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ABSTRACT
The eastern Snake River Plain in southern Idaho, western United States, is character-

ized by 1–2 km of Pleistocene to late Pliocene basalt overlying rhyolite caldera complexes.
Cyclic variations in the chemical composition of basalts from 1136 m of scientific drill
core show that the parent magmas of these lavas evolved by crystal fractionation at shal-
low to intermediate crustal depths, punctuated by episodic recharge with more primitive
compositions and assimilation of adjacent wall rock. We have identified 10 upward frac-
tionation cycles and four reversed cycles; assimilation of sialic crust was limited and main-
ly affects the oldest basalts, which directly overlie rhyolites. We infer that the crystal
fractionation and/or recharge cycles took place in a series of sill-like intrusions at inter-
mediate crustal depths that now form a layered mafic intrusion that underlies the eastern
Snake River Plain at depth. This layered sill complex is represented by the ;10-km-thick
‘‘basaltic sill’’ that has been imaged seismically at ;12–22 km depth. The association of
this mid-crustal sill complex with geochemical fractionation cycles in basalt supports the
concept that exposed layered mafic intrusions may be linked to overlying basalt provinces
that have since been removed by erosion.
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Figure 1. Digital topographic map of central
and eastern Snake River Plain (SRP), south-
ern Idaho, showing location of Idaho Nation-
al Laboratory site (INL; outline), core hole
WO-2 (white star), and Heise volcanic com-
plex (dashed outline). Note abrupt termina-
tion of Basin and Range structural trends at
margins of SRP, which trends NE and cul-
minates at Yellowstone (YE) plateau. TF—
Twin Falls.

INTRODUCTION
Petrologists have long used layered mafic

intrusions to infer magmatic liquid lines of de-
scent and to speculate about processes that
control the compositions of volcanic rocks
erupted at the surface. The most important
processes inferred from layered mafic intru-
sions include crystal fractionation (by gravi-
tational settling or crystallization fronts at the
base and sides of the magma chamber), mag-
ma recharge and mixing, and the progressive
assimilation of roof or wall rocks (e.g., Wager
and Brown, 1967; Irvine, 1970; Jackson,
1970, 1971; McBirney and Noyes, 1979; Pal-
lister and Hopson, 1981). Petrologists invoke
these processes to explain chemical variations
observed in lavas erupted on the Earth’s sur-
face, but it is rarely possible to relate these
processes to stratigraphic successions of lava
in a way that correlates with the multiple cy-
cles of fractionation, recharge, and mixing ob-
served in layered mafic intrusions.

We document here a 1136-m-thick strati-
graphic section of basalt sampled by scientific
drilling that preserves geochemical variations
consistent with crystal fractionation, magma
recharge, and assimilation in a layered magma
chamber at mid-crustal depths. Upward frac-
tionation sequences are inferred to represent
fractional crystallization cycles identified in
layered intrusions; reversed intervals are in-
ferred to document progressive recharge of a
previously fractionated magma system. The
chemical stratigraphy of these basalts provides

a clear link between processes inferred from
layered mafic intrusions and the chemical evo-
lution of basaltic magmas.

GEOLOGIC RELATIONS
The Yellowstone–Snake River Plain volca-

nic system of the western United States rep-
resents one of the best examples of hotspot
volcanism preserved within continental litho-
sphere, although the significance and origin of
the volcanic rocks are controversial (Fig. 1).
Rhyolite caldera complexes and their associ-
ated ignimbrites are overlain by a thin veneer
of basalt, ;1–2 km thick, erupted from small

shield volcanoes and cinder cones. Major and
trace element systematics of the basalts are
consistent with a sublithospheric mantle
plume origin, similar to the source of ocean
island basalts, but their isotopic compositions
reflect an enriched subcontinental mantle lith-
osphere source (Leeman, 1982; Geist et al.,
2002; Hughes et al., 2002; Shervais et al.,
2003, 2005). Core from adjacent scientific
drill holes NPRE (0–185 m) and WO-2 (cored
from 152 to 1515 m total depth) at the Idaho
National Laboratory (INL) preserves a nearly
complete record of volcanism at this site,
comprising 1136 m of basalt overlying 380 m
of rhyolite tuff and breccia. Basalts at the sur-
face are dated as ca. 230 ka (Champion et al.,
2002). A sediment horizon at 215–233 m
depth has been correlated with the Bruhnes-
Matuyama magneto-stratigraphic boundary
(780 ka), while the magnetic polarity chron-
ozone C2n (Olduvai, ca. 1.81 Ma) occurs at
;526 m depth (Champion et al., 2002; Morse
and McCurry, 2002). The underlying rhyolites
are correlated with the Heise volcanic com-
plex, the youngest rocks of which have been
dated as ca. 4.45 Ma (Morgan and McIntosh,
2005).

