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samples, is probably a thermal-remanent magnetization acquired by
initial cooling of the lava flows. Within-flow scatter of directions is
small, typically smaller than between-site scatter (see Supple-
mentary Information), and the axially symmetric (Fisherian) dis-
tribution of virtual geomagnetic poles (Fig. 3e) supports the model
that site-means are thermal-remanent magnetizations of geo-
magnetic secular variation about an axially geocentric dipole field.
WEe find the tilt-corrected, normal-polarity palacomagnetic pole at
0.5°N, 280.7°E, implying a depositional palaeolatitude of 11 * 5°
for the Griqualand West region. On the seven-point ‘Q’ scale*? of
reliability, this pole rates a perfect seven.

The low palaeolatitude of the Makganyene diamictite com-
pounds the enigma of Precambrian glaciations. Although glacio-
genic deposits of generally Palaeoproterozoic age occur on many
cratons, our study provides the first direct and reliable determina-
tion of any of these units. It is now documented that both of the
broad intervals of Precambrian glaciation, near the beginning and
end of the Proterozoic aeon, include glaciogenic sediments depos-
ited in equatorial latitudes. This may indicate a global climate
system fundamentally different (due, for example, to changes in
Earth’s orbital obliquity”) from that of the past 500 Myr, when
glacial deposits were restricted largely to the polar regions. Alter-
natively, the low-latitude Precambrian glacial deposits could indi-
cate severe, globally inclusive ice ages (a model called the “Snowball
Earth”*). In that case, our planet’s subsequent recoveries to more
mild temperatures would indicate a remarkable resilience to
extreme perturbations in climate. O
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Seismic image of the
subducted trailing
fragments of the Farallon plate
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USA

The Farallon plate was an enormous oceanic plate located west of
the Americas during the Cenozoic and Mesozoic eras. This plate
has now been almost completely subducted beneath the American
plates. In the Northern Hemisphere, the Farallon plate broke up
to form a number of independent smaller plates' when its
western edge approached the North American plate. Here we
present a tomographic image of the subducted trailing fragments
of the Farallon plate in the upper mantle beneath the western
margin of North America. The relatively cold, subducted frag-
ments appear as an intricate region of high seismic S-wave
velocity. Comparison of the structure of this high-velocity
region with tectonic plate reconstructions and volcanic records
enables us to identify individual fragments of the subducted
Farallon plate and thus reconstruct qualitatively the kinematic
evolution of the Farallon slab in the upper mantle beneath North
America.

Relative plate motions of the Pacific, Farallon and North Amer-
ican plates are known from reconstructions based on the magnetic
isochrons on the Pacific ocean floor*’. Estimates of the age of the
plate on subduction and of the time passed since its subduction have
been used to predict the geometry of the subducted Farallon plate
beneath North America over time®. In addition, the Late Cretaceous
and Tertiary record of arc magmatism’~ in the western United
States provides constraints on the slab geometry and its evolution.
This record is commonly explained by a flattening Farallon slab and
subsequent slab steepening*®’. Seismological data can provide
important constraints on the slab geometry at depth. Results from
early studies and inversions of sparse seismic body-wave travel-time
residuals suggest that remnants of the subducted Farallon plate
could be located in the upper mantle beneath the western United
States'®'!. More recently, large suites of body-wave travel times have
been used to derive lower-mantle images of older subducted
material from the Farallon plate'>". Here we present our detailed
upper-mantle image of the subducted trailing fragments of the
Farallon plate.

