the sediment-water interface. Extracellular poly-
meric substances (EPS) produced by cyanobacteria would have played crucial roles in these processes
by promoting aggregated granule growth in addition to providing nucleation sites for apatite crystalliza-
tion. While previous studies have suggested a dominant role of sulfur-metabolizing microorganisms in
the precipitation of phosphate in phosphorites, new observations indicate that the emplacement of most
sulfur-bearing minerals in the Doushantuo phosphorites postdate phosphatization itself. Our new model
of phosphorite formation thus places cyanobacterial EPS as an earlier key component of the mineralization
of the Doushantuo granular phosphorites.
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1. Introduction

Phosphorus usually occurs as a minor or trace constituent in
igneous, metamorphic and sedimentary rocks but can be enriched
in marine sedimentary phosphorites composed of carbonate fluo-
rapatite. Although formation of sedimentary phosphate deposits is
largely a Phanerozoic phenomenon (Cook, 1992), worldwide phos-
phogenesis, representing periods of accelerated activity in global
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phosphorus cycles, has occurred at the end of the Paleoprotero-
zoic and of the Neoproterozoic (Papineau, 2010). Phosphorus plays
a vital role in governing primary productivity in the biosphere,
thereby interacting with other biogeochemical cycles which, in
turn, help regulate Earth’s climate (F6llmi, 1996).

Models of the phosphorus cycle are largely constructed on the
basis of observations of modern or recent phosphogenic environ-
ments such as the coastal upwelling regions of Namibia, Chile
and Peru (Arning et al., 2009; e.g., Follmi, 1996). Phosphogene-
sis within these upwelling environments occurs when pore-water
becomes supersaturated with dissolved phosphate (Burnett, 1977;
Follmi, 1996). The immediate source of sedimentary phosphate is
considered to be released from organic matter which is degraded
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by microbially-mediated redox reactions, although phosphate is
ultimately mainly derived from weathering of continental crust
(F6llmi, 1996). In non-upwelling environments, however, the con-
centration of phosphorus near the water-sediment interface is
believed to occur by Fe-redox pumping where Fe-oxyhydroxides
transport phosphate from the oxic water column to the sub-
oxic/anoxic seafloor (Heggie et al., 1990; Nelson et al., 2010). This
model requires a redox-stratified water column which is thought
to be characteristic of Proterozoic oceans (Anbar and Knoll, 2002).
Alternatively, clay minerals, particularly illite, have been proposed
to have the potential to adsorb phosphate and thereby concentrate
phosphorus in interstitial fluids (Bremner, 1980). Although these
models may partly explain the delivery and enrichment of phos-
phate at the bottom of the water column or in pore water solutions,
they do not address how calcium phosphate eventually precipitates
to form phosphorites.

Most ancient phosphorites, especially Precambrian phospho-
rites, retain a granular sedimentary fabric (Nelson et al., 2010;
Soudry and Southgate, 1989; Ye et al., 1989; Zhao, 1985). The ori-
gin of phosphate granules is generally attributed to reworking of
pre-existing phosphatic sediments. Although some granular phos-
phorites exhibit some features indicating formation in agitated,
environments above wave base, a number of features are not eas-
ily explained merely by reworking. These include the frequently
observed co-occurrence of “high-energy o6ids” and “low-energy-
indicating” mud matrix (Dahanayake and Krumbein, 1986; Horton
et al., 1980; Riggs, 1979) along with evidence for in situ formation
(Soudry and Southgate, 1989). It is clear that the underlying mech-
anisms in the formation of granular phosphorites requires more
investigation.

In this work, we examined the petrography of a suite of granular
phosphorites collected from the Doushantuo Formation in Yichang,
South China. Microfossiliferous samples were selected for further
insitu micro-analyses of petrographic fabrics, mineral structure and
geochemistry. Our new data shed light on the underlying diagenetic
processes of granular phosphorite formation and on the crucial
roles of cyanobacterial EPS in granule formation and phosphate
precipitation. This, in turn, allows us to propose a new biogeo-
chemical model for phosphogenesis that addresses the formation
of the Doushantuo granular phosphorites and might be applicable
to other marine phosphorites.

2. Geological setting and samples

The Doushantuo Fm is a carbonate-black shale-phosphorite
sequence that is widespread in South China with patchy outcrops
covering the entire Yangtze Block for more than 1,620,000 km?
(Jiang et al., 2011). It is underlain by diamictites of the Nantuo Fm,
which represents the sedimentary record equivalent to the Mari-
noan snowball Earth glaciation, and is overlain by carbonates of the
Dengying Fm. The Doushantuo Fm is important because it contains
exceptionally well-preserved fossil evidence for putative earliest
animal embryos (e.g., Xiao et al., 1998). It is also economically
important because of the discovery of major phosphate deposits
that account for 51% of the total phosphorus reserves in China
according to an early estimate (Ye et al., 1989). Paleogeographic
reconstructions show that the vast proportion of the Doushantuo
Fm in the Yangtze platform was deposited on a rimmed carbonate
shelf with a shelf margin-shoal complex that restricted the shelf
lagoon from the open ocean (Fig. 1a). The distribution of phosphate
deposits in South China does not correspond to the general pale-
ogeographic regime, but rather are controlled by local uplifts and
depressions (Ye et al., 1989).

Although there are considerable lateral variations in strati-
graphic thickness (from 40 m to 300 m), the Doushantuo Fm is

generally described in terms of four lithologically-defined mem-
bers (Fig. 1c). Regional stratigraphic correlations are made on the
basis of two distinctive marker beds, the cap carbonate at the base
(mem. ) and the organic-rich black shale at the top of the formation
(mem.IV)(Jiangetal.,2011; McFaddenetal.,2008; Zhu etal.,2007).
Zircon U-Pb TIMS ages of three ash layers were obtained from
the Yangtze Gorges area (Condon et al., 2005), one within the cap
carbonate itself (635.2 +0.6 Ma), another 9 m above (632.5+0.5
Ma), and the third just below the Doushantuo/Dengying boundary
(551.1 £ 0.7 Ma). SHRIMP U-Pb dating of zircons from another ash
layer in mem. Il in the Zhangcunping section 65 km north of Yichang
City yielded an age of 614.04+7.6 Ma (Liu et al., 2009). Two Re-Os
ages of 598 +16 Ma (Kendall et al., 2009) and 5934+ 17 Ma (Zhu
et al., 2013) have been reported from black shale of Member IV at
Jiulongwan. Collectively, these data place the Doushantuo Forma-
tion entirely within the Ediacaran Period and specifically between
635 and 542 Ma.