The eastern Snake River Plain is underlain
by a mid-crustal layer ;10 km thick and ;90
km wide that has a seismic velocity (Vp ;
6.5 km/s) intermediate between the granulitic
lower crust and more felsic upper crust (Braile
et al., 1982; Peng and Humphreys, 1998). The
mid-crustal layer has been interpreted to rep-
resent a sill formed by the intrusion of basaltic
magma into the middle crust, but it is not pos-
sible to distinguish a single 10-km-thick sill
from a sill complex consisting of many semi-
contiguous sills intruded over a prolonged
time. McQuarrie and Rodgers (1998) and
Rodgers et al. (2002) proposed that down-
warping of the eastern Snake River Plain is
driven by sinking of the excess mass in this
mid-crustal sill, which is found only under the
eastern Snake River Plain and is absent from
adjacent crust.

METHODS
We selected 59 whole-rock samples for

analysis, representing all 38 major basalt flow
groups documented in the core. Major ele-
ments were analyzed by fused bead electron
microprobe analysis, and trace elements were
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Figure 2. Plots of chemical and isotopic composition as a function of depth below surface
(in feet) for MgO wt%, K2O wt%, Cr ppm, and 208Pb/204Pb isotopic composition. Data define
10 upward enrichment cycles (decreasing MgO, Cr; increasing TiO2 and K2O), and four
crude reversals, which are thought to represent progressive fractionation of basaltic magma
in the mid-crustal magma chamber, and replenishment of this system with new magma,
respectively. Note upward increase in Cr, which forms at least two megacycles (shown by
red arrows) that cannot be attributed to simple fractionation.

Figure 3. Ratio plots of Mg# (100*Mg/[Mg 1
Fe]) vs. La/Lu (chondrite normalized), K2O/
P2O5, and 208Pb/204Pb isotopic ratios. A: In-
crease in La/Lu with decreasing Mg# sug-
gests assimilation of crustal component
during fractionation (arrow). B: Decrease in
K2O/P2O5 shows that assimilant was rich in
P2O5 (and other high field strength ele-
ments) relative to K2O (and other felsic com-
ponents); arrows show expected paths for
fractional crystallization (FC), fractional
crystallization with assimilation of felsic
crust (AFC-crust), and fractional crystalli-
zation with assimilation of previously in-
truded basalt (AFC-gabbro); altered sam-
ples from cycle 3R are not shown. C:
Relatively constant 208Pb/204Pb ratios imply
that assimilant had isotopic composition
similar to intruded magma, and could not
represent old continental crust.

analyzed by X-ray fluorescence spectrometry
and by inductively coupled plasma mass–
spectroscopy; three samples are altered and
have been excluded from the data set (for de-
tails see Data Repository Table DR11).

RESULTS
Plots of fractionation index versus depth

show that at least 10 upward fractionation se-
ries can be identified within the 1136 m of
basalt core. The upward fractionation cycles
are defined by decreases in MgO and Cr up-
section, and by increases in FeO*, K2O, TiO2,
P2O5, Zr, La, and La/Lu (e.g., MgO, K2O, Cr;
Fig. 2). The plagiophile elements CaO, Al2O3,
and Na2O vary more irregularly, possibly re-
flecting plagioclase flotation in some cumu-
lates. Transitions between evolved composi-
tions at the top of one cycle and primitive
compositions at the base of the superjacent cy-
cle may be abrupt or gradual; the gradual tran-
sitions are represented by reversed cycles in
which the basalts become progressively more
primitive upsection. There are four of these
reversed cycles that occur above normal cy-
cles 3, 4, 7, and 8 (cycles 3R, 4R, 7R, and
8R; Fig. 2). Cr concentrations define two or
three megacycles above 970 m depth super-
imposed on the upward fractionation trends
(Fig. 2).

Basalts from cycles 1 and 2 (below ;970
m depth) display wide fluctuations in major
element, trace element, and isotopic compo-
sitions that are difficult to correlate with sim-
ple fractionation or recharge. For example,

1GSA Data Repository item 2006072, Table
DR1, is available online at www.geosociety.org/
pubs/ft2006.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301, USA.

K2O/P2O5 ratios vary from 1.2 to 8.1 below
970 m, but in the cycles above 970 m depth
K2O/P2O5 ratios vary from ;0.4–2.5, with a
few alteration-induced fluctuations. Below
970 m depth, 208Pb/204Pb 5 37.8–38.6 and
87Sr/86Sr ranges from 0.7063 to 0.7083; above
970 m depth, 208Pb/204Pb $ 38.3 and 87Sr/86Sr
ranges from 0.7061 to 0.7075 (208Pb/204Pb:
Fig. 2; see also Table DR1 [see footnote 1]).

