an Isocarb common acid bath autocarbonate system at 90 °C at the University of
California Davis.

Mg/Ca ratios were measured on foraminifera collected from the same population and
size fraction that was used for the stable isotope analyses. Approximately 600 pg of
material per sample (~55 shells) was cleaned for trace and minor element analysis’.
Briefly, samples underwent a multi-step process consisting of initial rinses in ultrapure
water, followed by treatments with hot reducing and oxidizing solutions, transfers into
new acid-leached micro-centrifuge vials, and finally leaches with a dilute ultrapure acid
solution. All sample cleaning was conducted in laminar flow benches under trace-metal-
clean conditions. Samples were then dissolved and analysed on a Finnigan Element-2
ICPMS at the University of California Santa Barbara using established procedures’. A full
suite of trace- and minor-element measurements were made on each sample including Ca,
Mg, Sr, Na, Cd, Ba, La, Ce, Nd, Eu, Lu, U, Al, Mn and Fe.

Elemental ratios of Fe/Ca and Al/Ca were used to monitor cleaning efficacy. Analyses
with anomalously high Fe/Ca or Al/Ca ratios and/or with recovery of less than 20% after
cleaning were rejected. Although Fe/Ca ratios gradually increased with depth in both
cores, Al/Ca ratios remained uniformly low, typically <7 pmolmol ™" in ODP 999A and
<14 pmol mol ™" in VM28-122, indicating that Mg contamination associated with detrital
sediment in cleaned samples was not an issue at either site. Although Fe/Ca and Mn/Ca
were higher in VM28-122, Mg/Ca did not correlate with Fe/Ca, Al/Ca or Mn/Ca in either
core, indicating that the mineral phases containing these metals in the cleaned samples did
not affect Mg/Ca ratios in the foraminiferal calcite.

Error analysis

Analytical precision for the 3'*0 measurements is better than +0.06%o. The pooled
standard deviation of replicate Mg/Ca analyses from ODP 999A was +1.7% (1s.d.,

d.f. = 110). The pooled standard deviation of replicate Mg/Ca analyses from VM28-122
was £2.4% (1s.d., d.f. = 129). The overall precision of replicates in this study is slightly
better than other tropical cores (typically ~3%)>, most probably reflecting the stability
of the water column in the Colombian basin through the last glacial cycle. Standard
deviation for the 8'®Ogyy residual was calculated to be =+ 0.2%o, using Monte Carlo
methodology that assumed a 1o normal distribution in the '*0¢ and Mg/Ca
measurements and in the Mg/Ca—SST and §'®0-SST calibrations.
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Seismic reflection imaging of two
megathrust shear zones in the
northern Gascadia subduction zone

Andrew J. Calvert

Department of Earth Sciences, Simon Fraser University, 8888 University Drive,
Burnaby, British Columbia, V5A 1586, Canada

At convergent continental margins, the relative motion between
the subducting oceanic plate and the overriding continent is
usually accommodated by movement along a single, thin inter-
face known as a megathrust'. Great thrust earthquakes occur on
the shallow part of this interface where the two plates are locked
together’. Earthquakes of lower magnitude occur within the
underlying oceanic plate, and have been linked to geochemical
dehydration reactions caused by the plate’s descent’>”. Here I
present deep seismic reflection data from the northern Cascadia
subduction zone that show that the inter-plate boundary is up to
16km thick and comprises two megathrust shear zones that
bound a >5-km-thick, ~110-km-wide region of imbricated
crustal rocks. Earthquakes within the subducting plate occur
predominantly in two geographic bands where the dip of the
plate is inferred to increase as it is forced around the edges of the
imbricated inter-plate boundary zone. This implies that seismi-
city in the subducting slab is controlled primarily by deformation
in the upper part of the plate. Slip on the shallower megathrust
shear zone, which may occur by aseismic slow slip, will transport
crustal rocks into the upper mantle above the subducting oceanic
plate and may, in part, provide an explanation for the unusually
low seismic wave speeds that are observed there®’.

