Lo L

P

2N

Molecular evidence of Late Archean archaea and the
presence of a subsurface hydrothermal biosphere

Gregory T. Ventura*?, Fabien Kenig*, Christopher M. Reddy*, Juergen Schiebers, Glenn S. FrysingerT, Robert K. Nelson*,
Etienne Dinell, Richard B. Gaines", and Philippe Schaeffer**

*Department of Earth and Environmental Sciences, University of lllinois at Chicago, M/C 186, 845 West Taylor Street, Chicago, IL 60607-7059; *Department
of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, MS#4, Woods Hole, MA 02543-1543; SDepartment of Geological Sciences,
Indiana University, 1001 East 10th Street, Bloomington, IN 47405-1405; TDepartment of Science, U.S. Coast Guard Academy, 310 Smith Hall, New London,
CT 06320-8101; IEarth Sciences Department, Ottawa-Carleton Geoscience Centre, University of Ottawa, Ottawa, ON, Canada K1N 6N5; and **Laboratoire

de Géochimie Bio-organique, Unité Mixte de Recherche 7509 du Centre National de la Recherche Scientifique, Ecole de Chimie, Polyméres et Matériaux,

Université Louis Pasteur, 25 Rue Becquerel, 67200 Strasbourg, France

Edited by John M. Hayes, Woods Hole Oceanographic Institution, Falmouth, MA, and approved July 20, 2007 (received for review December 13, 2006)

Highly cracked and isomerized archaeal lipids and bacterial lipids,
structurally changed by thermal stress, are present in solvent extracts
of 2,707- to 2,685-million-year-old (Ma) metasedimentary rocks from
Timmins, ON, Canada. These lipids appear in conventional gas chro-
matograms as unresolved complex mixtures and include cyclic and
acyclic biphytanes, C36—C3o derivatives of the biphytanes, and C31-Css
extended hopanes. Biphytane and extended hopanes are also found
in high-pressure catalytic hydrogenation products released from
solvent-extracted sediments, indicating that archaea and bacteria
were present in Late Archean sedimentary environments. Postdepo-
sitional, hydrothermal gold mineralization and graphite precipitation
occurred before metamorphism (~2,665 Ma). Late Archean metamor-
phism significantly reduced the kerogen’s adsorptive capacity and
severely restricted sediment porosity, limiting the potential for post-
Archean additions of organic matter to the samples. Argillites ex-
posed to hydrothermal gold mineralization have disproportionately
high concentrations of extractable archaeal and bacterial lipids rela-
tive to what is releasable from their respective high-pressure catalytic
hydrogenation product and what is observed for argillites deposited
away from these hydrothermal settings. The addition of these lipids
to the sediments likely results from a Late Archean subsurface
hydrothermal biosphere of archaea and bacteria.

An early evolution of archaea is supported by the discovery of
13C-depleted methane in ~3,500-million-year-old (Ma) hydro-
thermal fluid inclusions in cherts from the Pilbara Craton of
Australia (1). In the Late Archean, archaea are likely to have played
a dominant role in the global carbon cycle. Kerogens with §'3C
values down to —60%o versus VPDB (Vienna Pee Dee belemnite)
are common between 2,800 and 2,600 Ma (2, 3). These kerogens are
considered to have been formed by the burial of methanotrophs or
other organisms that assimilated '3C-depleted carbon resulting
from isotopic fractionations during methanogenesis (4). Biogenic
methane not immediately assimilated is thought to have entered the
atmosphere (5), enhanced greenhouse warming, and offset the
reduced insolation from a “faint” young sun (6). As such, archaea
were indirectly responsible for the existence of liquid water at the
Earth’s surface.

In more recent sediments, the presence of archaea is inferred
from isotopic evidence of methane cycling (7, 8) or by detection of
domain-specific membrane lipids such as glycerol dibiphytanyl
glycerol tetraethers (GDGTs) (9) or their degradation products
(10). The oldest known GDGTs (11) and biphytane-derived, Csg
head-to-head isoprenoids (12) occur in Upper Jurassic sediments
and in crude oil, respectively. The archaeal lipid crocetane was
tentatively identified in 1,640-Ma sediments from the Barney Creek
Formation (13).