The negative correlation of La/Lu with Mg#
implies that assimilation was concurrent with
fractional crystallization, but K2O/P2O5 (and
K2O/TiO2) ratios correlate positively with
Mg# from 970 m toward the surface (Fig. 3).
Thus, the assimilant must have been enriched
in Ti, P, and the light rare earth elements rel-
ative to the lithophile elements that dominate
normal sialic crust. Further, the relatively con-
stant radiogenic isotope ratios above 970 m
depth show that the assimilant must have had
an isotopic composition similar to the parent
magmas of the intruded basalts (Fig. 3).

DISCUSSION
Layered Mafic Intrusion Paradigm

The cyclic repetition of phase assemblages
and compositions observed in layered mafic
intrusions has long been interpreted as the re-
sponse of a basaltic magma to fractional crys-
tallization and magma recharge (e.g., Wager
and Brown 1967; Jackson, 1970, 1971; Irvine,
1970; McBirney and Noyes, 1979; Pallister
and Hopson, 1981). Progressive changes in
phase assemblages and/or compositions within
each cycle represent the instantaneous crystal
extracts from an evolving magma. Changes in
phase assemblages represent interception of a
new phase volume, while changes in phase
compositions (the so-called cryptic layering of
cumulate rock assemblages) represent the pro-

gressive evolution of the magma toward lower
temperatures. In contrast, the repetition of cy-
cles involving the same or broadly similar
phase assemblages upsection has been shown
to represent an influx of primitive magma that
mixes with any residual magma remaining in
the system and draws the system back toward
its original starting point. This recharge of an
evolved magma with new primitive melt is the
most important factor in forming the repetitive
cycles that are characteristic of layered mafic
intrusions (e.g., Irvine, 1970). Careful analysis
of these repeated cycles has shown in several
cases that assimilation of the adjacent wall
rock must be operating to pull these mixed
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Figure 4. Model cross
sections of crust with sill
complex. A: Seismic ve-
locity model of Peng and
Humphreys (1998), show-
ing location and thick-
ness of inferred mafic sill
complex. B: Detailed
schematic with our inter-
pretation of mafic sill
complex as interpreted
from compositional
trends in lavas; separate
magma batches may
pond at more than one
level in crust and may in-
teract with partial melts
or residual melts in partly
congealed Fe-Ti basalt
cumulates prior to re-
plenishment. C: Inset
showing detail of layered
sill with multiple fraction-
ation cycles forming lay-
ered intrusion; repeated
cycles form in response
to magma replenishment.

magmas off simple mixing trends (e.g., Jack-
son, 1970, 1971).

Origin of Depth-Related Variations in the
Basalts

The depth-correlated variations in basalt
chemistry described here imply the superpo-
sition of several different enrichment and/or
fractionation mechanisms that operated with
different periodicities and at different rates
throughout the section. Based on our exami-
nation of these data, we can surmise that these
processes included fractional crystallization,
assimilation, and recharge by primitive mag-
mas. These are the same processes inferred
from phase relations observed in layered maf-
ic intrusions (e.g., Irvine, 1970).

The upward fractionation cycles are consis-
tent with fractional crystallization of the more
primitive (high Mg#, low incompatible ele-
ments) lavas in each cycle, as confirmed by
forward modeling using MELTs (Ghiorso and
Sack, 1995) and Comagmat (Ariskin et al.,
1993). There are distinct variations between
some cycles, showing that the same parent
magma cannot be used for all cycles. In par-
ticular, basalts in the upper 130 m of core re-
quire a distinct parent magma, with higher
Mg#, CaO, and Al2O3, and lower FeO*, TiO2,
and K2O at a given MgO content, that is un-

related to basalts lower in the core. Cr con-
centrations define two or three megacycles,
each of which may represent a distinct magma
stem (Fig. 2).

Transitions between some upward fraction-
ation cycles are not abrupt, but occur grada-
tionally over 30–60 m of section (cycles 3R,
4R, 7R, 8R). We infer that these gradual re-
versals are due to magma recharge; the gra-
dational transitions imply that the influx of
new magma batches occurred over a period of
time, and did not completely overwhelm re-
sidual magma from the previous fractionation
cycle. In contrast, abrupt transitions from
evolved to primitive compositions imply a
complete turnover in the magma supply, con-
sistent with observations in many layered in-
trusions for a return to phase assemblages and
compositions that are as primitive as the basal
cumulates in the underlying cycle (e.g., Irvine,
1970). Alternatively, abrupt reversals may
represent tapping of a new magma storage
chamber, or nonuniform distribution of the
erupted lava.

