varied by using different thermal models”. The depths of the
earthquakes depend on the assumed crustal thickness and velocities
in the upper lithosphere, but reasonable variation” would make a
difference of no more than 1km. A temperature of 600°C is
approximate but is consistent with the onset of ductile deformation
in olivine-rich materials at probable strain rates’. The systematic
difference between the two transforms is independent of these
uncertainties. The depths of the earthquakes on the Romanche
transform are deeper than previously determined for oceanic trans-
form earthquakes; they are also in older lithosphere.

The degree of seismic coupling of oceanic transform faults has
remained poorly constrained since it was first studied*, because the
width of the seismic zone was unknown. Our large seismic widths
result in relatively low seismic slip rates (Fig. 5), only about half of
the 37 mm yr™ tectonic slip rate®.

If we are not underestimating the seismic slip, then half of the slip
must be occurring aseismically. It has been suggested that aseismic
and slow (possibly precursory) slip might occur in the upper
mantle, whereas higher speed seismic slip occurs in a very shallow
seismogenic zone®. The depth extent of the seismic slip in the 1994
and 1995 earthquakes (Figs 3 and 5) and the centroid depths of the
other events provide clear evidence of seismic rupture extending
well into the upper mantle. Our results imply that significant
aseismic slip is occurring and it is likely to be at shallow depths,
perhaps within the serpentinized zone.

The depth of seismic slip on oceanic transform faults is controlled
by temperature and is limited by the ~600 °C isotherm. The focal
mechanisms of earthquakes of the two transform faults show
impressive consistency, indicating that the faults are highly planar.
We also find that the two previously identified* unusual aspects of
the 1994 Romanche earthquake are probably artefacts of the analysis
procedure used. No detectable precursors to oceanic transform
earthquakes can be resolved unambiguously with present seismic
data and analysis techniques. U
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Sulphate-reducing microbes affect the modern sulphur cycle, and
may be quite ancient'?, though when they evolved is uncertain.
These organisms produce sulphide while oxidizing organic matter
or hydrogen with sulphate’. At sulphate concentrations greater
than 1 mM, the sulphides are isotopically fractionated (depleted
in **S) by 10—40%o compared to the sulphate, with fractionations
decreasing to near 0%o at lower concentrations>*°. The isotope
record of sedimentary sulphides shows large fractionations rela-
tive to seawater sulphate by 2.7 Gyr ago, indicating microbial
sulphate reduction’. In older rocks, however, much smaller
fractionations are of equivocal origin, possibly biogenic but also
possibly volcanogenic®™". Here we report microscopic sulphides
in ~3.47-Gyr-old barites from North Pole, Australia, with maxi-
mum fractionations of 21.1%o, about a mean of 11.6%o, clearly
indicating microbial sulphate reduction. Our results extend the
geological record of microbial sulphate reduction back more than
750 million years, and represent direct evidence of an early
specific metabolic pathway—allowing time calibration of a deep
node on the tree of life.

Our samples came from the Dresser Formation (Warrawoona
Group, Pilbara Craton) at North Pole in northwestern Australia.
These rocks have experienced only very-low-grade metamorphism
and slight deformation"'. Their age is constrained by zircon U~Pb
geochronology to 3.515—3.458 Gyr (ref. 12). The Dresser Formation
consists of pillowed, amygdaloidal basalt with three interbeds of
cherty metasediments. Most samples came from the lowest chert
bed, from lenses of bedded barite (BaSO,) within silicified volcano-
genic and carbonate sediments that were deposited in a shallow
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subaqueous to intermittently exposed setting"’. Other samples are
from barite veins transecting and underlying the chert units. The
barite beds are sedimentary deposits, indicated by crystals that were
draped by detrital sediment (Fig. 1a), or were eroded and rounded
during clastic redeposition. Measurements of interfacial angles
show that the barite crystals were originally composed of gypsum
(CaSO42H,0)'™", which precipitated in evaporating brine ponds
separated from the sea by a permeable pumiceous sand bar". Low
sulphate concentrations in sea water seeping into the brine ponds
may have been locally supplemented by the phototrophic oxidation
of volcanogenic sulphide'.