We focus on the lower part of mem. II of the Doushantuo Fm in
the Taopinghe phosphorus mine (GPS coordinates: 31°16'29.9”N,
111°16'30.8”E), ~65 km north of Yichang, which contains major
phosphate deposits (Fig. 1b). As is shown in Fig. 1c, the phosphorus-
bearing sequence begins with repeated shale-phosphorite cycles
and evolves upward into phosphorites with minor dolostones
and eventually into thick-bedded dolostones without phosphorite.
Among the three main phosphorus-bearing horizons (Ph1?!, Ph12
and Ph13, Fig. 1c), only the upper one (Ph13), which is around 6
meters thick and contains P,05 up to 35wt%, is currently under
mining. The samples studied here were mainly collected from out-
crops and mining tunnels of Ph13 in the Taopinghe mining area.

3. Methods
3.1. Optical microscopy

Petrographic studies were performed on polished thin sections
with an Olympus BX51 petrographic microscope fitted with dry 4 x,
10x, 40x, and 100x long working-distance objectives. The images
obtained with the microscope were captured with an Olympus
UC50 CCD camera.

3.2. Raman microspectroscopy

Confocal laser Raman microspectroscopy was performed at
Boston College using a WiTec alpha 300R system equipped with
a 532 nm laser with output power maintained at ~5mW. Raman
hyperspectral scans were performed under a 100 x objective
(N.A.=0.9) with a 50 um diameter optic fiber and collected
on a Peltier-cooled EMCCD detector. Spatial resolution was
~360 nm/pixel and spectral resolution was ~4cm~!. Individual
spectra shown in this work represent averages of selected regions
with similar spectral characteristics. Hyperspectral images were
generated by mapping peak intensity from spectral datasets and
include information on both chemical composition and textures
(Bernard et al., 2008). The analyses were performed at least 0.5
below the thin section surface, therefore ruling out potential
artifacts induced by polishing or surface contamination (Papineau
et al., 2010; Pasteris, 1989).

3.3. Scanning electron microscopy

Scanning electron microscopy (SEM) was carried out at the
class 1000 cleanroom at Boston College using a JEOL JSM7001F
field-emission SEM equipped with an energy dispersive X-ray
spectrometer (EDS) and back-scattered electron (BSE) detector.
Accelerating voltage was 2.5kV for SEI mode and 7.5kV for BSE
mode during imaging and EDS analysis. Freshly broken chips of
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samples were cleaned with ultrasonication, rinsed with DI water,
and dried in air. Samples were analyzed without surface coating.

3.4. Focused ion beam milling and lift-out

Focused ion beam (FIB) milling and lift-out were performed
with a JEOL JIB 4500 MultiBeam system in the class 1000 clean-
room for microfabrication at Boston College. Targets 3-7 um below
the surface of thin sections were thoroughly characterized by
transmitted light microscopy and Raman microspectroscopy and
located by SEM imaging. A 15 x 1 wm protective tungsten shield
was deposited using W(CO)s gas exposed to the Ga* beam on the
surface of the gold-coated target prior to milling. A focused 30 keV
Ga* primary beam was then used to sputter away material from
both sides of the deposited tungsten mask, leaving a ~1 um thick
vertical section approximately 12 x 12 pwm in size. The bottom and
sides of the section were then cut by the Ga* beam, leaving only
small parts on the top of both sides connected to the thin section.
A tungsten micro-needle controlled by a Kleindiek Nanotechnik
micromanipulator system, was moved toward the sample, welded
with W onto the FIB foil using W(CO)g. The remaining tabs on the
section were cut, freeing the membrane from the sample matrix.
The micromanipulator was then used to move the foil to a Cu TEM
half grid, where the foil was finally welded with W and the connec-
tion with the needle cut. Final thinning was done by sputtering on
both sides of the section to achieve a thickness of 100-150 nm. Dur-
ing this phase, care was taken to progressively reduce the Ga* beam
current from 5nA to less than 50 pA, which yields FIB foils with
uniform surfaces (Wirth, 2009; Zega et al., 2007) and with minimal
Ga* implantation in the foil. The last thinning step was specifically
performed during a new session, before which a>15 min oxygen
plasma cleaning, with an XEI Scientific Evactron system, minimized
the amount of organic volatiles in the sample chamber.

3.5. Transmission electron microscopy

The FIB foil (TP0901S_.09) was analyzed using a JEOL-2010F
transmission electron microscope (TEM) operating at a voltage
potential of 200 keV in the physics department at Boston College.
High-resolution TEM imaging was used to visualize the morphology
of nanoscale apatite crystals and organic matter and their spatial
relationships within possible microfossils. Mineral compositions
were determined spot by spot with an IN2-cooled EDS detector
attached to the sample chamber. The Cu half-grid was inserted
directly into the TEM without a conductive coating.

3.6. NanoSIMS elemental mapping

NanoSIMS studies were conducted on two FIB foils and a pol-
ished and carefully cleaned thin section of the phosphorite to
document the biogenicity of the carbonaceous matter and their
surrounding groundmass (Oehler et al., 2009, 2010). Prior to anal-
ysis, the thin section was repolished using 0.3 pm cerium oxide
in D.I. water to minimize surface contamination by organic mat-
ter and then repeatedly rinsed with D.I. water. Elemental maps
were obtained with the Cameca NanoSIMS 50L ion microprobe at
the Carnegie Institution of Washington. Analyses were performed
with a 16 kV, 2 pA, ~150 nm !37Cs* primary beam under ultra-high
vacuum between 2 x 1072 and 2 x 1010 torr. The instrument was

tuned for a mass resolving power sufficient to resolve '2C!'H- from
13C- and 12C1“N- from 13C,~.

Elemental maps were generated with the NanoSIMS by ras-
tering the beam on the sample with simultaneous detection of
negative secondary ions 12C-, 12C1H-, 12C14N-, 160, 31p- and
325~ on electron-multiplier detectors. Secondary ion counts rel-
ative to 12C- represent first-order estimates for comparisons of
elemental abundance between different targets. These estimates
are only semi-quantitative and only in terms of secondary ion
counts because a suitable phosphorite standard with homogeneous
H, O, N, P, and S abundances (needed to normalize actual atomic
abundances of these elements) was unavailable. Therefore, we cau-
tion that estimates of relative secondary ion counts do not reflect
actual atomic ratios because different atoms and molecules have
different ionization efficiency during sputtering.

Prior to analysis, the samples were pre-sputtered on a slightly
larger area than the imaging target for 10 cycles with a defocused
primary beam (~5 min at 100 pA for FIB foils and ~10 min at 1 nA for
targets in thin sections) to eliminate possible surface contaminants
and to implant Cs* for enhanced negative secondary ion emission.
Measurements of 50-60 cycles (15-35 min total) were conducted
to ensure secondary ion beam stability and achieve stable count
rates. Generally only the last 20 cycles, after the count rates were
stable and had reached a plateau, were used for data analysis.
Imaged areas were from 15um x 15 wm to 25 pm x 25 pm. Ele-
mental maps of 12C, 12C1H, 12C14N, 160, 31P and 32S were generated
with the L'image software package (L.R. Nittler, Carnegie Institution
of Washington).

