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Oceanic transform faults are one of the main types of plate
boundary, but the manner in which they slip remains poorly
understood. Early studies suggested that relatively slow earth-
quake rupture might be common1,2; moreover, it has been
reported that very slow slip precedes some oceanic transform
earthquakes, including the 1994 Romanche earthquake3±5. The
presence of such detectable precursors would have obvious impli-
cations for earthquake prediction. Here we model broadband
seismograms of body waves to obtain well-resolved depths and
rupture mechanisms for 14 earthquakes on the Romanche and
Chain transform faults in the equatorial Atlantic Ocean. We found
that earthquakes on the longer Romanche transform are system-
atically deeper than those on the neighbouring Chain transform.

These depths indicate that the maximum depth of brittle failure is
at a temperature of ,600 8C in oceanic lithosphere. We ®nd that
the body waves from the Romanche 1994 earthquake can be well
modelled with relatively deep slip on a single fault, and we use
the mechanism and depth of this earthquake to recalculate its
source spectrum. The previously reported slow precursor can be
explained as an artefact of uncertainties in the assumed model
parameters.

The depth extent of seismic slip in shallow oceanic earthquakes is
poorly known, limiting our understanding of how oceanic trans-
form faults move, and how the lithospheric composition affects the
earthquake rupture process. Estimates of seismic coupling deter-
mined from the ratio of seismic slip to plate motion by summing the
earthquake moments are crucially dependent on the width of the
fault assumed to slip in earthquakes. Oceanic crust is only ,6 km
thick. Theoretical strength pro®les predict that seismic slip should
extend into the upper mantle, unlike continents, where it is
restricted to the upper crust6.

The international agencies locating earthquakes typically report
the depth of earthquakes on oceanic ridges and transforms as 10 or
15 km. More accurate depths and mechanisms of oceanic earth-
quakes have been obtained by modelling long period (LP) body
waves7±9. The depths of oceanic intraplate earthquakes increase with
lithospheric age, implying that temperature controls the depth of
the brittle±ductile transition7. The LP data were inadequate to
resolve similar trends in the depths of earthquakes along the
relatively young transform faults. Few transform fault studies have
used ocean-bottom seismometers, and most were unable to resolve
hypocentres accurately10.

Very slow slip occurs in some earthquakes11, but the observations
of oceanic transform earthquakes3±5 remain controversial. This is
because the hypothesized slow component is often a small fraction
of the total moment and because other authors have failed to
con®rm the proposed slow rupture during the largest earthquake
considered12,13. The shape of the long-period spectrum, used to
identify possible slow rupture, is strongly dependent on the Earth
structure and source parameters (including depth) assumed in the
modelling14. More accurate measurements of these parameters are
therefore necessary.

Modern broadband data have signi®cantly higher resolution than
the LP data. We use these data to compare earthquakes on two
contrasting transform faults on the equatorial Mid-Atlantic Ridge.
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Figure 1 Map of the equatorial Mid-Atlantic Ridge, showing the Romanche and Chain

transform faults and also the bathymetry26,27. The transform valleys are dark blue and the

interconnecting ridges are pale blue. The focal mechanisms obtained in the broadband

body-wave modelling are joined to their National Earthquake Information Center

hypocentre locations (red circles), with radius proportional to magnitude. The earthquakes

on the Romanche transform all dip to the south at ,808, and those on the Chain

transform all dip to the north at ,738. The centroid-moment tensor (CMT) mechanisms

are not accurate enough to resolve these differences. The active faults thus seem planar,

but the reason for their opposite sense of dip is unknown.
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We compare earthquakes on the Romanche transform, which is one
of the longest on the mid-ocean ridge system and offsets 50-Myr
lithosphere, with events on the neighbouring Chain transform,
which is shorter and offsets younger lithosphere (17 Myr) (Fig. 1).
We use broadband body waves to determine focal mechanisms and
depths for the 14 largest earthquakes in the Harvard CMT catalogue

since 1990 (refs 15, 16) (Figs 1 and 2). Most of these earthquakes are
well recorded, and depths and mechanisms are well constrained.