Assimilation of Consanguineous Basalt
Intrusions: The Sill Complex as a
Reactive Filter

The changes displayed by incompatible el-
ement ratios in response to decreasing Mg#

require that assimilation occurred in concert
with fractional crystallization, but the constant
isotopic compositions above 970 m depth re-
quire that the assimilant had an isotopic com-
position similar to the intruded magma (Fig.
3). This assimilant could not have been older
continental crust, which is characterized by
high K2O, high 87Sr/86Sr isotopic ratios, and
low 208Pb/204Pb ratios. We propose that above
970 m depth, the assimilant was a partially
crystallized ferrogabbro derived from a parent
magma that was the same or similar to the
recharge magmas. Melts derived from this fer-
rogabbro, or residual melts in the interstices
of partially crystallized cumulates, will have
isotopic compositions similar to the primitive
recharge magma, but will be enriched in FeO,
TiO2, P2O5, and La/Lu (Fig. 3). The observed
increase in K2O/P2O5 upsection in the core
thus represents a progressive decrease in as-
similation through time, probably in response
to earlier melt extraction and/or assimilation
events that depleted the crust in low melting
components (e.g., Geist et al., 2002).

It is unlikely that each new batch of prim-
itive magma feeding the layered complex was
identical in composition to previous batches
of magma, even if they are broadly similar;
each magma batch was likely to reflect small
variations in source composition and percent
melting, as proposed by Hughes et al. (2002).
The occurrence of the reversed fractionation
cycles, however, implies that these individual
magma batches did not erupt directly at the
surface, but were processed through a crustal
storage system.

Layered Mafic Sill Complex in the Middle
Crust

Where layered mafic intrusions are suffi-
ciently well exposed, it can be shown that
their form factor is sill-like, either as a funnel-
shaped lopolith or as true sills that have sig-
nificant horizontal extent. Less commonly de-
scribed are sill complexes that represent the
progressive migration of melts upward
through the crust, pausing to fractionate and
assimilate at crustal depths where the magma
is neutrally buoyant (e.g., Marsh, 2004).

Based on the chemical stratigraphy of the
NPRE and WO-2 cores, we propose that the
10-km-thick ‘‘sill’’ imaged seismically below
the eastern Snake River Plain represents a
complex of layered mafic sills that are par-
tially interconnected, each feeding one or
more major volcanic centers on the surface
(Fig. 4). The presence of reversed cycles be-
tween some normal cyclic units implies mag-
ma recharge within a layered intrusion. The
lack of reversed cycles between other normal
cycles may indicate eruptions from a distinct
unrelated sill, or a complete recharge of the
sill that flushes out any residual melt. Alter-
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natively, it could result from the fact that drill
core is an imperfect record of basaltic volca-
nism: shield volcanoes may remain emergent
for hundreds of thousands of years on one
flank while being inundated by an adjacent
volcano on another flank, and a drill core pen-
etrating what was the emergent flank will re-
cord a hiatus in deposition even though vol-
canism was continuous.

Upward enrichment megacycles in the com-
patible element Cr, along with abrupt changes
in incompatible elements, suggest that at least
three large magma systems were present under
the eastern Snake River Plain at this location;
we speculate that these represent three layered
sill complexes. Other layered sills are proba-
bly present along strike in the plain, to the NE
and SW.

CONCLUSIONS
The preservation of chemical cycles in

erupted lavas that are consistent with forma-
tion in layered mafic intrusions represents a
unique confirmation of petrologic theory. The
importance of layered mafic sill complexes in
controlling magma evolution was highlighted
by Marsh (2004), and the fact that a 10-km-
thick ‘‘sill’’ has been imaged seismically be-
low the lavas studied here confirms the valid-
ity of this model.

Because magmas will tend to pond near
their depth of neutral buoyancy and thus in-
teract with previously ponded melts and their
solidified extracts, assimilation of this consan-
guineous material is virtually assured. The sill
complex thus becomes a reactive filter that af-
fects any magmas that attempt to traverse it
on their way to the surface, forcing assimila-
tion of previously intruded magmas (now
largely crystallized to ferrogabbros) and crys-
tallization of the equilibrium phase assem-
blage. This model is fundamentally the same
as that proposed by Bédard (1993) for oceanic
crust.