4. Results
4.1. Texture and mineralogy

The Taopinghe phosphorites are mostly banded rocks and
are characterized by repeated 2-10 mm-thick bands (Fig. 2a and
b), representing sedimentary cycles. The dominant lithology is
granular phosphorite composed of densely packed, sand-sized
granules (Fig. 2c). Fine laminae or massive (homogeneous) lay-
ers are occasionally present in between granular bands (Fig. 2d).
These non-granular layers are structureless or show faint, sub-
parallel lamination, and rarely contain microfossils. Subangular to
subrounded detrital quartz grains and rock fragments are locally
present in some samples. In the upper part of the sequence, where
phosphorite often occur along with dolostone, carbonatization of
phosphate granules and cement is often observed (white matrix in
Fig. 2b).

4.1.1. The granules

The granules are generally elliptical with variable sizes although
elongated or irregular shapes are also present (Fig. 2¢). Statistics of
grain sizes of 450 granules from four thin sections yielded major
axes ranging between 150 wm and 900 wm and minor axes from
100 wm to 700 wm, with most falling in the size range of medium
sand. The granules are typically brownish and “dirty” and appear
to be isotropic or cryptocrystalline (Fig. 2c).

A primary feature of the phosphatic granules is their oncoid-
like zoning (Fig. 2c, e and f). Intra-granular zoning includes both
asymmetric (Fig. 2e) and concentric patterns (Fig. 2f) typically dis-
played as two to five zones. Fig. 2e shows a granule that features
asymmetrical non-isopachous zoning. Microfossils are observed in

Fig. 1. Geological maps and stratigraphic columns: (a) a proposed paleogeographic map of the Yangtze Block during the early Ediacaran Period (modified after Jiang et al.,
2011), showing major phosphate deposits in the Doushantuo Formation (Ye et al., 1989). Inset shows major blocks in China, (b) simplified geological map of the study area.
(c) Generalized stratigraphic column of the Doushantuo Formation in Jiulongwan (Xiao et al., 2012) and exposed section in Taopinghe showing sampled layers (this study).
Ph1', Ph12 and Ph13 refer to the three major phosphorus-bearing beds in the Taopinghe mining area. Radiometric ages are from Condon et al. (2005) and Liu et al. (2009).
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Fig. 2. Structures and microstructures of the Doushantuo phosphorites: (a) slab of phosphorite displaying banded structure bound by brownish yellow laminae, (b) banded
phosphorite showing partial replacement by carbonate mineral (white patches), (c)-(u) photomicrographs of the phosphorites (transmitted light, plane polarized: (e)-(j),
(0)=(s), (u) and the upper figure of (c); transmitted light, crossed nicols: (d), (k)-(m), (t) and the lower figure of (c); reflected light: (n)), (c) granular phosphorite showing
concentric or asymmetric zoning and isotropic features, (d) local occurrence of non-granular layers (arrows) and detrital quartz and lithic fragments, (e) an asymmetrically-
zoned granule, note the sinuous filament (arrows) crosscutting the zones, (f) a concentrically-zoned granule and interstitial hematites (arrows), (g) granule containing
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almost every granule, including populations of coccoidal (Fig. 2g
and h) and filamentous (Fig. 2i and j) cyanobacteria-like microfos-
sils (She et al., in preparation). In Fig. 2e, a sinuous tubular filament
extends outwards from the innermost part of the granule, cross-
cutting boundary zones. In many cases, microfossils are closely
associated with the intra-granular zoning (Fig. 2g,iandj). In Fig. 2g,
the granule is dominated by a large population of more than 1000
coccoidal microfossils, each of which is about 8 pum in diameter
(Fig. 2h and inset). Fig. 2i and j show a granule with a brownish core
surrounded by filamentous microfossils. The core consists largely of
coccoidal microfossils ~5 pm in diameter, most of which possess
a submicron-sized black central “spot” (Fig. 2j, white arrows). In
the filamentous film, tubular filaments 2-3 pwm in diameter are
mostly oriented tangentially to the surface of the core as shown by
the observed transverse and longitudinal sections although some
radially-oriented ones are also present (Fig. 2j, black arrows).

4.1.2. The cements

Two generations of cements are observed in the Doushantuo
phosphorites. The first generation is micro-laminated isopac-
hous or botryoidal apatite (IA) which rims granules composed of
submicron-sized apatite (SA) (Fig. 2k and I). Rims of adjacent gran-
ules often have the same thickness and number of laminae. These
microcrystalline cements show undulatory extinction and typically
range in thickness from 15 wm to 40 wm. A second generation of
cement consists of mosaic quartz which occupies interstitial spaces
(Fig. 2k). In more diagenetically-altered samples, however, quartz
cement grew into mm-sized crystals replacing isopachous apatite
cement (Fig. 2m).

4.1.3. Other diagenetic minerals and textures

Four types of sulfidic fabrics occur in the Doushantuo phos-
phorites. The first type, associated with microfossils, consists of
anhedral grains which have directly replaced both the envelopes
and internal degraded structures of the organic remains (Fig. 2n).
A second type occurs as rare discontinuous laminae of submicron-
sized particles in the isopachous cement (Fig. 20). The third type
is present in interstitial spaces as euhedral to subhedral grains.
They can occur as single crystals, clusters or chains, and can be
locally quite abundant (Fig. 2p). In many samples, iron oxides or
hydroxides are present. Some of these still preserve a core of sul-
fide, although all of them probably represent the later oxidative
replacement of diagenetic sulfides. The last type of sulfide fabric
includes ambient inclusion trails (Wacey et al., 2008) which show
the migration of sulfide grains or their oxidized pseudomorphs
(Fig. 2g-s). In Fig. 2q, longitudinal striations can be seen behind
a euhedral pyrite grain which migrated from phosphatic matrix
toward a granule. Fig. 2r and s show a ~350-pm long and ~20-
pm wide trail terminating with a hexagonal hematite (limonite?)
crystal of same diameter as the trail. The trail, itself, appears to con-
sist of two segments whose overall path parallels the contour of the
granule (Fig. 2r).

Carbonate minerals occur in the upper part of the phosphorite
sequence where banded phosphorites are intercalated with car-
bonates. In Fig. 2m, carbonate minerals have partially replaced both
quartz and apatite cements, in addition to phosphatic granules.