The Cascadia subduction zone, where the oceanic Juan de Fuca
plate descends beneath the overlying North American plate, extends
1,100 km from northern California to northern Vancouver Island.
Sedimentary rocks originally deposited on the oceanic plate are
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scraped off and accreted to the western edge of the continent; the
initiation of this process is indicated by the deformation front in
Fig. 1. The intersection of the deformation front with the southwest-
trending Nootka transform fault, which is characterized by high
levels of seismicity, marks the approximate northern limit of
the subduction zone. Beneath the western and eastern edges of
Vancouver Island, earthquakes within the oceanic plate occur in two
well-defined, ~50-km-wide, geographic bands that merge further
south. These earthquakes have been attributed to dehydration
embrittlement of the oceanic mantle” and the gradual transform-
ation of basalt to eclogite®’; this latter process may begin at depths as
shallow as 40 km (ref. 6).

West of Vancouver Island, seismic refraction and normal inci-
dence reflection surveys show that the top of the subducting oceanic
crust lies immediately beneath a seismic reflector that dips landward
at between 12 and 25 km depth'®'"" (‘JdF’ in Figs 2a and 3). Beneath
southern Vancouver Island and its margins, seismic reflection
surveys also identify two regionally extensive structures: a thick
zone of reflectors, denoted by the letter E, and a deeper, probably
individual, reflector, identified by the letter F (refs 12-15). On a
composite reflection section across the northern Cascadia forearc
(Fig. 2a), the E zone appears as a sequence of anastomosing
reflections that extends over 1.0 to 3.2s (corresponding to a
thickness of 3—10km), dips at 4-15°, and reaches a depth of at
least 45km east of Vancouver Island. The second reflection, F, is
observed intermittently, between ~0.5 and 2.0s (~2-6km) later
than the deepest reflector of the E sequence. The short duration
of this reflection implies that it originates either from a thin,
<2-km-thick, region, or at a single interface.

In offshore surveys, the F reflection can be traced seaward and
upward towards the reflection from the top of the subducting plate
west of Vancouver Island. As the F reflection shallows it approaches
to within 0.5 s (<2 km) of the deepest of the E reflections, defining a
wedge-like geometry (Fig. 2b). If the top of the subducting plate
were located at the base of the E reflectors, then the most plausible
interpretation of the F reflector would be as the oceanic Moho'®,
implying that the descending oceanic crust is <2 km thick in places.
However, this conclusion is inconsistent with observations in the
deep ocean basin where the Moho of the incoming oceanic plate is
observed 1.8-2.2 s after the top of the igneous crust'. In fact, the
Moho of the subducting plate is located by wide-angle reflections’
recorded in the SHIPS''® survey and occurs ~6 km deeper than the
F reflector (Fig. 2b), consistent with modelling of gravity data** and
analysis of teleseismic P to S wave conversions recorded near central
Vancouver Island*'. I therefore interpret the F reflector to be the top
of the subducting plate.

The E reflections dip shallowly to the east-northeast (ENE) at
approximately 4° across southern Vancouver Island. As the reflec-
tions reach the eastern edge of the island, their dip increases sharply
to ~15° and they continue into the uppermost mantle with this dip.
In contrast, the F reflection from the top of the subducting plate
dips to the ENE at ~15° near the western edge of Vancouver Island,
and then flattens out further to the east. It is not possible to identify
unequivocally the shorter F reflection segments near the east coast
of Vancouver Island owing to elevated levels of coherent noise;
however, it seems unlikely that the F reflection would crosscut the E
reflections. Therefore the F reflector must also increase in dip as it
presumably merges into the deepest of the E reflectors near the
eastern edge of Vancouver Island. Thus identified, the E and F
reflectors define a ~110-km-wide duplex structure: the F reflection,
which marks the top of the subducting plate, is the floor thrust with
a ramp-flat-ramp geometry, and the E reflectors form a vertically
distributed roof thrust (Fig. 4). In the region bounded by the E and
F reflectors, P wave velocities (derived by three-dimensional (3D)
tomographic inversion of first arrivals from local earthquakes and
first arrivals of the SHIPS survey®) vary laterally between 6,800 and
7,200ms " (Fig. 2b). These velocity values are consistent with
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crustal rocks of both the oceanic plate and the lower continental
plate.

Earthquake hypocentres relocated as part of the 3D tomographic
inversion® can be correlated accurately with the seismic reflection
data and a corresponding vertical section extracted from the 3D
velocity model. Earthquakes that occurred within 15km of the
seismic profiles have been projected laterally onto the profile and are
shown in Fig. 2b, in which the reflection section has been converted
to depth. The depth conversion used the extracted velocity model
extended seaward with a combination of refraction velocities' and
stacking velocities from the reflection profile?’, and removed the
effects on deep reflectors of lateral velocity variations in the near-
surface. Earthquakes can be divided into two main groups, upper
and lower, depending on whether they are above or below the E
reflectors, which appear to be notably aseismic'®.

