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Results from the San Francisco Bay area seismic imaging experiment (BASIX) reveal the 
presence of a prominent lower crustal reflector at a depth of -1 5 kilometers beneath San 
Francisco and San Pablo bays. Velocity analyses indicate that this reflector marks the 
base of Franciscan assemblage rocks and the top of a mafic lower crust. Because this 
compositional contrast would imply a strong rheological contrast, this interface may 
correspond to a lower crustal detachment surface. If so, it may represent a subhorizontal 
segment of the North America and Pacific plate boundary proposed by earlier thermo- 
mechanical and geological models. 

T h e  relative motion between the North 
American and Pacific plates occurs over a 
wide zone in the San Francisco Bav Area 
(I),  inconsistent with a single vertical plate 
boundary. Indeed, the region is cut by sev- 
eral faults including the San Andreas, Hay- 
ward, Rogers Creek, Calaveras, Concord, 
and Green Valley faults (Fig. 1). Seismicity 
maps show that all are active and capable of 
generating large-magnitude earthquakes (2, 
3). The occurrence of three pairs of large 
earthquakes (M > 6.5) on opposite sides of 
the Bay within 2 to 6 years of each other 
during the past 160 years (2) suggests that 
major strike-slip faults may be connected in 
the subsurface (4). A subhorizontal detach- 
ment surface in the middle or low- 
er crust representing the plate boundary 
between the faults (4-6) has been proposed 
for this connection. The Bay Area seismic 
imaging experiment (BASIX) was initiated 
in September 1991 to obtain deep-crustal 
information that could be used to deter- 
mine whether subhorizontal structures exist 
at depth. 

The passage of the Mendocino triple 
junction through the San Francisco Bay 
region about 10 million years ago (Ma) 
formed a slab-free window, thermally weak- 
ened the lithosphere, and possibly formed a 
subhorizontal structure that mechanically 
links the San Andreas fault to the various 
fault strands across San Francisco Bay to the 
east [Hayward, Calaveras, Rodgers Creek, 
and other faults; (4-6)]. In these models, 
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the subhorizontal structure occurs below 
seismogenic depths and primarily serves to 
connect the major fault strands to a deeper, 
vertical plate boundary between the Pacific 
and North American plates (4). Superim- 
posed on the dominantly dextral strike-slip 
motion along the Pacific-North American 
plate boundary is a smaller (up to 10% of 
the horizontal strike-slip rate of 38 mm/ 
year) component of fault-normal conver- 
gence ( I ,  7-9) responsible for folding and 
thrusting in the Coast Ranges. 

During BASIX, reflection and refrac- 
tion data were acquired in the Suisun, 
San Pablo, and San Francisco bays, and 
on the continental shelf near the Golden 
Gate (Fig. 1). The U.S. Geological Sur- 
vey (USGS) research vessel, S. P. Lee, 
towed the seismic source, consisting of a 
12-element, 95.6-liter (5828 in.3) airgun 
array. Multichannel seismic (MCS) re- 
flection profiles (average of 40-fold) were 

recorded to 16-s two-way travel time us- 
ing buoyed hydrophones deployed in the 
bays (10). In addition, wide-angle refrac- 
tion data were recorded on 70 onshore 
and offshore stations as well as on the 
permanent earthquake seismic network in 
Northern California [Fig. 1 (I I )I. These 
wide-angle seismic stations, stretching 
260 km from the base of the continental 
rise to the foothills of the Sierra Nevada, 
produced shot-receiver offsets that ranged 
between 1 and 160 km (I  I). 

Velocity analysis of the BASIX wide- 
angle data indicates that east of the San 
Andreas fault a (-200-m-thick) veneer of 
low-velocity (2 kmls) sediments are under- 
lain by a 15-km-thick upper crustal layer 
with velocities of 5.5 to 6.2 kmls. Because 
Franciscan assemblage rocks are exposed 
throughout the Bay Area to the east of the 
San Andreas fault and are known to have a 
seismic velocity of 5.5 to 6.0 km/s (IZ), and 
because there are no observed seismic dis- 
continuities (reflectors or refractors) at 
depths shallower than 15 km, we interpret- 
ed the Franciscan rocks to extend down to 
this depth. 