In principle, it should be possible to extend this record. Petro-
leum fluid inclusions, bitumen globules, and pyrobitumens occur in
3,200- to 2,440-Ma black shales of the Pilbara Craton, Australia
(14-16). Migrated hydrocarbons of Archean age have been iden-
tified in the Witwatersrand Basin of South Africa (17). Molecular
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fossils diagnostic of bacteria and eukarya have been extracted from
2,700-Ma sediments of the Hammersley Basin of Western Australia
and provide direct evidence for a Late Archean existence of these
two domains of life (18). Hydrothermal settings further may
enhance the potential for Archean molecular fossils to survive
because high-pressure and -temperature aqueous solutions sup-
press the thermal destruction of hydrocarbons (19).

This investigation was conducted to assess the abundance and
preservation of molecular fossils within Late Archean hydrother-
mal environments and hydrothermally altered sediments. Samples
were collected from the lower greenschist metasediments (20, 21)
of the Tisdale and Porcupine Assemblage (=~2,707-2,685 Ma) from
the southern Abitibi greenstone belt near Timmins, ON, Canada.
Here we report the occurrence of hydrocarbon molecular fossils
diagnostic of archaea and bacteria among the solvent-extractable
lipids and high-pressure catalytic hydrogenation (HPCH) products
(22) of these samples. We provide evidence that these lipids are of
Archean age and that a portion of the organic matter trapped in
these sediments was derived from a subsurface hydrothermal
biosphere.

Results and Discussion

Thirty samples were collected from the core library of the Ministry
of Northern Development and Mines (Toronto, ON), as well as
from the Dome, Hoyle Pond, and Owl Creek mines located in the
Porcupine Gold Camp (PGC), a gold mine district. These samples
span the Vipond and Gold Center Formations of the upper Tisdale
Assemblage (2,710-2,704 Ma) and the Krist and Hoyle Formation
of the Porcupine Assemblage (2,690-2,685 Ma; Fig. 1) (23). The
Vipond Formation volcanic rocks range in composition from mafic
to intermediate and from tholeiitic basalt to tholeiitic dacite inter-
bedded by interflow sedimentary rocks (24). Four different inter-
flow sedimentary units of greywacke and carbonaceous argillites
were analyzed. Two samples of carbonaceous interflow sediments
were analyzed from the overlying Gold Center Formation. These
sediments were deposited between mafic pillowed flows, pillow
breccias, and flow breccias. One sample of a sheared, carbonaceous
argillite from the Krist Formation was analyzed. The Krist Forma-
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Fig. 1. Stratigraphic profile of the Timmins area (Left) and total ion current
(TIC) chromatograms of samples (Right) illustrating differences in the hydro-
carbon fractions of each formation. *, Samples collected in areas of gold
mineralization; #, Hoyle Formation basalt unit; ®, n-alkanes; H, hopanes; [],
biphytane and its derivatives.

tion is dominated by subaerially deposited calc-alkaline felsic
pyroclastic volcanic rocks (24). Nineteen core samples were col-
lected from argillites and wackes of the Hoyle Formation, which
consists of turbidites interbedded between basalt flows on the distal,
deeper-water margin of a submarine fan system (25). Two of these
samples occupied “gray zones,” which are volcanic breccia enriched
in graphite, pyrite, dolomite, and ferroan-dolomite precipitated by
hydrothermal gold-bearing fluids (26). Gray zones cross-cut volca-
nic rock, argillaceous turbidites, and interflow sedimentary units.
Additionally, four interbedded basalt flows were sampled to mon-
itor postdepositional alteration and contamination. The Porcupine
Assemblage is unconformably topped by fault-controlled, clastic
sediments of the Timiskaming Sequence that range from 2,676 to
2,670 Ma (27). No other sedimentary units are known from this
area. By 2,670 = 7 Ma, the Porcupine Assemblage was a site of
hydrothermal gold mineralization (28). The PGC was metamor-
phosed at 200-300°C between 2,669 and 2,665 Ma (20, 21, 29).
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Fig. 2. SEM images of polished thin sections (30- and 100-um) of Late
Archean metasediments. (A) Transmitted light photomicrograph of the Vi-
pond Formation greywacke sample DM-1. Opaque areas are sulfide minerals.
(B and C) SEM backscatter images of carbon-rich inclusions (arrows). (D)
Sample DM-1 SEM backscatter image of a carbon-rich inclusion (arrows) in
Fe-dolomite. (E) Close-up of the carbon-rich inclusion. An Fe-enriched reduc-
tion halo surrounds the partially quartz-filled inclusion. (F) Transmitted light
photomicrograph of the Hoyle Formation argillite sample OC-114m. Original
sedimentary lamination inclined 30° with horizontal slaty cleavage. (G) SEM
backscatter image of Hoyle Formation sample OC-110m with carbon-rich films
filling the interstices of quartz, muscovite, and Fe-dolomite grains. (H) Quartz-
filled pressure shadows (arrows) flanking sulfide minerals. Apt, apatite; FD,
Fe-dolomite; Musc, muscovite; Qtz, quartz; Pyr, pyrite.

