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WHAT LURKS IN THE MARTIAN ROCKS AND SOIL? INVESTIGATIONS OF SULFATES, PHOSPHATES, AND PERCHLORATES
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ABSTRACT

The biological cycling of phosphorus on Earth could be as early as the origin of life in early Ar-
chean. However, because of the low abundance and fine particle size, phosphate related to microbial
ecophysiological activities in early sedimentary rocks, especially those deposited before the Great
Oxidation Event (GOE, ca. 2.45-2.32 Ma), is still poorly addressed. It is not until recently that certain
petrographic and mineralogical features of apatite in the early Precambrian sedimentary rocks were
found related to microbial activities. In this study, we report high-resolution electron microscopic in-
vestigations on apatite from the Neoarchean to early Paleoproterozoic banded iron formations (BIFs),
Mesoproterozoic to Lower Cambrian black shale and phosphorites, and Pliocene sediments. Apatite
in BIFs occurs as 4-8 pum radial flowers with “petals” made of apatite rods. Their mineralogical and
petrologic features are highly similar to those in the younger sedimentary rocks in which biomass have
been confirmed to play an important role in the mineralization of phosphate. We suggest that these sedi-
mentary rocks or sediments have experienced similar phosphogenetic processes mediated by biomass
that led to the mineralization of phosphorus. The formation and preservation of phosphate (apatite)
with conspicuous recognizable features in association with biological activities from Late Archean to
Pliocene implies its universal significance in recording microbial processes through deep geological
evolution. With mild dynamic processes, the martian (sub)surface has better preservation conditions
than Earth, and the micro-structure of phosphate formed in environments mediated by microorganisms
could be recognized by high-resolution observations on the surface of Mars or returned samples, if
microbial life ever developed on Mars.
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INTRODUCTION

As early Mars could be habitable (e.g., Sleep 2010), martian
life, if it ever existed, should be similar to microorganisms
on Earth during early evolution (Rothschild 1990; Nisbet and
Sleep 2001). The complicated mineral evolution on Earth with
its co-evolving biosphere (Hazen et al. 2008, 2011) could be a
reference to searching for evidence of life on Mars. Banded iron
formations (BIF) that only deposited in the first half of life history
on Earth (~3800 to 1800 Ma, with a short reappearance in Neo-
proterozoic era) bear records of intertwined evolution of Earth’s
early biosphere and geosphere. In view of rare corroborative
microbial fossils (e.g., Schopf 1993, 2012; Brasier et al. 2002),
controversial carbon isotopic records (Mojzsis et al. 1996; Van
Zuilen et al. 2002; Lepland et al. 2002, 2005) and problematic
lipid biomarkers in Archean sedimentary rocks (Brocks et al.
1999; Rasmussen et al. 2008; Brocks 2011), minerals in BIFs
indicative of the existence of biological activities were consid-
ered as alternative proxies to trace the activity of early life on
Earth (Li et al. 2011, 2013), and even life on Mars (e.g., Walter
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and Des Marais 1993; Horneck 2000).

Phosphorus (appearing as phosphate) is a common component
in BIFs (e.g., Morris 1993; Bekker et al. 2010). Previous studies
on phosphate in BIFs have focused on its petrology and geochem-
istry (e.g., Trendall and Blockley 1970; Morris 1973; Lepland
et al. 2002, 2005; Nutman and Friend 2006). For example,
Trendall and Blockley (1970) reported that the concentration of
phosphorus in BIF from Dales Gorge was much higher than that
in the rest of BIFs in Hamersley (0.03—0.16%), Western Aus-
tralia; Morris (1973) and Pecoits et al. (2009) found phosphate
in the Dales Gorge BIF occurring as semi-continuous layers or
grains of ~10-120 pm under optical microscopes. However,
the mineralogical habits of phosphate in BIFs, especially those
related to biological activities, are still poorly understood due
to its very low abundance and fine particle size (Li et al. 2011).

