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greater than the viscosity of the convecting
upper mantle by only one, or at most two,
orders of magnitude [for example, (27)],
suggesting that the continental lithosphere
of Asia is more properly regarded as belong-
ing to the fluid portion of the solid earth
than to the relatively small fraction of Earth
that behaves as rigid plates.
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Deformation in the Lower Crust of the San
Andreas Fault System in Northern California

Timothy J. Henstock, Alan Levander, John A. Hole

A continuous seismic velocity and reflectivity cross-section of the San Andreas fault
system in northern California shows offsets in the lower crust and the Mohorovici¢
Discontinuity near the San Andreas and Maacama strike-slip faults. These faults may cut
through the crust to the upper mantle in a zone less than 10 kilometers wide. The northern
California continental margin to the eastern edge of the Coast Ranges is underlain by a
high-velocity lowermost crustal layer that may have been emplaced within 2 million years
following the removal of the Gorda plate slab. The rapid emplacement and structure
within this layer are difficult to reconcile with existing tectonic models.

The relation between deformation in the
crust and mantle is uncertain. A key area in
which to examine this relation is the San
Andreas fault fault system (SAFS) in north-
ern California. Here, the SAFS includes the
San Andreas fault (SAF), Maacama fault
(MF), and Bartlett Springs fault (BSF). We
wish to know whether the faults cut directly
through the crust and into the mantle, or
whether the upper crustal faults are linked
by sub-horizontal detachments to the lower
crust and mantle, so that motion in the
mantle is not directly coupled to that in
the overlying crust. The development of
the SAFS is related to the migration of the
Mendocino Triple Junction (MTJ) (I). As
the MT] migrated northward, the Gorda

T. J. Henstock and A. Levander, Department of Geology
and Geophysics, MS-126, Rice University, Houston, TX
77005-1892, USA.

J. A. Hole, Department of Geological Sciences, Virginia
Polytechnic Institute, Blacksburg, VA 24061-0420, USA.

slab is thought to have been removed from
beneath northern California and replaced
by the upwelling of asthenospheric mantle
(2).

Here, we present results from the 1993
and 1994 MT] seismic experiments (3, 4)
along an east-west line at latitude 39.4°N
extending from the Pacific Ocean basin to
the eastern side of the Coast Ranges (Fig.
1A). Gravity (5), teleseismic (6), and crust-
al seismic data (4) suggest that the southern
edge of the Gorda slab lies 50 to 100 km to
the north of the profile. Recent volcanism,
dated at 2 Ma, in the Clear Lake region 50
to 100 km to the south of the profile has
been attributed to upwelling in the wake of
MT]J migration (7).

We developed a P-wave seismic velocity
model using the travel times (8) of reflected
and refracted arrivals from land, marine, and
onshore-offshore recordings (Fig. 1C). The
seismic velocity model shows that the upper-
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Fig. 1. (A) Location map of northern Cal- (o
ifornia showing the major plate bound-
aries and geographic features. CSZ,

Cascadia Subduction Zone; CL, Clear 0
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northern California network are marked
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rived from forward and inverse modeling of the combined offshore, onshore, and
onshore-offshore data sets. Locations of shots and receiver stations used in the
modeling are shown. Earthquake hypocenters projected onto the section are
plotted in white. A continuous, depth-migrated reflection section (73) is overlain in

P-wave seismic velocity (km/s)

black.

most crust (about 0 to 5 km depth) contains
low-velocity basins that are up to 4 km deep
offshore but generally less than 2 km deep
onshore. Beneath the basins, velocities in-
crease gradually from 5 km/s to 5.9 km/s at
the base of the apparently simple accretion-
ary complex (9). The lowermost crustal
layer (LCL) (about 9 to 15 km depth) is 5
to 6 km thick and has velocities up to 7.2 to
7.3 km/s. The LCL is offset vertically at its
top and bottom at —20 to —25 km west and

Offset (km)
100 125

150

t-%/8(s)

25 to 30 km east of the center point (0 km)
of the transect. The east and west offsets lie
below and to the west of the surface traces
of the MF and SAF (Fig. 1C), respectively.
Onshore, the lowermost crust coincides
with a series of bright reflections that are
also offset vertically at the MF. The struc-
ture of the lowermost crust is determined
primarily from the travel times of the upper
mantle refracted primary wave P, and the
Mohorovi&ié Discontinuity (Moho) reflection

SAF

Depth (km)

Coast

PP in the onshore-offshore data, and from
near-vertical reflections onshore and offshore.
The combination of near-vertical and wide-
angle data improves the resolution of the
model by providing greater spatial and angular
distribution of the ray paths (10).

