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ABSTRACT

Abundant graphite particles occur in amphibolite-grade quartzite of the Archean-Paleopro-
terozoic Wutai Metamorphic Complex in the Wutaishan area of North China. Petrographic
thin section observations suggest that the graphite particles occur within and between
quartzite clasts and are heterogeneous in origin. Using HF maceration techniques, the Wutai
graphite particles were extracted for further investigation. Laser Raman spectroscopic analy-
sis of a population of extracted graphite discs indicated that they experienced a maximum
metamorphic temperature of 513 + 50°C, which is consistent with the metamorphic grade of
the host rock and supports their indigenicity. Scanning and transmission electron microscopy
revealed that the particles bear morphological features (such as hexagonal sheets of graphite
crystals) related to metamorphism and crystal growth, but a small fraction of them (graphite
discs) are characterized by a circular morphology, distinct marginal concentric folds, surficial
wrinkles, and complex nanostructures. Ion microprobe analysis of individual graphite discs
showed that their carbon isotope compositions range from —7.4%o to —35.9%0 V-PDB (Vienna
Pee Dee Belemnite), with an average of —20.3%o, which is comparable to bulk analysis of ex-
tracted carbonaceous material.

The range of their size, ultrastructures, and isotopic signatures suggests that the morphol-
ogy and geochemistry of the Wutai graphite discs were overprinted by metamorphism and
their ultimate carbon source probably had diverse origins that included abiotic processes. We
considered both biotic and abiotic origins of the carbon source and graphite disc morpholo-
gies and cannot falsify the possibility that some circular graphite discs characterized by mar-
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ginal folds and surficial wrinkles represent deflated, compressed, and subsequently graphi-
tized organic-walled vesicles. Together with reports by other authors of acanthomorphic
acritarchs from greenschist-amphibolite-grade metamorphic rocks, this study suggests that it
is worthwhile to examine carbonaceous materials preserved in highly metamorphosed rocks
for possible evidence of ancient life. Keywords: Archean—Paleoproterozoic—Acritarch—
Wutai Metamorphic Complex—Jingangku Formation—Graphite discs—Amphibolite-grade

metamorphism. Astrobiology 7, 684-704.

INTRODUCTION

WHEN ONE AssEssEs the early record of life, it
quickly becomes apparent that two distinct
and incongruent stories are evident: Proterozoic
fossils are abundant and widely accepted, but
Archean body fossils are few and controversial.
Proterozoic acritarchs (a polyphyletic group of
organic-walled vesicular microfossils) recovered
from relatively unmetamorphosed cherts and
shales provide a great deal of information about
the evolution of early cellular life (Knoll et al.,
2006). Some Proterozoic acritarchs, such as those
recovered from the ~1.5 Ga Ruyang and Roper
Groups (Xiao et al., 1997; Javaux et al., 2001, 2003),
have been interpreted to be among the earliest
representatives of eukaryotic life in the fossil
record. Paleontologists have also been able to
identify evolutionary patterns, including both
taxonomic diversity and morphological disparity
patterns, from the fossil record of Proterozoic
acritarchs (Knoll, 1994; Vidal and Moczydlowska-
Vidal, 1997; Huntley et al., 2006; Knoll et al., 2006).

In contrast, the Archean fossil record is based
upon a limited number of often controversial mi-
crofossils, biologically mediated sedimentary
structures, and isotopic biosignatures. Filamen-
tous structures from ~3.5 Ga low metamorphic
grade cherts in Australia have been interpreted
as bacterial fossils (Schopf and Packer, 1987;
Schopf, 1993; Schopf et al., 2002) or carbonaceous
structures shaped by crystal growth (Brasier et al.,
2002, 2005, 2006), though less controversial mi-
crofossils have been known from Neoarchean
rocks (Altermann and Schopf, 1995). Similarly,
stromatolitic forms have been interpreted as
structures produced by either physio-chemical
(Lowe, 1994; Grotzinger and Rothman, 1996;
Grotzinger and Knoll, 1999) or biological
processes (Hofmann et al., 1999; Allwood et al.,
2006). Even more controversial are isotopically
light graphite particles from ~3.8 Ga amphibo-
lite—-metamorphic-grade banded iron-formations

of West Greenland, which have been interpreted
as products of early biological activity (Mojzsis et
al., 1996; Rosing, 1999; Mojzsis and Harrison,
2000) or metasomatic products of siderite de-
composition under high temperature and pres-
sure (Fedo and Whitehouse, 2002; van Zuilen et
al., 2002, 2003; Lepland et al., 2005). Adding to the
controversy is laboratory demonstration that abi-
otic pathways such as siderite decomposition and
Fischer-Tropsch—-type synthesis from CO,~CH,
fluids catalyzed by iron may lead to the forma-
tion of carbonaceous compounds depleted in 1*C
(van Zuilen et al., 2002; Horita, 2005; McCollom
and Seewald, 2006). Thus, the above-mentioned
complications necessitate a great deal of caution
to be implemented and demand multiple lines of
evidence (morphological, ultrastructural, and
geochemical) to be sought during the interpreta-
tion of Archean and early Paleoproterozoic
biosignatures.