The ecosystems before the Great Oxidation Event (GOE,
2450-2320 Ma) were dominated by unicellular anaerobes of
much lower primary productivities than those in the modern
ocean (e.g., Bjerrum and Canfield 2002). Phosphatization of
those unicellular organisms was not as significant as that of ani-
mal tissues or other multi-cellular life-forms that did not emerge
until the Neoproterozoic era (Cook and Shergold 1984; Schulz
and Schulz 2005; Bailey et al. 2007; Yin et al. 2007; Xiao and
Schiffbauer 2008). With the advant of Ediacarian biota at ca.
635-542 Ma and the Cambrian Explosion at ca. 530-520 Ma,
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Earth’s biosphere entered an era with an unprecedented flourish
of multi-cellular organisms and early animals (e.g., Bowring et al.
1993). Decayed animal tissues (e.g., Xiao et al. 1998; Zhang et
al. 1998; Xiao and Knoll 2000; Yin et al. 2007), as well as other
multi-cellular biomass (e.g., Schulz and Schulz 2005; Bailey
et al. 2007) in the further oxidized geochemical environments
(Canfield et al. 2007), favored the mineralization of phosphate
and led to large-scale phosphorite deposits. Phosphates in these
phosphorites with special structures and morphologies in associa-
tion with microbial activities could thus be considered as a model
for a better understanding of microbial phosphatization prior
to GOE. Li et al. (2013) reported micrometer-sized flower-like
apatite from both BIFs and Lower Cambrian phosphorite, and
suggested that those apatite flowers with high similarities expe-
rienced similar biologically mediated phosphatization processes.
However, more observations are needed to substantiate this
hypothesis. In this study, we report similar apatite nanocrystals
and micrometer-scale flower structures from 11 samples aged
from 2728 to 3.6 Ma (Fig. 1; Table 1) to support that flower-
like apatite in BIFs were precipitated with microbial mediation.
Furthermore, the preservation of these apatite structures through
such a deep geological time suggests that phosphates with similar
structures could also be well preserved in martian sedimentary
rocks, if life ever existed on Mars.
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SAMPLES
Pliocene sediment (3.6 Ma)

This sample was collected from the lower part of Kunlun
Formation, Kunlun Pass area of northern Tibetan Plateau, China.
With a magnetostratigraphic age of ~3.6 Ma (Song et al. 2005),
the sediments deposited in a basin with extreme climatic and
topographic conditions, such as desert, cold meadow, or steppe
environments (Wang et al. 2008), and have not yet been subjected
to lithification or metamorphism. Abundant animal fossils, such
as fishes and gastropods, were identified in Kunlun Pass sedi-
ments (e.g., Wang et al. 2008).

Great Oxidation Event
(ca. 2450~2320Ma)

2480 Ma 2460 Ma 242 Ma
w

w535Ma

27:3 Ma y 632Ma y 590 Ma

2500 Ma Cambrian explosion

Old?csat.s;;t;l(')nhant:)hte (ca. 530~520 Ma)
v 1368 Ma 3G Ma
\3 Archean Proterozoic anero‘:z>
4560 Ma 2500 Ma 542 Ma
Origin of Earth Ppe’:eant

FIGURE 1. Studied samples (marked by triangles) on the timeline of Earth.

TABLE 1. Summary of mineralogical features of the apatite flowers from the Neoarchean to Pliocene geological records
Samples Age (Ma)  Flower features Grain features Deposition Postdepositional Evidence of
In flower centers Out of flowers environment history biological activities
Pliocene 36 - - 60 + 35 nm (length) - None disgenesis Abundant fossils,
sediment 35+ 10 nm (width); or metamorphisms such as fishes and
(Kunlun Pass rounded to elliptic gastropos, were
sediments) identified (e.g.,
Wang et al. 2006)
Niutitang cherty 535 - - 150+30 nmin continental shelf Disgenesis Abundant fossils,
phosphorite diameter; margin with deep such as acritarch,
polyhedron-like water and low- algae, sponge and
tidal energy small animals, were
identified (e.g.,
Steiner et al. 2005;
Zhang et al. 2008)
Niutitang 535 4-20 um, with 100-300 nm; 100-300 nm; submarine Disgenesis Abundant fossils
phosphate “petals” of porous rounded, elliptic rounded, elliptic discontinuity were examined in
nodule apatite rods, which or polyhedron to polyhedron-like surfaces in the hosting black
were coated by hemipelagic shale (Steiner et al.
apatite thin environments 2001); alternating
apatite films microlayers of
organics and fabric
phosphate, which
was interpreted as
phosphate
replacement of
originally calcified
organisms
Niutitang 535 3-8 um, with 100-200 nm 100-300 nm; redox interface Disgenesis 1. Abundant fossils,
phosphorite? “petals” have porous in diameter polyhedron-like of upwelling zone such as acritarch,
structures and (Lietal.2013) algae, sponge and

rough surfaces

small animals, were
identified (e.g.,
Steiner et al. 2005;
Zhang et al. 2008)
2. Fossil moleculars
of cyanobacteria
were detected both
by GC-MS and laser
Raman spectroscope
(Li etal. 2013)

(Continued on next page)
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Neoproterozoic to Lower Cambrian phosphorite,
phosphate and chert nodules (632535 Ma)

Neoproterozoic to early Cambrian is an important interval
in which Earth experienced the amalgamation and breakup of
Rodinia supercontinent (e.g., Hoffman 1992; Unrug 1997), the
subsequent climate disaster of Snowball Earth (e.g., Hoffman
et al. 1998) and the flourish of multi-cellular organisms (But-
terfield 2007). These processes collectively led to the deposition
of large-scale phosphorite deposits with economic importance
(Papineau 2010). Six samples collected from phosphorite or
related sedimentary rocks deposited in this period were used in
this study (Fig. 1; Table 1).