Our data show that it is possible for basaltic
melts to traverse thick sections of continental
crust without substantially interacting with the
granitic to dioritic gneisses that dominate this
crust. The data imply that once a robust con-
duit system has been established through the
felsic crust, the ascending melts are protected
from interacting with this crust by armoring
of the conduit walls.
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Seamount subduction erosion in the Nankai Trough and its
potential impact on the seismogenic zone
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ABSTRACT
Seamount subduction along subduction-zone plate boundary thrusts has long been

implicated as a mechanism for abrasion and tectonic erosion of the base of the overriding
plate. However, tectonic erosion processes have not been examined in detail with high-
quality three-dimensional (3-D) seismic reflection imaging. In 1999 we acquired 3-D seis-
mic reflection data from the Nankai Trough subduction zone to image the plate boundary
fault and the overlying accretionary wedge structure. Fortuitously, these data reveal a
small (to 1 km high) basement ridge that has subducted to 7 km subseafloor. Updip from
the basement ridge, a 1-km-thick sequence of sediment from the base of the accretionary
wedge appears to be missing. We interpret these data as evidence for tectonic erosion of
the base of the accretionary wedge following the basement ridge subduction. Tectonic
erosion has removed more than 25 km3 from the updip edge of the seismogenic zone and
carried it down into the seismogenic zone. The tectonically eroded sediments are presumed
to enhance fault-zone fluid content, potentially reducing fault-zone effective stress, and
may temporarily inhibit earthquake rupture potential. After the passage of the ridge the
boundary fault returns to its former position in a period of enhanced underplating.

Keywords: seamount subduction, tectonic erosion, seismogenic zone, Nankai Trough, subduc-
tion zone.

INTRODUCTION
Seamounts and basement ridges on subducting ocean crust have

large direct impacts on subduction-zone structures and processes as
they collide with overriding plates in subduction zones. The most ap-
parent effects are the distinctive furrows in the lower slope of the
overriding plate; the furrows form as the seamount is thrust into the
subduction zone and thus track the path of a subducting seamount (e.g.,
von Huene et al., 2000). However, many effects along the plate bound-
ary are less visible because seamounts cause significant abrasion that
leads to subduction erosion (specifically basal erosion) of the overrid-
ing plate (Ranero and von Huene, 2000). The buoyancy of seamounts
also alters subduction-zone thrust stresses that can generate asperities
for great subduction-zone earthquakes (Cloos, 1992; Cloos and Shreve,
1996; Scholz and Small, 1997). Seamount subduction is common in
the world’s subduction zones; several well-studied examples include
Middle America (McIntosh et al., 2005; Ranero and von Huene, 2000),
the Japan Trench (Lallemand et al., 1989, 1994), the Chile margin
(Yañez et al., 2001), and the Nankai Trough (Park et al., 1999; Kodaira
et al., 2000, 2002).

While seamount subduction has a potentially significant impact
on structures and processes along the subduction thrust, there is still
little known about how seamounts abrade the overriding plate and gen-
erate earthquake asperities as they are subducted. Previous studies of
the mechanisms by which seamounts erode the base of the overriding
plate in subduction zones have been limited to interpretation of struc-
tures observed in sandbox models (e.g., Dominguez et al., 1998, 2000),
a few two-dimensional (2-D) seismic profiles that have imaged sea-
mounts in the subduction zone (Park et al., 1999; McIntosh et al., 2005;
Ranero and von Huene, 2000; von Huene et al., 2000), and three-
dimensional (3-D) observations of imbricate thrust geometry formed
in the wake of a seamount (Gulick et al., 2004). Little is known about

the mechanisms and processes of seamount tectonic erosion in sub-
duction zones because the structural details needed to interpret them
are too deep and complex to image well with 2-D seismic imaging.

In 1999 we acquired 3-D seismic reflection data across the Nankai
Trough south of the Muroto Peninsula (Fig. 11) (Bangs et al., 2004).
For the first time, 3-D data have fortuitously captured images of a
subducting seamount, part of the Kinan seamount chain, after it passed
beneath the Nankai Trough accretionary wedge and entered into the
seismogenic zone (Fig. 2; see footnote 1). Here we present 3-D images
of the structures formed in the wake of a subducting seamount near
the updip edge of the seismogenic zone to interpret the impact of sea-
mount subduction on subduction-zone structure and infer its impact on
the development of the seismogenic zone.

DEEP STRUCTURES IN THE MUROTO TRANSECT
We acquired an 8 � 80 km2 volume of 3-D seismic reflection

data to investigate the aseismic to seismic transition of the décollement
from the trench into the seismogenic zone along the Nankai Trough,
offshore southwestern Japan. Data acquisition and a prestack time mi-
grated volume were described and presented in Bangs et al. (2004).
Although the prestack time migrations were sufficient to image struc-
tures within the imbricate thrust zone (defined in Fig. 2; see footnote
1) reasonably well, clearer images of deeper structures were needed to
fully interpret the structure of the accretionary wedge and subducting
oceanic crust. We improved images within complex structures by con-
tracting Paradigm Geophysical to conduct a 3-D prestack depth migra-
tion of the data volume (Fig. 2), specifically targeting the structures
beneath the steep seafloor slopes of the large-thrust-slice zone (Fig. 2).
Prestack depth migration in 3-D significantly improved cross-line

1Figures 1–3 are on a separate insert accompanying this issue.
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(strike direction) seismic sections to allow 3-D structural interpretation
of the stratigraphic horizons within thrust sequences (Fig. 3; see foot-
note 1). The results presented here are based on these 3-D prestack
depth migrated data.

