they substantially changed when the number
of days included per month in the analysis is
increased from 1 to 10. When this number of
days is increased above 15, the ozone trends
systematically revert to the expected clima-
tological mean (0.5%/year). The trend in UV
radiation decreases more rapidly because in
the early years, when data were not taken
during inclement weather conditions, the
measurements were systematically biased to-
ward higher values. These sampling differ-
. ences would also bias any attempts to infer
"long-term changes in mean values from the
current data set. For the purpose of assessing
risks to humans, a consideration of peak mid-
‘day values is perhaps more relevant, because
the population is less likely to be exposed to
UV radiation during inclement weather.
Because the downward trends in ozone
had already been occurring for several years
before the UV radiation measurements be-
came available, one could infer that even
larger increases in UV radiation may have
accrued at this site since 1979. The future
outlook is more uncertain. Although the
stratospheric loading of ozone-depleting sub-
stances is now close to the maximum expect-
ed under the present control regime (3), there
is concern about possible interactions be-
tween ozone depletion and global warming,
which could delay the recovery of ozone by
decades (23).
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Lower Mantle Lateral
Heterogeneity Beneath the
Caribbean Sea

lleana Madalina Tibuleac and Eugene Herrin

Seismic wave reflections from Earth’s core recorded at seismic arrays in North
America from events in the Caribbean Islands, Venezuela, and the Mid-Atlantic
Ridge have observed slownesses more than 64 percent greater than predicted
by the IASPEI91 standard Earth model. P waves turning in the lowermost mantle
beneath the same region also have anomalous slowness. The slowness anom-
alies are not accompanied by significant travel time residuals and appear to be
caused by lateral inhomogeneities in the velocity structure of the lower mantle.

On 1 January 1996, unusual signals (Fig. 1)
from an earthquake in the Windward Islands
[42.8-degree (/) epicentral distance] were re-
corded at the TXAR (Texas atray) seismic
array (2, 3) in the Big Bend area of west
Texas (Fig. 2). Compressional waves reflect-
ed from Earth’s core (PcP) had a much high-
er amplitude than the direct, first-arriving
compressional waves (P). Large-amplitude
PcP waves were also recorded at stations in
California, Wyoming, and Canada (2). The
earthquake was anomalous because the PcP
slowness magnitude values measured at the
TXAR and YKA (Yellowknife, northern
Canada) seismic arrays were much larger
than predicted by the IASPEI91 seismologi-
cal tables (4). These tables are referred to
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here as the standard Earth model. Slowness
magnitude, referred to subsequently as slow-
ness, is measured as the reciprocal of the
horizontal phase velocity and is directly re-
lated to the angle of incidence of the arriving
ray. It is a measure of the travel time of an
arrival across an array.

Here we estimate the slowness of PcP and
teleseismic P wave arrivals using the small-
aperture TXAR and YKA arrays. Previous
studies at large arrays (aperture >100 km)
(5-7) and at the YKA array (8) did not report
large slowness residuals (9) for P phases, but
mislocations were found for ray paths travel-
ing in the deep mantle beneath the northern
edge of South America, the Caribbean Sea,
and the Gulf of Mexico. Although deep man-
tle heterogeneities were considered (39, 8) to
explain the mislocations, these studies con-
cluded (6-8) that source region, array site, or
upper mantle structure near the arrays were
more likely causes. The averaging effect in
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the lower mantle on slowness when dealing
with a small heterogeneity observed at a large
array is similar to the effect of a large heter-
ogeneity observed at a small array. The ad-
vantage of smaller arrays is the capability of
determining slowness residuals for each ray
path and of distinguishing features less than
100 km in dimension.

The database was recorded at Prototype
International Data Center (PIDC) between
January 1995 and May 1998 for short-period
(~1's) P and PcP arrivals (2). We used data
from 107 earthquakes recorded at TXAR and
111 earthquakes recorded at YKA. All events
had body wave magnitude (3) m, = 3.5 and

o
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1}
05}
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Counts (x10%)
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2.33 2.34 235 236 2.37 2.38 2.39
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Fig. 1. The vertical component seismogram
from one of the TXAR elements, TX07, from the
01/01/1996, 09:38:27 Windward Islands event
(m,, = 5.0). The horizontal axis represents time
in samples (sample rate is 40 samples per sec-
ond), and the vertical axis represents velocity
amplitude in counts. Both P and PcP arrivals are
marked.