Earthquakes occur above the E reflectors to depths as great as
35km, but the seismicity terminates abruptly at the shallowest of
the E reflectors. This distribution of earthquakes suggests that the
region of the lower continental crust in which the E reflectors are
located either cannot sustain stress accumulation or is completely
locked; the latter is unlikely given an estimated temperature at the
E reflectors of ~400°C (ref. 23). Landward of the locked part of
the inter-plate boundary, which extends landward 60 km from
the deformation front’, accumulating stress is released through
episodic, aseismic slow-slip events®*. Simultaneous non-volcanic
tremors> have been approximately located at multiple depths over
at least 15 km above the subducting plate®®. The existence of tremors
at depths corresponding to the E reflectors, and the absence of
conventional seismicity within the E reflectors, imply that slow slip
is occurring here. Tremors occur at depths corresponding to the F
reflector, suggesting that slip is also occurring at the top of the
subducting plate. With the roof thrust of the duplex active, the
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Figure 1 Map of the northern Cascadia subduction zone showing the distribution of inslab
earthquakes (filled black circles) along the margin. The approximate northern limit of the
Cascadia subduction zone is marked by the intersection of the deformation front with the
Nootka fault, which is characterized by high levels of seismicity caused by relative motion
between the Juan de Fuca plate and a small oceanic plate to the north. Earthquakes within
the subducting slab occur predominantly along the western and eastern edges of
Vancouver Island. The seismic lines combined to form the cross-section across the forearc
region in Fig. 2 are shown in red, the azimuth of the simulated cross-section in green
(dashed). The lines combined to form the section in Fig. 3 are shown in yellow. LRF, Leech
River fault.
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enclosed imbricated rocks will be transported downward (Fig. 4),
perhaps into the forearc upper mantle, and this process may provide
an explanation for the P wave velocities as low as 6,800 m s~ ! that
have been observed there®’.

Near the west coast of Vancouver Island, numerous earthquakes,
with a variety of focal mechanisms®’, occur beneath the top of the
subducting oceanic crust where it dips most steeply; only one
earthquake occurs above the top of the plate, being located in the
imbrication enclosed within the duplex structure (Figs 2b, 3). As the
top of the plate flattens, the number of earthquakes within the slab
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decreases markedly even though dehydration of the crust should be
occurring here®. As indicated in Fig. 1, there is another belt of inslab
earthquakes near the east coast of Vancouver Island, and Fig. 2b
shows that this belt corresponds to the location where the inferred
dip of the subducting plate increases once more. I propose that the
two belts of inslab seismicity (Fig. 1) are due either to flexure or to
fragmentation of the oceanic plate as it subducts obliquely around
the edges of the imbricated inter-plate boundary zone (Fig. 4).
Dehydration reactions may reduce the effective normal stresses
across faults’ and facilitate rupture when the subducting plate
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Figure 2 Composite seismic cross-section across the Cascadia forearc region in the
vicinity of southern Vancouver Island. a, Unmigrated section showing the reflection,
labelled JdF, from the top of the subducting Juan de Fuca plate west of Vancouver Island,
the E reflection zone, and the F reflection which marks the top of the subducting Juan de
Fuca plate further east. Reflections from the Leech River crustal fault, LRF, are truncated
by the E reflections. The lack of continuity of the F reflector beneath the western half of
Vancouver Island is largely due to the gain used for this display; on higher-gain displays,
the F reflector is continuous over ~80% of the profile with breaks attributable to localized
variations in near-surface basement topography. The cross-section was constructed by
projecting individual seismic profiles onto an azimuth of 063°, which is a representative
dip direction for the subducting plate near the seismic profiles. The apparent dips of
reflections such as JdF, E and F, which dip shallowly in directions close to the projection
azimuth, are close to true dip on the simulated section. The orientation of the original line
segments used to construct the composite section are shown at the top. b, Migrated
section superimposed on a display of P wave velocities derived by 3D tomographic
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inversion of first arrivals from local earthquakes and wide-angle airgun shots around
Vancouver Island®. The velocities were extracted from the 3D velocity model along the
composite seismic profile shown by the red line in Fig. 1 and projected in the same way as
the seismic reflection data. Earthquakes, which were relocated in the tomographic
inversion, are shown by filled black circles. The near-linear alignment of east-dipping
inslab earthquakes just above the oceanic Moho at 45-55km depth may indicate
delamination of the oceanic crust. Steeply dipping seismic reflectors oblique to the line of
projection may be mispositioned; however, for the shallowly ~ENE-dipping reflectors
interpreted here, any lateral positioning errors will probably be of the order of the accuracy
of the hypocentre locations and the cell size used in the tomographic inversion, namely
3km, or less. Oceanic Moho constrained by wide-angle reflections, blue; oceanic Moho
assuming subducting crust is 6 km thick, dashed blue; top of subducting plate, yellow;
deepest E reflection, green; shallowest E reflection, brown; Leech River fault, red. Vertical
exaggeration is 1.5:1.
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Figure 3 Composite seismic section near the west coast of Vancouver Island. The
shallowest of the inslab earthquakes follow the geometry of the top of the subducting Juan
de Fuca plate (yellow line). Inslab earthquakes occur predominantly where the dip of the
subducting plate increases to 15°, and infrequently elsewhere. Earthquake hypocentres
within 15 km of the seismic profiles are shown by black filled circles. The seismic data are
unmigrated, but the position of the top of the plate is derived from a migrated section,
indicating that the position of the interface does not move a great distance after migration
owing to its relatively low dip. The orientation of the original line segments used to
construct the composite section are shown at the top. Oceanic Moho assuming
subducting crust is 6 km thick, dashed blue line. Vertical exaggeration is 1.5:1.