SUBDUCTING OCEAN CRUST
We can trace the subducting ocean crust as a high-amplitude seis-

mic reflection beneath the accretionary wedge from the trench to the
landward edge of the survey, 70 km from the toe of the accretionary
wedge and 1–7 km below seafloor (Fig. 2; see footnote 1). The top of
ocean crust typically has 100–200 m of relief throughout the volume,
with a notable exception. A significant basement ridge is �65 km
landward from the wedge toe beneath a local bathymetric high on the
seafloor. This structure is �5 km wide in the dip direction with as
much as 1 km relief in our 3-D volume. The 1 km relief of the base-
ment ridge is twice the thickness of the underthrust sediment section
observed beneath most of the accretionary wedge farther seaward. In
the strike direction, the basement ridge extends the full 8 km width of
the 3-D data volume (Figs. 3C, 3D; see footnote 1), but it tapers from
�1 km relief on the SW edge of the survey down to 100–200 m on
the NE boundary. This basement ridge is likely part of the Kinan sea-
mount chain associated with oceanic crust formation (Kobayashi et al.,
1995) proximal to a much larger subducting seamount that produced
Tosa-bae to the NE (Fig. 1; see footnote 1) (Kodaira, et al., 2000;
Gulick et al., 2004) and a slightly larger subducted seamount observed
to the SW (Fig. 1) (Park et al., 1999).

ACCRETIONARY WEDGE THRUSTS
Three main thrust units comprise the large-thrust-slice zone of the

accretionary wedge (Figs. 2 and 3; see footnote 1) previously defined
by Moore et al. (2001a). These thrusts are recognizable as distinctly
separate units of tilted and deformed stratigraphic sequences. We in-
terpret these thrusts as primary thrusts because they extend from the
main plate boundary thrust (décollement) at the base of the accretion-
ary wedge through the entire wedge to the seafloor. These thrusts are
also traceable in the strike (cross line) direction as a continuous surface
across the entire 8 km width of the 3-D volume in the prestack depth
migrated data.

Figure 3 illustrates a significant structural change in the geometry
along strike of these primary thrusts. Along the SW inline (dip direc-
tion) transect (inline 207 in Fig. 3A), the red and orange thrusts are
steeply dipping in the upper two-thirds of the accretionary wedge and
mostly flat lying within the lower third, especially in comparison to
the NE transect (inline 292 in Fig. 3B). Along the SW transect, the
seawardmost fault (red in Fig. 3A) soles out �500 m above the dé-
collement and �1000 m above the top of subducting ocean crust. At
its base, the red thrust is parallel to the décollement for more than 5
km. In the strike direction, each thrust dips SW (toward inline 199 in
Fig. 3C) in the uppermost two-thirds of the wedge, and dips NE (to-
ward inline 348) near the base of the accretionary wedge (Figs. 3B,
3D). Reflections from the stratigraphic horizons also follow the same
dip changes from the top to bottom of the accretionary wedge, espe-
cially for the section between the orange and red faults (Figs. 3C, 3D).
These faults have a twisted or ‘‘corkscrew’’ geometry in 3-D (i.e., SW
dipping in the shallow section and NE dipping at the base) that is
inconsistent with shortening parallel to plate convergence (the dip
direction).

MISSING SECTION
Cross-line profiles through the 3-D prestack depth migrated data

show strong evidence for a missing stratigraphic section between the
orange and red thrust faults (Figs. 3C, 3D; see footnote 1). Stratigraphic
horizons between the orange and red thrusts can be traced to the SW

where they are truncated by the red thrust. The red thrust appears to
step up into the stratigraphic section between these thrusts. The sepa-
ration between the deepest and shallowest horizons intersected by the
red thrust is �1000 m (Fig. 3D). We interpret this as �1000 m of
missing section of this thrust package and note that thickness and shape
of this missing sequence are very similar to those of the subducted
basement ridge described here.

BASAL SECTION
The décollement is recognizable as a high-amplitude reflection

that parallels the top of the subducting ocean crust (see Bangs et al.,
2004). Along the NE edge of the 3-D volume (inlines 348 and 292;
Fig. 3), thrusts sole out into the décollement where it is �500 m from
the top of oceanic crust. However, along the SW transect (inlines 199
and 207; Fig. 3) these faults sole out at much shallower depths, �1000
m above the top of ocean crust. A wedge-shaped section (yellow shad-
ing in Fig. 3), which is �500 m at its thickest along the SW transect,
is between the red thrust and the décollement. There are numerous
horizontal seismic reflections within this section that are not parallel
to the overlying horizons comprising the thrust packages. This interval
was interpreted (Bangs et al., 2004) as an underplated sediment section.
The 3-D prestack depth images support that interpretation and reveal
the 3-D geometry of this interval.