In some cases, they have completely erased the primary miner-
alogy and textures. Clear euhedral to subhedral feldspars are also
observed as clusters or single crystals within the granules (Fig. 2t).
The feldspars are 10-50 pm in length and show first-order gray
to white interference colors. They have the typical crystal habit of
feldspars although no twining was observed.

Early diagenetic compaction appears to have changed the shape
of the some granules. This can be seen in Fig. 2u, where a detrital
quartz grain indents a phosphatic granule, which appears to have
been incompletely lithified at the time.

4.2. Ultrastructures revealed by SEM

SEM studies of freshly broken surfaces of the granular phospho-
rites revealed distinct features of granules and cement (Fig. 3a-e).
Granules themselves are composed primarily of randomly-oriented
apatite nano-crystals with some rosette-like fabrics occurring
locally. Most of the crystals are elongated prisms with widths of
~50nm and lengths of 150-500 nm (Fig. 3b). Cements between
the phosphate granules, however, are characterized by the radially-
oriented, elongated prisms with widths ranging from 100 to 150 nm
and lengths up to 1 wm (Fig. 3c). These are consistent with undu-
latory extinction observed under the optical microscope. Apatite
crystals with similar textures also occur as botryoids on the sur-
face of coated granules or in interstitial pores (Fig. 3d and e). They
are occasionally observed in interstitial spaces but never in the
interior of the granules. In the BSE image of one granule (Fig. 3f),
micron-sized euhedral albite grains, embedded in apatite ground-
mass, are observed, consistent with microscopic observations. EDS
analyses show that the bright phase in the cracks in Fig. 3d is barite
(Fig. 3g), whereas the feldspars in the granule (Fig. 3f) are nearly
pure albites without detectable calcium or potassium (Fig. 3h).
Detection of carbon and fluorine in the apatite cement (Fig. 3i) indi-
cate that carbonate fluorapatite, the dominant mineral of typical
marine phosphorites, characterizes the mineralogy of the Doushan-
tuo phosphate.

4.3. Raman microspectroscopic documentation of composition
and textures

Raman microspectroscopic analyses revealed disseminated CM
in both the phosphate groundmass and microfossil-like structures.
The granules are largely composed of apatite although diffuse
particulate CM is also present in most areas as indicated by hyper-
spectral images and D- and G- bands in the Raman spectra (Fig. 4
a, b and i). The CM-rich areas appear to correspond to the browner
zones in the transmitted light image but a one to one compari-
son is not evident. Relatively well-preserved microfossils (Fig. 4c)
often display carbonaceous vesicles with strong D-band and G-
band intensities (Fig. 4d and i). Submicrometer-sized CM particles
are ubiquitous throughout the apatite groundmass within the gran-
ules (Fig. 4b, d and f). In the isopachous cements that rim the
granules, however, CM is almost undetectable (Fig. 4d and f).

Raman spectra of CM in the phosphorites are characterized by
broad D-band (disordered CM) and G-band (graphitic CM) with
similar intensities. D-bands are nearly symmetric and centered
between 1340 and 1362cm~! (average 1350 cm~!) with widths

abundant coccoidal microfossils, (h) enlarged view of the coccoidal microfossils in (g), (i) a concentrically-zoned elliptical granule displaying a yellowish core colonized by
filaments, (j) enlarged view of the filamentous microfossils in (i) showing black particles inside coccoids (white arrows) and tangentially- and radially-oriented filaments
(black arrows), (k) isopachous apatite cement (IA) rimming submicron-sized apatite granules (SA) and interstitial quartz cement (qtz), (1) fine laminae in IA, (m) granules
(SA) cemented by mm-sized quartz cement (qtz) which, in turn, was replaced by sparry carbonate (carb), note the corrosion and replacement of SA by carbonate minerals
(arrows), (n) pyritized coccoidal microfossils, inset showing enlarged view under transmitted light, (0) IA containing concentric opaque laminae (arrows), (p) interstitial
pyrite cluster, (q)-(s) ambient inclusion trials (AITs): (q) An euhedral pyrite migrated into a granule, note the tailing; (r)-(s) an ambient inclusion trial in the margin of a
granule, showing a “head” of hematite (limonite?) followed by a curved trail with a visible length of ~350 wm, (t) a cluster of feldspars in the core of an asymmetrically-zoned
granule and (u) a granule indented by a detrital quartz (arrow). (For interpretation of reference to color in this figure legend, the reader is referred to the web version of this

article.)
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Fig. 3. Secondary electron images (SEI) (a)-(e), backscattered electron image (BSE) (f), and EDS spectra (g)-(i): (a) Phosphatic granule (SA) with a isopachous apatite rim
(IA), squares show the locations of magnified views in (b) and (c), (b) randomly oriented submicron-sized apatite crystals (SA), (c) prismatic apatite crystals (IA) oriented
perpendicularly to the surface of granule, (d) apatite botryoids grown on pore surface, (e) magnified view of a phosphatic botryoid, (f) euhedral albites embedded in apatite
groundmass. EDS spectra: (g) the bright phase (barite) in (d); (h) feldspar in (f); and (i) botryoidal apatite cement in (d).

(FWHM, full width at half maximum) ranging from 77cm-! to
135cm~! (Table 1). For most analyses, D-bands are noisy and
sometimes multifurcate into a few unidentified peaks, whereas G-
bands are generally asymmetric and inclined to the low-frequency
side (Fig. 4i). The centers of the G-bands vary between 1588 cm™!
and 1622 cm™!, with an average at 1605cm~!. The band widths
(FWHMs) are 45 to 89 cm~1, smaller than those of the D-bands.

For the apatite groundmass within the granules, Raman spectra
are characterized by a sharp apatite peak at ~965 cm~! and ubiqui-
tously associated D-bands and G-bands of finely disseminated CM
with relatively low intensities (Fig. 4i), consistent with the Raman
hyperspectral images (Fig. 4b, d, f and h). These, together with the
brownish color of the granules observed under polarized transmit-
ted light, confirmed the ubiquitous presence of finely disseminated
CM within all phosphate granules.

In some cases, submicron-sized pyrite grains form discontin-
uous opaque laminae within the granule cements (Fig. 4e and
f). Replacement of microfossils by pyrite is common and can be
observed in Fig. 4g and h. The presence of pyrite associated with
the septate filament is demonstrated by Raman peaks at ~345 cm™!
and ~380cm™! (Fig. 4i).

The degree of graphitic order is indicated by Raman spec-
tral parameters which record peak metamorphic conditions and
remain unaffected by retrogression; the temperature of CM has
been calibrated against metamorphic mineral assemblages in
metasediments (Beyssac et al., 2002; Lahfid et al., 2010). Using
the Lahfid equations derived for low-grade metasediments, we
calculated the peak metamorphic temperatures of the CM in the
Doushantuo samples. Temperatures calculated by both equations
agree well for the same analysis, but shows large variations for
different analyses and define a broad range between 217 °C and

360°C. These are slightly higher than the estimation of a maxi-
mum burial depth of 4 km (Bristow et al., 2009; Jiang et al., 2006)
for the whole Doushantuo Fm which is generally considered as
unmetamorphosed but roughly constrains the upper limit of ther-
mal evolution of the formation.

