
acterize primitive anthropoids. There are 
also other possible Asian claitnants to higher 
primate status, such as Pondaungia, Hoangho- 
nius, or Amphipithecus (1  9) ,  for which, unlike 
Eosimias, ranking in Anthropoidea might be 
a possibility. Paleogene faunas and floras 
show that some sort of interconnection ex- 
isted then between northeast Africa and 
southern Asia, and thus, this suborder could 
have reached both regions in the Eocene. 
Nevertheless, neither Hoanghonius nor the 
Burtnese Eocene fossils preserve the skull 
and front teeth, which, if they existed and 
were like those of Anthroooidea. would 
make their ordinal or subordinal ranking 
certain. Even if the Burmese forms were to 
prove to be definite anthropoideans, they 
could just as well be outmigrants frotn Africa 
as frotn anywhere else. 

Favuln tnatntnals also indicate that there 
was f'aunal interchange with Europe, but 
Eurooe lacks evidence of earlv anthro- 
poideans. Recent discoveries at p lib Zegdou 
in Algeria described as Algeripithecus (20), 
Tabelia (21) ,  and a form called Djebelemur 
from Chambi, Tunisia (221, are all forms 
that resemble in various ways the Fayum 
L-41 pritnates but are earlier in age. There is 
sotne evidence that the Algerian and Tuni- 
sian forms either are primitive anthro- 
poideans or, in the case of the tnandible of 
Djebelemur, relate to the cercatnoniine 
group. Together, these latter primates and 
those from L-41 appear to root the earliest 
higher primates in the cercamoniine radia- 
tion. There have often been differences in 
deciding whether Oligopithecus, Hoangho- 
nius, or Algeripithecus should be ranked as 
adapoids or as anthropoids (6,  8 ,  21 ). This is 
because of the high degree of similarity in 
the cheek tooth crowns of both groups, es- 
pecially now that we understand the L-41 
anthropoideans so fully. Thus, these shared- 
derived features do not involve just the front 
teeth but the entire dentition. The approx- 
imation of these two groups, which tnakes 
their molars difficult to tell apart, extends 
also to time and place, because a cercarno- 
niine has been found at L-41 (6). The fore- 
going conclusions bring into question the 
existence of an haplorhine clade. The best 
evidence is that the origin of Anthropoidea 
was in Africa. Anthropoids either arose frotn 
a cercamoniine-like ancestor or from a sim- 
ilar endemic African group. 
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A Scat tered-Wave Image of Subduction 
Beneath the Transverse Ranges 

J. Revenaugh 

Over 5600 short-period recordings of teleseismic events were used to create deterministic 
maps of P-wave scatterers in the upper mantle beneath Southern California. Between 
depths of 50 and 200 kilometers, the southern flank of the slab subducting beneath the 
Transverse Ranges is marked by strong scattering. The marked scattering indicates that 
the edge of the slab is a sharp thermal boundary. Such a boundary could be produced 
by slab shearing or small-scale convection in the surrounding mantle. The northern limb 
of the slab is not a strong scatterer, consistent with thicker lithosphere north of the 
Transverse Ranges. 

T h e  Transverse Ranges comprise a distinct 
physiographic province that cuts across the 
dominant, north by northwest, tectonic 
fabric of Southern California and showcases 
sotne of the tnost spectacular topography in 
North America. The tnantle beneath the 
ranges, home of a 60-km-wide tabular ve- 
locity anomaly to depths in excess of 200 
km ( 1 ,  2 ) ,  is no less spectacular. This cur- 
tain of high P-wave velocity draped from 
the Transverse Ranges is comtnonly be- 
lieved to be subducted subcrustal litho- 
sphere resulting from 2 5  X 10"years of 
oblique convergence across the San An- 
dreas fault zone (3,  4) ,  but the details of the 
anotnaly are unclear. For instance, is sub- 
duction one-sided or two-sided (3-5)? Does 
the anomalv extend from the base of the 

Earth Sciences-Crustal Imaging Laboratory, University of 
Caiforna, Santa Cruz, CA 95064, USA. 

crust, or does it only appear at greater 
depths (2 ,  6 )?  And where does the slab 
detach from the crust? The subhorizontal 
crustal detachments beneath Los Angeles 
and the Ventura Basin-poorly understood 
but capable of great earthquakes (7)-are 
tied to deeper detachments of the Trans- 
verse Ranees. " 