INTERPRETATION
The 3-D volume reveals the effects of ridge subduction in greater

detail than has been observed previously. As the ridge approached the
accretionary wedge it steepened the overlying thrusts. Along the SW
profile of the 3-D volume (i.e., inline 207 in Fig. 3A; see footnote 1)
where the basement ridge is highest (�1 km), thrusts are noticeably
steeper in the shallow section than to the NE (i.e., inline 292 in Fig.
3B). The steeper thrusts are presumably due to greater thickening
where the basement relief of the seamount met the accretionary wedge.
Observations and models of seamount subduction show wedge thrust-
ing and thickening in front of the path of the subducting seamount as
a primary effect of seamount subduction (Park et al., 1999; Dominguez
et al., 2000).

From the inferred missing stratigraphic sequences within the ac-
cretionary wedge and the geometry of the accretionary wedge thrusts,
we infer that a tapered wedge of rock �100 m thick on the NE edge
of the 3-D volume and 1000 m thick on the SE edge has been tecton-
ically eroded from the base of the accretionary wedge. Removal of a
tapered wedge of material from the base of the accretionary wedge
would cause the apparent subsidence of these structures and produce
the peculiar cross-line dip observed in the large-thrust-slice zone. Usu-
ally accretionary wedge thrusts are nearly horizontal in the strike di-
rection, as Gulick et al. (2004) found in recently formed thrusts within
the imbricate thrust zone farther seaward. We presume that the cross-
line dip is not an inherent structure, but is caused by tectonic erosion
from the base of the accretionary wedge after these thrusts formed.

Coincidentally, the subducting basement ridge corresponds well
with both the height of inferred missing accretionary wedge section
and its shape. The inferred missing sequence is as thick as 1000 m and
tapers to the NE, coincident with the shape of the basement ridge to
within the limits of uncertainty in the interpretation (100–200 m). We
speculate that as the basement ridge passed beneath the accretionary
wedge, it removed a section from the base of the accretionary wedge.

A lens-shaped body, the basal section described herein (shaded
yellow in Fig. 3), is between the base of the tectonically eroded section
and the décollement. The stratigraphic horizons within this layer are
consistently discordant with the overlying strata, which led Bangs et
al. (2004) to interpret this interval as an underplated layer from the
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Figure 4. Schematic models of basement
ridge subduction sequence and resulting
tectonic erosion inferred from three-
dimensional (3-D) seismic images and sand-
box models of Dominguez et al. (2000). Top
panel: décollement (thin solid line) at base
of accretionary wedge (light gray) steps up
into accretionary wedge (dashed line) and
intersects pre-existing accretionary wedge
thrusts. Middle panel: décollement remains
high as ridge passes by and in wake of sub-
ducting seamount. Bottom panel: décolle-
ment (thin solid line) steps down into un-
derthrust section (thick solid line) to
underplate thick section of sediment to base
of accretionary wedge.

prestack time migrated data volume. What was not apparent in the
earlier interpretation is that the lens-shape geometry of this layer co-
incides with the shape of the subducted basement ridge. The under-
plated layer appears to have been subducted beneath the accretionary
wedge in the wake of the subducting seamount, as predicted by the
models of Dominguez et al. (2000). The volume of material that we
interpret to be tectonically eroded from within the 3-D volume is at
least 25 km3, approximately half of which was replaced by
underplating.

DISCUSSION
A seamount or basement ridge with as much as 1 km relief and

with strike parallel to the margin has subducted beneath the accretion-
ary wedge to a position deep within the seismogenic zone, �65 km
from the present deformation front and �7 km below the seafloor. The
ridge is now well within the seismogenic zone defined by Moore and
Saffer (2001). Ocean Drilling Program Leg 190 drilling at Site 1175
derived an age of �2 m.y. (Moore et al., 2001b) for the accretionary
wedge at the landward edge of the large-thrust-slice zone. The sea-
mount would have been located �10 km seaward of the present de-
formation front at 2 Ma, when accretion of the large-thrust-slice zone
began. This relationship implies that while most of the imbricate thrust
zone probably formed behind the path of the subducting ridge and was
unaffected by it, the subducting ridge collided directly with the large-
thrust-slice zone soon after, or as, it was accreted to the overriding
plate. The results of that collision are now observed in our 3-D data
volume.