In addition to the controversies surrounding the
geobiological evidence of early life, the study of
Archean life is also limited by the predominance
of high-metamorphic-grade rocks. It is tradition-
ally accepted that high-grade metamorphism is
detrimental to morphological fossil preservation.
Accordingly, Archean microfossils with recogniz-
able biological morphologies previously have been
reported only from low-grade metacherts (Knoll
and Barghoorn, 1977; Awramik et al., 1983; Schopf
and Walter, 1983; Walsh and Lowe, 1985; Alter-
mann and Schopf, 1995). However, recent studies
of Precambrian and Phanerozoic rocks have
shown that bona fide filamentous bacteria, organic-
walled microfossils (e.g., leiospheres, acanthomor-
phic acritarchs, and chitinozoans), and possible
paraconodonts can be preserved in greenschist-
grade metamorphic rocks (Kidder and Awramik,
1990; Knoll, 1992; Molyneux, 1998), greenschist-
amphibolite—grade rocks (Squire et al., 2006; Zang,
2007), and gneisses (Hanel et al., 1999).

These recent developments prompted us to
explore highly metamorphosed rocks of the
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FIG. 1. Geological map and
sample locality. (A) Location of
Wutai Metamorphic Complex in
the Central Zone. Insets show the
North China Craton (lower left)
and the Wutai Complex sand-
wiched between the Fuping and
Hengshan  complexes  (lower
right). (B) Geological map of the
Wutai Complex. The eight forma-
tions of the Wutai Group are
coded and listed in stratigraphic
order according to Tian (1991).
Numbered dots denote sampling
sites of U-Pb radiometric dates
(Table 1).
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ARCHEAN-PALEOPROTEROZOIC GRAPHITE DISCS

Archean—early Paleoproterozoic Wutai Metamor-
phic Complex in the Wutaishan area of North
China, using a combination of light microscopy,
electron microscopy, Raman spectroscopy, and
ion microprobe techniques. The immediate goal
of this study was to characterize the morpholog-
ical, ultrastructural, and geochemical features of
the carbonaceous material recovered from the
Wutai Metamorphic Complex. Our study re-
sulted in the recovery of abundant graphite par-
ticles from amphibolite-grade quartzites of the
Wutai Metamorphic Complex in the Wutaishan
area of North China. Raman spectroscopy indi-
cated that these graphite particles are indigenous
to the host rock. Most graphite particles are ir-
regular in shape and show hexagonal broken
edges, but a distinct population of graphite par-
ticles can be characterized as circular discs with
marginal folds and surficial wrinkles. Although
the morphology of these graphite discs must
have been overprinted by fragmentation, crystal
growth, and other abiotic processes, the presence
of marginal folds and surficial wrinkles on circu-
lar discs seems to suggest that they may repre-
sent deflated, compressed, and subsequently
graphitized organic-walled vesicles. Transmis-
sion electron microscopy shows that they appear
to consist of two graphitized layers separated by
an electron-dense material trapped in between.
Isotopic analysis of bulk carbonaceous material
gave a carbon isotope value of —21.3%. V-PDB,
but ion probe analysis of individual graphite
particles gave a range of carbon isotope values
between —7.4%0 and —35.9 %0, V-PDB, with an av-
erage of —20.3%o. At the present, the morpho-
logical, ultrastructural, and geochemical evidence
for a biological origin is still equivocal, but this
study represents a first attempt to characterize
carbonaceous material from highly metamor-
phosed Archean—early Paleoproterozoic rocks us-
ing a combination of analytical tools.

GEOLOGICAL SETTING

The Wutai Metamorphic Complex is located
between the Fuping and Hengshan metamorphic
complexes, which together compose the middle
segment of the Trans-North China Orogen and
constitute the Hengshan-Wutai-Fuping moun-
tain belt. The Trans-North China Orogen is a nar-
row northeast-southwest zone, also known as the
Central Zone, which separates the eastern and
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western blocks of the North China Craton (Fig.
1A). Three different tectonic models have been
proposed for the development and evolution of
the Hengshan-Wutai-Fuping mountain belt. The
first suggests that the Fuping and Hengshan com-
plexes were part of a single continental block, and
the Wutai complex was formed in a late Archean
rift basin between the Fuping and Hengshan
complexes (Tian, 1991; Yuan and Zhang, 1993).
The second model suggests that the Hengshan-
Wutai-Fuping mountain belt represents a late
Archean continent-arc-continent collision system,
with the Hengshan and Fuping complexes corre-
sponding to two Archean continental blocks, and
the Wutai complex representing the trapped in-
termediate island arc (Bai, 1986; Li et al., 1990; Bai
et al., 1992; Wang et al., 1996). As a third model,
recent data suggest that these complexes repre-
sent a single late Archean to early Paleoprotero-
zoic magmatic arc that underwent deformation,
metamorphism, and exhumation, and was sub-
sequently incorporated into the Trans-North
China Orogen in the development of the North
China Craton (Zhao et al., 2004).

The Wutai Metamorphic Complex is a green-
stone terrane that consists of tonalitic-trond-
hjemitic-granodioritic gneisses, granitoids, mafic
to felsic volcanic rocks, and metamorphosed vol-
canic-sedimentary rocks (Polat et al., 2005). On the
basis of metamorphic facies and geological map-
ping, the volcanic-sedimentary package of the
Wutai Metamorphic Complex has been classified
as the Wutai Group (Fig. 1B), which is subdivided
into eight formations (Tian, 1991). The lower Wu-
tai Group consists mainly of amphibolite, or-
thogneiss, and metasedimentary rocks, including
banded iron-formation and quartzite metamor-
phosed to lower amphibolite facies. Petrographic
study indicates that the lower Wutai Group was
heated to a maximum temperature of 600-650°C
and buried to a maximum pressure of 10-12 kbar
(Zhao et al., 1999). The middle Wutai Group is
composed of greenschist facies tholeiites and fel-
sic volcanics. The upper Wutai Group consists of
greenschist to subgreenschist facies metasedi-
ments and metavolcanics. The Wutai Metamor-
phic Complex is unconformably overlain by the
Hutuo Group, which is comprised of subgreen-
schist facies metasediments and minor mafic
volcanics, including quartzites, slates, and meta-
basalts.

