geothermal gradients within collisional oro-
gens. Within the central Himalayas, the
development of inverted field gradients, ac-
companied by substantial crustal melting,
occurred at about 20 to 25 million years
ago, about 25 to 35 My after the initiation
of collision between India and Eurasia (15).
Rocks currently at the surface were at
depths of 20 to 40 km during regional meta-
morphism (12, 16), yielding averaged rates
of denudation of 1 to 2 km/My. Likewise,
extensive tracts of lower (Indian) plate
rocks with an exposed surface width greater
than 300 km have been accreted episodi-
cally onto the upper (Eurasian) plate since
the time of collision. Paleosubduction rates
are unconstrained, but modern rates of con-
vergence across the Himalayas are about 10
to 25 km/My (17). Radioactive heat pro-
duction rates for metamorphic and igneous
rocks of the Himalayas range from ~1.5 to
>6 wW/m’, with a significant proportion
(>25%) of reported values in excess of 4
wW/m? (18). Thus, parameter values (espe-
cially A = 3 wW/m’) used to construct Fig.
2 are consistent with observations from the
Himalayas. The agreement between timing,
paleotemperatures and depths recorded in
the central Himalayas, and the modeled
thermal structure 32 My after collision (Fig.
2) suggests that redistribution of material
with a high rate of heat production within
the Himalayan orogen may have been an
important factor in its thermal evolution.

Our model suggests that accretion and
erosion and the attendant redistribution of
HPE-enriched material exert first-order
control on the thermal and metamorphic
evolution of collisional orogens. Accretion
leads to the development and maintenance
of a wedge of HPE-enriched material within
the upper plate of intracontinental subduc-
tion zones. Surface erosion also controls the
geometry of this wedge and enhances heat-
ing within the upper plate by advecting
material from deeper to shallower crustal
levels.
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Lithologic Control of the Depth of
Earthquakes in Southern California

Harold Magistrale* and Hua-wei Zhou

The depth distribution of southern California earthquakes indicates that areas underlain
by schist basement rocks have a shallower (4 to 10 kilometers) maximum depth of
earthquakes than do areas with other types of basement rocks. The predominant min-
erals in the schists become plastic at lower temperatures, and thus at shallower depths,
than the minerals in the other basement rocks. The lateral variations in lithology will
control the depth extent (and thus the magnitudes) of potential future earthquakes; these
depths can be determined from the depth of the current background seismicity.

Eal‘thquake magnitude is proportional to
fault area. The fault area is the product of
the length and the width of the fault on
which brittle rupture occurs. Attempts to
determine the magnitude of potential future
earthquakes must therefore consider factors
that influence the depth extent of rupture.
Here we examine variations in the maxi-
mum depth of earthquakes in southern Cal-
ifornia and correlate a relatively shallow
maximum depth to the presence of schist
basement rocks.

The Late Cretaceous—early Tertiary Pe-
lona, Orocopia, and Rand schists are struc-
turally low rocks exposed in sparse outcrops
(1) (Fig. 1). The schists are in low-angle
fault contact with the overlying crystalline
rocks (I-5). The emplacement mechanism
of the mostly graywacke protolith is contro-
versial: It is either in a west-dipping sub-
duction zone under a continental fragment
that was then accreted to western North
America (3, 4) or in an east-dipping sub-
duction zone under the western North
American margin (5-7). Subsequent fault-
ing and uplift have exposed the schists.
Seismic reflection surveys show that the
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schists extend over a large lateral area in
the subsurface (8=11) and are >7 km thick
(12). These surveys and the regional distri-
bution of the schists (I, 3-7) indicate that
they probably underlay much of onshore
southern California. Similarly, much of the
inner continental borderland - offshore of
southern California is underlain by the Me-
sozoic Catalina Schist (13-15). This schist
also has only sparse surface outcrop, but
seismic reflection surveys and borehole
samples indicate a widespread subsurface
extent (14, 15).

Recently, Zhou inverted southern Cali-
fornia earthquake arrival times for crustal
velocities and hypocenters (16). About
37,000 well-recorded earthquakes detected
on the southern California seismic network
(SCSN) between 1981 and 1994 provided
data for the inversion (17). These earth-
quakes are representative of the more ex-
tensive SCSN earthquake catalog. We use
the new hypocenters (Fig. 2) to examine
variations in the hypocenter depths.