Polished 30- and 100-pm thin sections were analyzed by SEM.
The Vipond Formation samples contain wavy-laminar, carbon-rich
films adjacent to sedimentary sulfides [Fig. 24; supporting infor-
mation (SI) Text]. Additionally, carbon-rich inclusions were iden-
tified within these greywackes. These inclusions occur as fillings in
~1-um wide cracks between and adjacent to pyrite grains (Fig. 2
B and C); as ~10- to 20-um diameter, rounded inclusions within the
interstices of occluded quartz grains (Fig. 2C); and as ~10- to
20-um diameter, rounded, carbon-rich inclusions within secondary
mineral phases such as ferroan-dolomite (Fig. 2 D and E). The large
(=100- to 300-um) ferroan-dolomite grains formed during precip-
itation of minerals from hydrothermal fluids (30) and contain
rounded inclusions of apatite and quartz. Iron-enriched halos
surrounding quartz and carbon-rich inclusions (Fig. 2 D and E)
indicate that these spaces likely were filled by a hydrocarbon-
bearing fluid that later became solid bitumen before quartz
deposition.

The fine-grained, metasedimentary fabric of samples from the
Hoyle Formation contains laminae with carbon-rich films that
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Table 1. Mass yields, TOC, and 8'3C

Sample name Mass, g* Bit, mg® s/u HC, ppm* Aro, ppm$ TOC, wt%" C 4l H/C** 5'3Cyppe, %ot
Hoyle Formation
TI-94m 141.93 49.0 233 2.1 2.0 2.8 0.020 -39.1
TI-117.8m 130.82 12.0 0.3 15.3 0.9 1.2 0.019 -31.7
TI-82.5m 120.28 16.0 349 15.8 0.8 1.0 0.087 —33.7
TI-83m 134.84 10.0 171 4.4 1.8 2.4 0.128 —33.7
TI-275.14m 63.08 30.0 28.5 46.0 5.1 3.2 0.003 -42.0
TI-52m 95.81 37.0 4.2 1.0 3.7 35 0.012 —36.6
TI-180m 130.81 1.0 0.3 245 1.1 1.4 0.029 -29.7
TI-603m 109.37 4.0 7.3 2.7 0.4 0.4 0.041 —29.2
TI-39.25m 131.58 7.0 0.8 23 0.4 0.5 0.006 -21.5
TI-128.75m 123.66 1.0 0.8 1.6 0.2 0.2 Nm —20.9
0C1-114m 104.08 16.0 2.9 0.4 9.3 4.7 0.005 —28.7
0C1-118m 157.91 8.0 0.3 0.3 4.5 7.1 0.005 —28.5
0C1-116.5m 43.27 4.0 18.5 4.6 4.6 2.0 0.000 —33.7
0C1-161.7m 75.37 24.0 13.3 91.5 4.9 3.7 0.000 -31.6
0C-89m 121.06 3.0 8.3 0.8 1.2 1.5 0.011 -25.4
0C-110.8m 51.37 3.0 77.9 1.9 7.4 3.8 0.000 —34.8
HP12687 42.07 1.0 28.5 0.4 1.0 0.4 0.003 -19.5
Grey Zone samples
HP12738 GZ 61.59 1.0 28.5 438 1.2 0.6 0.007 —37.2
HPGZ-2 89.51 0.6 6.5 4.9 Nm Nm Nm Nm
Basalt units
0C-91.3m 41.0 0.2 4.9 Nm Nm Nm Nm Nm
0C-49.2m 63.57 0.5 31 Nm Nm Nm Nm Nm
0OC-147.5m 52.59 0.15 1.9 Nm Nm Nm Nm Nm
0OC-153m 61.13 0.2 33 Nm Nm Nm Nm Nm
Krist Formation
DMGS 161.5 10.0 8.7 1.9 1.7 2.8 0.013 -20.9
Gold Center Formation
DP-1 143.33 10.0 0.2 0.2 0.4 0.5 0.035 -16
DP-2 99.06 1.0 0.04 0.04 0.1 0.1 0.013 -15.1
Vipond Formation
DM-1 173.43 5.0 0.2 0.2 0.6 1.1 0.021 -15.7
DM-2 127.18 25.0 0.9 0.4 0.5 0.7 0.008 -325
DM-3 183.83 1.0 0.3 0.04 0.1 0.1 0.040 —27.3
DM-4 158.84 6.0 0.2 0.1 0.1 0.1 0.000 —28.8