Table 1. Date (day/month/year) and observed P
slowness values at TXAR and YKA arrays from the
French nuclear tests in Tuamotu Archipelago
(1995 to 1996). X, mean slowness; s, sample stan-
dard deviation.

Slowness (s/deg.)

Event date TXAR YKA
05/09/1995 9.7 4.2
01/10/1995 9.4 4.4
27/10/1995 9.4 4.4
21/11/1995 9.3 4.3
27/12/1995 9.0 4.4
27/01/1996 9.4 -
X (s/deg.) 9.4 43
s (s/deg.) 0.22 0.08
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were recorded at more than 10 stations. The
sampling rate (/0) is 20 samples per second
for YKA and 40 samples per second for
TXAR. We used the cross correlation method
(10, 11) to refine the frequency wave number
(f~k) (3, 10) data processing at TXAR.

To determine the resolving power of the
arrays for measurements of slowness, we used
six French explosions almost collocated in the

Tuamotu Archipelago (Fig. 2) and observed at
TXAR and YKA (Table 1). The resolving pow-
er is represented inversely by the sample stan-
dard deviation of the slowness estimates, s (sec-
onds per degree). The resolving power is about
a factor of 2 less for TXAR (s = 0.22) than for
YKA (s = 0.08). This is expected because the
aperture of YKA (22 km) is about five times
that of TXAR (4 km) and the sampling rate at
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& u YKB7

B T.XOB C

TX07
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2km YKW2am YKB2
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Fig. 2. Locations of the event groups used in this study are represented by black dots in (A) and
listed as follows: Dominican Republic region (DRR), 18°N, 70°W; Leeward Islands (LI), 17°N, 61°W;
Windward Islands (WI), 11°N, 61°W; Venezuela (V), 10°N, 69°W; near coast of Venezuela (NCV),
10°N, 63°W; northern Mid-Atlantic Ridge (MAR 1), 16°N, 46°W; MAR 2, 10°N, 43°W; MAR 3, 8°N,
39°W; MAR 4, 6°N, 33°W; MAR 5, 0.8°N, 28°W; MAR 6, 0°N, 24°W; MAR 7, 0.5°N, 21°W; and
Tuamotu Archipelago (TA), 22°S, 139°W. Location of the arrays is represented by black triangles.
(B and C) Configuration and location (black diamonds) of the arrays TXAR (Lajitas, Texas) (B) and
YKA (Yellowknife, Canada) (C). Squares represent vertical component seismometers and triangles
represent three-component stations. TX00 in (B) is located at 29.4°N, 103.7°W and YKR8 in (C) is
located at 62.5°N, 114.6°W.

Table 2. Slowness residuals (AS), travel time residuals (ATT), and their standard error (SEM) for events
at distances up to 85 deg. from TXAR coming from a backazimuth range of 90° to 110° and for events
at distances up to 75 deg. from YKA coming from a backazimuth range of 100° to 128°. The abbreviations
are as in Fig. 2.

Loca- Median Distance No. of Mean SEM Mean SEM  Turning
tion Phase  distance range evénts AS AS ATT  ATT depth
, (deg.) (deg.) (s/deg.)  (s/deg) (s) (s) (km)
TXAR

DRR P 324 31.2-33.1 12 0.1 0.1 0.4 0.2 800
PcP 32.1 31.2-32.7 9 22 0.2 0.6 0.1 -

LI P 40.6 37.8-42.2 12 0.3 0.1 -0.2 0.2 970
PcP 40.6 39.1-42.2 9 26 0.1 1.4 0.1 -

NCV P 42.5 41.6-43 6 0.4 0.2 11 03 1020
PcP 42.5 41.3-43 8 2.3 0.1 0.9 0.3 -

Wi P 43.5 41.4-43.8 28 0.2 0.1 -0.1 0.1 1050
PcP 43.6 42.2-44.4 28 2.3 0.05 1.2 0.2 -