Three samples (one cherty phosphorite, one phosphate
nodule embedded in black shale, and one phosphorite thin
layer imbedded in black shale) are from Niutitang Formation,
Guizhou province of southwestern China, which unconform-
ably overlies Dengying Formation and is overlain by Mingx-
inshi Formation. The Niutitang Formation has an age of ~535
Ma determined by Re-Os isochron method (Jiang et al. 2007),

TABLE 1.—CONTINUED
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and bears abundant fossils of acritarch, algae, sponge, and
small animals (e.g., Steiner et al. 2005; Zhang et al. 2008).
The Niutitang Biota is slightly older than the well-known
Chengjiang Fauna (525 Ma, Hou et al. 2004). The fourth sample
is from the Neoproterozoic phosphorite deposit intercalated
with carbonate layers from the upper sequence of Doushantuo
Formation in Kaiyang, Guizhou, China. The phosphorite has
a Lu-Hf and Pb-Pb age of ca. 590 Ma (Barfod et al. 2002).
Phosphatic stromatolites were reported in the phosphorite (Zhu
and Wang 1984; Zhang et al. 1998). The other two samples (one
cherty nodule embedded in dolomite and one phosphorite thin
layer interlayered in black shale) are from the lower sequence
of Doushantuo Formation in Yangtze Gorges area of South
China, with a U-Pb age of 632 Ma (Condon et al. 2005). The
Doushantuo Formation disconformably overlies Nantuo Tillite
and is conformably overlain by Dengying carbonates (Xiao
et al. 1998). There are abundant prokaryotic and eukaryotic
microfossils and stromatolites preserved in the Doushantuo
Formation (Zhu and Wang 1984; Xiao et al. 1998; Zhang et

Samples Age (Ma)  Flower features Grain features Deposition Postdepositional Evidence of
In flower centers Out of flowers environment history biological activities
Kaiyang 590 3-7 um; the 50+£30nm 50+£30nm in a shelf environment Disgenesis Stromatollite (e.g.,
phosphorite “petals” of apatite in diameter; in diameter; characterized by Zhu and Wang 1984;
radial rods are much regular shapes regular shapes mixing of Zhang et al. 1998).
more straighter upwelling deep water
than that of the and water masses
“flowers”in the affected by the
above samples adjacent continent
weathering
(Barfod et al. 2002)
Yangtze Gorges 632 - 50-150 nm; peritidal to Disgenesis prokaryotes,
cherty nodule round, elliptic, subtidal marine protists, three-
polyhedron-like environments dimensionally well
(Zhang et al. 1998; preserved spinose
Maliva et al. 2005) acritarchs fossils,
abundant
unornamented
spheriodal specimens
of either colonial
coccoid cells or
individual epheroidal
vesicles, and even
multicellular animals
init(Zhang et al.
1998; Xiao 2004;
Yangtze Gorges 632 3-9 um; some of 50-150 nm; 50-150 nm; relatively deep Disgenesis phosphatized fossils
phosphorite the flowers have round, elliptic, round, elliptic, intrashelf basin (e.g., Yin et al. 2004);
“petals” of straight porous  polyhedron-like polyhedron-like biogenic 3*S values
apatite rods while some of coexisting sulfides
have “petals” of radial (Lietal. 1999)
clusters of connected
apatite grains, which
were coated by thin films
Xiamaling 1368 3-8 um; the “petals” 50-150 nm; 50-150 nm; marine environment Disgenesis rich in organic matters,
black shale had straight boundaries, round, elliptic round, elliptic with high productivity especially the
porous structures of benthos (Xie et al. 2013) biomakers of red algae;
and rough surfaces tetrasporangia of red
algae (e.g, Zhangetal.
2007; Xie et al. 2013)
Late Archeanto  2460-  4-8 um;the“petals” 100-1000 nm; closely 60+35nmin Diagenesis and
Neoproterozoic 2728 are apatite rods connectedtothe  lengthand 30+5nm greenschist to
BIFs® without porous “petals”and in width; rounded amphibolite facies
structures or appear to elliptic; only metamorphisms
coating films unobviously in Dales Gorge BIF