The base of the Franciscan rocks is 
marked by a high-amplitude reflection at a 
two-way travel time of 6 s (-15 km, Fig. 2). 
This prominent event is observed on both 
the vertical-incidence and wide-angle 
BASIX profiles and can be mapped 
throughout the region. The limits of the 
reflector shown in Fig. 3 are defined by 
observed reflecting points and thus repre- 
sent the minimum geographic extent of the 
reflector rather than its full extent. Wide- 
angle data permit us to map the reflector to 
greater lateral extent in the bays than do 
the MCS data: the limits of the reflector in 
the southern half of San Francisco Bay are 

Study 
Area 

BASlX 

..*.... 
r". 
m, 
", 

> 
0, 
2. 
5 

Selected NCSN stations . USGS 5-day recorder 
A USGS Ocean-bottom seismometer 
o Stanford Reftek recorder 

T. '' McEvil)ys Seismographic Stations Department Of Ge- Fig. 1. Map of California (inset) showing the location of the BASlX study area in the San Francisco Bay ology and Geophysics, University of California, Berkeley, 
CA 94720, USA. Area. Index map shows the locations of major strike-slip faults, seismic reflection lines (dashed lines), and 
J. A. Hole and S. L. Klemperer, Department of Geophys- wide-angle recorders used to record lines (various symbols defined on figure). NCSN = Northern 
ics, Stanford University, Stanford, CA 94305, USA. California Seismic Network. Thin dotted line gives location of cross sections shown in Fig. 4. 

1436 SCIENCE VOL. 265 2 SEPTEMBER 1994 



based entirely on wide-angle data. Al- 
though a small patch of reflector is identi- 
fied on wide-angle data to the west of the 
San Andreas fault, the available informa- 
tion do not reveal whether the reflector is 
the same as that found on the other side of 
the fault or whether it is continuous across 
the fault. The 6-s reflector readily observed 
in the MCS data beneath the San Pablo 
and San Francisco bays is absent between 
Suisun Bay and Rio Vista, east of the Hay- 
ward fault (Figs. 1 and 3). The absence of 
this reflector on the MCS and on wide- 
angle data east of ~u i sun  Bay may be real, 
because in this reeion there are excellent " 
images of the upper crust to at least a two- 
way travel time of 3 s. It is also possible, 
however, that the seismic source was not 
sufficiently energetic to penetrate to the 
middle crust in this region. 

On vertical-incidence recordings, the 
6-s reflector is a high-amplitude event that 
marks the top of a zone of reflections in the 
lower crust (Fig. 2). Beneath the Golden 
Gate Bridge, these internal reflections 
pinch out up-dip against the 6-s reflector at 
the top of the packet. All lower crustal 
reflections are laterally discontinuous on a 
scale of hundreds of meters. 

The velocity and thickness of the lower 
crustal layer are constrained by forward and 
inverse modeling (13) of wide-angle (>50 
km offset) recordings of the 6-s reflector - 
and the reflection from the crust-mantle 
boundary (Moho). These results (Fig. 4A) 
indicate that a layer with a thickness of 7 to 
11 km and a velocity of 6.5 2 0.2 km/s dips 
-4" eastward beneath the continental 
slope and shelf. The top of the layer is -13 

Fig. 2. (A) Seismic common-receiver gather illustrating prominent seismic 
reflectors at a two-way travel time of 6 and 8 s at zero offset (depths of 
approximately 15 and 22 krn). Arrows show reflections that define a lower 
crustal layer that thins to the southwest. Seismic data were recorded at Point 
San Pedro (PTSP on Fig. I ) ,  and have been deconvolved and plotted with a 
time-varying gain. (6) Portion of a multichannel seismic reflection gather from 
San Francisco Bay showing internal reflectivity associated with lower crustal 
layer (location shown in Fig. 3). 

km beneath the surface trace of the San 
Andreas fault. 

We interpret that the lower crustal layer 
identified beneath the continental shelf and 
slope represents a slab of oceanic crust because it 
can be tracked to the seaward edge of the con- 
tinental margin (Fig. 4A). In places this layer 
appears to be uncommonly (11 km) thick for 
oceanic crust (typically 5 to 7 km thick), and in 
these areas it may also be imbncated. These 
results are in general agreement with seismic 
studies conducted across the cenml California 
margin (14, in which a 5- to 6 km-thick slab of 
high-velocity material extending underneath 
the mmin to the San Andreas fault was iden- 
tified. 5&arate studies presented seismic refrac- 
tion and wide-angle reflection evidence for a 
slab of oceanic crust beneath the continental 
slope and shelf offshore Santa CW, about 100 
km south of the Golden Gate ( 1 5, 1 6). None of 
these studies, however, constrained the eastward 
limit of oceanic crust east of the San Andreas 
fault (1 7). 

