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Table 2 Preliminary data on carbon solubility in mantle minerals

Run no. T(°C) P (GPa) Duration (h) Carbon (wt p.p.m.)
E9 (enstatite) 900 1.5 96 4.7
3.0
Not detected
Di9 (diopside) 900 1.5 168 0.5
0.4
Py6/5 (pyrope) 1,300 6 10 2.1
1.9
Sp24 (spinel) 1,100 1.5 168 Not detected

Each carbon concentration refers to a single analysis on an individual crystal. Concentrations in wt
p.p.m. are recalculated for carbon of normal isotopic composition. For errors see text. Sample E9
appears to be inhomogeneous and may contain submicroscopic inclusions so that the data should
be considered as an upper limit of carbon solubility only. Experiment Py6/5 was carried out in a
multi-anvil apparatus, all other experiments were conducted in a piston cylinder press.

melt is independent of oxygen fugacity, since the oxidation state of
carbon in both coexisting phases is the same.

Bulk mantle carbon abundances have been estimated to be of the
order of several hundred to more than 1,000 p.p.m. by weight®. For
the depleted MORB source, some very low values of 72—-270 p.p.m.
by weight of CO, have recently been derived from the analyses of
undegassed melt inclusions'®"°. Abundances in undepleted mantle
sources should be much higher. By comparing any of these numbers
with the measured carbon solubilities it is evident that this carbon
cannot be present in olivine or any other major mineral of the upper
mantle. Instead, it must reside in a separate carbon-rich phase.
Extensive experimental research in the 1970s has demonstrated
that only CO,-rich fluids and carbonates are plausible phases for
storing carbon in the mantle®’, if it is not dissolved in silicate
minerals. CO, reacts with olivine at pressures above 2—3 GPa to
form carbonates according to reactions of the type MgCO; +
MgSiO; = Mg,Si04 + CO,. Therefore, carbonates appear to host
more than 90% of the carbon present in the deeper part of the upper
mantle. This situation is very different from that observed for
hydrogen, another volatile element, where it has been demonstrated
that the entire mantle reservoir can be incorporated in nominally
anhydrous minerals such as olivine***".

Our results have profound implications for the dynamics of the
global carbon cycle. If traces of carbon were stored as a solid
solution in olivine, releasing large quantities of carbon to the
atmosphere would be virtually impossible on short timescales
because of the slow diffusion coefficients of carbon in olivine, and
because during normal melting events, only a little olivine is
dissolved in the magma. For the same reasons, the exchange of
hydrogen between the Earth’s mantle and the hydrosphere is slow
and the volume of the oceans has changed little over the last three
billion years. However, carbonates are easily mobilized during even
low degrees of partial melting, and upon decompression below 2.5 to
3.5GPa they decompose and release CO, (refs 6, 7). Moreover,
geochemical evidence suggests a highly inhomogeneous distribution
of carbon throughout the mantle>'®'®. It is therefore conceivable that
a large melting event in a carbonate-rich part of the deeper mantle
could rapidly transfer large amounts of carbon dioxide into the
atmosphere. This is consistent with models that link extinction
events, such as the event at the Triassic—Jurassic boundary, to flood
basalt eruptions via a sudden increase of global CO, levels*'°. [
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At the northern Cascadia margin, the Juan de Fuca plate is
underthrusting North America at about 45mmyr~" (ref. 1),
resulting in the potential for destructive great earthquakes™.
The downdip extent of coupling between the two plates is
difficult to determine because the most recent such earthquake
(thought to have been in 1700)* occurred before instrumental
recording. Thermal and deformation studies® indicate that, off
southern Vancouver Island, the interplate interface is presently
fully locked for a distance of ~60 km downdip from the defor-
mation front. Great thrust earthquakes on this section of the
interface (with magnitudes of up to 9)*° have been estimated
to occur at an average interval of about 590 yr (ref. 3). Further
downdip there is a transition from fully locked behaviour
to aseismic sliding (where high temperatures allow ductile
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deformation), with the deep aseismic zone exhibiting slow-slip
thrust events®. Here we show that there is a change in the
reflection character on seismic images from a thin sharp reflec-
tion where the subduction thrust is inferred to be locked, to a
broad reflection band at greater depth where aseismic slip is
thought to be occurring. This change in reflection character may
provide a new technique to map the landward extent of rupture
in great earthquakes and improve the characterization of seismic
hazards in subduction zones.