In this study, I presbnt' a tnode of imag- 
ing crust and upper tnantle structure that 
uses singly scattered en&rgVwithin the coda 
of teleseismic P. The method, known as 
Kirchhoff cdda migration (KCM) (8), al- 
lows imaging of short length scale ( 5 2  km) 
velocity and density heterogeneity and 
structures transparent to travel-time tomog- 
raphy. The scattered-wave images are not as 
intuitive as tomography's, but the combina- 
tion of the two tnethods is powerful. I ap- 
plied KCM to 13 years of teleseismic seis- 
micity recorded by the Southern California 
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Seismograph Network (SCSN) to map loci variation in station densitv and source-sta- 
tion geometry; thus, slte and geometrical 
effects are accounted for that would other- 

of significant scatterers at depths between 
50 and 200 km. The results confirm intra- l a :  1:- P t o S  

P to  P 

P 

continental subduction and point out asym- 
rnetrv in lithosoheric structure across the 

wise severely bias estimation (13). 
The data set consists of short-oeriod. 

Transverse ~ a n g e s .  
In KCM, the subsurface is treated as a 

co l lec t io~~ of closely spaced, isotropic point 
scatterers, and travel times of scattered en- 
ergy are computed such that each subsur- 
face point is mapped to time in the coda 
(8). The sum, correctly normalized, of data 

vertical component recordings 07 l2@ 
teleseismic events of intermediate and deep 
circum-Paciflc earthquakes between 1981 
and 1993. Records were obtained frorn 232 
stations with an average of 47 stations per 
event. In total, 5606 seismograms were in- 
put to migration. A minimum of 500 con- 

along the arrival-time surface of a scatterer 
measures the scatterer's strength (Fig. 1 ). 

T o  implement this, let u,,(tk) represent 
the time series recorded bv the ith of IM 

tributing seismograms at each grid point 
was imposed, and migration was not per- 
formed for regions outside the SCSN with 
poor azimuthal station coverage. Variations 
in detector efficiency across the SCSN raise 
and lower the detection threshold such that 

I 

Fig. 1. Schemat~c iustrat~on of the wave field 
from a polnt scattererat depth. Wth seismograms 
algned on P, secondary arrlvals fronthe scatterer 
move out across the array asymmetr~cally as a 
result of the finite ray parameter of drect P. Scat- 
terer strength is estimated by summng data along 
the P to P (or P to S) scattered-wive travel tme 
curve with corrections for propagaton effects and 
wavefront obl~qu~ty at the free surface. Modlfled 
bootstrap estimation IS used to asslgn signlfi- 
cance levels to scatterer detecton. 

stations for the ith of N souices. T'ime, tk, is 
referenced to a canonical start time t,?, such u, 

that tk = to + kAt for digitization rate 
(At)-].  Energy frorn a source at position s, 
scattered at position x and recorded at sta- 
tion j at position r, arrives at time 

some strong scatterers may be missed in 
regions of poor detection whereas globally 
weaker, but locally strong, scatterers in oth- 
er areas are detected (Fie. 2). For the most - .  
part, variations of S(x) about the bootstrap 
mean closely mimic scatterer significance 
such that high significance usually implies 
high scattering strength. T o  avoid confu- 
sion. hovvever. I refer to scatterer sienifi- on  the aligned seislnograln (9) ,  where 

0 

came as potential, such that high potential 
implies highly probable detection of scat- 
tered energy. Synthetic tests are used to 
help distinguish detector efficiency from 
scatterer strength and to iden~ify experi- 
mental artifacts. 

The images show that at a depth from 75 
km to at least 150 km (Fig. 2, B, C ,  and D), 
a single feature dominates the scattering 
field: a nearly east-west-trending ridge of 
high potential centered on 34"N and stron- 
gest between 119" and 116"W (14). The 
ridee correlates well with the southern limb 

T(a,b) is the travel time between points a 
and b (10). The migration value at x, S(x) ,  terns in the 50- to 100-km images near 

35.25"N on the western edge of the study 
area. Synthetic tests (Fig. 3 )  show that a 
second ridge displaced 0.5' to l . j O N ,  but 
otherwise similar to the 34"N high, would 
be imaged. Clearly, any northern parallel to 
the 34"N high is weak in comparison. 