MAR1 P 54 53.5-56.3 7 0.1 0.2 -0.2 0.2 1350
PcP 54 53.5-55.8 6 2.1 0.4 0.4 0.2 -

MAR3 P 64 62.7-66.9 7 0.2 0.3 -0.5 0.3 1680

MAR4 P 69.1 67.9-71.4 8 0.4 0.2 -0.6 0.2 1870

MAR5 P 76.3 753-77.4 1 1.4 0.1 -0.8 0.2 2150

MAR6 P 80.3 78.4-816 8 16 0.3 -0.01 03 2320

MAR7 P 84.3 83.1-85 6 1.2 0.4 -0.4 0.2 2500

YKA

DRR P 53.2 51.8-54.3 17 —0.25 0.1 -09 0.1 1330
PcP 52.9 52.5-53.5 4 2.2 0.4 -0.3 0.3 -

Ll P 58.0 56-60.5 20 0.5 0.1 -0.7 0.1 1480
PcP 59.0 57.8-60.1 4 2.5 0.4 -0.5 0.1 -

\ P 61.1 60.5-61.7 10 0.2 0.03 -0.6 0.1 1590

Wi P 62.7 59.5-64 41 0.7 0.03 -038 0.1 1640
PcP 63.8 63.2-63.8 5 3.2 0.2 -0.5 0.2 -

NCV P 63.5 62.6-64.2 16 0.7 0.05 -09 0.2 1670

MAR2 P 71.7 68.4-72.8 7 0.4 0.2 =11 0.4 1970
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TXAR is twice that of YKA. The mean slow-
ness for more than five closely spaced events
can be resolved better than 0.2 s/deg. by TXAR
and 0.1 s/deg. by YKA; therefore arrays with
small aperture can be used to estimate small
values of slowness.

We examined TXAR and YKA data (/2)
from the Windward Islands for P and PcP
arrivals for 28 events at TXAR and 41 events at
YKA (Table 2). The time and slowness anom-
alies were considered to be significantly differ-
ent from zero when the absolute value of their
mean was larger than three times the standard
error of the mean (/3). At TXAR, the P wave
arrivals showed no significant travel time resid-
ual. The mean slowness residual was 0.2 s/deg.
and was also insignificant considering the re-
solving power of the array and the standard
error (0.1 s/deg.). The P wave from Windward
Islands to TXAR turns about 1840 km above
the core. The PcP wave, which traverses the
entire mantle and is reflected off of the outer
core, has a slightly positive mean travel time

REPORTS

residual (1.2 s with a standard error of 0.2 s).
The expected slowness for PcP at TXAR from
the Windward Islands sources is predicted to be
3.4 s/deg. by the standard Earth model. How-
ever, the mean of the observed value for the 28
Windward Islands events is 5.7 s/deg. with a
standard error of 0.05 s/deg.

YKA data from the Windward Islands
events (Table 2) showed negative travel time
residuals for P and PcP, as expected, because
of the location of the array on the stable,
high-velocity Canadian Shield. For Wind-
ward Islands events the mean slowness resid-
ual for P waves, which turn about 1250 km
above the core, was positive (0.7 s/deg.) and
significant (standard error 0.03 s/deg.). The
expected slowness was 6.6 s/deg. and the
observed slowness was 7.3 s/deg. We ob-
tained only five PcP slowness values at YKA
for this data set, but the mean observed slow-
ness was 7.3 s/deg. (same as the one for P),
compared with the expected slowness from
the standard Earth model of 4.1 s/deg.

Table 3. Examples of P and PcP arrivals at TXAR that have the same observed slowness (slow.) and similar
observed backazimuth. The P arrivals have no significant slowness anomalies, but all the PcP arrivals
present large values of slowness residuals (AS). d, epicentral distance; Obs. baz., observed backazimuth;

Obs. slow., observed slowness.

Slowness values can also be expressed in
terms of the angle of incidence of the arriving
ray at the station, with the assumption of a
particular crustal structure. The predicted
PcP incidence angle at TXAR for the Wind-
ward Islands events based on the standard
Earth model (compressional velocity of 5.0
km/s in the uppermost crust) is 8.8°, but the
observed mean value is 14.9°. Likewise, the
predicted angle for PcP at YKA (compres-
sional velocity of 5.5 km/s in the uppermost
crust) is 11.7°, but the observed value is
21.2°.

Using a reciprocal argument, were we to
start a compressional ray from TXAR with
the incidence angle observed for PcP (14.9°)
using the standard Earth model, the ray
would turn about 750 km above the core.
Similarly for YKA, a compressional ray leav-
ing the array with an incidence angle of 21.2°
would turn about 1500 km above the core.
Thus, according to the standard model, the
arrivals we have called PcP could not be core
reflections, even though the travel times fit
within the maximum 1.4 s for PcP and the
arrivals were systematically identified by
PIDC as PcP.