Recent geochronological data from SHRIMP
(Sensitive High Resolution Ion Microprobe) U-Pb
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zircon analyses of samples from the lower, mid-
dle, and upper subgroups of the Wutai Group
(Wilde et al., 2004a), however, suggest that these
units are roughly of similar age. For example,
Wilde et al. (2004a) reported eight SHRIMP zir-
con U-Pb ages from intermediate to felsic vol-
canic rocks of the lower, middle, and upper sub-
groups. These eight ages range from 2533 * 8 to
2513 = 8 Ma, and together they give a weighted
mean of 2523 = 3 Ma. These ages do not support
correlation between age and metamorphic grade
of the three subgroups as had been previously
suggested (Bai, 1986; Tian, 1991). Therefore, meta-
morphic grade cannot be used as a stratigraphic
indicator within the Wutai Group (Wilde et al.,
2004a), and the geochronological data cast doubt
on the superposition relationship of the units
within the Wutai Group (Bai, 1986; Tian, 1991).

Regardless of the controversy that surrounds
the stratigraphic relationship of the Wutai Group,
there is ample geochronological data to suggest
that the Wutai Complex and Hutuo Group are
Archean—early Paleoproterozoic in age (Table 1).
The Wutai Group is penetrated by gneissic gran-
itoids and granitoids that were emplaced pre-,
syn-, and post-greenstone metamorphism (Tian,
1991; Wilde et al., 2005). Extensive radiometric
dating shows three episodes of granite intrusion,
during 2560-2540 Ma, 2540-2515 Ma, and 2170-
2120 Ma; the 2540-2515 Ma granitoids were in-
terpreted as coeval with felsic volcanism in the
Wutai Complex (Wilde et al., 2005). Metavol-
canics in the Wutai Group range from 2533 * 8
Ma to 2513 = 8 Ma (Wilde et al., 2004a), which
further confirms an Archean age for the Wutai
Group. A volcanic ash from the overlying Hutuo
Group gave a SHRIMP U-Pb zircon age of 2087 =
9 Ma (Wilde et al., 2004b). Therefore, the age of
the Wutai Metamorphic Complex is conserva-
tively constrained from late Archean to early Pa-
leoproterozoic.

Our samples were collected from a 10-30 cm
thick bed of carbonaceous quartzite (Fig. 2C) in a
geological unit mapped as the Jingangku For-
mation of the Wutai Group, near the village of
Shentangpu (39°07.386'N, 113°55.223'E; Fig. 2A).
The Jingangku Formation consists of ultramafic
volcanics, amphibolite, iron-formation (Fig. 2B),
volcanogenic massive sulfide deposit, and meta-
sedimentary rocks, including micaschist, calc-sil-
icate, and quartzite (Tian, 1991; Polat et al., 2005).
The metavolcanics are interpreted as “remnants
of oceanic crust,” whereas the metasedimentary
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rocks as “stable continental margin sediments”
(Polat et al., 2005).

Some geologists (Wang et al., 2000) argue that the
geological unit mapped as the Jingangku Forma-
tion may entirely or partly belong to the Hutuo
Group. Because the Wutai Complex can interfinger
with the younger, less severely metamorphosed
Hutuo Group in the Wutaishan area (Wilde et al.,
2004b), extreme care has been taken to ensure that
our collected samples belong to the Jingangku For-
mation of the Wutai Complex. Our sampling lo-
cality is ca. 25 km northeast of the Wutai-Hutuo in-
terfingering zone (Wilde et al., 2004b). In addition,
our sample locale was in close association with am-
phibolite and banded iron-formation (Fig. 2B),
which are characteristic lithologies of the Jin-
gangku Formation of the Wutai Complex but not
characteristic of the Hutuo Group. Furthermore,
Raman geothermometery of isolated graphite and
petrographic analysis of our samples show that
they are more akin to the amphibolite-grade meta-
morphism of the Wutai Complex, but inconsistent
with the greenschist-grade metamorphism of the
Hutuo Group in eastern Wutaishan area (Tian,
1991), where our samples were collected. More im-
portantly, samples from the Jingangku Formation
near our sampling locality yielded a 2508 * 2 Ma
U-Pb age that is interpreted to date the peak meta-
morphism of the Jingangku Formation (Table 1)
(Liu et al., 1985). Pyrite from the Jingangku For-
mation also yields 3*S anomalies (Ding et al., 2004),
which are consistent with its Archean age because
33S anomalies are not known in geological samples
younger than ~2.4 Ga (Bekker et al., 2004). There-
fore, our samples likely belong to the Jingangku
Formation of the Wutai Complex, rather than to
any stratigraphic units of the overlying Hutuo
Group. Regardless, the conservative age estimate
(Archean-Paleoproterozoic) of our samples stands
even if they belong to the Hutuo Group (2087 = 9
Ma; Wilde et al., 2004b).