The results beneath San Francisco Bav 
indicate that the lower crust east of the ~ a ;  
Andreas fault is 8 to 11 km thick. This thick- 
ness and the intemal reflectivity that charac- 
terizes the lower crust suggest that it is not 
normal subducted oceanic crust. Assumine - 
that the lower-crustal reflector is a detach- 
ment. which is consistent with the broad 
plate boundary inferred from geodetic models 
( 1 ), we propose two alternative models for the 
lower crust beneath San Francisco Bay. The 
high seismic velocities (6.5 to 7.2 km/s; shown 
schematically as 6.9 km/s on Fig. 4A) indicate 
that the material most likely has a mafic 
composition. One set of possibilities is that 
the lower crust is a complex combination of 

Fig. 3. Map of the San Francisco Bay Area show- 
ing in dark shading the minimum geographic ex- 
tent of subhorizontal midcrustal reflections be- 
tween a two-way travel time of 6 and 8 s (depth of 
approximately 15 to 22 km). Reflections are not 
observed east of Suisin Bay (Fig. 1). Reflections 
from airgun shots along the BASlX lines (dashed 
lines) were recorded by stations shown (symbols 
defined in Fig. 1) and some off the map. Note small 
isolated region seaward of the San Andreas fault 
determined from wide-angle reflections observed 
from line OBS2. Location of profile shown in Fig. 
2B in northern San Francisco Bay is shown as 
heavy solid line. 

(i) subducted oceanic crust (15), (ii) conti- 
nental crystalline basement, or (iii) mantle- 
derived mafic material that has intruded and 
underplated the region during the passage of 
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the Mendocino triple junction about 10 Ma 
(6, 18) (Fig. 4B). The lower crust likely was 
&ckened by convergence during the past 5 
million years. 

An alternative model is that the high- 
velocity unit that underlies San Francisco Bay 
is the westward continuation of pre-Jurassic 
mafic basement of the Great Valley and Si- 
erra Nevada (8, 19) (Fig. 4C). Interpretations 
of gravity and aeromagnetic data (20) suggest 
that this dense magnetic body continues west- 
ward beneath the Coast Ranges at least as far 
as the Hayward fault. The identification of a 

high-velocity mafic basement (6.8 to 7.2 km/ 
s) beneath Mount Diablo and the East Bay 
foothills (21 ) and the Great Valley (22) fur- 
ther supports this interpretation. 

We speculate that the 6-s reflector that sep 
arates Franciscan rodGs from a mafic lower crust 
also repments a mechanical disumtinuity, be- 
cause of the dramatic contrast in rheology ex- 
pected at the interface separating silicic (Fran- 
ciscan) and mafic rodcs (23). The prominent 
midcrud reflector is continuous beneath the 
Hayward fault (Fig. 3), and the Moho is not 
offset across the San Andreas fault in wide-angle 
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Padfic plate or captured Farallon 
plate (15). In a d d i ,  the pre-Ju- 
rassic Great Valley ophilitic 
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A continuous reflector across the major 
strike-slip faults implies that the relative 
motion between the North America and 
Pacific plates at depth occurs beneath the 
reflector. This observation, although not 
definitive given the relatively low dips on 
these surfaces and the resolution inherent 
in wide-angle data, is strongly suggestive 
that the midcrustal reflector acts as a de- 
tachment, displacing the strike-slip motion 
on these faults at midcrustal depths. 

The implications of these results for earth- 
quake hazards are twofold. If this feature 
serves as a subhorizontal link between the 
vertical strike-slip faults of the San Andreas 
system (4), it may help connect the stresses 
on these faults. Stress calculations modeling 
the effect of slip on the San Andreas fault 
indicate that incorporating a midcrustal hor- 
izontal detachment causes the faults in the 
East Bay to come closer to failure than allow- 
ing stress transmission only through the elas- 
tic crust (24). If in addition, this feature ac- 
commodates the smaller component of fault- 
normal convergence (8), some of the future 
seismicity will occur along any number of 
smaller and potentially blind thrust faults ly- 
ing above the reflector. The entire system of 
Coast Range folds may be evolving in re- 
sponse to low-angle (blind) thrust faults that 
are rooted in a decollement near the base of 
the seismoeenic crust (9). Because these faults 
are mallei and edq;akes  on them have 
longer recurrence times, the seismic hazard 
they present has traditionally been down- 
played in comparison to the larger strike-slip 
faults of the San Andreas fault system. The 
1983 Coalinga and 1994 Northridge earth- 
quakes elsewhere along the SBn Andreas fault 
system, however, have dramatically demon- 
strated the potential seismic threat from blind 
thrust faults (25). 
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Redistribution of In tracellular Ca2+ Stores 
During Phagocytosis in Human Neutrophils 