The surface coverage of regional reflection profiles probing the
deep structure of the Cascadia subduction zone north of the
Olympic peninsula is shown in Fig. 1. New images formed by
processing the 1998 SHIPS’ data significantly extend the study area
and permit mapping variations in the reflection nature of the
interplate interface, from the deep-sea deformation front to where
the megathrust interface reaches the forearc mantle corner. Despite
considerable variation in the reflection character of the subduction
thrust on the seismic lines, there is a consistent downdip change
from a thin (<2 km) reflection zone offshore to a broad reflection
band (E-layer) some 5 to 7 km thick, inland of the west coast of
Vancouver Island (Fig. 2).

In Fig. 3, we show two reflection transects across the northern
Cascadia subduction zone formed by combining images from four
reflection campaigns. The NE-trending transect (Fig. 3a; red lines in
Fig. 1) extends from the deformation front to the east coast of
Vancouver Island. The SE-trending transect (Fig. 3b; green lines in
Fig. 1) extends from just offshore of Vancouver Island, where it
crosses the SW-NE transect, to the eastern end of the Juan de Fuca
Strait. Most of the reflection images in Fig. 3 are shown super-
imposed on a colour background representing tomographic P-wave
velocities. The partially imaged interplate interface at the western
half of the NE-trending transect (line 85-01 in Fig. 3a) is mostly
characterized by a single reflection (as in Fig. 2a). The interplate
interface appears to shallow landward of 40 km on the line 85-01
time section (Fig. 3a). This is a pull-up effect caused by a large lateral
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Figure 1 Simplified tectonic map of the northern Cascadia subduction zone. Purple, green
and red lines are regional seismic reflection profiles. Four lines located on Vancouver
Island were collected in 1984 as part of the Lithoprobe project. Nine lines found offshore
of Vancouver Island were shot in 1985 for the Frontier Geoscience project of the
Geological Survey of Canada, and in 1989 for the Geological Survey of Canada as part of
the Ocean Drilling Program site survey. Profiles in the Strait of Georgia and Strait of Juan
de Fuca were collected in 1998 during the SHIPS (Seismic Hazards Investigations in Puget
Sound) experiment’. Short yellow lines show the surface location of the two details in
Fig. 2. Red and green lines indicate the surface trace of the two reflection transects shown
in Fig. 3. The inset shows the location of the tectonic map with respect to North America.
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velocity change in the top 3—4 km of the crust. The subducting slab
in this area is likely to have a smoother and more uniformly
landward dipping geometry, similar to the one observed in Fig. 3b.

At the eastern end of line 85-01, the thrust reflection broadens
into the 1.5 to 2s (~5-7 km) wide E-reflection zone that extends
through much of land line 84-01 and then abruptly ends. Reflec-
tions from the oceanic Moho are visible intermittently along line
85-01 and at the very western end of line 84-01. The Moho reflection
is weak and has a similar shape to that of the megathrust event but is
found at a recording time about 1.5 to 2 s later (5-7 km deeper). The
E-reflection zone is imaged over the full length of the NW-SE
transect (Fig. 3b). At the western end of line 85-05 the E-reflection
zone is relatively thin (2-3km). It gradually thickens landward
reaching up to 8 km near the end of line 85-05, and is clearly visible
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Figure 2 Two details showing the variation in the reflection character at the subduction
thrust. a, Thin (<2 km) reflection response from the subduction thrust below line 89-06.
The thrust is probably represented by a single reflection or a thinner reflection zone
(<0.5 km) but the deconvolution was not able to remove the ringing and the stacking was
not optimal, passing only the very low part of the signal spectrum. b, Thick (>4 km) band
of reflections imaged on the most southern Vancouver Island line 84-02 overlies the
subducted oceanic crust. In the initial Lithoprobe sections this thick, strong and landward
dipping reflection band was named the ‘E-layer’ because it lies below a series of shallower
reflections (A-D)'. To be compatible with the early interpretations we keep the name but
in this work ‘E’ stands for ‘electrically highly conductive’.
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Figure 3 Two reflection transects across the northern Cascadia subduction zone. a, The
160-km-long NE-trending transect comprises profiles 85-01 and 84-01. b, The 220-km-
long SE-trending transect comprises profiles 85-05, JOF1 and JDF3b. The presented