In much of the original gypsum, isomorphous substitution of
Ba’* for Ca** (‘baritization’) occurred soon after burial when
relatively cool hydrothermal fluids circulated through the sur-
rounding basalt pile'. About 30% excess sulphate is required for
isomorphous replacement because of differences in unit cell volume
between parent gypsum and daughter barite. This extra sulphate
was probably derived locally from the bedded gypsum where some
of the original gypsum is now replaced by quartz'', from dispersed
sedimentary gypsum now also replaced by quartz", and from pore
fluids. The hydrothermal fluids were an unlikely source of sulphate

because the very low solubility of barite requires that Ba** and SO3”

cannot be transported together in solution. Sulphate remobilized
from sedimentary gypsum could also have contributed to barite
precipitation in the crosscutting veins. Thus, the barite veins may
represent conduits for hydrothermal fluid circulation', where

Figure 1 Relationships between sulphur species at North Pole, Australia. a, Laminae of
silicified volcaniclastic/carbonate sediment draping over dark grey crystals of bedded
barite, indicating a sedimentary origin for the precursor evaporative gypsum. The scale
has 1-cm blocks, with an arrow pointing towards stratigraphic top. b, Opague pyrite
lamination (black) between barite beds draping over individual barite crystals. Scale bar,
1 mm. ¢, Microscopic sulphides (black, arrowed) included within a bedded crystal and
aligned along growth faces of the precursor gypsum crystal. Scale bar, 1 mm.
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upwelling Ba®* solutions mixed with surficial sulphate-containing
solutions.

Between the barite beds are undulating laminae 2—10 mm thick
composed of macroscopic pyrite (Fig. 1b), now usually weathered
to iron oxides but preserved in subsurface samples. Within the
barite are microscopic sulphide crystals ~50 wm in size comprising
less than 1% of the rock. These sulphides, mostly pyrite but some
sphalerite, are aligned along growth faces of the original gypsum
crystals (Fig. 1c). This attests to the syngenesis of sulphate and
microscopic sulphide, and confirms that most sulphate is residual
from the precursor gypsum. Also within the barite crystals are H,S-
containing fluid inclusions ~10 wm in size, apparently formed
during crystal growth". Barite in the transecting veins contains
fine, disseminated pyrite crystals, but lacks pyrite laminae and
sulphureous fluid inclusions. Organic matter is finely dispersed
throughout the bedded barite, but is absent from the vein barite.

Previous isotopic analyses of the macroscopic pyrite laminae
revealed an average isotopic composition (3**S; see Fig. 2 legend) of
—0.9%o (s.d. = 1.5)", somewhat **S-depleted compared with the
mantle value of 0%o. Our data (Fig. 2; full analytical data available as
Supplementary Information) are similar, though slightly more
depleted in **S (=2.4%o = 0.8). While these pyrites could represent
unfractionated volcanogenic sulphur, they are consistently more
*S_depleted than is typical of younger volcanogenic sulphide
deposits'®. However, they are not sufficiently **S-depleted to be
definitely biological, so their origin is still equivocal''.

By contrast, the previously unanalysed microscopic sulphides are
highly **S-depleted (Fig. 2), with fractionations relative to coexist-
ing sulphate (egphide) Tanging from 21.1%o to 7.4%o, with a mean of
11.6%o. Fractionations in the same range (21.3—5.8%o) are also
produced if we calculate relative to the average isotopic composition
of sulphate in the bedded barite. Non-biological processes can, in
principle, produce €gpnige Values of this magnitude. For example,
hydrolysis of SO, to sulphate and sulphide occurs in relatively
oxidizing magmatic fluids as temperatures drop below 400 °C,
forming H,S depleted in **S by 15-20%o relative to sulphate'®.
However, the rocks surrounding the North Pole deposits are mafic''
and would have generated reduced rather than oxidized magmatic
fluids. Furthermore, **S-depleted sulphides precipitated with sul-
phates from Archaean magmatic fluids are usually associated with
pervasive haematite deposition'’, absent from the North Pole barite
deposits. Therefore, the hydrolysis of SO, is an unlikely explanation
for our results.