4.4. Occurrence and associations of CM and apatite within
microfossils documented by FIB-TEM studies

A FIB foil (TP0901S_09) extracted in situ from a colony of coc-
coidal microfossils (Fig. 5a) in thin section was studied using TEM
and EDS to reveal the processes of mineralization and preserva-
tion of microfossils. The FIB foil is 10 wm x 10 wm in dimension
(Fig. 5b) and locally electron-transparent (Fig. 5¢). Imaging of the
foil revealed a complex internal ultrastructure of the microfossils
(Fig. 5d, e and f) now composed of apatite and CM (Fig. 5g). Electron-
dense apatite nano-crystals occur in two types. In the first type,
elongated acicular apatite crystals about 70-90 nm wide are radi-
ally aligned and form densely-packed clusters that are ~1.5 um
apart (Fig. 5d and f). Comparisons of optical microscopic and Raman
hyperspectral images suggest that they are probably filling the
internal spaces of dehydrated cells. The second type of apatite,
with variable sizes from ~500 nm to ~100 nm, tends to occur as
individual crystals in electron-lucent groundmass (Fig. 5d). Most
of the type 2 crystals are located in between the vesicles of the
coccoids and have hexagonal shape (basal section) that indicate
a different crystallographic orientation, compared to the type 1
apatite (Fig. 5d and f). The electron-lucent areas between apatite
crystal clusters, however, exhibit somewhat amorphous, globular
ultrastructure (Fig. 5e). The globules (vesicles) range in diameter
from 20 to 80 nm and are enclosed by electron-dense envelopes
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Fig. 4. Representative Raman images and average spectra: (a), (c), (e) and (g) transmitted light images of targets for Raman imaging, (b), (d), (f) and (h) Raman hyperspectral
images of apatite (turquoise), CM (red), quartz (blue), pyrite (yellow) and poor Raman signal (black) for the marked areas in (a), (c), (e) and (g), respectively and (i) average

Raman spectra of CM, apatite and pyrite of various occurrences.

about 3 nm thick. EDS analyses document that they are composed
of carbon (Fig. 5g), which corresponds to the CM shown in Raman
images (Fig. 5a). This globular ultrastructure appears similar to that
reported by Bernard et al. (2007), as characterizing the outer wall
of fossil lycophytes megaspores, and probably represents degraded
original cell walls in this case.

4.5. Elemental composition and distribution in microfabricated
microfossils

NanoSIMS chemical imaging was conducted on two FIB foils,
TP0901S_09 and TP0901S_12b, as well as on the thin section from
which the FIB foils were extracted. TP0901S_12b was extracted
within a granule containing abundant filamentous microfossils
(Fig. 6a). The dark filaments visible on the secondary electron image
represent segments of the microfossils. Compositional maps show
a generally uniform presence of 160, 31P and 32S throughout the
FIB foil, although the slightly beveled geometry of the foil yields a

secondary ion gradient across the images (Fig. 6a and b). Notably,
at the upper center of the foil (Fig. 6a), a small zone containing both
12C and 1N is observed, which is consistent with the presence of
kerogenous material associated with the filamentous microfossils
that are clearly visible on the secondary electron image. Moreover,
two small hotspots are present on the 32S map at the same area.
The!2C'H map, compared with the 60 and 3!P maps, also showed
the presence of trace amount of carbon closely intermixed with
phosphatic groundmass (carbonate fluorapatite).

The FIB foil TP0901S.09 was rethinned after TEM analysis
as it was only locally electron-transparent (Fig. 5c) and this
caused partial damage of the foil (Fig. 6b). NanoSIMS elemental
maps (Fig. 6b) show the ubiquitous presence of 160 and 3P, as
expected for apatite, but also of 32S, which suggests the presence
of phosphate-associated sulfate. Although the cause of unusually
high ion yields for 12C-, 12CTH- and '2C!%N- is uncertain, the par-
allel variations of C and CN are evident. Moreover, there appears
to be a one-to-one correspondence of carbon and nitrogen with
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To of thin section

Fig. 5. TEM images and EDS spectra of a FIB foil (TP0901S.09) extracted from thin section TP0901S: (a) Raman hyperspectral image of a colony of coccoidal microfossils
(color codes same as Fig. 4), the yellow line shows the target for focused ion beam (FIB) milling. (b) FIB foil TP0901S_09 (SEI), (c) transmitted electron microscopic (TEM)
image of the foil, dashed square shows the location of (d), (d) mosaic of TEM images showing electron-dense apatite crystals and electron-lucent areas, (e) electron-lucent
area consisting of carbonaceous globules, (f) Radially-oriented acicular apatite nanocrystals (type 1) and basal section of a larger apatite crystal (type 2) and (g) EDS spectra
of carbonaceous nanoglobule (upper) and apatite crystal (lower). (For interpretation of reference to color in this figure legend, the reader is referred to the web version of

this article.)

the cellular structure shown in the secondary electron image (the
lower corner). The localized linear charged zones on the 12C and
12C1H chemical images are likely due to geometric artifacts from
the micro-fabrication.

Elemental maps of a spheroidal microfossil (Fig. 6¢) in thin sec-
tion TP0901S revealed the presence of remnant organic matter
associated with cell structure. On the 12C and '2C'H maps, discon-
tinuous clots are observed, roughly corresponding to the CM-rich
areas on the transmitted light image (darker) and the reflected

light image (brighter). The cell structure is best observed in the
12C14N map, which reveals a low intensity, thin organic-rich zone
corresponding to the cell boundary. The correlation between the
elemental maps and the transmitted and reflected light images
rules out significant surface contamination. The heterogeneous dis-
tribution of 160 reflects the topography of the sample surface. 3P
appears to be inversely correlated with carbon (and associated
H and N), which is consistent with the wane and wax relation-
ship between organic matter and phosphate groundmass. The
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Fig. 6. NanoSIMS elemental maps (of '2C, 12C'H, 160, 12C!4N, 3'P and 32S) for FIB foils TP0901S_12b (a) and TP0901S_09 (b) and thin section TP0901S (c). Photomicrographs
(TL: transmitted light, RL: reflected light) and secondary electron images (SEI) show the context of the targets. For (a) and (b), the lines on the TL images indicate the location
where the FIB foils were extracted. Note the filaments (white arrows) on the secondary electron image of (a). Color bars on the maps indicate relative intensity of NanoSIMS

response.
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Table 1

selected Raman spectral data of CM of various occurrences in four thin sections of the Doushantuo phosphorites.