METHODS

Standard petrographic thin sections were made
from the Jingangku carbonaceous quartzite sam-
ples and examined under a microscope using
both plain and polarized light. In thin sections,
quartzite clasts are set in a fine-grained carbona-
ceous (primarily graphitic) matrix. Graphite par-
ticles occur in both the matrix and clasts (Fig.
3A-H), which confirms their indigenicity.
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FIG. 2. Field photographs of
sample horizon. (A) Field photo-
graph of sample locality (arrow)
near Shentangpu (39°07.386'N,
113°55.223’E). (B) Amphibolite
(rock hammer) below and weath-
ered iron-formation (arrow) above
sample horizon. (C) Close-up of
sampled unit of carbonaceous
quartzite (arrow).
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FIG. 3. Light microscopy and elemental mapping of in situ (A-G) and extracted (I-N) graphite particles. (A) An-
gular mm—cm sized clasts (black arrow) set in finer-grained carbonaceous matrix (white arrow). (B) Same as A viewed
under cross nicols. Note multiple sand- to silt-sized quartz grains in clasts. (C) Close-up of a clast surrounded by ma-
trix graphite. (D) Same as C viewed under cross nicols to show quartz grains within clast and undulose extinction
(white arrow). (E-H) Photomicrographs of clast-hosted circular to elliptical graphite discs in thin sections. Specimen
in H lies slightly oblique to the cut of the thin section, where part of the disc was polished away (black arrow). (I)
Extracted carbonaceous material, the bulk of which has irregular morphology. Note, at center of image, a circular disc
with a diameter of ~60 um. (J) SEM of uncoated specimen used for elemental maps. Carbon (K), calcium (L), oxy-
gen (M), and silicon (N) elemental maps of specimen illustrated in J.
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To extract graphite particles (20-220 um, s.d. =
31 um, n = 270; Fig. 4), ~30-50 g rock chips were
immersed in concentrated hydrochloric acid and
then 48-51% hydrofluoric acid for a week. Car-
bonaceous residue (Fig. 3I), including abundant
graphite particles, was recovered from acid mac-
eration. The carbonaceous nature of extracted
graphite particles was confirmed by elemental
mapping (Fig. 3]-N) and electron microprobe
analysis (Fig. 5). To verify the indigenicity of the
graphite particles, we used Raman spectroscopy
to estimate their peak metamorphic temperature,
following the method described in Beyssac et al.
(2002). Raman microprobe analyses were carried
out on both in situ graphite particles (eight spec-
imens within matrix, Fig. 6A-B; eight specimens
within clasts, Fig. 7A-B) and extracted, subcircu-
lar to circular graphite discs (twelve specimens,
Fig. 8A-B). Raman microprobe analysis was per-
formed on a Dilor X-Y Raman microprobe system
(Virginia Tech, 514.32 nm laser focused to a di-
ameter of <20 um under a 40X objective, laser
power 100 mW) and a JY LabRam HR800 Raman
microprobe system (Virginia Tech, 632.81 nm
laser focused to a diameter of <20 um under a
40X objective, laser power 25 mW). To test
whether the orientation of in situ graphite parti-
cles had any effect on Raman microprobe analy-
sis, Raman spectra of the same particles were col-
lected with the thin section rotated at 0°, 90°, 180°,
and 270° (Fig. 9). Background noise of Raman
spectra in Figs. 6A-B and 7A-B was reduced us-
ing the Savitzky-Golay smoothing method (6" or-
der polynomial with 40 points per sample) con-
ducted on GRAMS/ AI software.

Size distripufon of graphie discs
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FIG. 4. Size distribution of graphite discs (mean = 64
um, s.d. = 31 um, n = 270).
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FIG. 5. Electron microprobe analysis of a Jingangku
specimen. X-ray energy dispersive spectrum shows a
sharp carbon spike. Gold peak due to gold coating.

Extracted graphite particles were examined un-
der a light microscope, and circular to sub-circu-
lar graphite discs were manually removed from
carbonaceous residue for electron microscopy
analyses (Fig. 10). Scanning electron microscopy
(SEM), field emission scanning electron mi-
croscopy (FE-SEM), and transmission electron
microscopy (TEM) were performed on LEO 1550
FE-SEM (Virginia Tech), JEOL JSM 6300 (Nan-
jing), LEO 1530 VP (Nanjing), and Zeiss DSM 982
(Maryland) electron microscopes. FE-SEM ob-
servations of magnifications up to 200,000X
achieved 5 nm resolution. Electron microprobe
and elemental mapping analyses were performed
on an INCA energy dispersive X-ray spec-
troscopy system attached to an LEO 1530 VP elec-
tron microscope (Nanjing). Several specimens
were imbedded in epoxy, and then ultra thin
(~60 nm) sections were microtomed for TEM ob-
servations (JEOL JEM-1230 in Nanjing).

Carbon isotopes of bulk carbonaceous mater-
ial (i.e., acid macerates) were analyzed using a
conventional combustion method in Nanjing
(Finnigan MAT 251 mass spectrometer) and at the
University of Maryland (Micromass IsoPrime
dual-inlet gas source stable isotope mass spec-
trometer, coupled with a Eurovector elemental
analyzer). Analytical precision was better than
0.1%0 versus V-PDB. Eleven 6'3C measurements
(Table 2) were conducted on five specimens us-
ing a Cameca 6f ion microprobe (Carnegie Insti-
tution of Washington). The magnitude of instru-
mental mass fractionation (IMF) inherent to
surface ionization mass spectrometry was quan-
tified by the repeated analyses of the standard
Mao diamond (8'3C = —6.5%, IMF =529 +
0.5%o, n = 9, Table 2). The primary Cs* beam in-
tensity was 0.5 nA and was focused down to a
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in-situ Raman Microprobe (matrix graphite)
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FIG. 6. In situlaser Raman analyses of 8 matrix graphite particles. Note variation in D band. All spectra have been
baseline corrected and smoothed using the Savitzky-Golay method. (A) All spectra superimposed on each other. (B)
Individual spectra.
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in-situ Raman Microprobe (rock fragment-hosted graphite)
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FIG.7. In situlaser Raman analyses of 8 clast-hosted graphite particles. Note consistently low intensity of D band.
All spectra have been baseline corrected and smoothed using the Savitzky-Golay method. (A) All spectra superim-
posed on each other. (B) Individual spectra.
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FIG. 8. Laser Raman spectra of 12 extracted graphite discs. Note consistently low intensity of D band and simi-
larity to Raman spectra of clast-hosted graphite particles. Spectra are not baseline corrected. (A) All spectra super-
imposed on each other. (B) Individual spectra.
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in-situ Raman Microprobe
(rotation of sample STB-A)