Alternatively, inorganic reduction of sulphate to sulphide by
ferrous minerals can occur at near-neutral pHand temperatures
greater than 200 °C (ref. 18), with equilibrium eypnige ranging from
27%0 at 200°C to ~10%o at 550°C (ref. 18). A recirculating
hydrothermal system with sulphate entrained from the brine
ponds could conceivably have produced **S-depleted sulphides
during partial sulphate reduction in hot underlying basalts. A
spectrum of isotope values could, in principle, result from variable
sulphate depletion or fluctuating temperatures during hydrother-
mal sulphate reduction. Our results, however, are largely outside the
range, —5%o to +9%o, generally found for high-temperature hydro-
thermal sulphate reduction®.

Furthermore, the original sulphate mineral was gypsum, not
anhydrite or barite, the two typical hydrothermal sulphates.
Gypsum is only stable below ~60 °C (ref. 20), so the alignment of
the microscopic sulphides along the crystal faces of the original
gypsum (Fig. lc) indicates that these sulphides were formed at
relatively low temperatures along with the original gypsum. These
microscopic sulphides were, therefore, formed before baritization,
the earliest known hydrothermal event at North Pole". We thus find
no compelling evidence for a magmatic or hydrothermal origin for
the microscopic sulphides in the bedded barites at North Pole.
Given the early formation of the microscopic sulphides at low
temperature, a metamorphic origin is also unlikely.
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The fractionations between sulphate and microcrystalline sul-
phides at North Pole are within the range observed for modern
sulphate-reducing microbes metabolizing with > 1 mM sulphate,
especially for organisms growing at high specific rates of sulphate
reduction where egg (fractionation during sulphate reduction)
values of 10%o to 25%o are typical’. Moreover, the sulphides are
intimately associated with organic carbon, the principal electron
donor for biological sulphate reduction. These features, together with
the lack of evidence for non-biological sources of highly fractionated
sulphide, demonstrate that microbial sulphate reduction had evolved
by 3.47 Gyr ago. Sulphate reduction is evident here because the North
Pole evaporite ponds were localized oases of high sulphate concen-
trations, containing organic electron donors produced by an indi-
genous stromatolitic microbiota®, providing favourable conditions
for sulphate-reducers to generate high fractionations. This contrasts
with open marine Archaean settings, where only small fractiona-
tions of ~0%o were expressed due to low sulphate concentrations
and hence low atmospheric oxygen levels'.

Sulphides from the vein barites have a similar spread in egphide
values as the bedded barites, ranging from 16.1%o to 3.4%o. While
the veins may have fed hydrothermal fluids to the sedimentary
barite beds'®, the vein sulphides show no evidence for a magmatic,
hydrothermal or metamorphic origin. It is more likely that
these sulphides were biogenic, although it is unclear whether they
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were formed in situ or remobilized from surficial environments.
However, the absence of sulphureous fluid inclusions in the vein
barite suggests the latter.

Our results provide the oldest evidence of microbial sulphate
reduction in the geological record, pre-dating previous evidence’ by
more than 0.75 Gyr (Fig. 3). They also give the earliest indication of
a specific microbial metabolism. Though the isotopic record of
organic carbon suggests that autotrophic CO, fixation into biomass
had evolved by ~3.8 Gyr ago®”, the specific metabolic pathways
employed, and the organisms responsible, are unclear. Likewise,
although microfossil evidence is permissive of cyanobacteria by
3.45 Gyr ago™, these simple forms are not diagnostic of a specific
microbial affinity or a particular metabolic pathway’. Sulphate
reduction is a complex metabolic process requiring advanced
membrane-bound transport enzymes, proton motive force genera-
tion by ATPase and other charge separation proteins, and the
genetic regulation of protein synthesis through DNA and RNA®.
Therefore, by 3.47 Gyr ago—and probably earlier as the known
pathways of CO, fixation are also complex—microbes had already
developed many of the critical cellular systems shared by their
modern descendants.