Note: Dash = none; GC-MS = gas chromatography-mass spectrometry.
2Samples reported in our previous studies.
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» FIGURE 2. SEM images of
apatite from Lower Cambrian to
Pliocene sedimentary records. (a)
Fine-grained apatite crystals and
coexisting porous calcite in the
Pliocene sediments, inset is the
magnified SEM image of the fine-
grained apatite from the Pliocene
Sediments. (b) Fine-grained apatite
crystals and coexisting chert (quartz)
from Niutitang cherty phosphorite.
(¢) Flower-like apatite in Niutitang
phosphate nodules. The petals are
made of apatite rods and centers are
made of aggregated fine-grained
apatite cemented by phosphatic
matrix. Inset shows the magnified
image of one flower center. (d)
Flower-like apatite from Niutitang
phosphorite. The flower petals made
of apatite rods have porous structures
and rough surfaces. Apt = apatite; Cc
= calcite; Q = quartz. Scale bars of the
insets in a, b, ¢, and d are: 100 nm, 1
um, 2 um, and 400 nm.

al. 1998; Yin et al. 2004, 2007). Globular microfossils with
outer coverings and cell division were also discovered in the
phosphorite layers (e.g., Xiao et al. 1998; Zhang et al. 1998).

Mesoproterozoic black shale (1368 Ma)

The Mesoproterozoic black shale was collected from the Xia-
maling Formation, Xiahuayuan, North China, with a SHRIMP
zircon age of 1368 Ma (Gao et al. 2008). The black shale was
proposed to be an archive of early red algae because abundant
legible tetrasporangia and biomarkers of red algae were identified
(Zhang et al. 2007; Xie et al. 2013).

Late Archean to Paleoproterozoic banded iron formations
(2728-2460 Ma)

The Late Archean to early Paleoproterozoic is a special period
during which the Earth’s biosphere, atmosphere and geosphere
experienced profound changes (e.g., Barley et al. 2005; Camp-
bell and Allen 2008; Bekker et al. 2010). Three BIF samples
were chosen for this study (Table 1). The youngest BIF is from
a drilling core (Simondium-3) of Kuruman Iron Formation,
Transvaal Group, North Cape Province, South Africa, with a
SHRIMP U-Pb zircon age of 2460 Ma (Pickard 2003). It has
undergone low-degree metamorphisms with a peak metamorphic
temperature lower than 170 °C (Miyano and Beukes 1984). The
second BIF sample is from the Dales Gorge Member of Brock-
man Iron Formation, Hamersley Group, Western Australia, with
an age of 2480 Ma (Pickard 2002). The Dales Gorge Member
was subjected to metamorphic temperatures between 60 and
160 °C (Gole 1980). The oldest BIF sample in this study is
from the 2728 Ma chert-jasper-magnetite facies embedded in
the uppermost section of Hunter Mine Group in Abitibi, Canada,
which experienced greenschist grade metamorphism (Powell et
al. 1995; Mueller and Mortensen 2002).
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INSTRUMENTS AND METHODS

All samples were polished to a surface with a roughness <2 um before a
thin layer was peeled off to reveal a fresh surface for immediate observation and
in situ chemical analysis. Hitachi S4800 scanning electron microscope (SEM)
equipped with energy-dispersive X-ray spectroscopy (EDS) was operated at low
voltage (5 kV) for high-resolution morphologic characterization and high voltage
(20 kV) for chemical analysis by EDS. Areas containing abundant apatite were
selected for further characterization of morphology by scanning transmission
electron microscope (STEM) and crystal structural analysis by selected-area
electron diffraction (SAED). The selected samples were ground and loaded on
copper grids with carbon-coated Formvar. The STEM-SAED analyses were
conducted on FEI Tecnai G2 20 S-TWIN STEM (operated at 200 kV) equipped
with SAED and EDS.

RESULTS
Scanning electron microscopic (SEM) characterizations

Pliocene sediments (3.6 Ma Kunlun Pass sediments). In
the Pliocene sediments, apatite nanocrystals with lengths of 60 +
35 nm and widths of 35 £ 10 nm were observed (Fig. 2a). Under
SEM, the apatite crystals were rounded to elliptic and tended to
aggregate. No fluorine or chlorine was detected in these apatite
grains by EDS. Porous carbonate (calcite) and well crystallized
pyrite of ~500 nm were observed coexisting with the apatite.
As apatite has extremely low abundance and small particle
size, further assessment on its relation to coexisting minerals
was not possible.

Niutitang cherty phosphorite (535 Ma). The Niutitang cherty
phosphorite mainly consisted of quartz, clay minerals (e.g., kaolin-
ite), and phosphate. Organic blocks were common in this cherty
phosphorite. Apatite in this sample occurred as polyhedral fine
grains of 100200 nm, coexisting with euhedral quartz crystals or
massive chert (Fig. 2b). Compared with the apatite nanocrystals
from the Kunlun Pass sediment, apatite crystals in this sample
were slightly larger and showed relatively more regular shapes.