G band (~1580 cm™1)

Relative Intensity
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2000 2400
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FIG. 9. In situ rotational analysis of a Jingangku graphite particle in thin section. Spectra were collected at 4 ori-
entations: 0°, 90°, 180°, and 270°. The relative intensity of the D and G bands does not change significantly with ro-
tation angles, although the S band shows slight variation. Spectra are not baseline corrected.

20-25 um spot, which allowed for multiple analy-
ses of the same individual specimen.

RESULTS
Petrographic analysis of the sampled Jin-

gangku carbonaceous quartzite showed strong
brecciation, with angular mm- to cm-sized rock

fragments set in finer-grained, carbonaceous ma-
trix (Fig. 3A-B). The rock fragments (or clasts)
were not elongated or preferentially oriented and
consisted of randomly oriented sand- to silt-size
quartz minerals (Fig. 3A-D), as well as minor car-
bonate minerals. Most quartz grains showed un-
dulose extinction (Fig. 3D), which indicates mod-
ification of optical axes by metamorphic stress.
The composite clasts require at least two genera-

L

FIG. 10. SEM and TEM images of Jingangku graphite discs. (A) Vial containing graphitized discs and carbona-
ceous matter extracted from 30 g rocks. Scale in cm. (B) Representative filament extracted along with graphitized
discs. (C) Circular to elliptical disc with concentric marginal folds and amorphous carbonaceous material on surface.
(D) Magnified view of arrowed area in C showing concentric marginal folds. Arrow points to plunging and tapering
fold. (E) Circular to elliptical disc similar to C with concentric marginal folds. (F) Elliptical disc with crescentic folds
in upper part and featureless graphite sheets in lower part. (G) Detail of crescentic folds in upper right margin of F.
(H) Subhedral specimen with irregular surficial wrinkles and fragmented edge (short arrows). (I) Details of surficial
wrinkles in lower right of H. (J) Lower right edge (rotated) of H, illustrating marginal folds. (K) Folded, wrinkled,
and fragmented (short arrows) disc. (L) Elliptical to subhedral specimen with fracture (long arrow). (M) Marginal
folds on lower right margin of L (marked by short arrow). (N) Cross-sectional view along fracture in specimen L
(marked by long arrow). Note central gap between two sets of graphite sheets. (O) Specimen with sharp bending
(long arrow) and kinking (short arrow). (P) Flat sub-rounded to subhedral disc with marginal steps (arrow) repre-
senting termination of graphite sheets. (Q) Sub-rounded to subhedral disc with crescentic folds along upper half and
graphite edge overgrowth in lower half. (R) High magnification SEM showing nanoridges on disc surface. (S) TEM
of graphite disc showing poorly defined central gap (arrows). (T) TEM of graphite disc showing electron-dense layer
(arrow). (U) High magnification SEM showing nanopores filled with material of high atomic mass. (V) Similar
nanopores in vesicle walls of Mesoproterozoic acritarch Dictyosphaera delicata. Nanopores filled with aluminum phos-
phate minerals. B-R are SEM photomicrographs collected using secondary electron detector, U-V are SEM pho-
tomicrographs using back-scattered electron detector, and S-T are TEM photomicrographs. Scale bars represent 10
um unless otherwise noted.
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FIG. 10A-V.
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TABLE 2. 813C MEASUREMENTS OF GRAPHITE Disc
SPECIMENS AND MAO STANDARD (6.5% VERsus V-PDB)

Corrected
Analysis # Sample # s13¢C 813C
1. Mao Standard —-59.83
2. Mao Standard —59.88
3. Mao Standard -59.40
4. Sample A3 —72.22 -19.3
5. Sample A3 —70.50 —17.6
7. Sample A2 —67.93 —-15.0
8. Sample A2 —62.91 -10.0
9. Sample A2 —60.33 -74
10. Mao Standard —59.98
11. Mao Standard —-59.29
13. Mao Standard —58.97
14. Mao Standard —59.63
15. Sample B2 —88.84 -35.9
16. Sample B2 —79.68 —26.8
17. Mao Standard —-59.49
18. Sample C2 —78.48 —25.6
19. Sample c2 —80.07 —27.1
20. Sample C4 —73.48 —20.6
21. Sample C4 —71.47 —185
22. Mao Standard —58.43

tions of fragmentation; the more recent fragmen-
tation was probably tectonic brecciation because
of the strong angularity, whereas the earlier frag-
mentation appears to be sedimentary because of
the moderate level of sorting. Heavy mineral
analysis is being conducted to test this interpre-
tation.