We generated finite-difference synthetic
seismograms for a shot near X = —98 km (Fig.
1B), to compare with the P, waves recorded
by the onshore receivers (Fig. 2). The simple
near-source structure means that energy en-

Fig. 2 (left). Top: Upper mantle re-
fraction P, (the first arrival) recorded
at the onshore-offshore receivers.
Ten shots near X = —98 km were
stacked to enhance energy with an
apparent velocity of 8 km/s. Statics
have been applied to account for ele-
vation differences. Synthetic seismo-
grams were generated for two veloc-
ity models. Middle: Stepped model
with a Moho offset beneath the SAF
and MF. Bottom: Kinked mode! with a
Moho that is kinked at the SAF. The
kinked model shows mismatches in
the travel time and relative amplitude
of the P, arrival. On each panel an

arrival with an apparent velocity of 8 km/s is horizontal. Fig. 3 (right). Depth migrated onshore-offshore
reflectivity data of the crust near the SAF, superimposed onto the velocity model. We interpret the deeper
high-amplitude reflectors as the Moho. The subhorizontal reflector at 12 km depth in the west and 16 km
depth in the east represents the top of the LCL.
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ters the mantle along similar paths, so differ-
ences in the recorded arrivals arise near the
receivers. This allowed us to sum 10 shots to
improve signal strength. Two different veloc-
ity models were tested. One was equivalent to
our final velocity model in which the Moho
has steps beneath the SAF and MF
(“stepped”). The other had the same Moho
depths at the base of the continental slope,
immediately east of the SAF, and beneath the
east side of the Coast Ranges (“kinked”) (11).
Some change in the slope of the Moho near
the SAF is required to match the observed
travel times. Both models included the same
stepped structure at the top of the LCL, so
that differences in the synthetic seismograms
arise only from differences in the assumed
Moho structures. The kinked model gives a
smooth increase in P, travel time, from 115 to
190 km offset, except near 160 km, where
travel times are affected by the kink at the top
of the LCL. In contrast, the stepped synthetic
and the data show flat arrivals between 115
and 160 km and between 170 and 190 km
(12). The kinked synthetics show a relatively
constant amplitude from 115 to 180 km offset,
whereas the stepped synthetics and the data
show lowered amplitudes between 115 and
160 km offset due to a geometric shadow from
the Moho step beneath the SAF.

We show the reflectivity data of the low-
er crust (Fig. 3) spanning the SAF made by
prestack depth migration of wide-angle on-
shore-offshore data (13). The migration ve-
locity field included all the near surface com-
plexity, but at depth was smoother than the
inverted velocities. No assumptions about
the location of reflectors were imposed, giv-
ing an essentially independent check on the
geometry of the lowermost crust and better
resolution than travel-time modeling. The
top of the LCL is offset 5 km beneath the
SAF, whereas the Moho is offset 2 km over
less than 5 km laterally, some 10 km west of
the SAF. Immediately west of the SAF these
offsets thicken the LCL to almost 10 km.

Seismicity near our profile is mostly
shallower than 15 km (Fig. 1). Most other
strike-slip faults or transform faults that
have been studied do not show a relation
between the strike-slip motion in the crust
and the structure of the Moho, although
this does not rule out the possibility that
the crust and mantle are coupled beneath
strike-slip faults.

We interpret the vertical offsets in velocity
at the top and bottom of the LCL beneath the
SAF and MF (Fig. 1C) as extensions of these
strike-slip faults into the mantle. Our inter-
pretation differs from tectonic interpretations
of the San Francisco area that link the shallow
strike-slip faults with a sub-horizontal detach-
ment (14, 15), but is consistent with the
model inferring vertical whole-crustal bound-
aries (16) for the data from the San Francisco
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area. Reflection lines run offshore of central
California show that oceanic crust extends
100 km beneath the North American plate
and suggest that imbrication of the lower crust
has occurred in discrete zones related to the
Hosgri fault system (17), a potential precursor
of the SAF.

Plate motions are assumed to be driven
primarily through the convective flow in
the mantle, but seismicity is observed pri-
marily in the upper crust. Having strength
reside mostly in the upper crust is consistent
with the limited depth of seismicity (14),
but does not explain how strain is trans-
ferred from the mantle to the crust. The
lower and middle crust may be strong
enough to transfer strain from the mantle to
faults in the upper crust without requiring
earthquake rupture. Some of the strike-slip
faults in the SAFS have formed along and
reactivated earlier subduction zone struc-
tures (18). Earthquakes north of the MT]
are broadly distributed, while earthquakes
south of the MT] are concentrated into
narrow bands only 10 km wide. This rapid
change in spatial distribution suggests that
the localization of seismicity south of the
MT] is not due to extended strain-weaken-
ing, but perhaps is caused by the segmenta-
tion of mantle upwelling into a slab win-
dow, analogous to the segmentation of mid-
ocean ridge systems. Offsets in lower crustal
structure that are close to the loci of strike-
slip motion are then a consequence of the
northeast dip of the Moho (4).