We applied the method of partitioned waveform inversion o
685 vertical-component broad-band digital seismograms to obtain
a three-dimensional image of the S-wave velocity structure of the
upper mantle beneath the North American plate. Figure 1 shows the
geometry of the wave paths and Fig. 2 shows the resulting three-
dimensional image. We suggest that the entire elongated high-
velocity anomaly near the western edge of North America (Fig. 2)
represents subducted lithosphere from the Farallon plate. The
location and coast-parallel trend of the anomaly is consistent with
tectonic models of the subducted Farallon plate®. The order of
magnitude of the S-wave velocity anomaly is also consistent with the
expected temperature difference between cold subducted litho-
sphere and ambient upper mantle, as shown by heat-flow computa-
tions for a 60-km thin stalled slab with an initial linear temperature
profile from 0 to 1,200 °C (ref. 16). After 26 Myr the temperature
anomaly from this slab is still between 200 and 300 °C colder than
the surrounding mantle over a region 80 km wide. With an increase
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of ~1% in the S-wave velocity with every 100°C decrease in
temperature'’, the imaged high S-wave velocity anomalies can be
explained by material that is presently ~200°C colder than the
ambient upper mantle, which is consistent with our interpretation
of the high-velocity anomalies as subducted oceanic lithosphere
from the Farallon plate.

In the Northern Hemisphere, two major fragments of the
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Farallon plate have not yet been entirely subducted. The Juan de

Fuca plate is currently subducting beneath the northwestern United |

States and southwestern Canada, while the Cocos plate is subduct-
ing beneath Central America. This present-day subduction has been
well studied with local seismic data, which has provided detailed
images of subducting slab structure'®'®. At uppermost mantle
depths we also have imaged some high-velocity anomalies related

Figure 1 The location, on a map of North America, of the paths travelled by the
waves recorded in 685 seismograms. The seismograms are deconvolved with
the instrument response to obtain ground displacement records and are
windowed around the wave train containing the fundamental and higher-mode
Rayleigh waves. The higher modes are sensitive to the structure at deeper levels
in the upper mantle, while the fundamental mode is mainly sensitive to the
structure of the uppermost mantle. The combination of fundamental and higher
modes thus provides good vertical resolution. Good lateral resolution is provided
by the large number of wave paths and their wide azimuthal distribution. Synthetic
seismograms are computed for a one-dimensional background model that is
representative of the average upper mantle between earthquake sources and
recording stations. Fine-tuning of the one-dimensional model for each source and
receiver pair is performed by fitting the synthetic seismograms to the ground-
displacement records with a nonlinear conjugate-gradient optimizer. The
resulting path-averaged models are transformed into linear constraints on Earth

40N
30N
20N
7 \ structure that have uncorrelated errors.
120W 110W 100W 90w
50° N
40° N -
30° N +
20° N
b NA95 450 km
40° N .
30° N +
20° N
€ NA95 550 km id NA95 650 km

120°W  110°W  100°W 90° W

120° W 110° W 100°W  90° W

Figure 2 The constraints from all seismograms are combined in a damped linear
least squares inversion to yield a three-dimensional model of the S-wave velocity
structure of the upper mantle, presented here at different depths, indicated on the
maps. Blue and red regions are higher and lower S-wave velocities, respectively.
The perturbations are in per cent relative to the background model® (see colour
scale). The model outlines a complex high-velocity anomaly, which we identify as
the Farallon anomaly, beneath the western USA and Mexico just above the
transition zone (a) and in it (b-d). The high velocities of the Farallon anomaly are
labelled with white letters. The image is robust and resolution tests show that,
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although the magnitude of the S-velocity anomalies is not well constrained,
smooth boundaries of the high-velocity anomaly are spatially resolved to within
200km (ref. 26). The resolution is best between 15°N and 45°N, although the
imageis smoothed and the connection between D and B/C may notbe real. North
of 45°N the resolution degrades at transition-zone depths due to the diminishing
sensitivity of the data here. South of 15° N the resolution is less due to degenerat-
ing crossing ray coverage (see also Fig.1). Regions in which the S-wave velocity is
not (or poorly) resolved are blanked out.
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to the present-day subduction of the Cocos and Juan de Fuca plates,
which bracket a region in the uppermost mantle between 18° N and
40°N, without subducted lithosphere. Figure 3 shows a roughly
coast-parallel vertical cross-section through our model. In Figs 2
and 3, we have alphabetically labelled the different segments of our
image to allow their identification. Based on the positions and
trends of the anomalies, we identify anomalies E and D as subducted
lithosphere from the subducting Juan de Fuca and the Cocos plates,
respectively.