T2

G intensity D/G (intensity) T12

G+D2 band area D intensity

D-band area

D-band FWHM

D-band
position
1342.5

G-band

FWHM

G-band
position
1592.1

Depth of

Description of target

Sample

scan (pm)

0.8

260
324
296
307
294
297
360

268
322
300
309
299
301
348

1.07
1.03
0.96
0.97
1.05
1.00
0.99

121

162

129

2945
2105
1205

4236
3639
1932

106.5

1354

116.6
8

81.8

TP0901S  Cell wall of coccoids

166

81.1 13534

1598.3

Cell wall of coccoids

87
28

83
27

75.1 1352.7

45

1613.1

Cell wall of coccoids

407
1493
2407

672
2381

8.9

1357.1

2

1615.6

CM in apatite groundmass

Sheath of a filament

99
182
630

104
183
624

1356.8 1145
120.8
132.8

80.1

1609.2

3870
1018

89.0 1360.3

1589.6

1.5

Sheath of a filament

539

78.0 1351.2

1592.7

Cell wall of coccoids

217
332
258

224
328
266

0.94
1.03
1.00

518
224
460

488

2717

3388

95.9

77.3 1361.2

1605.4

Colonial coccoids

TP0901

229
462

2933
3625

5176
5185

1348.5 111.0
102.3

79.4

1589.1

CM in apatite groundmass

CM in feldspar

76.8 1346.7

1607.2

247

255
237
301
291

0.99
0.95
1.01
0.96
0.95

352

349

1448
1220

2000
1588

0.1
9.6
1.9

13424 9
8
9

75.1

1609.4

Cell wall of coccoids

TP0902

229
297

136
315

130
317
327

73.7 13403

1609.9

CM in apatite groundmass
CM coating on cement
Sheath of a filament

450
1799
8013

723
2797
11,862

55.6 13449

1612.6

1.5
10
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286
269

340
952

1346.7 108.3
110.6

72.6

1605.4

276

906

71.9 13413

1594.5

1.5

Cell wall of globular microfossils

334
324

329
322

1.12
1.05

69
68

77
71

916
922

1624
1595

5.4
7.4

8
7

45.2 1352.5

1620.8

0.5

CM in microfossil

TP0906

44.6 1355.7

1621.7

1.5

CM layer in cement

2 T1 and T2 are temperatures calculated using the equations proposed for low-grade metasediments by Lahfid et al. (2010).

apparent correlation of 32S and '2C hot spots, however, suggests
the sulfur detected here is associated directly with the CM, con-
sistent with the commonly observed pyritization of microfossils.
The dispersed 32S in the apatite groundmass, however, might rep-
resent phosphate-associated sulfate that is in trace amount but
ubiquitous. The heterogeneous distribution of 160 and overall low
intensity of 32S are likely due to sample surface topography. This,
compared with Figs. 6a and b, demonstrate the power of FIB-based
micro-fabrication to achieve smooth sample surface.

Overall, the close correspondence of Cand N distributions within
the carbonaceous structures imaged by optical microscopy, Raman
spectroscopy, and SEM lend strong support to the biological origin
of these structures.

5. Discussion
5.1. Formation of the granules by accretionary growth

At the present time, there is no consensus on the origin of
granular phosphorite, although several models have been pro-
posed: (1) reworking of previous phosphate deposits (e.g., Follmi,
1996); (2) in situ formation within microbial mats (Dahanayake
and Krumbein, 1986); (3) vadose transformation of microbially
constructed mudstone phosphorite (e.g., Soudry and Southgate,
1989); (4) in situ diagenetic mineralization driven by changes in
pore-water redox potential (e.g., Pufahl and Grimm, 2003); (5)
replacement of biogenic grains (e.g., Birch, 1980; Manheim et al.,
1980); and (6) abiogenic accretionary (i.e., 06id-forming) processes
whereby apatite is precipitated onto the surface of a nucleus in
water saturated or supersaturated with respect to calcium phos-
phate (Swett and Crowder, 1982; Zhao, 1989). None of these
previous models provides a satisfactory explanation of the char-
acteristics of the Doushantuo phosphorites studied here.

The primary sedimentary nature of the Doushantuo granules is
clearly reflected in their concentrically zoned fabric. Such zonation
is inconsistent with simple disruption, reworking and transport of
partially lithified muds. The small crystal size of apatite in individ-
ual granules combined with the absence of relict carbonate mineral
grains argue against formation by replacement of carbonate pre-
cursors. Sedimentological evidence for high energy environments
(such as ripple marks, cross-beds, and other detrital fabrics) is gen-
erally lacking in these deposits. Some reworking of some of the
granules is apparent, however, indicating a hydrologic regime that
was capable of moving these grains within the sediment. The gran-
ules are cemented by isopachous apatite and interstitial quartz,
neither of which exhibits fabrics indicative of the former presence
of microbial mats. Absence of a single exotic nucleus in most gran-
ules and the generally small but variable grain sizes argue against
an odid-like origin. Similarly, the Doushantuo granules cannot be
explained by vadose transformation either because of the distinct
textures and the fact that no convincing evidence of subaerial
exposure for all the granular phosphorites is observed. Pufahl and
Grimm (2003) ascribed all Phanerozoic coated phosphate grains to
either unconformity-bounded (UB) or redox-aggraded (RA) grains
based on a study of granular phosphorites from differing ages and
locations. The Doushantuo granules, however, do not fit in either
of these categories because they have oncoid-like microstructures
and show no evidence of graded redox shifts in their internal min-
eralogy.

We thus interpret the Doushantuo granular phosphorites were
formed by microbially-mediated accretionary growth. Populations
of different coccoids and filaments, of undisputed biological origin
as documented by optical microscopy, Raman microspectroscopy,
SEM, TEM and NanoSIMS, are abundant and distributed through-
out many of the granules. Some granules show colonization of
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filaments around a core of degraded coccoids (Fig. 2i and j), whereas
others consist of large populations of coccoids that constitute the
majority of granules (Fig. 2g and h); both of which suggest a genetic
link between the microfossils and the granules. The character-
istic zonation reflects compositional variations, such as contents
of CM (Fig. 4b), and represents primary growth laminae. Some
asymmetrically-zoned granules contain abundant oriented fila-
ments, which points to in situ benthic growth on the seafloor from
a microbial phosphatic ooze.