flexes, for example, near the west coast of Vancouver Island. At the
eastern edge of Vancouver Island, the oceanic crust reaches 40 km
depth where the transformation of basalt to eclogite begins®, and
focal mechanisms are dominated by downdip tension?’. The con-
sequent increase in density of the crust may facilitate the sudden
increase in dip of the subducting slab here, and perhaps result in
delamination of the crust, as suggested by an alignment of earth-
quake hypocentres just above the oceanic Moho (Fig. 2b).

The two seismic belts (Fig. 1) may indicate the lateral extent of the
imbricated zone between the E and F reflectors, implying that most
of southern Vancouver Island is underlain by a ~110-km-wide
duplex structure, an order of magnitude greater than lenses of
sediment that can be eroded from the base of accretionary wedges
beneath the continental slope®®. Within the imbricated zone, a few
earthquakes occur where P wave velocities change laterally,
suggesting that these earthquakes might be attributable to imbricate
thrusting that has juxtaposed different lithologies. If these imbri-
cated rocks are derived mostly from the forearc, then the duplex
may result from erosion of the lower crust, perhaps below shelf
basins where high inter-plate coupling has been proposed®. Alter-
natively, if the imbricated rocks originated in the oceanic plate, they
would be underplated to the North American plate should aseismic
slip along the E reflectors cease, and reorganization of faults within
the duplex occur. If slip along the F reflector were to cease, the
duplex would become welded to the downgoing slab, and thickened
crust would be subducted, as proposed for the Yakutat terrane in
Alaska®.

Subduction is usually viewed as occurring along a single, thin
interface beneath which an oceanic plate descends into the mantle,
and inslab seismicity is considered to be driven by dehydration
metamorphism®”. In the northernmost Cascadia subduction zone,
however, the inter-plate boundary is a complex zone up to 16 km in
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Figure 4 Schematic cross-section of the northern Cascadia convergent margin at
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uthern Vancouver Island. The plate boundary forms a thick duplex structure, within

which crustal rocks are imbricated. Inslab earthquakes occur where the dip of the top of
the subducting slab, which defines the floor thrust, increases suddenly, suggesting that
the earthquakes are caused by deformation in the upper part of the subducting slab as it
responds to the geometry of the inter-plate boundary zone. The E reflectors form the roof
thrust, and are probably one location of the aseismic, slow-slip events. Slip along the roof
thrust will transport the imbricated crustal rocks into the upper mantle above the

su
is

bducting oceanic slab. Slow slip is also probably occurring along the floor thrust, which
inferred to be the top of the subducting plate. Earthquake hypocentres are indicated by

black circles. Vertical exaggeration is 1.5:1.