Niutitang phosphate nodules (535 Ma). The Niutitang phos-



phate nodules were of a few centimeters in size and embedded in
black shale layers rich in organics and fossils (Steiner et al. 2001).
In these nodules, apatite flower structures sized from 4 to 20 pm
were observed. The flower “petals” appeared as apatite rods with
inconspicuous but discernable straight boundaries and porous sur-
faces, while the centers were made of several 100-300 nm apatite
grains with rounded to elliptic, or polyhedral shapes (Fig. 2c). The
“petals” were in generally radiated from the “center” and tightly
compacted together. By contrast, the fine grains in the centers
were randomly oriented and cemented by phosphatic matrix. In
the vicinity of flowers, the same apatite nanocrystals were also
observed coexisting with quartz, clay minerals (e.g., illite), pyrite,
carbonate, and occasionally barite. In the nodules, organic grains
and alternating microlayers of organics and fabric apatite, which
were interpreted as phosphatization products of the originally
calcified organisms (Zhang et al. 1998) were frequently observed.
Niutitang phosphorite (535 Ma). Abundant apatite flowers
were observed coexisting with amorphous silica, clay miner-
als, and gypsum in Niutitang phosphorite. Similar to previous
observations (Li et al. 2013), the flowers were in the range of
3-8 um in diameter, with “petals” composed of apatite rods and
“centers” made of finer apatite crystals (Fig. 2d). The apatite rods
had porous structures and rough surfaces. The ultrafine apatite
crystals in the flower centers were of ~100-200 nm, similar to
apatite crystals from the above-mentioned two samples from
Niutitang Formation and were slightly larger than those observed
in the Pliocene sediments from Kunlun Pass. These fine-grained
apatite crystals in the flower centers were polyhedral and the
same crystals also existed in the vicinity of apatite flowers.
Kaiyang phosphorite (590 Ma). In Kaiyang phosphorite,
apatite flowers were ubiquitously observed with features similar
to those in phosphate nodules or phosphorite from Niutitang
Formation (Fig. 3a). They were 3—7 um in diameter with “pet-
als” of apatite rods and “centers” of fine-grained apatite polyhe-
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<«4FIGURE 3. SEM images of apatite
from Mesoproterozoic to Neopaleozoic
sedimentary rocks. (a) Flower-like
apatite from Kaiyang phosphorite
with petals of straight boundaries
and smooth surfaces, inset shows the
compacted polyhedral fine-grained
apatite crystals in the flower centers.
(b) Nanoparticles of apatite from the
Yangtze Gorges cherty nodule, inset is
a magnified image of the fine-grained
apatite coexisting with euhedral quartz.
(c) Flower-like apatite from Yangtze
Gorges phosphorite, inset shows apatite
| flowers of which the petals are made of
i connected fine-grained apatite, and the
fine-grained apatite crystals coexisting
them. (d) Apatite from Xiamaling black
shale, inset shows the magnified image
of fine-grained apatite in the flower
centers. Scale bars of the insets in a,
b, ¢, and d are: 250, 500, 500, and 250
nm, respectively.

drons (inset in Fig. 3a). Compared with the apatite flowers from
Niutitang phosphatic nodules and phosphorite, the apatite rods in
Kaiyang flowers showed straighter edges, more regular shapes,
and smoother surfaces. The ultrafine apatite crystals in the flower
centers were 50 + 30 nm in diameter, similar to the apatite crystals
in Kunlun Pass sediments. In the vicinity of flowers, abundant
such fine-grained apatites were also observed coexisting with
quartz and clay minerals (e.g., kaolinite).

Yangtze Gorges cherty nodule (632 Ma). The Yangtze
Gorges cherty nodules were embedded in dolomite, in centime-
ter-size, and sometimes had a pyritic crust of ~1 mm in thickness.
Apatite flowers were not observed in these nodules. However,
apatite crystals with the same features to those in the centers of
apatite flowers in the aforementioned samples were common.
These crystals were 50-150 nm in diameter, with rounded, el-
liptic or polyhedral shapes (Fig. 3b). Pyrite framboids made of
euhedral crystals of a few hundred nanometers were frequently
found coexisting with these fine-grained apatite crystals.