The diffuse zone of potential highs north 
of 35. j0N in the southern Sierra Nevada 
(-1 18. j0W) at a depth of 50 to 100 km 
(Fig. 2, A,  B, and C) may be related to the 
Lake Isabella anomaly, a 3 to 5% high 

is obtained from 

Here, k,,,,, is the number of recorded sam- 
ples beyond to; W[r,,(x),T(x,r,)] and X,(x) 
are windovving operators over time and dis- u 

of the tabular velocity anomaly imaged be- 
neath the central and eastern Transverse 

tance, respectively, that include corrections 
for geometric spreading, obliquity, and re- 

velocity patch in the uppermost mantle (2,  
15). Above 100 kin there is intriguing vi- 
sual correlation between potential highs 
and high gradient zones in independently 
obtained velocity tomograms, but potential 
fades rauidlv below 100 km whereas the 

Ranges in a number of tomographic studies 
(1, 2).  Although I performed migration to 
depths of 400 km, resolution is poor below 
200 km, and it is difficult to assign a maxi- 
mum depth to the ridge, although there is 
some evidence of a signature to 250 km. 
Between 75 and 200 km (Fig. 2, B through 

ceiver terms and terminate summation be- 
fore arrival of secondarv uhases such as PCP , & 

and pP; and K(x) is a normalizing factor 
numerically equal to the sum of all weights 
applied to data. Sulnmatiotl over 4 allows 
for a short (0.2 to 0.5 s) running mean of 
data. The exponent 71 implements Nth-root 
stacking ( 1 1 ). 

In Eu. 2. data alone scatterer time sur- 

. , 

tomographic atlomaly extends to -200 km. 
This discrepancy has implicatiotls for the 
34"N high. 

The basic structural elements in the up- 
Dermost mantle beneath Southern Califor- 

E), where resolution is best, prominent 
along-strike variations in potential appear to 
be relatively consistent with depth. I at- 
tribute some of this consistency to vertical 
leakage of energy during KCM, but synthetic 
tests suggest that significant leakage does not 
exceed 25 kin at these depths, and I regard 
the vertical continuity of potential highs and 
lows as genuine. The ridge also appears to 
shift slightly to the north as depth increases, 
suggesting a nearly vertical northward dip, 
although this interpretation is debatable giv- 
en the diffuse quality of the image. I refer to 
this feature as the 34"N high. 

A n  eauivalent northern limb to the 

1 ,  0 

faces are summed for many different receiv- 
ers and sources, such that likelv sources of 

nia are well defined by tomographic maps of 
P-wave velocity; the scattered-wave images 
add detail to this structur3l p'icture and raise 
two related questions: (i) How does the 
near-vertical, slab-like Tf.a&verse Ranges 
velocity anomaly scatter teleseismic P 
waves? (ii) Why is the scattering asymmet- 
ric, that is, why is the tlorther~l limb of the 
anomaly not seen? 

Humphreys and Hager (4 )  modeled the 
Transverse Ranees velocitv anomalv as the 

scattered energy are identified b; large S(x). 
The size of S(x) required to be significantly 
above background levels is obtained by re- 
placing S(x) with its cumulative probability 
of occurrence in noise-only data, obtained 
from repeated migration of trace sets with 
ratldomized station associations resulting in 
a bootstrap approximation of S(x) probabil- 
itv densitv in the absence of coherent, sin- 
gly scatteied energy ( /  2). Assigning sekmo- 
grams to stations at random destroys the 
correlation structure of data without affect- 
ing amplitude/distance ratios or geographic 

paired subcrusG1 lithospileres of' North 
America and the Pacific subcluctitlg verti- 
cally to 250 km heneath the eastern Trans- 
verse Ranges, shallon~ing to 100 km on the 

Transverse Ranges anomaly is not seen, 
although there are hints of coherent pat- 
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western margin. The 3.5% velocity pertur- 
bation associated with the anomaly im- 
plies a slab -60 km wide having temper- 
atures 400" to 550°C colder than the sur- 
rounding mantle. Scattering along the 
southern limb of the anomaly requires that 
the length scale of velocity variation, a, is 
much less than the seismic wavelength X 