A similar LCL with velocities appropri-
ate for oceanic crust is seen in many places
along the California margin south of the
MT]J (16, 17, 19). This higher-velocity LCL
may be: (i) Pacific plate oceanic crust over-
ridden by the North American plate follow-
ing the migration of the MT] (19); (ii)
Farallon plate crust captured by the Pacific
plate (20); (iii) unsubducted Gorda plate
fragments; (iv) ophiolitic rocks linked with
the Great Valley basement rocks (21); or
(v) igneous rocks solidified in situ from
mantle melts (2). Our seismic observations
are difficult to reconcile with any of these
models because (a) the broad extent of the
high-velocity LCL implies a large source or
sources; (b) emplacement of the LCL rap-
idly follows the removal of the Gorda slab;
(c) the LCL extends 100 km landward of
the SAF and 160 km from the base of the
continental slope offshore; (d) the LCL is
flat to east-dipping but cut by strike-slip
motion. Recently overridden Pacific crust is
an unlikely mechanism because of observa-
tions (b) and (c), which require contraction
across the SAFS at a rate equivalent to the
SAF transform motion. The offsets in the
LCL also make the large-scale transfer of
material across the strike-slip faults implau-
sible. Microplate capture requires transport

of the LCL along the margin with a detach-
ment beneath all of coastal California slip-
ping at up to the total SAF motion. Al-
though contraction across the SAF at 5 to 6
mm/year (22) since 30 Ma can match the
extent of the high-velocity lowermost crust-
al layer, such a detachment without record-
ed seismicity seems unlikely. Unsubducted
Gorda plate crust requires the separation of
the Gorda plate crust from the upper man-
tle, because the slab-window hypothesis ex-
plains many large-scale tectonic features.
Such a process has been hypothesized be-
neath Vancouver Island (23) and would be
consistent with earthquakes 4 to 5 km be-
neath the Gorda Moho near the MTJ (24).
The geometry of the lowermost crustal layer
is inconsistent with the west-dipping Great
Valley basement rocks (iv). Magmatic em-
placement (v) requires high mantle temper-
atures (25), although small amounts of melt
are present within the lower crust (26). The
most likely origin of the LCL is underplated
Gorda plate crust, which is subsequently
intruded by small volumes of melt.
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Synthesis of Nanoparticles and Nanotubes with
Well-Separated Layers of Boron Nitride
and Carbon

K. Suenaga, C. Colliex,” N. Demoncy, A. Loiseau, H. Pascard,
F. Willaime

Polyhedral and tubular graphitic nanoparticles made of carbon layers and boron nitride
(BN) layers have been synthesized. These particles were observed in the soot collected
on the anode deposit formed by arcing a hafnium diboride rod with graphite in a nitrogen
atmosphere. Elemental profiles with subnanometer-scale resolution revealed a strong
phase separation between BN layers and carbon layers along the radial direction. Most
of these tubes have a sandwich structure with carbon layers both in the center and at
the periphery, separated by a few BN layers. This structure provides insight into the
atomistic mechanism of nanotube growth in the boron-carbon-nitrogen ternary system
and may lead to the creation of nanostructured electronic devices relying on the con-
trolled production of heteroatomic nanotubes.

The family of graphitic nanoparticles with
tubular or spherical shape has expanded
rapidly since the discovery of carbon nano-
tubes (1) and carbon onions (2), which
consist of a few concentric cylindrical or
spherical carbon layers. Their pure BN an-
alogs have now been successfully synthe-
sized (3-5). The electronic properties of
these nanoparticles open up new possibili-
ties for making nanoscale electronic devic-
es, in particular from the tubular form (6).
On the basis of theoretical predictions sug-
gesting that the electronic properties of car-
bon nanotubes will range from metallic to
semiconducting with a small gap, depend-
ing on the tube diameter and chirality (7),
the idea of making electronic switches by
connecting pure carbon nanotubes was first
proposed (8). This concept was recently
generalized to heterojunctions between
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B,C,N, nanotubes with different chemical
compositions (9). The advantage of such
nanotubes is that their electronic properties
are primarily determined by composition
and are thus relatively easy to control. For
example, BN nanotubes are predicted to be
semiconducting, with a wide gap close to
the 5.8-eV gap of bulk hexagonal BN (10).
In this context, uniformly doped carbon
nanotubes, as well as nanotubes with other
chemical compositions such as BC,N or
BC, (11), would be interesting for their
electronic properties. However, their syn-
thesis has not yet been achieved in a con-
trollable fashion, although portions of such
tubes among a majority of pure carbon tubes
have been reported (12-14).

Here, we report the synthesis of a soot
containing polyhedral and tubular nanopar-
ticles that consist of well-separated BN lay-
ers and carbon layers. In previous arc-dis-
charge syntheses of B-C-N tubes, it was
shown that when the anode contains car-
bon, the graphitic products contain mostly
carbon (12-14). Either a low doping by B
and N (less than 2%) or very low concen-
trations of B-rich or BN-rich nanotubes
have been reported. In our study, this draw-
back was overcome by modifying the origi-
nal geometry used to produce pure BN tubes
(5). A graphite cathode—used instead of
the original HfB, rod—is arced with an

" HfB, anode in a nitrogen atmosphere. In

the present configuration, the three constit-
uents have different sources: the anode for
boron, the cathode (which slightly vaporiz-
es in the present case) for carbon, and the
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