images are time-migrated stacks. All except the 1985-01 image were converted to depth
along vertical rays. Data from various campaigns were acquired using different equipment
and were differently processed, resulting in non-uniform images. Only the depth or time
range of interest is shown. P-wave tomographic velocities?, extracted from a 3D velocity
volume covering much of the study area, are shown as colour background for profiles

84-01, JDF1 and JDF3b. The tomographic velocities were computed by simultaneously

along lines JDF1 and JDF3b. The oceanic Moho is partially imaged
along line 85-05 and at the western end of line JDFI.

The E-reflection band is regionally extensive (Fig. 4a) and where
fully developed, it is 5 to 8 km thick. This band is present on all 1998
Juan de Fuca lines except for the easternmost S-trending line, on all
1984 Vancouver Island lines, on the 85-05 offshore line, and at the
landward end of a number of other 1985 and 1989 offshore lines.
The interpretations proposed for the nature of the E-reflection band
can be divided into two classes, structural and nonstructural®. In the
structural interpretations, the E-reflection zone is represented by
interlayered mafic and/or sedimentary rocks™'’, or intensely sheared
sediments that trap fluids released from the subducting plate'’. In
the nonstructural interpretation, the E-reflection zone is caused by
thin dipping lenses of high porosity, where the fluid is supplied by
dehydration reactions within the subducted oceanic slab'.

We believe that the E-reflections are related to both shearing and
fluids, with the bulk of reflections caused by shearing. Temperature
estimates on the megathrust® and fluid-filled porosity estimates
within the E-reflection zone'>" lead us further to propose that
ductile banding is the prevailing type of deformation in the E-layer
shear zone. Laboratory and field studies of rocks from now-exposed
deep faults and shear zones show that at depths of 10 to 15km or
more and temperatures above 250 to 350 °C, ductile processes begin
to dominate and mylonites are formed'. The depth at which the
E-reflection band is observed is everywhere greater than about
15km (Fig. 3). The temperature at the base of the E-reflection
band at its seaward limit is about 400 °C, increasing to about 500 °C
at its landward limit.

Mylonite zones from exhumed ductile shear zones are often as
wide as the E-reflection band" and are in most cases inferred to
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inverting first P-wave arrivals from both the SHIPS 1998 wide-angle data set” and a
selected earthquake data set®. Relocated seismicity from 50-km-wide swaths centred on
the profiles is projected on the reflection images and is shown as circles whose size
corresponds to earthquake magnitude (1.0-4.6). The ~1-s pull-up structure at about
40-50km on line 85-01 is caused by a large lateral velocity change at the boundary
between the Eocene fossil trench and the Pacific Rim terrain, located further landward.
Sediments in the fossil trench are more than 3 km (~2.3 s) thicker than over the
neighbouring Pacific Rim terrain, and show significantly lower average velocities
(~3kms~")?8 than the rocks of the Pacific Rim terrain (5.25 kms ™).

be very reflective even in the absence of water'*. However, the
E-reflection band must contain significant fluid-filled porosity
to explain its high electrical conductivity'>", and inferred high
Poisson’s ratio'®. The fluid paths are probably well interconnected
because high tomographic P-wave velocities restrict this porosity to
only a few per cent'”. The E-reflection band may represent sub-
ducted and metamorphosed sediments. Alternatively, because the
obtained tomographic velocities appear to be high for fluid-filled
and sheared metasediments, perhaps the shearing cuts up into the
overlying ductile forearc crust. The latter process should result in
crustal material being transported to greater depths.