Nm, parameter not measured.
*Mass of ground rock powder used in solvent extraction.
TMass of extracted bitumen.

*Parts per million (ppm) hydrocarbon fraction calculated 1 ug of hydrocarbons per gram of rock powder.

SAromatic hydrocarbon fractions in parts ppm.

TTOC measured as weight percentage of kerogen per mass of extracted rock powder.

IGrams of carbon is mass of solvent-extracted rock powder multiplied by TOC.
**Hydrogen/carbon ratio of the kerogen.

*tCarbon isotopic values versus VPDB in %o notation from nonextracted rock powder.

contain bitumen and kerogen (Fig. 2 F and G). No carbon-rich
inclusions were observed. Many of the fine-grained matrix sulfides
are flanked by quartz-filled pressure shadows (Fig. 2H), suggesting
the remobilization of quartz during prograde metamorphism. In all
stratigraphic sections, the initial sediment porosity was occluded by
remobilized quartz and by the growth of potassium and aluminum
silicate (Fig. 2H). Conversion to slate resulted in the formation of
dense, nonporous rock that is impermeable to postmetamorphic
fluids and/or migrating oils. There is no evidence of post-Archean
remineralization or retrograde metamorphic alteration that could
trap more recent contributions of organic matter.

Organic Carbon and Graphite. All PGC samples have hydrogen-to-
carbon (H/C) ratios <0.2 (Table 1). Hoyle Formation samples
collected from areas of gold mineralization have near-zero H/C
ratios (Table 1). The coexistence of saturated hydrocarbons and
nearly graphitic kerogen could suggest a postmetamorphic addition
of hydrogen-rich organic compounds. However, if factors other
than thermal stress influence the concentrations of hydrogen and
carbon of sedimentary organic matter, then H/C ratios are not a
reliable proxy of hydrocarbon preservation.

The PGC experienced extensive carbonatization before meta-
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morphism (Fig. 3) (30). Fluid with high CO, fugacity induced
precipitation of carbonates in less reducing settings (31) and
graphite in more reducing environments. Exogenous additions of
graphite are common in the PGC gold centers (24) and globally
observed in hydrothermal load-gold deposits (32-34). Additions of
graphite,

1 CO2 (manttey + (2n + x) CH, — 3n C° + 2n H,O
+x CH2 (hydrothermally altered)

(rather than generation of graphite in situ by dehydrogenation and
aromatization of kerogen), can explain the coexistence of hydro-
carbons with kerogens having near-zero H/C ratios. The addition of
hydrothermal graphite also accounts for the slightly more positive
values of §'3Cy, of Hoyle Formation samples collected in areas of
gold mineralization and the lack of correlation among H/C ratios,
total organic carbon (TOC), and bitumen extracted from the PGC
sediments (Table 1).

Biphytanes in Bitumens. The solvent-extractable hydrocarbons of
these powdered sediment samples were analyzed by gas chroma-

Ventura et al.
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tography mass spectrometry (GCMS) (S Text). All but one sample
contains biphytane and C3—Csg irregular isoprenoids derived from
biphytane (Fig. 1). These compounds were identified from their
mass spectra and by coinjection with a standard containing acyclic,
mono-, bi-, and tricyclic biphytanes (SI Fig. 6). The abundances of
biphytanes relative to other extractable compounds vary between
and within formations. Hoyle Formation samples located away
from gold mineralization centers have low concentrations of bi-
phytanes and extended hopanes. In contrast, those compounds and
their degradation products are among the most abundant com-
pounds in the solvent-extractable hydrocarbons of samples col-
lected in areas of gold mineralization (Fig. 1). Only the sample of
the Krist Formation does not contain archaeal lipids.