= 2r/k (1  6). The wavelength of incoming 
teleseismic P waves ranges from about 3 to 
15 km with peak energy near 8 km, imply- 
ing scatterer length scales certainly less 
than 10 km and likely less than 5 km. A 
60-km-wide slab initially 750°C cooler 
than the surrounding mantle, allowed to 
cool for 2 X lo6 years (17), would have 

horizontal temperature gradients about 
10" to 20°C/km, resulting in velocity gra- 
dients of 0.1 to 0.2% per kilometer. Thus, 
the most favorable combination of scatter- 
ing sampling length and velocity gradient 
results in a velocity perturbation of 2%, 
but 0.5% is more realistic. A velocity per- 
turbation of 2% is sufficient if the geom- 

Longitude Longitude 

d - .- - 
-1 

-1 20 -1 18 -1 16 -120 -118 -116 

Longitude Longitude 

Fig. 2. (A) Depth sllce at 50 km of the KCM for Southern Calrfom~a. Shown 
are contours of P to P scatter~ng significance resolved on a rectangular gnd 
wrth 0 l o  node spaclng. Values near unrty Imply hlghly s~gnficant detect~on of 
scattered energy Sol~d triangles mark stations of the SCSN (addttlonal sta- 
t~ons outside the plot bounds were used) Because of lnsuffic~ent data or poor 

m 

azimuthal stat~on coverage, no estimates were made In nonshaded reglons 
The Transverse Ranges are composed of the San Em~gdlo-P~ne Mountam 

a (SEiPM), San Gabrfel (SGM), and San Bemard~no (SBM) segments. ISA 
Q u marks the Lake lsabella mantle anomaly, ST marks the Salton Trough. (6) - .- - ,O Depth sl~ce at 75 km Note the d~st~nct hlgh-potent~al ndge along 34"N (C) 

Depth sllce at 100 km. (D) Depth sl~ce at 150 km (E) Depth sl~ce at 200 km 
.- 
v, Because of decreased resolving power. only gr~d potnts sampled by 22500 

setsrnograrns are shown In (D) 

0 
-120 -118 -116 

Longitude 
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etry of heterogeneity favors scattering and 
energy is scattered more or less isotropi- 
cally over the 70" range of scattering an- 
gles sampled, but neither of these condi- 
tions is easily reconciled with a near-ver- 
tical, tabular thermal anomaly-a poor 
scatterer of near-vertical P waves whose 
smooth horizontal velocity gradients favor 
coherent reflection (directionally depen- 
dent radiation) over aziumthally isotropic 
scattering. 

Additional insight into the scattering 
strength of downwelling mantle can be 
gleaned from the absence of the Lake Isa- 
bella scattering signature below 100 km. 
Jones et al. (15) attributed the tomograph- 
ic anomaly to downwelling in the mantle. 
Above 100 km where the thermal con- 
trasts have had little time to diffuse and 
remain sharp, the anomaly is apparent in 
the scattering image, but at greater depths 
the increasingly broad diffusive boundaries 
lose their scattering signature despite hav- 
ing greater overall velocity contrast. The 
Transverse Ranges anomaly ought to be- 
have similarly. 

The inadequacy of simple slab geome- 
try and the vertical continuity of high- 
potential sites along the 34"N high suggest 
an alternative: scattering from slab corners 
produced by simple shear during oblique 
subduction. I favor a shearing mechanism, 
as depicted in Fig. 4: It not only ~roduces 
comers that radiate energy out in all di- 
rections, but it also enhances the contrast 
in temperatures by exposing cooler (core) 
lithosphere to the surrounding mantle. 
Corners produced by shear may corre- 
spond to the high-potential patches at 75 
to 150 km in the P to P migration images 
(18). The block-like character of the Trans- 
verse Ranges anomaly in the tomographic 
studies is consistent with the notion of per- 
vasive shear planes, and there is some corre- 
spondence between the block edges and the 
loci of high scattering potential along the 
southern limb of the anomalv. The ~romi- 
nent breaks in along-strike geometry of the 
Transverse Ranges at the junctures of the 
western San EmigdiePine Mountain, cen- 
tral San Gabriel, and eastern San Bernardino 
segments might be mirrored in breaks in the 