Overall, these observations are consistent with the idea that
granule growth was a primary environmental or very early dia-
genetic feature associated with microbial growth and production
of excess extracellular polymeric substances (EPS). We propose a
new model in which EPS served as a primary substrate that defined
the laminated character of the zoned granules. These laminae, or
zones, were in some cases re-colonized, leading to differences seen
in their biological composition. In studies of wastewater treatment,
the formation and stabilization of biogranules by microorganisms
and associated EPS has been widely documented (Liu et al., 2004;
Sheng et al., 2006). The internal structures of the Doushantuo
granules and their close association with microfossils are simi-
lar to the zoned accretionary structures documented in extant
microbial sludge flocs (Sheng et al., 2006), which supports our
bio-accretionary model. Subsequent mineralization during early
diagenesis in such phosphate-rich benthic settings allowed for
the formation of cryptocrystalline apatite within granules and the
subsequent rim growth and cementation to form fully lithified
phosphorites.

5.2. Role of microorganisms and EPS in the precipitation of
calcium phosphate

Biological involvement in phosphogenesis has previously been
thought of as an intermediate process that transported phospho-
rus from the photic zone to the seafloor or released phosphorus
from organic matter to ambient water (e.g., Papineau, 2010).
Southgate (1986) noted that filamentous microorganisms pro-
moted the precipitation of phosphate by providing both a source
of phosphate to the pore water and a substrate on which phos-
phate preferentially nucleates. Cyanobacteria and associated EPS, in
particular, are able to promote precipitation of carbonate minerals
through the bacterially-influenced precipitation of CaCO3 within
Cyanobacterial EPS (Obst et al., 2009). Riding (2006) showed that
photoautotrophs may cause a localized increase of pH, which in
turn can trigger precipitation of carbonate. Adsorptive proper-
ties of EPS have been well documented, especially in terms of
biosorption of pollutants and toxic ions (Beech and Cheung, 1995;
Loaéc et al., 1997). EPS which possesses abundant anionic car-
boxyl and hydroxyl groups can provide binding sites for metals
and can chelate seed particles that act as nuclei for carbonate
precipitation (Jimenez-Lopez et al., 2011; Knorre and Krumbein,
2000). The fibrous nature of EPS has been observed to form retic-
ulate patterns that match the lattice geometry of hexagonal to
trigonal crystallographic systems (Sanz-Montero et al., 2008). Con-
sequently, EPS is expected to have the potential to actively control
the precipitation of apatite. In fact, biological removal of phos-
phorus has been widely used in wastewater treatment. Previous
workers have attributed the removal of phosphorus to the actions of
polyphosphate-accumulating organisms (PAOS), which can uptake
phosphorus from activated sludge much more efficiently than their
metabolic demand (Mino et al., 1998). The role of EPS in phospho-
rus removal may account for half of all phosphorus removed from
activated sludge (Cloete and Oosthuizen, 2001; Liu et al., 2006). We
propose that similar processes were responsible for the phospha-
tization of the Doushantuo granules.

Textures and ultrastructures of the phosphatic granules are
consistent with biologically-mediated precipitation of calcium
phosphate. Random orientation and small sizes of the apatite crys-
tals in the granules are consistent with the rapid precipitation
within zones of EPS, providing numerous nucleation sites, but
simultaneously, limiting the space available for the growth of larger
apatite crystals. In contrast, cements nucleated outside the EPS-rich
granules formed larger isopachous and botryoidal textures growing
into EPS-free space. Finely disseminated CM, which is ubiquitous
throughout the granules as documented by Raman microspec-
troscopy, likely represents remains of the degraded EPS. This CM
is generally absent in cements, which is consistent with our EPS
model because cement is precipitated during later diagenesis from
pore water solutions. Microorganisms, in addition to the EPS, also
effectively controlled precipitation of phosphate within their cells.
This is suggested by the TEM ultrastructures of different types of
apatite nano-crystals that are closely associated with cellular mor-
phology, consistent with the observation of calcium phosphate
precipitated by cultivated bacteria (Benzerara et al., 2004).

Our model (Fig. 7) emphasizes the role of cyanobacteria EPS in
the formation of phosphorite because cyanobacteria dominate the
Doushantuo assemblage (She et al., in preparation). In the shallow-
marine photic zone with high nutrient availability, actively dividing
cyanobacterial cells produce copious amounts of EPS. This leads
to the agglomeration of cells and detrital particles during gran-
ule formation. At the water-sediment interface where phosphorus
availability is high, rapid precipitation of calcium phosphate within
the granules is promoted by chemical gradients created by the
microbes and abundant nucleation sites provided by EPS in the col-
lective microbial glycocalyx. During intermittent nutrient-limited
periods, microbial activity is much lower and finely-laminated
phosphorites are formed by slow deposition and subsequent phos-
phatization of tiny released polymeric substances (RPS) (Fig. 7).

5.3. Microbial sulfate reduction

Sulfur-bearing phases are common in phosphorites and asso-
ciated rocks (Arning et al., 2009; Benmore et al., 1983). In this
regard, the activity of sulfur-metabolizing microorganisms has
been invoked as the major cause of the release of phosphorus
and subsequent formation of phosphorites (Bailey et al., 2007; e.g.,
Schulz and Schulz, 2005). Benmore et al. (Benmore et al., 1983)
reported sulfur isotopes of structurally-bound sulfate in phos-
phorite, which suggested phosphorite formation both within the
sulfate-reducing zone and between the sulfate-reducing and over-
lying oxic conditions. Based on S isotopic systematics of sulfides and
biomarkers, Arning et al. (2009) proposed that combined activities
of sulfate-reducing bacteria and sulfide-oxidizing bacteria played
important roles in the formation of phosphatic laminites.

In the Doushantuo samples, numerous occurrences of sul-
fides were observed, including pyrite associated with microfossils,
microcrystalline pyrite laminae in isopachous cement, largely
oxidized euhedral pyrite clusters filling interstitial spaces, and AIT-
forming pyrites. The presence of pyritized microfossils suggests
that the first generation of microbial sulfate reduction (MSR) might
have occurred before obturation of the post-mortem microorgan-
isms by complete phosphatization. This is consistent with the
observation that many microfossils are more or less degraded even
though they are embedded in the phosphatic groundmass that were
barely affected by recrystallization. The ubiquitous presence of sul-
fur in the phosphorite granules and its close correspondence to
phosphate, as documented by the NanoSIMS elemental mapping,
suggest that the sulfur is present as structurally-bound sulfate that
is derived from seawater (Nathan and Nielsen, 1980; Shen et al.,
1998; Shields et al., 1999). This sulfate, along with the microorgan-
isms and EPS, likely provided reactant for the early sulfate reduction
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Fig. 7. A model envisaging the formation of the Doushantuo granular phosphorites.

within the granules probably during syngenesis while phosphati-
zation was still in progress.