Archaeal Lipids of Unresolved Complex Mixtures (UCMs). Gas chro-
matograms of hydrocarbon extracts of samples collected in areas of
gold mineralization display discrete peaks of biphytane and related
degradation products that elute within a pronounced UCM (Fig. 1).
Bacterial biomarkers such as C,7—Css hopanoid hydrocarbons and
eukaryotic biomarkers such as C,7—Cy steroids were identifiable
by GCMS, but most of the constituents the UCMs remain
undetermined.

Comprehensive two-dimensional GC coupled to a time-of-flight
mass spectrometer (GCXGC-TOFMS) was used to resolve and
identify the components forming the UCMs of the Hoyle Forma-
tion (SI Text) (Fig. 1). As shown in Fig. 4, the constituents of the
UCM are separated into bands of peaks with different retention
times in the second dimension. The constituents of the first band are
C36—C41 head-to-head acyclic isoprenoids, including biphytane. The
second, third, and fourth bands include, respectively, mono-, bi-,
and tricyclic biphytane and their derivatives (Css—Cs9). Tetracyclic
triterpenoids (steroids) and pentacyclic triterpenoids (hopanoids)
form a fifth and a sixth band in the second dimension.

The C49 mono-, bi-, and tricyclic biphytane derivatives and their
lower C3—Csg pseudohomologues each form doublets, triplets, and
at least quadruplets of peaks (Fig. 4), respectively, with identical
mass spectra. In contrast, each of the C3s—Cy acyclic isoprenoids
forms a single peak. With time and thermal stress, acyclic and cyclic
biphytanes (35, 36) isomerize at methyl-substituted chiral carbons
on the isoprenoid chain (37) and at alkyl-substituted chiral carbon
of pentacyclic rings. Although diastereomers formed by isomeriza-
tion of acyclic compounds cannot be resolved with the GCXGC
columns used (38), the doublets, triplets, and quadruplets ob-
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served for the cyclic compounds probably represent mixtures of
diastereomers.

To date, the isomerization rate of such compounds under ther-
mal stress is unknown. Although isomerization of acyclic isopre-
noids is well established, a pattern of cyclic-isoprenoid diaste-
reomers like that in the PGC samples has not been previously
reported. The formation of such diastereomers must be favored by
high temperatures and potentially requires the addition of metal
catalysts (39) or exogenous sources of hydrogen to expand the
activation energy range for isomerization without excessive hydro-
carbon cracking (19). Such conditions might be common to hydro-
thermal environments where serpentinization and the hydrolytic
disproportionation of H,O forms solutions with high H, fugacity
(19, 40, 41).

Potential for Bitumen Contamination. Sedimentary organic matter
can be contaminated by postburial addition of hydrocarbons.
Potential sources include drilling fluids, laboratory processing,
migration of oils, and infiltration by meteoric groundwater. Solvent
washes of the core exterior contain abundant contaminants. Ac-
cordingly, the surfaces of cores were ground away before extraction.
Solvent washes conducted after the removal of the core surface
contain only trace concentrations of the same hydrocarbons ex-
tracted from the powdered sediments (S Text). Because these
differ compositionally from the surface contaminants, we believe
they do not derive from laboratory or field contamination. Ana-
Iytical blanks from solvent extraction and liquid chromatography
have hydrocarbon contents 100 times smaller than those obtained
from samples. In marked contrast to the significant differences
between samples, replicate extraction of splits of a single sample
yielded essentially identical mixtures of hydrocarbons. Solvent
extracts of Hoyle Formation basalt units interstratifying the ar-
chaeal-rich turbidites do not contain archaeal lipids. However, these
igneous rocks do have traces of hydrocarbons such as n-alkanes,
pristane, and phytane (Fig. 1) attributable to rough storage and
contamination by drilling fluids (S Text).