A major feature in the hypocenter
depths is a 4- to 10-km change, or step, in
the maximum depth of hypocenters. The
step is particularly evident in the San Gor-
gonio Pass area (Fig. 2) as a result of the
high density of hypocenters (18, 19). The
step can be traced as a regional feature that
follows the San Andreas fault in the Coach-
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ella Valley and San Gorgonio Pass, con-
tinuing west and north along the San Gab-
riel fault to Tejon Pass (depths are shallow-
er north and east of the faults) and then
along the northwest side of the Tehachapi
Mountains (depths are shallower to the

| jiz )

119° 118° 117°
Fig. 1. Map of the southern California area show-
ing the present-day surface exposures (13, 30) of
schist rocks (black) and the subsurface extent (37)
of the Catalina Schist (yellow) and the Pelona,
Orcopia, and Rand schists (blue). Solid lines indi-
cate the major faults and the coastline. Letters
indicate the faults and places mentioned in the
text. Abbreviations: CV, Coachella Valley; LAB,
Los Angeles basin; MC, Malibu coast; NIF, New-
port-Inglewood fault; SAF, San Andreas fault;
SGF, San Gabriel fault; SGM, San Gabriel Moun-
tains; SGP, San Gorgonio Pass; SJF, San Jacinto
fault; SN, southern Sierra Nevada; TP, Tejon
Pass; TM, Tehachapi Mountains.

Fig. 2. (a) Map of hypocenters (black circles), cross section locations (rectangles labeled with letters), and the location of the
steps in the hypocenter depths (red dashed lines). Where changes in the hypocenter depth occur as a gradual slope, the
midpoint of the slope is plotted. The hypocenter symbols are scaled to earthquake magnitude. (b) Hypocenters plotted in
cross section. The hypocenters within each rectangle in map view (a) are projected onto the cross section. The step is
indicated by arrows. Where the hypocenter depth changes occur as a gradual slope (cross sections D-D’, E-E', and G-G’),

southeast). In the Los Angeles basin, an-
other step is identified along the Newport-
Inglewood fault (depths are shallower to the
west) and along the Malibu coast (depths
are shallower to the south). In most places,
the change in the maximum depth is <5
km wide, whereas along the Tehachapi
Mountains, the southern Sierra Nevada,
and the Malibu coast the change occurs
gradually over zones tens of kilometers
wide. The location of the step in the max-
imum depth of hypocenters (Fig. 2) is gen-
erally coincident with the edges of the
schists in the subsurface (Fig. 1).

The depth of earthquakes depends on
four main factors: temperature, strain rate,
fluid pressure, and rock composition (20,
21). Lateral variations in these factors will
produce lateral variations in earthquake
depths. We focus on rock composition to
explain the change in the maximum depth
of earthquakes because the change is
abrupt, regional, and coincident with the
edges of the schists.

The Pelona, Orocopia, Rand, and
Catalina schists are composed predomi-
nantly of quartz and micas (I, 13). These
minerals become plastic at much lower tem-
peratures [~300°C for quartz (21)] than
minerals, such as feldspar [~450°C (21)],
that comprise the majority of the other
types of basement rocks in southern Cali-
fornia (6). In any geothermal gradient the
schists will become plastic at a shallower
depth than other basement rock types.
Therefore, the schists will have a shallower
maximum depth of brittle rupture (earth-
quakes) than the other basement rock

types. For example (18), in the San Gorgo-
nio Pass area, a reasonable geothermal gra-
dient of 22°C km™"! and a surface temper-
ature of 15°C results in a temperature of
about 300°C at the 13-km maximum depth
of seismicity seen north of the pass in an
area underlain by Pelona Schist (22) and
about 450°C at the 20-km maximum depth
of seismicity in the mostly feldspar Penin-
sular Ranges type basement rocks (23)
south of the pass, in agreement with the
observed hypocentral depths (Fig. 2b, cross
section A—A’). Thus, steps in the maxi-
mum hypocenter depths are produced
where fault slip has juxtaposed the schists
against other basement rock types near San
Gorgonio Pass, along the San Gabriel fault
(22), and along the Newport-Inglewood
fault (14). More gradual slopes in the max-
imum hypocenter depths are produced
where the crust has been warped by local
uplift, such as in the Tehachapi Mountains
(11) and the southern Sierra Nevada (24).

Schists abut other basement rocks along
the San Andreas fault in the Coachella
Valley (22) and along the offshore portion
of the Newport-Inglewood fault (14). We
therefore expect steps or slopes in the max-
imum hypocenter depths along those parts
of the faults. Indeed, maximum hypocenter
depths are shallower east of the San An-
dreas fault than west of the fault in Coach-
ella Valley, and the maximum depths are
shallower west of the offshore Newport-
Inglewood fault than east of the fault. How-
ever, our seismicity data in those areas are
too sparse to permit us to locate any steps
with an accuracy of <20 km.

Depth (km)

30

Distance (km)

two arrows indicate the distance over which the depth change occurs. Vertical exaggeration, 3:1.
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The step in the maximum earthquake
depths provides a useful strain marker with
which to measure the amount of slip on
Quaternary faults. For example, the San
Jacinto fault zone offsets the step by =20
km (Fig. 2a), which is compatible with an
carlier measurement of the total slip mea-
sured farther south (25). Magistrale and
Sanders recently used the apparent lack of
offset in the step near the San Gorgonio
Pass to argue for the accommodation of San
Andreas fault zone slip by distributed defor-
mation in that arca (18).