Our samples are moderately carbonaceous (two
measurements of 0.72% and 1.06% total organic
carbon (TOC), weight percentage determined by
combustion analyses of one randomly crushed
sample, sample weights used for analysis ~30 and
~50 g). The carbonaceous material consisted
mostly of graphite particles. Their indigenicity
and graphite nature were verified by thin section
petrographic observations (Fig. 3A-H), elemental
mapping (Fig. 3]-N), electron and Raman micro-
probe analyses (Figs. 5-9), and scanning electron
microscopy (Fig. 10C-R, 10U-V). Graphite parti-
cles occur abundantly in the matrix between clasts
(Fig. 3A-D), but less abundantly within clasts (Fig.
3E-H). Some clast-hosted graphite particles are
circular to elliptical (Fig. 3E-H), but the morphol-
ogy of matrix graphite is difficult to resolve un-
der petrographic microscope because of the high
concentration and the opacity of carbonaceous
material in the matrix.

In situ Raman microprobe analyses of matrix
graphite showed highly variable spectra (eight
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spectra collected, Fig. 6), often with a disordered
D band greater than or comparable to the
graphite G band. On the other hand, in situ Ra-
man spectra of clast-hosted graphite (eight spec-
tra collected, Fig. 7) were more consistent and il-
lustrated a strong G band and a weak D band. In
situ samples were rotated 360°, with Raman spec-
tra collected at each 90° interval; only minor
changes occured in the G- and D-band intensities,
and slightly more so in S-band intensity (Fig. 9).
Overall, all in situ Raman spectra had a relatively
strong G band, which suggests a high degree of
graphite crystallinity (Wopenka and Pasteris,
1993), though the differences between matrix
graphite and clast-hosted graphite may be in-
dicative of their different origins.

Some graphite particles are circular (Fig.
10C-U), and we term these particles graphite discs.
Raman spectra of extracted graphite discs (Fig. 8)
are highly consistent, comparable to those of
clast-hosted graphite particles. Application of the
graphite Raman geothermometer (Wopenka and
Pasteris, 1993; Beyssac et al., 2002; Rahl et al., 2005)
to these spectra suggests that these graphite discs
experienced peak metamorphic temperatures of
513 = 50°C (n = 12), which is broadly consistent
with the amphibolite grade of the host rock, but
slightly lower than the 600-650°C temperature es-
timate based on mineral association (Zhao et al.,
1999). Therefore, the carbonaceous precursors of
these graphite discs were likely in place before or
during the amphibolite metamorphism.

When observed via scanning electron mi-
croscopy, the extracted graphite particles are
mostly irregularly shaped, with some discs (Fig.
10C—Q) and rare filaments (Fig. 10B). The fila-
ments, ca. 1.5 um in width and tens of um in
length, preserve no evidence for septation. The
discs, which average about 60 um in diameter
(20220 um, s.d. = 31 um, n = 270; Fig. 4) and 1-3
pm in thickness (Fig. 10N, 10S-T), are circular,
ovate, and slightly elliptical in morphology, and
they consist of graphite sheets (Fig. 10N-P). These
discs and filaments are broadly similar in mor-
phology to the acritarchs and filaments from the
overlying Paleoproterozoic Hutuo Group in the
same geographic region (Sun and Zhu, 1998).
However, the Hutuo discs and filaments are
poorly characterized; thus, at present, quantita-
tive morphological comparisons cannot be ascer-
tained.

Many specimens bear concentric (Fig. 10C-E)
or crescentic (Fig. 10F-G, 10Q) marginal folds,
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with isoclinal (Fig. 10F-G, 10L-M) or anticlinal
(Fig. 10C-E) slopes. Some folds show plunging
termination into the surface of the disc (arrow in
Fig. 10D). Concentric and crescentic folds do not
occur in the center of these discs, which are ei-
ther flat (Fig. 10C, 10E-F, 10L, 10P-Q) or covered
with irregularly arranged, fine wrinkles (Fig.
10H-J). The folds and wrinkles can be distin-
guished, on the basis of electron shadows in SEM
observations using the secondary electron detec-
tor, from steps and kinks resulting from termi-
nation or dislocation of graphite sheets. At ex-
tremely high magnification, the graphite discs are
characterized by nanoscale (10-100 nm) ridges
and pores. The nanoridges bifurcate and anasto-
mose (Fig. 10R), and their significance is obscure.
The nanopores, when viewed with the backscat-
ter detector, appear to be filled with an uniden-
tified material that has an average atomic num-
ber greater than graphite (Fig. 10U). Similar
nanopores (Fig. 10V), though an order of magni-
tude smaller in size, have been found in the vesi-
cle walls of the Mesoproterozoic acritarch Dic-
tyosphaera delicata, and are filled with aluminum
phosphate minerals (Kaufman and Xiao, 2003).
Transmission electron microscopy showed that
some discs appear to consist of two sets of
graphite sheets, with a thin layer of electron-
dense material between the sets (Fig. 10T). This
is consistent with SEM observation of the natu-
rally broken edge of a graphite disc (Fig. 10N),
though in the latter specimen the two sets of
graphite sheets are separated by a narrow gap.
Some morphological aspects of the graphite
discs—and most of the irregular graphite parti-
cles—reflect graphite crystallization, overgrowth,
inelastic deformation, and fragmentation. For ex-
ample, the thickness of the discs may be variable
due to graphite overgrowth (Fig. 10Q). The
graphite discs may become somewhat sub-
rounded, subhedral, or angular (Fig. 10H, 10L,
10P-Q), rather than curvilinear (Fig. 10C-G). The
termination or dislocation of graphite sheets may
form steps (arrow in Fig. 10P). A few specimens
show very sharp bending (long arrow in Fig.
100), kinking (short arrow in Fig. 100), fractur-
ing (long arrow in Fig. 10L), and fragmentation
(arrows in Fig. 10H, 10K). Some discs consist of
two distinct sets of graphite sheets, separated by
a gap of <1 um (Fig. 10N); this gap may result
from physical separation along tabular cleavages.
Features similar to these have been reported from
metamorphic graphites from Grenville marbles
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and interpreted as overgrowths and deformation
features (Kretz, 1996).