The extractable hydrocarbons are unlikely to result from the
migration of younger oils. The Vipond and Krist Formation sam-
ples were collected in ~3-m-thick interflow deposits buried ~800
m beneath successive mafic flows within the Dome Mine. Hydro-
carbon mixtures extracted from the Vipond and Krist Formations
differ from those extracted from the Hoyle Formation. With
allowance for the higher temperatures experienced at the PGC, the
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Fig. 4. Three-dimensional GCXGC-flame ionization detector chromato-
grams of the solvent extract from sample OC-114m of the Hoyle Formation.
(Lower) Complete chromatograph. (Upper) Enlargement of region with ar-
chaeal lipids. Multiple peaks joined to a single molecular structure are diaste-
reomers. @, n-alkanes; [J, irregular acyclic isoprenoids.

extracts of the Vipond and Krist Formations resemble those of
younger hydrothermal settings, and the extracts of the Hoyle
Formation samples resemble those of younger shelf sediments (42,
43). In contrast, even though the depositional environment of the
Gold Center Formation is similar to that of the Vipond and Krist
Formations, its extracts have hydrocarbon abundances and diver-
sities comparable to those from the overlying Hoyle Formation
(Fig. 1) (SI Text). Migration from older units is not possible because
these units are entirely igneous. Accordingly, the hydrocarbons may
derive in part from the postdepositional addition of Late Archean
oil migrated from source rocks in the Hoyle Formation. For further
information, see SI Text, SI Tables 2-5, SI Figs. 6-9, and SI
Movie 1.

HPCH. The presence of archaeal- and bacterial-related lipid carbon
skeletons in nonextractable organic matter is a strong indication
that the lipids were part of the original sedimentary organic matter.
HPCH can release lipid carbon skeletons from kerogen (44) and/or
sulfides (22) trapped in metamorphosed sediments. Biphytane and
C37-Cs9 biphytane derivatives were observed in the HPCH prod-
ucts of all solvent-extracted sediment samples that contain extract-
able archaeal lipids (Fig. 5). Additionally, all HPCH products
contain diasteranes, tricyclic terpanes, and thermally altered ster-
anes and hopanes. Several HPCH products have diasterane/sterane,
sterane/hopanes, and tricyclic terpane/hopanes ratios that differ
from those of their corresponding extracts, indicating these lipids
likely were cracked from the kerogen (SI Table 3). However, the
HPCH products of some samples include n-alkanes, monomethyl-
and monoethyl-branched alkanes, and cycloalkanes with carbon-
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Fig. 5. Chromatograms illustrating contrasts between unmineralized (TI-

94m, Left) and mineralized (OC-114m, Right) samples. Sat/Uns, hydrocarbon
fraction of solvent extract. (A and B) Selected-ion chromatogram for mass to
charge ratio (m/z) = 127, representing acyclic isoprenoids of archaeal origin.
(C and D) Selected-ion chromatograms for m/z = 191, representing tricyclic
and pentacyclic terpanes of bacterial origin. m, Tricyclic terpanes; ®, Cy9 and
C30 17a(H), 21B(H) hopanes; A, C31 to C35 extended hopanes.

number predominance that likely is indicative of contamination
during storage (45).

HPCH products also can derive from incomplete sediment
extraction, molecules that are adsorbed on kerogen, and/or inter-
calated bitumen. Because reextracted sediments yielded only ex-
tremely low abundances of lower-molecular-weight n-alkanes and
elemental sulfur, we exclude incomplete extraction. Adsorption
mainly occurs during early diagenesis and decreases substantially
with increasing thermal maturity because of the loss of reactive sites
on the kerogen (46). The PGC kerogens reached a thermal stress
corresponding to the onset of metamorphism in the Late Archean
(SI Text), and sediment porosity was significantly restricted there-
after. Any surviving, adsorbed organic matter, therefore, is Ar-
chean. The HPCH products also may contain intercalated bitumen,
which forms by the entrapment of bitumen in the kerogen during
the continued heating of a thermally mature kerogen (47). Such
constituents must be intimately associated with the kerogen and,
thus, also date from the Late Archean.