The compositional control of the max-
imum depth of earthquakes can be used to
estimate the depth extent of potential fu-
ture earthquakes (26, 27). We compared
the maximum depth defined by earth-
quakes before recent large earthquakes to
the depth defined by the aftershock zones
of the large earthquakes (Fig. 3). In every

case, the maximum depth of rupture of the
large earthquakes, as defined by the after-
shock zones, was the same as the maxi-
mum depth of the earthquakes before the
large earthquakes (28). Therefore, we con-
clude that the depth extent, and thus the
magnitude, of potential future earthquakes
in southern California can be determined
from an examination of the depth of the
background seismicity. This procedure
may change estimates of the magnitudes of
potential future earthquakes in the Los
Angeles basin region (26) because steps in
the maximum depth of the earthquakes
run through and near that region (Fig. 2).

The accurate determination of the later-
al variations in the thickness of the brittle
crust should help to resolve the issue of
whether the historic rate of earthquakes in
the Los Angeles region is adequate to ac-
count for the geodetically determined strain

34°
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Fig. 3. (a) Map of hypocenters (black circles) and cross section locations (rectangles labeled with letters)
across the aftershock zones of some larger earthquakes (1986 North Palm Springs, 1992 Landers-Big
Bear, 1994 Northridge). Hypocenters of all dates are plotted. (b) Hypocenters plotted in cross section
before (upper panels) and after (lower panels) the larger earthquakes. The background seismicity before
the larger earthquakes defines the maximum depth of the aftershock zones (dense clouds of hypo-
centers). The Landers aftershocks, near 65 km in cross section I-I", extend 1 to 2 km deeper than the
background seismicity near 65 km but are generally no deeper than the background seismicity of the
entire cross section. The background seismicity in cross section |-I" is sparse, so we used a large cross
section area to define a maximum depth. Vertical exaggeration, 2:1.
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rates (20, 29). If, as we have found, portions
of the brittle crust are thinner than previ-
ously assumed, then more deformation
would occur aseismically and less moment
release would be required of the historic
earthquakes.
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Mechanism of Phreatic Eruptions at Aso
Volcano Inferred from Near-Field Broadband
Seismic Observations

Satoshi Kaneshima,* Hitoshi Kawakatsu,
Hirotoshi Matsubayashi, Yasuaki Sudo, Tomoki Tsutsui,
Takao Ohminato, Hisao Ito, Koichi Uhira, Hitoshi Yamasato,
Jun Oikawa, Minoru Takeo, Takashi lidaka

Broadband seismometers deployed at Aso volcano in Japan have detected a hydro-
thermal reservoir 1 to 1.5 kilometers beneath the crater that is continually resonating with
periods as long as 15 seconds. When phreatic eruptions are observed, broadband
seismograms elucidate a dynamic interplay between the reservoir and discharging flow
along the conduit: gradual pressurization and long-period (~20 seconds) pulsations of
the reservoir during the 100 to 200 seconds before the initiation of the discharge, followed
by gradual deflation of the reservoir concurrent with the discharging flow. The hydro-
thermal reservoir, where water and heat from the deeper magma chamber probably
interact, appears to help control the surface activity at Aso volcano.

The activity of volcanoes has been conven-
tionally monitored with short-period  seis-
mometers (>1 Hz) (1) and with geodetic
instruments including strain- and tile-meters
(2). Short-period records of volcanic earth-
quakes and tremors describe stress accumu-
lation around magma chambers or tluid tlow
through conduits, whereas strain- and tile-
meters mainly record quasi-static deforma-
tion associated with slower responses of pres-
sure sources, such as a magma chamber.
Ground motions in the frequency range from
0.01 to 1 Hz, which has not been widely
monitored, may elucidate the detailed struc-
ture of pressure sources and the dynamics of
mass advection during an eruption (3).
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From April 1994 through March 1995,
we operated 10 to 12 broadband, three-
component velocity seismometers around
Aso volcano in Japan (Fig. 1) (4). When
Aso volcano was quiescent, that is, when
there was a lack of major surface activity at
the crater, our seismometers detected trem-
ors with unusually long periods (~15 s) (5,
6) almost continuously throughout the 1
year of the experiment. A long-period trem-
or (LPT) consisted of a series of isolated
wave packets with an amplitude of about 1
pm with a duration of about 30 s (Fig. 2).
Amplitude spectra at three stations ob-
tained by stacking many events showed that
the dominant period of each LPT was about
15 s (Fig. 3). The observed spectra also
showed other consistent long-period peaks
at about 7.5, 5, and 3 s, which correspond to
the second, third, and fifth overtones of the
harmonic oscillation with a fundamental
period of 15 s (Fig. 3). The presence of
overtones indicates that the LPT was an
oscillation of a resonator (7).

At most stations near the crater, the hor-
izontal particle motions of LPTs in the 10- to
30-s bandpassed seismograms were rectilin-
car and pointed toward the crater. The par-
ticle motions in the radial plane showed that
the incident angles of the LPTs observed at
most stations around the crater ranged from

about 35° to 70° (Fig. 4B). Assuming that