Dissimilatory sulphate reduction occurs in both the Archaeal and
Bacterial domains of the tree of life as deduced from small-subunit
ribosomal RNA (SSU rRNA). Among the Archaea, the only known
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Figure 3 The secular trends in the isotopic composition of seawater sulphate and
sulphide over geological time. Data within the oval are from this work, the other data are
from refs 2, 29. The band (double line) in the upper part of the figure represents the
isotopic composition of seawater sulphate through time. The single line in the lower part of
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the figure is displaced from the seawater sulphate trend by 55%o, representing the
maximum fractionation between sulphate and sulphide through the past 600 million
years. Before 1.7 Gyr ago, constraints on the isotopic composition of seawater sulphate
are sparse.
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Figure 4 The tree of life based on SSU rRNA sequence analysis, with some temporal
constraints on branching. The tree is modified from ref. 2, and abstracted from
phylogenetic trees presented in refs 26 and 27. The time calibration points are from
ref. 30, with our additional constraint of 3.47 Gyr placed in the Bacterial domain. Lineages

sulphate-reducers are hyperthermophiles with optimal growth
temperature above 80°C, and these are restricted to the single
genus Archaeoglobus™. Within the Bacteria, the most deeply branching
sulphate-reducers belong to the genus Thermodesulfobacterium™”,
which are also hyperthermophiles with optimal growth around
80°C. Thus far, sulphate reduction by organisms metabolizing at
temperatures below 70 °C is known only from the §-subdivision of
the proteobacteria (purple bacteria), the Gram-positive bacteria,
and the Nitrospira group (Fig. 4). As only a small proportion of
total microbial diversity has been characterized”, it is possible that
the ability to reduce sulphate at moderate temperatures resides
elsewhere in prokaryote phylogeny.

As the original gypsum now forming the bedded barites at North
Pole first precipitated at temperatures below 60 °C, the organisms
responsible for sulphate reduction were apparently mesophiles or, at
most, moderate thermophiles. Given what is currently known about
the phylogenetic distribution of temperature adaptations among
sulphate-reducers, our findings suggests a minimum age of 3.47 Gyr
for a node immediately above the branching point of the hyperther-
mophilic Thermodesulfobacterium lineage in the Bacterial domain
(Fig. 4). This placement is necessarily tentative, as deeper-branching
mesophilic sulphate-reducers may be discovered, but even so it
represents the oldest evolutionary event thus far dated on the tree of

life. O

Methods

Macroscopic pyrites were sampled with a dental drill, microscopic sulphides were distilled
from the enclosing barite by Cr-reduction® and collected as Ag,S, and residual barite was
collected after Cr-reduction. Isotope analysis was performed in two ways. For large
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housing sulphate-reducers metabolizing at temperatures > 70 °C are shown by broken
black lines, while lineages supporting sulphate-reducers metabolizing at < 70°C are
shown by heavy black lines.

samples, SO, gas was generated from both pyrite and barite by heating the sulphur samples
to 1,050 °C and 1,150 °C, respectively, with cuprous oxide. The SO, gas was purified on a
high-vacuum gas extraction line and subsequent isotope analyses were reproducible to
better than +0.5%o. Small samples of barite and Ag,S were combusted directly to SO, in an
elemental analyser coupled directly to an isotope ratio mass spectrometer (isotope
analyses reproducible to +0.3%o). Comparison of both techniques on homogenized splits
of the same samples showed an average difference of 0.24%o (n = 5).
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The discovery of two Early Devonian osteichthyan (bony fish)
fossils'™ has challenged established ideas about the origin of
osteichthyans and their divergence into actinopterygians (teleosts
and their relatives) and sarcopterygians (tetrapods, coelacanths,
lungfishes and related groups)®”’. Psarolepis from China“**’ and
an unnamed braincase from Australia’ combine derived sar-
copterygian and actinopterygian characters with primitive
features previously restricted to non-osteichthyans, suggesting
that early osteichthyan evolution may have involved substantial
parallellism between sarcopterygians and actinopterygians. But
interpretation of these fossils has been hampered by poor phylo-
genetic resolution’. Here we describe a basal sarcopterygian
fish, Achoania gen, et sp. nov., that fills the morphological gap
between Psarolepis and higher sarcoptergyians. We also report the
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presence of eyestalk attachments in both Achoania and Psarolepis,
showing that this supposedly non-osteichthyan feature occurs
in basal sarcopterygians as well as the actinoptergyian-like
Australian braincase®.