One important feature of our image is the continuous presence,
from northwest to southeast, of the Farallon anomaly in the
transition zone (Fig. 2b—d). At shallower levels (Fig. 2a) however,
anomaly A is missing, thus showing window between anomalies B
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Figure 3 Bottom, vertical cross-section extending from the surface down to the
boundary between upper and lower mantle at the 660-km discontinuity. The
colour scale is as in Fig. 2. The cross-section is taken along the three combined
great circle segments (thick black lines on the accompanying map; top), which
follow the trend of the Farallon anomaly.

and C on the southeast side and anomaly E on the northwest side. A |
window in Farallon subduction started forming 28.5 Myr ago when |
the Pacific—Farallon ridge first came into contact with North
America®. Hence we conclude that the material from the Farallon
anomaly in the transition zone must have subducted before
28.5 Myr ago. the region of the mantle where subducted lithosphere
is no longer present is commonly referred to as the slab window. It
has been hypothesized that, in the wake of the downgoing slab, the
slab window has been filled in with hot low-viscosity mantle
material’®?', generating the Late Oligocene and Miocene record of
slab window magmatism®****. This hypothesis is consistent with
the presence of low S-wave velocities in the region of the slab
window at uppermost mantle depths. The vertical cross-section
shown in Fig. 3 runs through the slab window and the underlying
Farallon anomaly. Relating progressing geological time to decreas-
ing depth, the cross-section shows the onset of slab window
formation at 380 km depth (corresponding to 28.5 Myr ago) and
subsequent widening, with progressing time and decreasing depth,
of the slab window"*****'. The fact that subducted Farallon litho-
sphere in this region (anomaly A) reached a depth of 380km in
28.5 Myr or more, provides an upper bound for the vertical sinking
rate of this piece of subducted lithosphere of 1.3 cmyr ™.

A second important feature of our image is the intricate structure
of the Farallon anomaly. Although anomalies A, B and C all are
roughly parallel to the coastline, they are not located at similar
distances perpendicular to the coastline (Fig. 2). In particular, while
B and C are located behind each other in a coast-perpendicular
direction, they are sharply disconnected from A in a coast-parallel
direction. Moreover, while B and C form a pair of two individual
coast-parallel anomalies, the coast-side boundary of anomaly A
seems less clearly defined as the region between A and the coastline
is also of somewhat high S-wave velocity (see, for example, Fig. 2c).
to identify anomalies A, B and C we have compared their positions
to that of North America, in the fixed-hotspot reference frame®,
during the time of subduction of A, B and C. The position of North
America in the period 43—-28 Myr ago was several hundreds of
kilometers to the northeast of its present-day position®*. Relative to
this position, the boundary between anomalies A and pair B-C is
located at the latitude of the present-day northern Gulf of California.
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Figure 4 Schematic proposed explanation of the development of anomaly A (a-d)
and anomaly pair Band C (e-h). Filled triangles represent active volcanism, open
triangles represent inactive volcanoes and the arrows denote the direction of
subduction. Both developments start with a subhorizontal subducting Farallon
slab, where slab flattening has moved arc volcanism (dark shaded triangles) to
the east (a, e). In b, the dip angle of the Farallon slab is increasing, which moves
the arc volcanism to the west. Once the western edge of the Farallon plate is
subducted (¢), the slab window (sw) in the wake of the subducting Farallon slab
initiates slab-window magmatism (light shaded triangles). The slab then further

sinks to the transition zone (d), which represents our interpretation of high S-wave
velocity anomaly A in Fig. 2. Further south, the flat slab breaks and the dip angle of
the near-trench part of the slab increases, moving arc volcanism to the west (f). In
g, the two parts of the broken slab continue to sink, the eastern (buoyant) part
slower than the western part. In the wake of the subducted western edge of the
Farallon plate, the slab window causes magmatism that led to rifting of the Gulf of
California. The two parts then sank further into the transition zone (h), which
represents our interpretation of high S-wave velocity anomalies B and C in Fig. 2.
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This corresponds very well with the position 30 Myr ago of the
inferred boundary between two major fragments of the Farallon
plate, that is, the Vancouver plate to the north, off which the Juan de
Fuca plate evolved, and the remainder of the Farallon plate to the
south®. The Vancouver—Farallon boundary was located very close
and parallel, with a roughly ENE strike, to the Mendocino fracture
zone, across which the jump in oceanic plate age was extremely
large®.