The primary effect of ridge collision is tectonic erosion from the
base of the accretionary wedge. The missing section and the corkscrew
geometry of the thrust faults are strong evidence that the décollement
stepped up into the accretionary wedge ahead of the subducting base-
ment ridge to cause a significant section of the accretionary wedge to
become attached to the subducting plate ahead of the subducting base-
ment ridge. Further subduction caused the tectonic removal of as much
as 1 km of the upper plate (Fig. 4). The downdip extent of this upward
shift of the décollement was probably �10 km, which we can infer
from the observation that erosion extends beneath the entire large-
thrust-slice zone. The upward step of the décollement into the overrid-
ing plate is analogous to the formation of megalenses that are inter-
preted as a mechanism for tectonic erosion of the Costa Rican margin
(Ranero and von Huene, 2000); however, in this instance the upward
décollement step is directly induced by the basement topography, anal-
ogous to the physical abrasion mechanism of tectonic erosion proposed
by Hilde (1983).

While basal erosion observed here may be equivalent to the pro-
cess that forms megalenses described by Ranero and von Huene
(2000), they observed significant collapse of the margin in the wake
of the tectonic erosion, which is not observed here. We observe both
an underplated and an underthrust section that has replaced the tecton-
ically eroded material in the wake of the subducting seamount and
prevented much of the collapse of the overriding accretionary wedge.
The bite taken out of the accretionary wedge here conforms directly
to the geometry of the basement ridge, closely following the model by
Hilde (1983), and does not appear to follow as directly the generic
model of tectonic erosion by upward migration of the décollement
following pore fluid injection into the overriding plate proposed by
von Huene et al. (2004). The lack of furrows in the seafloor morphol-
ogy in the wake of the seamount is because the repositioning of the
fault and the underplating must be occurring more efficiently than in
some other margins. This may be related to fluid content and loading
of the underthrust section beneath the steep seafloor of the large-thrust-

slice zone, but we can only speculate on the conditions that existed
when the seamount was updip 20–30 km (500–750 k.y. ago).

What remains unclear is where has the tectonically eroded section
gone and how is it affecting the seismogenesis? There is strong evi-
dence for tectonic erosion; however, there are no clues in the seismic
images that show where the tectonically eroded material is now. Was
the eroded material underplated to the base of the accretionary wedge
downdip from where it was removed, or is it still attached to the sub-
ducting plate in front of the basement ridge? If material composition
is a major control on seismogenesis, as suggested by Moore and Saffer
(2001), then redistributing a large volume of relatively high-porosity
sediment from the updip edge of the seismogenic zone down into the
seismogenic zone could introduce pore fluids into the seismogenic zone
and reduce effective stress and thus lower earthquake potential, at least
temporarily. Seismic velocities from prestack depth processing are cur-
rently �3.2 km/s in the vicinity of the observed tectonic erosion, from
which a porosity of 20%–30% (Nafe and Drake, 1960) is inferred.
Therefore, a significant volume of pore fluid from the eroded sediment
is potentially available for interacting with the subduction thrust.

Seamount subduction, the resultant subduction erosion, and the
potential for introducing fluids into the seismogenic zone may interfere
with rupture propagation. Observations of the 1946 Nankaido Mw 8.4
event indicate that the slip initiated in two places, and rupture propa-
gated around the subducting seamount beneath Tosa-bae. Slip inferred
from tsunami inversion (Baba and Cummins, 2005) indicates that small
slips of �1 m characterize the seismogenic zone updip from the Kinan
seamounts, which is notably less than in adjacent portions of the rup-
ture segment. While this could be attributed to the increased coupling
of the seamount beneath Tosa-bae (Kodaira et al., 2000, 2002; Scholz
and Small, 1997), Cummins et al. (2002) also proposed that damage
to the upper plate prevents elastic strain accumulation necessary for
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seismic rupture. Tectonic erosion and sediment subduction from sea-
mount collision with the accretionary wedge may lead to fluids being
subducted into the seismogenic zone. The delivery of fluids may inhibit
accumulation of elastic strain and diminish seismic rupture updip from
the subducting seamounts. Tectonic erosion and entrainment of fluid-
rich materials may also have a large impact on the development of
seamounts as earthquake asperities.
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Erratum

Ultrafine-grained quartz mylonites from high-grade shear zones: Evidence for strong dry middle to lower crust

John D. Fitz Gerald, Neil S. Mancktelow, Giorgio Pennacchioni and Karsten Kunze. Geology: Vol. 34, No. 5, pp. 369–372 (May 2006).
In the footnote for Data Repository item 2006073, the link to the Data Repository item should have read www.geosociety.org/pubs/

ft2006.htm.
In the paper, the acronym EBSD was incorrectly identified; it should have been ‘‘electron backscattered diffraction.’’
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