The mechanisms of the earthquakes on each transform are
extremely similar. They all have strikes within 28 of the strike of
the transforms (,808), implying that the transform faults are
planar. Using these well-constrained focal mechanisms, we deter-
mine the distribution of slip in the largest, 1994 Romanche, earth-
quake (Fig. 3). This earthquake has previously been reported to have
a complex rupture, including a slow precursor4. Strong eastward
directivity is clear in the waveforms. The earthquake had a small
amplitude onset lasting about 12 s (subevent A (ref. 4), which is not
unusual for a large earthquake17. The main slip occurred in two large
subevents to the east of the hypocentre. Their centroid depth agrees
well with that obtained from the body-wave modelling (12 km; all
depths quoted are below the sea ¯oor) and seismic slip extends to
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Figure 2 Comparison of the waveforms from six earthquakes, three on each of the

Romanche and Chain transforms. The observed displacement broadband waveforms

(solid lines, 20 samples per second), are corrected for the instrument response and

®ltered between 1 and 150 s. The dashed lines are the synthetics. The stations are chosen

to allow comparison between earthquakes on each transform and between transforms.

The dates, depths and magnitudes are given. The amplitudes of the seismograms (mm)

are given at the top right. The arrows mark the P picks; the vertical lines indicate the

duration used in the inversion. a, b, P waves are shown from earthquakes on the

Romanche transform (a) and the Chain transform (b). All six mechanisms are shown, and

those of the 1995 and February 1996b earthquakes are shaded. c, SH waves from all six

earthquakes. The SH mechanisms of the Romanche earthquakes are shown in black, and

those on Chain in grey. The seismograms from earthquakes on individual transforms are

very similar but differ between transforms, constraining the different dip directions. The

depths of the earthquakes are well constrained by the arrival times of the depth phases.

The waveforms of the Chain earthquakes are shorter in duration than the Romanche

events, implying that they are shallower. P wave arrival times are picked on velocity

seismograms. The P and SH waveforms (between 9 and 36 per earthquake) are inverted

for mechanism, centroid depth and moment rate28. The model source structure consists

of 5 km of water above a 6-km crust28. Non-double couple components were initially

included but were negligible, and the mechanisms are ®xed to double couples. Rupture

velocity is included when it signi®cantly improves the ®t. The data for two earthquakes

(July 1990c, Fig. 1, and February 1996b) are insuf®cient to constrain the mechanisms

and so they are set equal to those of neighbouring events with similar waveforms.
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Figure 3 Inversion for slip distribution in the 14 March 1994 Romanche earthquake

(Mw 7.1). We use the mechanism obtained in the body-wave modelling (strike 828, dip

758, rake 1798) to invert for slip on a ®nite fault plane. We use broadband displacement

P waves, low-pass-®ltered at 1 Hz. We use an oceanic structure and invert for slip on a

150 km ´ 39 km fault plane divided into 3 km ´ 3 km subfaults, extending from the sea

¯oor (0 km)29. We use ®xed rupture velocities between 3.0 and 4.5 km s-1, but only those

between 3.5 and 4 km s-1 can ®t the waveforms well. The observed waveforms are shown

in black (labelled with station code) and the synthetics in red. The strong eastward

directivity is clear when the arrival times of the ®rst large pulse and the duration of the

waveforms in the east are compared with those in the west. All the synthetic seismograms

start 20 s before the predicted arrival time. The preferred model is for a rupture velocity of

4 km s-1, and has a moment of 5.1 ´ 1019 N m. Two large subevents are well resolved,

and some small slip occurred near the hypocentre. The depth range is from near the

surface to ,20 km. Slip in the upper 5 km, and below 20 km, is not required; constraining

the slip to between these depths results in an insigni®cant decrease in ®t. The variance

decrease of the preferred model is 80%.