Fig. 3. Depth slice at 
100 km of a synthetic ex- 
periment with two planes 36 

- 
of isotropic scatterers 
aligned along 34" and 
35"N between 1 19" and 
116"W (the northern 35 . 
plane is shifted 0.5"W). +j 
Scatterers are placed at = - ~  
0.5" along the strike and 2 
every 25 km down-dip 34 =- 
(80") at depths between 
50 and 150 km. The syn- 
thetic data replicate ex- 
perimental geometry 33 - 
and include high noise 
levels, strong signal at- 
tenuation, and +I-s -1 20 -1 18 -1 16 
travel time variations. Longitude 
The northern plane is 
well imaged, demonstrating that the experimental geometry is favorable for detection of a northern limb 
to the Transverse Ranges anomaly. 

Fig. 4. Schematic depth slice of the 
Transverse Ranges slab illustrating 
the relation of slab shear and strong 
scattering sites. Shear is mandated 
by oblique subduction (4), although 
the prominent corners may derive 
from along-strike breaks in the de- 
formation front along the Trans- 
verse Ranges. Shading refers to ve- 
locity, with dark areas being fast; 
also shown is a velocity contour 
spatially averaged as in tomogra- 
phy. Thicker lithosphere and lower 
thermal gradients north of the slab 
axis reduce scattering strength at 
shear comers, which accounts for 
the absence of a northern scatter- 
ing high. 

down-going slab. Diffusive erosion of ther- 
mal anomalies at shear corners ultimately 
destroys the scattering signal (19). Slow 
clockwise rotation of the San Andreas fault 
in the Big Bend region (3), if it is occurring, 
might maintain scattering at depth by in- 
creasing slab shear during subduction. 

Scattering from shear corners. as Dart of 
the deformation mandated by obliq;e sub- 
duction (4), appears capable of accounting 
for the 34"N high. It does not, however, 
account for the absence of scattering from 
the northern limb of the Transverse Rang- 
es anomaly, which I propose is due to 
subduction of less active (that is. more 
thermally mature) lithosphere north of 
the Transverse Ranges, reducing the tem- 
perature contrast along shear planes and 
slab corners. There are alternatives to this 
scenario. (i) Subduction is itself asymmet- 
ric (one-sided), producing high-tempera- 
ture gradients where cool lithosphere re- 
cently at the base of the crust comes into 
direct contact with the mantle. A south- 
over-north geometry correctly locates 
scattering along the southern edge of the 
tomographic anomaly but conflicts with 
the slight northward dip of the 34"N high 
and the symmetry of the tomographic 
anomaly viewed perpendicular to the 
Transverse Ranges (2). One-sided subduc- 
tion also requires that the Pacific litho- 
sphere move around, rather than through, 
the Big Bend region, which seems implau- 
sible. (ii) If the proposed mechanism for 
the 34"N high is correct, asymmetric scat- 
tering would result if North American 
lithosphere is converging perpendicular to 
the Transverse Ranges and no shear dur- 
ing subduction is required. I do not favor 
this case because, north of the Garlock 
fault, the San Andreas fault system trends 
at roughly a 45" angle to the Transverse 
Ranges, suggesting oblique convergence 
north of the Transverse Ranees as well. - - " 
(iii) The large lateral temperature con- 
trasts associated with pervasive shear as 
illustrated in Fig. 4 would superpose small- 
scale structure on regional convective 
flow. Although this woild hasten dispersal 
of the thermal anomaly (and hence the 
scatterer), it could augment scattering 
strength along portions of the slab's south- 
ern limb. with absence of a northern hieh- .., 
potential ridge attributed to lower temper- 
atures (and higher viscosity) resulting in 
laminar flow. Whether small-scale con- 
vective flow is a strong source of scattering 
or is res~onsible for the marked north- 
south asymmetry is difficult to say, but it is 
a potential contributor to the 34"N high. 
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12. This is not a true bootstrap, which would approxi
mate the distribution of observed S(x); although that 
is not without interest, I am most concerned with the 
significance of scatterer detection that necessitates 
estimation of the distribution of S(x) in the absence of 
scattered energy. At each migration point 1000 
bootstrap iterations were performed. 