Yangtze Gorges phosphorite (632 Ma). In phosphorite,
apatite flowers ranging from 3 to 9 um were observed. Some
of the flowers had “petals” with straight boundaries and
smooth surfaces (Fig. 3¢), while the others had “petals” made
of connected fine-grained apatite (inset in Fig. 3c). The apatite
crystals in the flower centers (Fig. 3¢) and those in the vicinity
of the flowers (inset in Fig. 3c) were highly similar in terms
of crystal size and morphology. They were rounded or elliptic,
ranging from 50 to 150 nm. EDS analysis revealed that the
apatite was fluorapatite. Pyrite framboids were also observed
in the same sample. Pyrite crystals in the framboids were 1-2
um, slightly larger than those in the pyrite framboids from the
Yangtze Gorges chert nodules.

Xiamaling black shale (1368 Ma). Xiamaling black shale is
an oil shale rich in organic matter (Zhang et al. 2007; Xie et al.
2013). Apatite flowers ranging from 3-8 um were observed co-
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FIGURE 4. SEM images of apatite from Neoarchean to
Paleoproterozoic BIFs. (a—b) apatite flowers from the Kuruman BIF, b
shows the polyhedral apatite particles in the flower center. (c—d) Apatite
flowers from the Dales Gorge BIF, ¢ shows flow structures of the siliceous
minerals around the apatite flowers, d shows the magnified image of the
apatite grains in the flower center in c. (e—f) Apatite flowers from the
Abitibi BIF, quartz in Abitibi BIFs shows polyhedral shapes.

existing with clay minerals and quartz (Fig. 3d). The apatite rods
making up the “petals” showed distinct and straight boundaries,
rough surfaces and porous structures. The apatite fine crystals in
the centers were rounded to elliptic with diameters in the range
of 50-150 nm. The same fine-grained apatite crystals were also
observed coexisting with clay minerals or pyrite in the vicinity
of apatite flowers (inset in Fig. 3d).

Late Archean to early Paleoproterozoic banded iron for-
mations. In both silica- and iron-rich microbands of the three
BIF samples, apatite flowers of 4 to 8 pum in diameter were
observed coexisting with hematite, magnetite, or chert (Fig. 4).
The flowers showed similar petrographic features as those in
the phosphorites, with lower abundance (Fig. 5). The “petals”
of the flowers were made of apatite rods, and the centers of the
flowers were made of small apatite crystals of ~100 nm to 1
pm, which were larger than those in the apatite flowers from
the Mesoproterozoic to Lower Cambrian sedimentary rocks, and
showed polyhedral morphology (Fig. 4). Particularly, in BIF from
Abitibi, the coexisting quartz usually appeared as polyhedrons
(Fig. 4e), and the apatite nanocrystals in the centers of the apatite
flowers were not conspicuous (Figs. 4e—4f).

Transmission electron microscopic (TEM) observation and
selected-area electron diffraction (SAED) analysis

TEM-SAED investigations were carried out to further char-
acterize and confirm the structures of these apatite crystals. For
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FIGURE 5. SEM images of the apatite flowers in larger fields of view,
showing similar petrologic features of the apatite from lower Cambrian
Niutitang phosphorite (a), Neoproterozoic Kaiyang phosphorite (b), and
Paleoproterozoic BIF (¢). The abundance of apatite flowers (circled areas)
in BIF is much lower than that in the phosphorites.

apatite crystals in the sediments from Pliocene Kunlun Pass and
Xiamaling black shale, the SAED analyses were unsuccessful
because of their low abundance and highly heterogeneous dis-
tribution. Li et al. (2013) reported that in Niutitang phosphorite,
the individual apatite rods making up the flower “petals” were
monocrystals as they showed well-defined regular spot arrays
in their SAED patterns. Li et al. (2013) also pointed out that
the apatite rods were coated by phosphatic film (apatite) made
of randomly distributed ultrafine apatite crystals, as confirmed
by the powder diffraction rings in the SAED pattern. High-
resolution TEM characterizations in this study agreed with
previous observations that the apatite rods showed homogeneous
inner structures (Figs. 6a—6b) while the apatite films showed
nano-sized domains of different lattice fringes (Figs. 6¢—6d). In
Kaiyang and Yangtze Gorges phosphorites, similar results were
also obtained (Figs. 7-8). Compared with the apatite film in
Niutitang phosphorite, the apatite film in Kaiyang phosphorite
(Figs. 7c—7d) and Yangtze Gorges phosphorite (Figs. 8c—8d)
showed relatively coarser granular textures. The lattice fringe
domains of the apatite films in these two phosphorites were
bigger than those in Niutitang phosphorite, indicating that the
former has better crystallinity than the latter.

In Dales Gorge BIF, apatite nanocrystals highly similar to
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FIGURE 6. High-resolution TEM characterization of the apatite
from Niutitang phosphorite. (a—b) lattice fringes and FFT result of the
apatite rods. The lattice fringe is homogeneous in a, and its FFT result
b shows well-defined spot arrays. (e—d) TEM images of phosphatic
films coating the apatite rods; d shows 3—5 nm domains with randomly
oriented lattice fringes.