The E-reflections appear to end abruptly approximately where
the subduction thrust encounters the forearc mantle wedge. For the
SW-NE transect the E-reflections end at a depth of about
33 = 3km. Early two-dimensional (2D) seismic refraction data
provide a depth of 37 £ 1 or 2km for the continental Moho
forming the lid of the forearc mantle wedge'’. The original error
estimate on the continental Moho depth should be increased to *3
or 4 km, since the new tomography volume shows that the velocity
structure is complex and highly three-dimensional. The continental
Moho in the area could also be ~6 km shallower than previously
interpreted, and therefore in better agreement with our results
(Fig. 3a), because the strong wide-angle reflections in the early 2D
refraction data recorded on Vancouver Island may well be from the
subducting Moho and not from the continental Moho. Recent
interpretations'®" show that wide-angle reflections from the con-
tinental Moho are very weak in the region of the forearc mantle
wedge because mantle here is probably serpentinized and the
velocity contrast at the continental Moho is very small. Free slip
between the oceanic plate and the stable-sliding serpentinized rocks
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Figure 4 Locked seismogenic, transition, and stable slipping sections of the northern
Cascadia subduction interface. Sections inferred from a, the extent and character of the
subduction thrust reflections and b, thermal and dislocation studies®, and dislocation
modelling of the 1999 slow slip event®. a, Reflection zone 1 is characterized by thrust
reflections less than 2 km thick. Zone 3 has a reflection band immediately above the
oceanic plate that is more than 4 km thick. Within zone 2, this reflection band thickens
from <2 to >4 km. Three-dimensional geometry of the subducted slab was taken into
account when plotting the extent of the reflection zones. Thin red lines are reflection
profiles. Overlying thick orange, blue, and purple lines indicate respectively where thin
thrust reflections, transition to thick E-reflection band, and fully developed E-layer were
successfully imaged. Dashed lines with identical colour-code and thickness show areas
where imaging was intermittent. b, The location of the downdip thermal limit for
seismogenic behaviour, inferred to be about 350 °C from laboratory and field studies, has
been estimated from numerical modelling across the Vancouver Island margin®. The
landward limit of the locked zone has been estimated by matching the predicted vertical
and horizontal deformation from elastic dislocation models for a locked fault, to
observations of repeated levelling surveys, global positioning system and other geodetic
data®=,

of the overlying upper mantle has been proposed for greater
depths®. The contact zone in this area of the thrust is probably
quite thin, although there is some indication from the deep
reflection profiles across the forearc of Chile that the broad reflec-
tion zone may continue below the forearc mantle wedge*"**.

Our relocated seismicity, tomographic velocities, and reflection
images (Fig. 3) indicate that the E-reflection zone lies just above the
subducting oceanic slab. This identification is in agreement with
some earlier interpretations™'® although several other studies®'"*
suggested that the E-reflection band is several kilometres above the
subducting plate. Tomographic velocities from first-arrival data™
(Fig. 3) only approximately outline the oceanic Moho, because of a
3-km cell size and a minimum structure assumption in the inver-
sion. However, new 2D velocity models in Juan de Fuca Strait® were
interpreted by inverting both refracted and reflected arrivals,
including Moho reflections. These better constrain the oceanic
Moho and infer that the top of oceanic crust is directly beneath
the E-layer. The seismicity data suggest that a depth separation
greater than about 2 to 3km between the E-reflections and the
oceanic plate cannot be accommodated, because relocated slab
events occur within the top few kilometres below the E-layer
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(Fig. 3). The E-reflection zone itself appears to be mostly aseismic.
Only a small number of earthquakes occur within this zone at the
landward end of line JDF1, and these may be explained by a few
events being poorly located. It is thus likely that the E-layer
represents the current slow slip zone.

In Fig. 4, we compare the variations in reflection character along
the subduction thrust with the extent of the locked, transition and
stable sliding zones determined from thermal and deformation
studies: (1) The locked seismogenic zone correlates with the
generally thin megathrust reflection package (zone 1). (2) The
modelled transition zone correlates with the zone of gradual
thickening of the E-zone reflections (zone 2). (3) The fault area
that moved in the well-defined 1999 and other slow slip events®
correlates with the fully developed E-zone reflection package (zone
3). (4) The landward termination of the modelled 1999 slow slip
area approximates the location of the abrupt termination of the
E-zone reflections.