Occurrence of fine pyrite laminae in the isopachous cement
around the granules points to a second generation of MSR, which
is followed by the latest generation of MSR that produced the
interstitial and AIT-forming sulfides. Although various hypotheses
have been proposed to explain the formation of AITs (Knoll and
Barghoorn, 1974; Lepot et al., 2009, 2011; McLoughlin et al., 2010;
Tyler and Barghoorn, 1963; Wacey et al., 2008), all these models
require a low permeability to allow pressure to build up locally or
concentrate organic acids formed by decomposition at the tip of a
growing micropit. This seems unlikely for a granular rock because
it often contains many interstitial pores. However, with the pres-
ence of intercalated massive or finely-laminated sub-micron sized

phosphatic layers presumably formed by released polymeric sub-
stances (RPS) during intermittent periods of cyanobacterial blooms
(Fig. 7), it is possible to locally achieve the low permeability
required for AIT formation.

It should be noted, however, that a major role of MSR in the
phosphatization of the granules is not favored for the Doushan-
tuo samples as most sulfides clearly postdate the formation of the
phosphatic granules. Moreover, most of the observed microfossils
share many features with cyanobacteria rather than S-metabolizing
species (She et al., in preparation), consistent with a dominant role
of cyanobacteria and their EPS in phosphate mineralization. Forma-
tion of sulfides has mainly taken place in anoxic pore waters during
burial diagenesis, which generated clusters of euhedral sulfides in
interstitial space.
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5.4. Other diagenetic processes

Other diagenetic processes include compaction, pressure disso-
lution, quartz cementation and albitization. Textures indicative of
compaction and pressure solution of the granules are frequently
observed. Dissolution of the granules might have delivered phos-
phate, sulfate and organic matter into pore water solutions, which
likely assisted subsequent formation of the isopachous cement and
the continuation of microbial sulfate reduction. This might also
have facilitated the formation of AITs by decreasing the perme-
ability of the granular rock. As the latest generation of cement,
interstitial quartz attests to significant changes in later pore water
chemistry as supersaturation of silica is most easily reached under
acidic conditions rather than nearly neutral or slightly alkaline
conditions required for apatite and carbonate precipitation. Silica
precipitation probably occurred at depth following later burial dia-
genesis. Replacement of quartz and apatite cement by carbonate
minerals, which is observed in many samples, is probably related
to later influx of carbonate-rich fluids. This is consistent with the
macroscopic change seen in field outcrops of the Doushantuo sedi-
mentary sequence from interbedded phosphorites and black shales
to the carbonate-phosphorite assemblage along with the subse-
quent demise of phosphorite deposition. During late diagenesis
or modern exposure, oxidation of the rock led to partial or com-
plete conversion of sulfides into iron oxides and sulfates that likely
escaped in solution.

As a minor mineral phase, euhedral albite occasionally occurs
as either cluster or individual crystals in the phosphatic granules.
Their euhedral shape and chemical purity (high Ab component)
point to an authigenic origin (Kastner and Siever, 1979). Authigenic
albite has been reported from carbonate rocks (Kastner and Siever,
1979; Rais et al., 2008; Spotl et al., 1999) and interpreted to be
formed by paleobrine-carbonate reactions in deep-burial and incip-
ient metamorphic settings (Spotl et al., 1999). Albitization of the
Doushantuo phosphorites probably happened under similar con-
ditions, but their close association with the phosphatic granules
suggest that diagenetic changes of the phosphate and entrained
mineral particles might have provided the required sodium, silica
and aluminum.

6. Summary and implications

The Doushantuo phosphorites in Yichang are dominated by
granular phosphorite. The granules are composed of submicron-
sized apatite and generally display concentric to asymmetric
zoning, defined, in part, by the presence of microfossils. Sulfides
can be associated with microfossils, and they are also present in
isopachous cement and can fill interstitial spaces. The granules are
coated by isopachous apatite, which represents the first genera-
tion of early diagenetic cement. SEM observations showed that
the granules are largely composed of randomly-oriented apatite
nano-crystals, whereas the cement is characterized by radially ori-
entated prismatic apatite. Backscattered electron images revealed
the presence of numerous nanometer-sized carbonaceous parti-
cles, which are closely associated with the apatite nano-crystals.
Raman microspectroscopic studies confirmed the preservation of
highly disordered organic matter in microfossils and the systematic
presence of disseminated CM in granules. Estimated metamor-
phic temperatures are consistent with those of lower greenschist
facies metamorphism. TEM observations of a FIB foil documented
two types of electron-dense apatite nano-crystals with one filling
the internal space of cells and the other occurring as individual
crystalsin electron-lucent carbonaceous nano-globules interpreted
to be the degraded remains of original cell walls. NanoSIMS ele-
mental mapping of selected targets in FIB foils and thin sections

revealed the presence of '2C- and “N- bearing kerogenous mate-
rial associated with the microfossils and trace amounts of carbon
throughout the phosphatic granules. Sulfur is also observed as
closely associated with phosphorus and oxygen and is interpreted
as phosphate-associated sulfate in the phosphatic granules.

We propose a new model of a microbially-mediated nucleation
and precipitation to explain the formation of the Doushantuo gran-
ular phosphorites. The abundance of microfossils and their close
association with phosphatic granules document the importance
of microbial activity granule formation. Extracellular polymeric
substances (EPS), in particular, are crucial both for granule for-
mation and early onset of phosphatization. The concentric and
asymmetric zonings of granules are interpreted to have formed
by accretionary growth, which occurred as microorganisms and
other particles were aggregated by EPS. This happened both in the
water column and on the sea floor. Rapid precipitation of calcium
phosphate within granules is demonstrated by the random orienta-
tion and small size of the apatite crystals in the granules. Biogenic
mucopolysaccharides might thus have provided both nucleation
sites and constrained space for apatite crystallization. The presence
of ubiquitous CM disseminated throughout the phosphatic granules
is interpreted to represent the remains of the degraded polymeric
substances, a feature that is missing from the surrounding cement.

The role of microorganisms in the precipitation of the Doushan-
tuo phosphates is also suggested by TEM observation of the close
association of different types of apatite nano-crystals with pre-
served cellular structure. This implies that initiation of phosphate
crystallization was primary in the sense that it began prior to
the complete decay and degradation of these microbes. This is in
contrast to previously suggested links between microbial sulfate
reduction/sulfide oxidation and the precipitation of phosphate, as
most sulfide minerals postdate the bulk of phosphatization.

The combined use of multiple micro-analytical techniques for
the petrographic characterization of texture, fabric and compo-
sitions of these rocks helps to both constrain and characterize
the biological and geochemical processes involved in the origin
and early diagenesis of granular phosphorite. In particular, corre-
lated micro-analysis of phosphatic granules and microfossils using
Raman microspectroscopy, SEM, FIB-TEM and NanoSIMS presents
a powerful approach that can be used in future studies of various
biomineralization processes and nanobiogeochemistry.
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