FIGURE 7. TEM-SAED results of apatite from Kaiyang phosphorite.
(a) TEM image of the apatite rod and its SAED pattern (inset). (b) High-
resolution TEM image showing homogeneous lattice fringes of the apatite
rod in a. (¢) TEM image of the apatite film coating the rods (the granular
part surrounding the rods) and its SAED pattern (inset). The rings in the
SEAD pattern indicate that the film is an aggregate of numerous ultrafine
apatite particles. (d) High-resolution TEM image of the film in ¢, it shows
randomly oriented 3—5 nm domains of lattice fringes, confirming that
the film is made of numerous ultrafine apatite particles.
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those in the Kunlun Pass sediment in terms of size and shape
were observed only by TEM. These nanocrystals were rounded
to elliptic, with sizes of 60 + 35 nm in length and 30 £ 5 nm in
width (Fig. 9). Such apatite grains have been explained as records
of phytoplanktonic cycling of phosphorus during the deposition
of BIFs (Li et al. 2011).

DISCUSSION

The apatite flowers reported here and previously (Li et al.
2013) are distinct from the large (tens to hundreds of microm-
eters) graphite-bearing apatite grains from the 3.8 Ga Isua
Supracrustal Belt of Greenland, which were suggested to be
biogenic (Mojzsis et al. 1996) but were latterly found formed
in high-grade metamorphic zones (Lepland et al. 2002, 2005;
Nutman and Friend 2006). In contrast, crystals described in this
study are much smaller in sizes and only experienced diagenesis
or low-grade metamorphisms at the most, the Kunlun Pass
sediment has not even been subjected to lithification.

Despite the long geological evolution from Late Archean to
Pliocene, the apatite flowers observed in 8 out of the 11 samples
are highly similar in terms of morphologies, sizes and chemical
compositions. Although apatite flowers are not observed in the
other three samples (Pliocene Kunlun Pass sediments, Lower
Cambrian Niutitang cherty phosphorite, and early Ediacaran
Yangtze Gorges chert nodules), apatite nanocrystals highly
similar to those in the centers of the flower structures were
commonly observed in them. It is possible that the primary
fabric to radial phosphate structures in the cherty phosphorite

51/nm

FIGURE 8. TEM-SAED results of apatite from Yangtze Gorges
phosphorite. (a) TEM image of the apatite rod and its SAED pattern
(inset). (b) High-resolution TEM image showing homogeneous lattice
fringes of the apatite rod in a. (¢) TEM image of the apatite film coating
the rods and its SAED pattern (inset). The rings in the SEAD pattern
indicate that the film is an aggregate of numerous ultrafine apatite
particles. (d) High-resolution TEM image of the film in ¢, it shows 3-5
nm domains with randomly oriented lattice fringes, confirming that the
film is made of numerous ultrafine apatite grains.
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FIGURE 9. TEM images of the fine-grained apatite from Dales
Gorge BIF.

and chert nodules have been overprinted by in situ silicification
(Zhang et al. 1998). The apatite rods in flowers from the older
phosphorite commonly show relatively straighter boundaries
and smoother surfaces than those in the younger phosphorite,
while the apatite films coating the apatite rods in the older
phosphorite show coarser granular textures and better crystal-
linity than those in the younger phosphorite. These two parts
of apatite flowers consistently show aging-induced alterations
on textural and mineralogical features. With longer aging time,
the nanocrystals in apatite films grew bigger, and the apatite
monocrystals in “petals” developed better morphology with
more regular and smoother surfaces. In BIFs, fine-grained
apatite crystals in the flower centers are not conspicuous, both
the porous structures and the phosphatic films even disappeared.
It is probably that, due to the long diagenetic histories or low-
grade metamorphisms, the fine-grained apatite in the centers
and the apatite films have been integrated into the “petals”.
These results collectively imply that, the apatite radial flowers
probably evolved from apatite nanocrystals and amorphous
phosphatic gels, which either mineralized from biomass or
rapidly precipitated from highly supersaturated solutions (e.g.,
Schulz and Schulz 2005; Goldhammer et al. 2010).