Our evidence suggests that the fully developed E-reflection zone
demarcates the part of the subduction thrust where stable sliding
and slow slip events dominate. Seaward thinning of the E-reflections
delineates the transition zone towards the seismogenic part of the
interplate interface that is characterized by narrow thrust reflec-
tions. The landward edge of the locked zone on the northern
Cascadia subduction thrust inferred by reflection imaging appears
to lie some 25-30 km closer to the land than estimated from thermal
and dislocation modelling, implying a wider zone of coupling than
currently proposed. If this wider zone is confirmed, a somewhat
greater megathrust seismic hazard is suggested at inland cities.
The transition zone based on reflection imaging is significantly
narrower than the transition zone, as outlined by both thermal and
dislocation modelling.

At the northern Cascadia subduction zone, deep reflection
imaging has provided us with a method for detailed mapping of
the expected rupture area of the subduction thrust, especially its
landward limit, resulting in improved seismic hazard characteriza-
tion. More accurate mapping of locked seismogenic zones requires
calibration of the presented method at a subduction zone that has
experienced megathrust earthquakes with the rupture extent
defined by aftershocks and geodetic data. Deep seismic reflection
images from Alaska®®, Chile’! and SW Japan®’ show a similar broad
reflection band above the subduction thrust in the region of stable
sliding and thin thrust reflections further seaward, perhaps
suggesting that reflection imaging may be a globally important
predictive tool for determining the maximum expected rupture area
in megathrust earthquakes. 0
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Catastrophic extinctions follow
deforestation in Singapore
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The looming mass extinction of biodiversity in the humid tropics
is a major concern for the future', yet most reports of extinctions
in these regions are anecdotal or conjectural, with a scarcity of
robust, broad-based empirical data®*. Here we report on local
extinctions among a wide range of terrestrial and freshwater taxa
from Singapore (540km?) in relation to habitat loss exceeding
95% over 183 years™‘. Substantial rates of documented and
inferred extinctions were found, especially for forest specialists,
with the greatest proportion of extinct taxa (34-87%) in
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butterflies, fish, birds and mammals. Observed extinctions
were generally fewer, but inferred losses often higher, in vascular
plants, phasmids, decapods, amphibians and reptiles (5-80%).
Forest reserves comprising only 0.25% of Singapore’s area now
harbour over 50% of the residual native biodiversity. Extrapol-
ations of the observed and inferred local extinction data, using a
calibrated species—area model”’, imply that the current unpre-
cedented rate of habitat destruction in Southeast Asia'® will
result in the loss of 13—42% of regional populations over the
next century, at least half of which will represent global species
extinctions.

Tropical forests represent the Earth’s major reservoir of terrestrial
biodiversity*'!, yet these biomes are now gravely imperilled by
anthropogenic change, including deforestation and habitat degra-
dation'>"?, overexploitation of plant and animal populations', and
the introduction of invasive species'. If we are to avert or at least
mitigate catastrophic loss of species in these areas, it is vital to
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Figure 1 Observed and projected biodiversity loss in Singapore, 1819-2002.

a, Observed (recorded) and inferred extinction rates for vascular plants (PLA; number of
modern, historically recorded and inferred species is 1,683, 2,277 and 6,549,
respectively), freshwater decapod crustaceans (DEC; 16, 23, 82), phasmids (PHA; 33, 41,
100), butterflies (BUT; 236, 381, 863), freshwater fish (FIS; 35, 61, 269), amphibians
(AMP; 25, 27, 87), reptiles (REP; 117, 123, 228), birds (BIR; 144, 218, 347) and
mammals (MAM; 26, 45, 117). b, Combining the data from a provides a probability
distribution of potential total species extinctions for all taxa (dashed line) and animal taxa
only (continuous line), given a habitat loss exceeding 95% over a 183-year period. This
was derived via computer re-sampling of the extinction data by assuming that the true
extinction rate was equally and independently likely to lie anywhere between the observed
and inferred proportions for each taxa. The vertical line indicates the mean of the animal
taxa distribution.
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