The far northeastward extent of the region that includes the high
velocityies southwest of anomaly A and anomaly A itself, as well as
the far northeastward position of anomaly C, strongly suggest that
these anomalies were once related to subduction of Farallon litho-
sphere at very small dip angles. The volcanic record of western
North America indicates that subduction indeed occurred at very
small dip angles during the beginning (in the north) and the middle
(in the south) of the Tertiary, while corresponding arc magmatism
occurred as far east as Colorado™ ™. Subsequent increase of the
slab’s dip angle and westward migration of volcanism, also not
simultaneous everywhere, was completed around 20 Myr ago™"~*. A
proposed alternative explanation of the volcanic record through
downward buckling of the slab** cannot be reconciled with our
tomographic upper-mantle image.

The mechanism of slab steepening beneath continental litho-
sphere is not well understood. Here we schematically present (Fig.
4) kinematic models for the evolution of the geometry of the
Farallon slab beneath western North America, that are consistent
with the volcanic record and our tomographic image. To explain
anomaly A and the region of somewhat high S-wave velocities to its
southwest, we propose a development as schematically presented in
Fig. 4a—d. This development for A is consistent with the western
United States volcanic record of westward migrating arc volcanism,
followed by slab window magmatism’~>*""*. To explain anomalies B
and C we propose a development as schematically presented in Fig.
4e-h. This development for B and C is consistent with the volcanic
record’””’, in particular with the migration of Palaeogene arc
magmatism in the Sierra Madre Occidental to Neogene arc mag-
matism in eastern Baja California and coastal Sonora, which shifted
into magmatism related to rifting in the Gulf of California®® when
all trailing Farallon fragments in this region had completely
subducted’. These fragments have since descended some 350 km
in about 16 Myr suggesting an average vertical rate of sinking for
this piece of subducted lithosphere of about 2 cmyr . O
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Caecilians are an ancient and enigmatic group of limbless,
burrowing amphibians found throughout most of the humid
tropics"?. Over the past 100 million years, the majority of caecilian
lineages seem to have retained a series of highly derived muscu-
loskeletal traits from a common ancestor. Among these features
are unusually oriented body wall muscles’ and a vertebral column
that moves independently of the skin*~’. Until now, these strange
characteristics have defied a satisfying functional explanation.
Our data suggest that the unique morphology of caecilians
enables them to power locomotion hydrostatically by applying
force to a crossed-helical array of tendons that surrounds their
body cavity. Using this system, the Central American Dermophis
mexicanus can generate approximately twice the maximum for-
ward force as similar-sized burrowing snakes that rely solely on
longitudinally oriented musculature of the body wall and verteb-
ral column for forward force production. Although many groups
of invertebrates use hydrostatic systems to move'*"’ and many
vertebrates use hydrostatic systems in localized body parts'>",
caecilians are the first vetebrates known to use the entire body as a
hydrostatic system for locomotion.

Because caecilian ribs are not ventrally directed and cannot
support their bodies, previous workers have suggested that caeci-
lians maintain body shape during locomotion by means of hydro-
static pressure generated by the unusually vertical muscles of their
body wall**'>'°, To test this hypothesis, we monitored pleuroper-
itoneal pressures during vigorous locomotion by implanting air-
filled catheters in the vestigial left lung of four specimens of
Dermophis mexicanus and recording pressure changes with a differ-
ential pressure transducer. We expected pleuroperitoneal pressure
to vary across different modes of locomotion, but to remain fairly
constant within each mode. However, to our surprise, in all four
subjects pleuroperitoneal pressure varied cyclically during concertina
locomotion. In this mode of locomotion, caecilians use movements
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