Olle Stendahl,* Karl-Heinz Krause, Joachim Krischer, 
Petra Jerstrom. Jean-Marc Theler, Robert A. Clark, 

~ e a n - ~ o u i s  Carpentier, ~ a n i e l  P. Lew 

Subcellular gradients of cytosolic free Ca2+ concentration, [Ca2+],, are thought to be 
critical for the localization of functional responses within a cell. A potential but previously 
unexplored mechanism for the generation of gradients of [Ca2+], is the accumulation of 
Ca2+ stores at the site of Ca2+ action. The distribution of the Ca2+ store markers 
Ca2+-dependent adenosine triphosphatase and calreticulin was investigated in resting 
and phagocytosing human neutrophils. Both proteins showed an evenly distributed fine 
granular pattern in nonphagocytosing cells, but became markedly concentrated in the 
filamentous actin-rich cytoplasmic area around the ingested particle during phagocytosis. 
This redistribution began at early stages of phagocytosis and did not depend on an 
increase in [Ca2+],. Thus, accumulation of Ca2+ stores in a restricted area of the cell may 
contribute to the generation of localized increases in [Ca2+],. 

T h e  control of [Ca2+], is crucial for the 
regulation of cellular activity. In many cellu- 
lar systems, focal, rather than generalized, 
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changes in [CaZ+], occur, ~resumabl~ sewing 
to localize functional responses within the cell 
( 1 ) . Examples of Caz+ -mediated localized re- 
sponses include release of neurotransmitters 
from synaptic terminals (2),  target cell lysis by 
cytotoxic T lymphocytes (3), and phagolyso- 
some fusion in neutrophils (4). Localized 
changes in [CaZ+], can be generated by local 
increases in the concentration of the Ca2+- 
releasing second messenger inositol triphos- 
phate (IP,) or by local activation of receptor- 
mediated Ca2+ influx. An alternative or ad- 
ditional mechanism, however, might be an 
accumulation of intracellular Ca2+ stores. In 
neutrophils, processing of phagocytosed mi- 

Fig. 1. Distribution of Ca2+-ATPase (A, C, E, G, and I) 
and F-actin (B, D, F, H, and J) in resting and phagocy- 
tosing human neutrophils. Cells were purified as de- 
scribed (4) and allowed to adhere to glass slides and to 
phagccytose heat-killed yeast particles (Saccharorny- 
ces cweviske) that had been previously fixed to the 
slide (20). Each panel shows the hodarnine fluores- 
cence (Ca2+-ATPase) on the left and fluorescein fluo- 
rescence (F-actin) on the right. (A and B) Adherent 
nonphagocytosing neutrophils. (C and D) A neutrophil 
in the early stages of phagccytosis. Circles indicate the 
position of the yeast particle. (E through J) Three 1 -pm- 
thick mfocal serial sections through the top (E and F), 
center (G and H), and bottom (I and J) of the same 
neutrophil after completion of phagccytosis. The ex- 
amples shown are typical of a total of 24 &Is from a 
total of four exceriments. 

croorganisms requires a focal activation of 
Ca2+dependent cellular functions (5). Be- 
cause particle ingestion can be initiated at any 
part of the cell surface, localization of [Ca2+], 
increases by accumulation of Ca2+ stores 
would necessitate a rapid directed transport of 
these stores to the site of phagocytosis. 

We tested the hypothesis that Ca2+ storage 
organelles accumulate at sites of Ca2+ action 
during phagocytosis in human neutrophils. Fil- 
amentous (F) actin distribution was monitored 
in parallel as a marker of the remodeling of the 
contractile machinery. Markers for Ca2+ stores 
include the Ca2+dependent adenosine 
triphosphatase (Ca2+-ATPase) SERCA2b 
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