© 2001 Macmillan Magazines Ltd



letters to nature

76 NATURE | VOL 410 | 1 MARCH 2001 | www.nature.com

,20 km. The ®rst of these subevents corresponds to subevent B
(ref. 4). McGuire et al.4 identi®ed subevents by picking arrivals in
the observed seismograms; they did no waveform modelling. This is
dif®cult for strike-slip earthquakes in which many arrivals are small
or nodal. From the timing of their picks, McGuire et al. located
subevent B 80 km northeast of A, on a separate fault. This jump is
over an order of magnitude greater than observed in surface
ruptures18 or numerical simulations19. Our model does not need
such a jump, and requiring it worsens the waveform ®t. In our
mechanism the stations to the SE are nodal, and those to the SW
have small P amplitudes (Fig. 3). We infer that McGuire et al.4

misidenti®ed the strong surface re¯ections (such as sP) as P. This
would result in an overestimate of the time delay between the two
subevents at the southern stations and would thus displace the
location of subevent B to the north. Waveform modelling in the
frequency range in which most energy is radiated is essential when
investigating strike-slip earthquakes.

McGuire et al.4 also modelled the long-period source spectrum of
the 1994 Romanche earthquake. They used synthetic reference
seismograms calculated for an earthquake located in the 21-km
crust in the Preliminary Reference Earth Model (PREM)20 at a ®xed
depth of 15 km to obtain the source spectrum (Fig. 4). We
recalculate the source spectrum using an oceanic crustal model at
the source, and determine the mechanism and depth independently

from the body-wave modelling. The resulting spectrum is ¯at at
long periods with no resolvable slow component (Fig. 4). The
recalculated source spectrum is in good agreement with the
source spectrum predicted in the slip inversion of the higher-
frequency body waves. This suggests that the proposed slow com-
ponent is an artefact of using an inadequate source model. A small
precursory ramp in the highly ®ltered time-domain records has also
been claimed as supporting evidence for precursory slip4, but the
amplitude is so small that these observations are ambiguous.

The depths of all 14 earthquakes obtained in the broadband
body-wave modelling are shown in Fig. 5. The systematic difference
between the two transforms is clear. The earthquakes on Romanche
have centroid depths between 7 and 20 km, and those on Chain
between 3 and 11 km. The Romanche transform offsets relatively
old, cold lithosphere, and the systematic difference implies that
temperature controls the maximum depth of seismic slip on oceanic
transform faults as it does elsewhere6,7. The centroids are located in a
similar temperature range on both transforms. We can estimate the
rupture area of the earthquakes from slip inversions (Figs 3 and 5)
and from global relationships between earthquake moment and
rupture area21. The 600 8C isotherm thus seems a good estimate of
the limit of seismic slip. This is consistent with previous results for
intraplate oceanic earthquakes7 but is cooler than previously esti-
mated for transform fault events9. The depth of the isotherms can be
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Figure 4 Long-period source spectra of the 1994 Romanche transform earthquake

(Mw 7.0). The blue symbols are the spectrum obtained by McGuire et al.4 from vertical

Rayleigh waves by using the PREM20 structure at the source, the Harvard CMT

mechanism, and a depth of 15 km below the surface of the model. Note the increase in

amplitude at frequencies below ,8 mHz, where the spectrum of a typical earthquake of

this magnitude should be almost ¯at. It is this apparent excess long-period energy that is

taken as evidence for a slow rupture component3±5. We obtain the source spectrum in a

similar way, also using vertical Rayleigh waves. We calculate the synthetic seismograms

with a hybrid method. Fundamental mode surface waves are synthesized with the use of