13. Finite source duration and source-side scattering 
are treated by deconvolution of a generalized 
source-time function obtained from a linear stack 

Iron sulfide (FeS) has been found in many 
meteorites and is believed to be a possible 
component of the cores of terrestrial planets 
such as Earth and Mars. Models of internal 
structure of the planets with sulfur-bearing 
cores require accurate determinations of 
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width of the boundary layer is a lower bound favor
ing scattering. 
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occurs but is minor because the radiation pattern is 
highly directional. 
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phase relations and densities of FeS at high 
pressure and high temperature, but study 
has been difficult because it has not proven 
possible to quench the high-pressure-tem
perature phases. Previously, phase transi
tions in FeS have been investigated only at 
high pressure and room temperature (1-5) 
and at high temperature and ambient pres
sure (6, 7). We have developed techniques 
for determining the structure and density of 

materials under simultaneous high pressure 
and temperature conditions (8). In this 
study, we report the structure and density of 
FeS at high pressure and high temperature. 
We then use these data to evaluate the 
relation between the depth of the martian 
core-mantle boundary and the sulfur con
tent of the core. 

Stoichiometric FeS at ambient condi
tions, called troilite (FeS I), has aJSfiAs-
type hexagonal structure with a (V3a, 2c) 
unit cell. Troilite transforms to a MnP-
type structure (FeS II) at 3.4 GPa (5). A 
high-pressure phase (FeS III) forms at 
pressures above 6.7 GPa (J, 3), although 
its structure is uncertain (9). We conduct
ed in situ synchrotron x-ray diffraction 
measurements on FeS using an externally 
heated diamond-anvil cell "with the sam
ple loaded in a hydrostatic Ne pressure 
medium (JO). At 300 K, we confirmed the 
two previously observed phase transitions. 
Upon heating the FeS sample at high pres
sures (>6.7 GPa), we observed a different 
x-ray diffraction pattern (Fig. 1). The dif
fraction pattern is much simpler than that 
of the high-pressure phase (FeS III) and 
can be indexed on a hexagonal cell. The 
calculated x-ray diffraction pattern, based 
on a NiAs-type hexagonal structure with a 
(2a, c) unit cell, agrees well with the 
observed data (Table 1). The experimen
tal data demonstrate that this high-pres
sure-temperature phase, which we named 
FeS IV, has a Ni As-type superstructure 
lattice, in which the hexagonal layers of 
Fe and S are alternately stacked along the 
c axis and the Fe atoms are slightly dis
placed such that a perfectly repeating unit 
cell occurs by doubling the a distance. The 
axial ratio (c/a) of FeS IV is close to an 
ideal close-packing value of 1.63. The 
phase boundary of the FeS III—FeS IV 
transition (Fig. 2) was determined to be P 
= -11.25 +^0.0485T (for pressure P in 
gigapascals and temperature T in kelvin). 
By analyzing the x-ray diffraction data, we 
also obtained the density of FeS IV as a 
function of pressure at high temperatures 
(Fig. 3A). 

A high-temperature phase of FeS has 
also been observed at about 420 K and 
ambient pressure (6, 7). ^The structure of 
this high-temperature ^ph'ase has been con
troversial (5, 7) because of a discrepancy 
resulting from the assumption that the 
high-temperature phase has the same struc
ture as the intermediate high-pressure phase 
(FeS II). Our experimental data show that 
the high-temperature phase has a hexago
nal structure with a (2a, c) unit cell, as 
reported by Keller-Besrest and Collin (7), 
and that the structure of the intermediate 
high-pressure phase (FeS II) is consistent 
with the MnP-type structure reported by 
King and Prewitt (5). The high-tempera-
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In situ x-ray diffraction measurements revealed that FeS, a possible core material for the 
terrestrial planets, transforms to a hexagonal NiAs superstructure with axial ratio (c/a) 
close to the ideal close-packing value of 1.63 at high pressure and high temperature. The 
high-pressure-temperature phase has shorter Fe-Fe distances than the low-pressure 
phase. Significant shortening of the Fe-Fe distance would lead to metallization of FeS, 
resulting in fundamental changes in physical properties of FeS at high pressure and 
temperature. Calculations using the density of the high-pressure-temperature FeS phase 
indicate that the martian core-mantle boundary occurs within the silicate perovskite 
stability field. 
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