Five extracted graphite discs were analyzed for
carbon isotopic signatures using a Cameca 6f ion
microprobe. The results are intriguing but incon-
clusive (Table 2). In most cases, multiple analyzed
spots on the same individual disc showed low
variability of 83C values (2-3%o, three speci-
mens), but the other specimens demonstrated
greater intraspecimen variability (7-9%., two
specimens). Additionally, the range of values be-
tween different individuals spanned from —7.3 to
—35.8%0 V-PDB. The mean 6'3C value of all ion
probe measurements (—20.3%. V-PDB) is similar
to the —21.3%0 V-PDB value determined by stan-
dard techniques for bulk kerogen.

DISCUSSION

Graphite particles are common in Archean and
younger metamorphic rocks, such as marbles,
schists, and gneisses (Rakovan and Jaszczak,
2002; Ueno et al., 2002; van Zuilen et al., 2003;
Satish-Kumar, 2005). Typically, metamorphic
graphite is found in a few varying forms: well-
developed crystals (Palache, 1941), deformed
crystals (Kretz, 1996), crystals with microtopo-
graphic growth spirals (Rakovan and Jaszczak,
2002), crystals within graphite veins (along with
many other minerals including quartz, silliman-
ite, ilmenite, and muscovite) (Rumble and Hoer-
ing, 1986), and in spheroidal or spherule aggre-
gates (Jaszczak, 1997).

Based on isotopic studies and Raman analyses
in conjunction with high-resolution transmission
electron microscopy, it has been suggested that
syngenetic graphite can form within metasedi-
mentary rocks during metamorphic heating from
the progressive crystallization of organic carbon
within precursor sediments, whereby the original
carbonaceous material becomes ordered into
crystalline graphite (Weis et al., 1981; Wopenka
and Pasteris, 1993; Rantitsch et al., 2004). Alter-
natively, some graphite forms are more likely to
have formed by carbon precipitation from car-
bon-rich fluids (Rumble and Hoering, 1986;
Satish-Kumar et al., 2001; Jaszczak and Rakovan,
2002), by siderite decomposition (Fedo and
Whitehouse, 2002; van Zuilen et al., 2002, 2003),
or by Fischer-Tropsch precipitation from CO,-
CHy, fluids (Horita, 2005; McCollom and Seewald,
2006). Thus, the question arises whether the Jin-
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gangku Formation graphite discs, characterized
by such morphological features as marginal con-
centric folds, fine surficial wrinkles, and complex
nanoridge and nanoporous structures, could
have been morphologically shaped by metamor-
phic processes. If the circular morphology and
concentric folds of these discs can be produced
by metamorphism alone, then similar morpholo-
gies should be observed in other metamorphic
graphite particles as well. However, to the best of
our knowledge, no other graphite crystals have
been shown to have similar morphological fea-
tures that so distinctively characterize the Jin-
gangku graphite discs (Palache, 1941; Kretz, 1996;
Jaszczak, 1997; Rakovan and Jaszczak, 2002; Ueno
et al., 2002; van Zuilen et al., 2003; Satish-Kumar,
2005). Instead, those graphite particles occur as
interstitial crystals or inclusions in the common
forms mentioned above, and their morphologies
are probably unrelated to biology, though their
ultimate carbon source may or may not be bio-
logical (Mojzsis et al., 1996; Fedo and Whitehouse,
2002; van Zuilen et al., 2003). Thus, it seems as
though the morphology, micro-, and nano-scale
structures of the Jingangku graphite discs cannot
be accounted for by metamorphism alone.

The curvilinear margin of some Jingangku
graphite discs is also difficult to account for by
metamorphism alone. Abiotic precipitation of
graphite is expected to produce hexagonal crys-
tals. Such crystals may be deformed during meta-
morphism, but circular discs with concentric
folds are not to be expected. If the Jingangku
graphite discs were derived from amorphous
kerogen, graphite overgrowth during metamor-
phism should reduce rather than enhance the
marginal curvilinearity, and concentric folds are
not to be expected, either. One may argue that
gliding of graphite sheets in a directed stress en-
vironment could seemingly form crescentic mar-
ginal folds as illustrated in Fig. 10F-G, but the
folds should have much sharper crests (Kretz,
1996; e.g., Fig. 100) and the disc center should
show shearing in the same direction and magni-
tude as the margin. Additionally, bending or glid-
ing of graphite sheets is not expected to generate
regular concentric marginal folds.

Our inability to account for all morphologies
of the Jingangku graphite discs by metamorphic
processes alone compels us to consider other al-
ternative interpretations. Is it possible that the
Jingangku discs and filaments are graphitized bi-
ological structures? In this alternative interpreta-
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tion, the filaments may represent filamentous
bacteria, and the discs could represent originally
spheroidal vesicles with a recalcitrant organic
wall, which were subsequently deflated, flat-
tened, and graphitized during compaction, dia-
genesis, and metamorphism. Their circular to
ovate shape, marginal concentric folds, and sur-
ficial wrinkles are expected morphologies during
the compression and elastic deformation of or-
ganic-walled vesicles; these features are com-
monly observed in compressed organic-walled
microfossils in Proterozoic rocks (Schopf and
Klein, 1992). Further, the nanoporous structures
are similar to those found in Mesoproterozoic
acritarchs, i.e., Dictyosphaera delicata (Kaufman
and Xiao, 2003). In addition, the gap between two
sets of graphite sheets in some specimens (Fig.
10N), conservatively interpreted above as related
to physical separation along tabular cleavages,
may be alternatively interpreted as a gap between
two compressed vesicle walls. Moreover, TEM
observations show that some specimens have an
electron-dense central layer (Fig. 10T), rather than
a gap; this layer cannot be interpreted as cleav-
age separation but may represent material
trapped within the compressed vesicle. Thus, we
tentatively conclude that the graphite discs from
the Jingangku Formation may represent deflated,
flattened, and graphitized vesicles similar to
acritarchs from younger rocks.