There is a consensus that organisms were involved in phos-
phatization processes during the deposition of phosphorite. On
the one hand, the phosphorus-containing organic compounds
(e.g., phospholipids) in cells could supply phosphorus for phos-
phate precipitation (Yang and Sun 2004; Yang et al. 2011). On
the other hand, biomass of algae and animal tissue (e.g., algal
cell and acritarch vesicles) could provide abundant nucleation
sites for the heterogeneous nucleation of phosphate (Wilby et
al. 1996; Yang and Sun 2004; Xiao and Schiffbauer 2008; Yang
et al. 2011). The widely observed organic grains and organic
microlayers alternating with fabric phosphatized organisms in
Niutitang phosphatic nodules evidenced the biological activities
during phosphatization processes. The abundant phosphatized
fossils, phosphatic stromatolites, relatively high concentration
of biomarkers and biogenic &*S values of coexisting sulfides
in the phosphorites, from where the studied samples were col-
lected, are also substantial lines of evidence supporting this
point (Table 1 and references therein). The high similarity of
the apatite nanoparticles and flowers from sedimentary records
spanning ~2.7 billion-year’s evolutionary history of biosphere
indicates that they have experienced similar phosphatization
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processes (Li et al. 2013). The similarity of phosphate crystal
habits allows a better understanding of phosphatization related
to biomass before GOE by comparison. As BIFs formed before
GOE, when the biosphere was still a microbial world (Schopf
1993; Nisbet and Sleep 2001), it can be inferred that the pre-
cipitation of apatite in BIFs was mediated by microbial activi-
ties (Nisbet and Sleep 2001; Schopf 1993, 2012). However,
in the early time (before GOE), the overall oceanic primary
productivity was much lower than that of the modern ocean
(Papineau 2010), and the mineralization of marine phosphorus
was much less, resulting in rare record of phosphorite in the
sedimentary rocks.

IMPLICATIONS

The metabolism of microbial communities may lead to the
mineralization of carbonate, iron oxides, sulfide, sulfate, and
phosphorite in geological environments (e.g., Thompson and Fer-
ris 1990; Bekker et al. 2010; Papineau 2010). The deposition of
phosphorite in marine environments has been proposed to be an
unequivocal part of biological cycling of phosphorus (Papineau
2010; Li et al. 2013). In this study, we present phosphate (apatite)
with similar crystal habits and flower-like patterns preserved in
microbial-mediated sedimentary records covering almost 2.7
billion years. Their preservation through such a deep geological
time may shed some new light on searching for mineral records
of possible life on Mars.

Data from Mars missions and martian meteorites suggest
early Mars possessed both abundant surface waters and chemical
nutrients (i.e., C, H, O, N, P, and S) required for life (e.g., Clark
etal. 1976; Carr 1987; Treiman 2003; Rieder et al. 2004; Gellert
et al. 2006; Bibring et al. 2006; Ming et al. 2006; Greenwood et
al. 2008; Hausrath et al. 2008; Adcock et al. 2013), and there is
growing evidence of past habitable environments on Mars (Wil-
liams et al. 2013; Grotzinger et al. 2014). Due to the low surface
temperature (at least 50 °C lower than that on modern Earth), low
atmospheric pressure (<1% of the Earth’s surface pressure), up
to 100 times more high-energy radiation and drastic temperature
fluctuations along with wind erosion, organic substances on Mars,
if any, would have been destroyed over the past three billion
years (Weckwerth and Schidlowski 1995). In contrary, calcium
phosphate is much more resistant to environmental changes on
Mars (Weckwerth and Schidlowski 1995). In addition, the tectonic
processes of Mars have been much milder than those on Earth
through its whole evolutionary history (Harder and Christensen
1996; Schubert et al. 2000; Pirajno and Van Kranendonk 2005),
such that the martian sediments or sedimentary rocks favor the
preservation of primary geological and/or biological records
(Grotzinger et al. 2011). On Earth, oxic to suboxic aquatic envi-
ronments with high-primary productivity, such as the upwelling
zones, favor the deposition of phosphorite (e.g., Judith and Curtis
1982; Barfod et al. 2002; Goldhammer et al. 2010). The episodic
upwelling of nutrients to the photic zones of the continental shelf
supports the thriving of phytoplankton that accumulates and sinks
phosphorus to the sediments in the form of organic-phosphorus
(Goldhammer et al. 2010). The subsequent decomposition of
organics, such as the decomposition induced by sulfate-reducing
and sulfide-oxidizing bacteria (e.g., Schulz and Schulz 2005;
Bailey et al. 2007), releases phosphorus from the organics and
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results in phosphorus supersaturation and phosphate precipita-
tion (Goldhammer et al. 2010). Previous studies have shown that
ocean once existed on Mars (e.g., Baker et al. 1991). If life has
ever existed on Mars, similar phosphogenetic process should also
be recorded in phosphate mineral; particularly, the radial flower
patterns of a few micrometers in size are of great potential to be
recognized by in situ electron microscopic observations on the
fresh surface of martian sedimentary rocks.
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