vertical extent, and inslab seismicity is controlled by deformation in
the upper part of the subducting plate. O
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Two largely independent bodies of scaling theory address the
quantitative relationships between habitat area, species diversity
and trophic interactions. Spatial theory within macroecology
addresses how species richness scales with area in landscapes,
while typically ignoring interspecific interactions'~. Complexity
theory within community ecology addresses how trophic links
scale with species richness in food webs, while typically ignoring
spatial considerations’'>. Recent studies suggest unifying these
theories by demonstrating how spatial patterns influence food-
web structure’™'® and vice versa'’. Here, we follow this sugges-
tion by developing and empirically testing a more unified scaling
theory. On the basis of power-law species—area relationships, we
develop link—area and non-power-law link—species models that
accurately predict how trophic links scale with area and species
richness of microcosms, lakes and streams from community to
metacommunity levels. In contrast to previous models that
assume that species richness alone determines the number of
trophic links”?, these models include the species’ spatial distri-
bution, and hence extend the domain of complexity theory to
metacommunity scales. This generality and predictive success
shows how complexity theory and spatial theory can be unified
into a much more general theory addressing new domains of
ecology.
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A widely observed pattern in ecology is the power-law scaling of
the number of species S of a metacommunity with local habitat
area A

S = cA* (1)

where ¢ and z are positive constants"?. This relationship may occur
when colonization frequency increases with area and extinctions
become less likely in larger habitats because of larger populations',
in which case spatial isolation can reduce z by preventing coloniza-
tion events'. A recent incorporation of trophic considerations into
spatial scaling theory suggests that z increases with trophic level'’.
Here, we reinforce this bridge between fields in the opposite
direction by incorporating spatial scaling considerations into
trophic theory.

Theories of biocomplexity within local communities express the
power-law scaling of feeding links between species, L, with species
richness, S, as

L=10bS" 2)

where b and u are positive constants’'°. The ‘link—species scaling
law” asserts that consumers have a finite number of resources that is
independent of community diversity (u = 1)’. The alternative
‘constant connectance hypothesis’ asserts that species are linked
on average to a fixed fraction of other species, and that links scale
with the square of species richness (# = 2)®. Empirical analyses find
exponents spanning this range (1 = u = 2)”'%and classical stability
theory predicts exponents at the low end of this range due to
positive feedbacks thought to accompany higher linkage densities'®.
However, spatial patterns may ameliorate this instability of highly
diverse food webs'®'**, A few studies have found that ecosystem
size determines the length of food chains'*¢, but such study of the
effects of space on food-web structure is surprisingly limited. Here,
we address this limitation by deriving link—area and spatially
explicit link—species relationships from species—area models and
testing them against the best available data.

Combining equations (1) and (2) yields a simple model for the
scaling of links with area

L=bc"A" 3

This link—area relationship depends on whether the link—species
scaling law (u =1)" or the constant connectance hypothesis
(u=2)® is accepted. Being based on equation (2), equation (3)
also assumes that the link—species relationship in equation (2) holds
independent of the value of S. This characterizes local communities,
in which all S species co-occur spatially and therefore all consumers
co-occur with and consume their resources among the S species®. In
metacommunities, species may be spatially isolated from potential
consumers and resources, which might prevent certain links from
being realized®. This suggests that equations (2) and (3) inaccurately
predict trophic complexity at macroecological scales®*'. Here, we
address this potential inaccuracy by starting with the species—area
model in equation (1) and deriving the following food-web com-
plexity models, which do not assume general consumer—resource
co-occurrence (see Box 1):

L=KO(A)A® = (K/c")O(A)S? 4)
L=KO(A)A*T= = £(;v(A)sks, = £0(A)S“ 5)
CkCr CkCr

where K is constant. In contrast to equation (4), equation (5)
accounts for differences in the species—area relationships between
consumers and resources, as indicated by the subscripts k and r,
respectively. (A) represents the increased or decreased likelihood of
consumer species occurrences in patches with their resources
compared with random patches. This effectiveness of consumers
tracking their resources may be scale dependent. For the metacom-
munity in area Ao, L(Ag) = Lo if 0(A,) = 1. At other spatial scales,
0(A) > 1 or §(A) < 1 indicates that, on average, consumer species
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