Sarcopterygii (Romer, 1955)

Achoania gen. nov.

Diagnosis. A sarcopterygian with an anteroventrally sloping intra-
cranial joint; robust and rod-like premaxilla that lacks a poster-
odorsal process and does not contribute to the orbital margin;
toothed median rostral that does not separate the premaxillae; large
internasal cavities occupying about 33% of the length of the
ethmosphenoid floor; small drop-shaped parasphenoid flanked by
flat roughened surface; robust postorbital pila; large descending
processes on ventral surface of sphenoidal region; very wide sub-
orbital ledge; and prominent eyestalk scar. The external bones are
covered by large-pore cosmine similar to that in Psarolepis.
Type species. Achoania jarvikii sp. nov.
Diagnosis. As for genus.
Etymology. Generic name referring to the absence of choana, from
Greek a (not) and choane (funnel). Specific name in honour of the
late Erik Jarvik.
Holotype. V6235, a fairly complete anterior cranial portion, IVPP,
Beijing.
Locality and horizon. Qujing, E. Yunnan, China. Xitun Formation
(late Lochkovian, Early Devonian)
Remarks. The new genus is represented by one anterior cranial
portion (Fig. 1), which differs substantially from Psarolepis in the
shape of the premaxilla, the parasphenoid, the internasal cavity
(which occupies more than 70% of the length of the ethmosphenoid
floor in Psarolepis), the postorbital pila and structures on the ventral
side of the sphenoid. All the anterior cranial portions of Psarolepis
are uniformly distinct from Achoania with no intermediate varia-
tions, and the posterior cranial specimens and lower jaws of
Psarolepis fail to match the morphology of Achoania.
Description. The most impressive feature of Achoania gen. et sp.
nov., is a heart-shaped unfinished area (Fig. 1¢, d) in the interorbital
wall, which lies immediately behind the optic canal and has out-
ward-facing edges. Two small cup-shaped recesses lie posterodorsal
and ventral to this area, the posterodorsal recess supported by a
posteriorly running horizontal ridge. By comparison with
placoderms”’, primitive chondrichthyans™"' and the Australian
braincase (AMF101607)>*, the unfinished area represents the eye-
stalk attachment area, and the two small recesses represent sites for
eye muscle attachment.

Except for its recently reported presence in AMF101607 (ref. 3),
an eyestalk had been considered to exist only in two non-osteichth-
yan groups, chondrichthyans and the extinct placoderms. The
presence of an eyestalk area in Achoania is corrobrated by the
discovery of a similar structure in a newly collected Psarolepis
specimen (Fig. 2), which shows, on both sides of the interorbital
wall, a large unfinished area with well-defined margins between the
optic nerve canal and pituitary vein canal. In addition, re-examina-
tion of a previously described specimen (V8136)° reveals a similarly
positioned, although distorted, unfinished area on the exposed side
of the interorbital wall. The well-preserved eyestalk area on both
sides of the new Psarolepis specimen and the similar arrangement of
foramina, pits and ridges in the interorbital wall of Psarolepis and
Achoania strongly indicate that the eyestalk area in these two forms
is a natural structure rather than an artefact of preservation or
preparation. The eyestalk should now be considered a general
gnathostome feature retained by early osteichthyans on both the
actinopterygian and sarcopterygian lineages.

In other cranial features, Achoania resembles Psarolepis and
differs from previously known sarcopterygians in having large,
closely spaced pores on the cosmine surface, an anterodorsally
facing anterior nostril, a toothed median rostral, a straight rather
than lyre-shaped trajectory of the supraorbital sensory canal and a
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