Second Addition of Archaeal and Bacterial Lipids. The presence of
biphytane, steranes, and hopanes in the HPCH products indicates
that all three domains of life were present in the Late Archean
environment. However, the relative abundance of archaeal and
bacterial products varies widely between samples. Specifically,
archaeal and bacterial products are more abundant in sediments
affected by gold mineralization (Fig. 5). Chromatograms in Fig. 5
Left and Right represent unmineralized and mineralized areas,
respectively. Similar relative abundances of these compounds in
geographically and temporally separated turbidites of the Porcu-
pine Formation suggest consistent sources, low in archaeal biomass,
during sediment deposition (Fig. 5 A and C). The abundance
patterns of biphytane, biphytane derivatives, and Cs;—Css extended
hopanes are similar in both the solvent extracts and HPCH products
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of samples collected away from gold mineralization centers. In these
samples, the biphytane concentration in bitumen typically is low
and uncorrelated to the sediment’s TOC (Table 1). In contrast,
within gold mineralization centers, biphytane and the Csq derivative
of biphytane often are the most abundant molecular fossils in the
solvent extracts and correlate positively with TOC. The relative
abundances of biphytane, biphytane derivatives, and Cs;;—Css ex-
tended hopanes in the solvent extracts are much greater than in the
HPCH products of the corresponding samples (Fig. 5). Addition-
ally, several samples with low TOC, such as the hydrothermally
altered “gray zone” and samples DP-1 and DP-2, have relatively
high concentrations of biphytane and extended hopanes (SI Text),
indicating that these lipids are unlikely to derive from cracking of
kerogen and instead suggesting a secondary input of organic
compounds.

Postmetamorphic hydrothermal activity is not likely to account
for the secondary addition of organic matter. In the Southern
Superior Province, it is linked to the 2,500-Ma Matachewan and
2,220-Ma Nipissing dyke swarms, the TransHudson orogeny
(=1,900 Ma), Kapuskasing uplift (1,900 Ma), and the Grenvillian
Orogen (=~1,100 Ma), which involved tectonic pumping of fluids in
reactivated Archean fault systems (48) (Fig. 3). These fluids would
have traveled ~100 kilometers before reaching the PGC. If such
fluids added the archaeal biomarkers, then the basalt flows inter-
stratifying the Hoyle Formation turbidites also would have been
affected.

Alternatively, geochemical process relating to PGC gold miner-
alization may be responsible for variations in archaeal and bacterial
lipid extract yields (Fig. 3). Gold is thought to have been transported
within dilute, aqueous, carbonic fluids with low chlorine and high
sulfur contents in the form of Au—HS~ complexes (49). Ore fluids
were acidic (pH 5-6), and their redox properties were controlled by
HSO4/H,S and CO,/CH,4 mixtures at temperatures between 200—
420°C (48). Based on the solubility of Au—(HS) ™, gold precipitation
is thought to have occurred at cooler temperatures and/or lower
pressure (49). The envelope of cooled, high sulfur and reduced,
carbon-rich fluids surrounding this region of high heat flow would
provide favorable conditions for hyperthermophilic communities of
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archaea and bacteria (50, 51). Continued burial likely would convert
a subsurface biosphere’s biomass into the observed secondary
addition of hydrocarbons (Fig. 3).

Conclusions

A bacterial and archaeal subsurface biosphere now is believed to
have a near-global extent, being found in marine sediments; in the
fractures and vents near midoceanic spreading centers; within
older, cooled basaltic crust beneath the oceans; in deep aquifers of
basalts and granitic batholiths; and in deep oil reservoirs of conti-
nental settings (51-53). Our results provide molecular fossil evi-
dence for the existence of archaea in Late Archean sedimentary
environments and in subsurface hydrothermal settings. Consider-
ing the extent and composition of today’s deep biosphere, it is likely
that such hydrothermal subsurface communities have existed for
much of Earth’s history.

Materials and Methods

Sediments were extracted in DCM:MeOH (7.5:1, vol/vol) for 72 hr.
Extracts were separated by liquid column chromatography. HPCH
using 20 or 40 g of extracted sediment, 2 g of 5% rhodium on
activated carbon, and 300 ml of 1,4-dioxane:H,O (1:1, vol/vol) was
done under pressure above 1,250 psi for 5 hr at 200°C. Extraction,
separation, HPCH protocols, and instrumentation techniques are
provided in ST Text.
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