CONCLUSIONS

Key morphological features suggest biogenicity

Important features such as circular morphol-
ogy, marginal folds, fine wrinkles, and trapped
materials may have resulted from early diage-
netic compression of spheroidal vesicles. Al-
though these morphological features must have
been altered during metamorphism and graphi-
tization, hints of their presence may still be
preservable in a fraction of the Jingangku
graphite discs. Indeed, laboratory experiments
demonstrate that Mesoproterozoic organic-
walled microfossils (such as Dictyosphaera delicata
and Shuiyousphaeridium macroreticulatum) heated
within the hosting rock to 500°C over periods of
up to 125 days show signs of graphitization,
while retaining such features as discoidal mor-
phology and concentric folds (Schiffbauer et al.,
2006).
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Geochemical evidence inconclusive but consistent
with biogenicity

A biological interpretation on the basis of mor-
phological features described above implies that
the ultimate carbon source of the Jingangku
graphite discs must be biological as well. Car-
bonaceous material isolated from one of our sam-
ples has a bulk §'3C value of —21.3%. V-PDB, as
determined by conventional combustion meth-
ods. Individual discs, measured using an ion mi-
croprobe (Kaufman and Xiao, 2003), show a wide
range of 613C values from —7.4%o to —35.9%0 V-
PDB (mean = —20.3%0; n = 11; Table 2). Three of
the individually analyzed graphite discs showed
low variability (<3%.) of 8!3C values, but the
other two specimens demonstrated much higher
intraspecimen variability (7-9%o). These §3C val-
ues are inconclusive, given what is known about
carbon isotope fractionations associated with abi-
otic processes. From experimental analyses, mul-
tiple abiotic pathways can lead to the synthesis
of carbon compounds with §!3C values as low as
—60%0 due to kinetic isotope effects (Horita,
2005); moreover, it has been suggested that car-
bon compounds with 83C values as low as
—30%o (previously regarded as recycled sedi-
mentary organic compounds) may be indigenous
to the mantle (Horita, 2005). However, it is worth
noting that the Jingangku specimens have a much
wider 8'3C range and are more depleted in 13C
than graphite particles found in granulite-grade
metamorphic rocks (Farquhar et al., 1999; Santosh
et al., 2003; Satish-Kumar, 2005), where isotopic
homogenization is presumably stronger. The
range and heterogeneity of the Jingangku §3C
values may record partial isotopic exchange dur-
ing metamorphism (Ueno et al., 2002), and the
lowest measured values (e.g., —35.9%o) are better
approximations of primary 83C values. If so,
then the measured §'3C values may be stronger
evidence for biological source than they appear.

Jingangku graphite particles have complex origins

It needs to be stressed that, though some ir-
regular graphite particles in the Jingangku sam-
ples may be metamorphic or fragmentation prod-
ucts from circular graphite discs, it is unlikely that
all of the graphite particles were derived from
compressed vesicles. Indeed, carbonaceous ex-
tracts from unmetamorphosed fossiliferous rocks
of younger age mainly consist of amorphous
kerogen, and only a small fraction is represented
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by morphologically recognizable acritarchs. Nor
is the carbon source of all Jingangku graphite par-
ticles biological. Petrographic evidence and Ra-
man analyses discussed above suggest diverse
origins of Jingangku graphite particles. It appears
that the extracted graphite discs may have come
from the clasts because of (1) the in situ obser-
vation that some graphite particles in clasts are
circular (Fig. 3E-H), (2) the similarity between
Raman spectra of clast-hosted graphite and ex-
tracted graphite discs (Figs. 7-8), and (3) the pos-
sibility that quartzite clasts may provide a shield
against shearing deformation. However, this is-
sue cannot be unambiguously resolved because
of the limited resolution of in situ observation
using light microscopy and the high concentra-
tion of matrix graphite. Thus, the Jingangku
graphite particles may have complex origins, and
we cannot conclusively disprove the possibility
that both abiotic (e.g., decomposition of ferrous
carbonate minerals or Fischer—Tropsch precipita-
tion from CO,—CHy fluids catalyzed by Fe) and
biotic processes may have contributed to the car-
bon source and morphology of the Jingangku
graphite particles.

Highly metamorphosed rocks could retain highly
altered but morphologically and geochemically
recognizable signs of life

Despite the inconclusive nature of our inter-
pretation, this study does suggest that, in our
search for evidence of ancient life, more work
should be directed to carbonaceous material even
in highly metamorphosed rocks. Recent studies
of Precambrian and Phanerozoic metamorphic
rocks have recovered bona fide filamentous bacte-
ria, organic-walled microfossils (e.g., leiospheres,
acanthomorphic acritarchs, and chitinozoans),
and possible paraconodonts from greenschist-
amphibolite-, and gneiss-grade metamorphic
rocks (Kidder and Awramik, 1990; Knoll, 1992;
Molyneux, 1998; Hanel et al., 1999; Squire et al.,
2006; Zang, 2007). Thus, it is worthwhile to ex-
plore whether the taphonomic window for
Archean life is wider than previously thought.
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