WKBJ ray-theory, incorporating the excitation in an oceanic elastic structure. Overtones

are calculated with normal-mode summation. The spectrum of the observed seismogram

is divided by that of the synthetic at each station, and then all the stations are averaged to

obtain the mean source spectrum. The red spectrum used synthetics calculated for 15 km

depth in PREM20 crustal structure and the Harvard catalogue CMT mechanism. The dotted

lines are the 95% con®dence limits of the mean. The results agree with those of McGuire

et al.4. The green source spectrum is calculated using the mechanism and depth

determined independently from the body waves (Fig. 3), and a more appropriate oceanic

velocity structure at the source (5 km of water above a 6.5 km oceanic crust and PREM20

mantle). The orange dashed line is the spectrum of the source time function (STF, 33 s

duration) obtained from the slip inversion. The recalculated source spectrum (green) is

consistent with that from the higher-frequency body waves, and shows no evidence of an

increase in amplitude at long periods.
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Figure 5 Depth and temperature of earthquakes on the Romanche and Chain transforms.

The thickness of oceanic crust is about one-sixth that of average continental crust. The

centroid depths of the earthquakes studied are plotted as red circles with symbol size

proportional to magnitude. Solid symbols represent earthquakes with the best-resolved

parameters, and open symbols those with fewer data or poorer ®ts. All the depths are

accurate to within ,3 km. Isotherms, calculated by using a half-space cooling model and

averaging both sides of the transform, are plotted in black30. Slip inversions of the 1994

and 1995 Romanche earthquakes suggest that the former ruptured from near the surface

to ,20 km depth, and the latter from ,10 to 25 km depth. The 600 8C isotherm

therefore seems a reasonable estimate of the temperature controlling the maximum

depth of seismic slip on these transforms. The 1992 Chain earthquake is the only event

with a centroid within the crust, but it was large enough to have ruptured into the upper

mantle. We sum the moments of all the predominantly strike-slip earthquakes in the 25-yr

Harvard CMT catalogue along the Romanche and Chain transforms. Assuming a rigidity of

3 ´ 1010 N m-2, and assuming that the transforms have lengths of 900 and 330 km and

widths of 20 and 13 km, respectively, we obtain a seismic slip rate of 17 mm yr-1 on

Romanche and 20 mm yr-1 on Chain. The seismic slip during this period might not be

representative of the longer-term average, but it is higher than that calculated for the

Romanche transform by Brune24 for the period 1920±52.
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varied by using different thermal models22. The depths of the
earthquakes depend on the assumed crustal thickness and velocities
in the upper lithosphere, but reasonable variation23 would make a
difference of no more than 1 km. A temperature of 600 8C is
approximate but is consistent with the onset of ductile deformation
in olivine-rich materials at probable strain rates7. 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 ®rst studied24, 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-1 tectonic slip rate25.

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 zone4. 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 signi®cant
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 8C isotherm. The focal
mechanisms of earthquakes of the two transform faults show
impressive consistency, indicating that the faults are highly planar.
We also ®nd that the two previously identi®ed4 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. M
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Sulphate-reducing microbes affect the modern sulphur cycle, and
may be quite ancient1,2, though when they evolved is uncertain.
These organisms produce sulphide while oxidizing organic matter
or hydrogen with sulphate3. At sulphate concentrations greater
than 1 mM, the sulphides are isotopically fractionated (depleted
in 34S) by 10±40½ compared to the sulphate, with fractionations
decreasing to near 0½ at lower concentrations2,4±6. The isotope
record of sedimentary sulphides shows large fractionations rela-
tive to seawater sulphate by 2.7 Gyr ago, indicating microbial
sulphate reduction7. In older rocks, however, much smaller
fractionations are of equivocal origin, possibly biogenic but also
possibly volcanogenic2,8±10. Here we report microscopic sulphides
in ,3.47-Gyr-old barites from North Pole, Australia, with maxi-
mum fractionations of 21.1½, about a mean of 11.6½, 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
speci®c metabolic pathwayÐallowing 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 deformation11. 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 (BaSO4) within silici®ed volcano-
genic and carbonate sediments that were deposited in a shallow
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