We next consider whether the anomalies
could be due to shallow structure under the

Date Origin d Depth Obs. Obs. AS arrays (surface to 60 km depth) or to shallow
Phase (d/molyr) (h:::i's) (deg.) (km) b(f,; (;/lg:v') (s/deg)  structure beneath the source (surface to maxi-
. & mum 260 km). On the basis of calibration data

P 03/02/1995  06:42:46.2 73 0 109.9 6.8 09  from TXAR (/1), the rays coming from the
PcP 8/12/1995 08:36:45.3 55.75 25.7 109.2 6.8 29 Windward Islands (106° backazimuth) should

P 16/04/1997 13:30:24.2 7097 0 127 6.3 0.2 have the largest azimuth residuals and negligi-
PcP 08/04/1997 23:46:18 43.56 37.5 127 6.2 28 ble slowness residuals. We analyzed events at

P 31/07/1996 05:48:23.9 72.51 0 111.3 6.3 0.3 distances up to 85 deg. from TXAR coming
PcP 16/10/1997 08:27:299 42.84 64 116 6.2 2.8 R

P 22/10/1996  10:27:201  67.89 0 105.9 6.1 ~02  fromabackazimuth range of 90° to 110° (Table
PcP 24/09/1995 02:29:11.4 53.54 0 108.5 6.1 2.3 2). If P waves coming up to the arrays with a

P 02/02/1995 12:53:53.3 59.56 0 119.8 6 —-0.9 slowness comparable to PcP slowness and in
PcP 08/04/1997 17:11:53.8 43.66 0 120.5 59 2.5 the same azimuth range do not have slowness

P 05/01/1998 01:10:28 71.52 0 1128 5.9 -o01 residuals significantly different from zero, then
PcP 22/04/1997 10:30:14.3 43.55 0 117.3 59 2.4 o .

P 06/01/1998 9:47:04.9 64.96 0 106.7 5.8 —07  We can climinate the hypothesis of shallow
PcP 22/10/1997  06:30:198  53.89 0 1135 5.7 19  anomalies under the arrays. There are no slow-
PcP 08/04/1997 09:37:42.9 4365 0 114 56 2.3 ness residuals significantly different from zero

P 20/02/1998 03:01:05.4 63.52 0 106.3 5.5 =11 for P up to 70 deg. epicentral distance from
P’C)P ?é; 83; lgg; (1)67;3%‘7‘ ggf}; 1 (5)~7 Hil gi ?;_ TXAR. P waves from sources at distances
Pcp 25/02/1996  23:20:418  43.83 0 114 5.0 17  greater than 70 deg. that tum 740 km above the
PcP 23/04/1997  10:39:59.5  43.67 0 124.6 5.4 20  core beneath the Caribbean Sea begin to have
pcp 19/01/1997  12:44:46 31.25 0 1048 53 2.7 slowness residuals significantly different from
PcP 22/04/1997 10:22:44.7 43,63 0 118.7 5.2 1.8 zero (Table 2). All PcP arrivals up to 54 deg.

epicentral distance have large slowness residu-

als (minimum 2.1 s/deg. with a standard error of

Table 4. List of the events represented in Fig. 3. d, epicentral distance. 0.4 s/deg. for the Mid-Atlantic Ridge). There

were also examples of P and PcP waves arriv-

] Date Origin Latitude Longitude Depth d iI}g yvith the same slowpess that showed no

vent (d/mo/yr) time (deg)) (deg.) (km) my (deg)  significant slowness residuals for P but did
(hr:min:s) show anomalous PcP slowness (Table 3).

1 24/04/1996  18:56:23.8 188N 703 W 85.1 48 32.1 Studies of the data recorded at YKA (8, 14)

2 24/09/1996 11:42:20.8 152N 61.5W 152.7 5.5 413 do not suggest any dipping discontinuity or

3 01/01/1996 09:38:27.9 11.2N 61.9W 75.8 5.0 42.8 other type of heterogeneity from zero to 60 km

foomem o mowme By mv D g 2 Soeemiemy ATITHD s

6 04/05/1997  01:44:53.2 MIN 61.1W 146 50 43y  ‘osiduals significandy different from zero were

7 28/12/1997  08:36:45.3 136N 456 W 257 47 557  observed for events where P turned deeper than

1480 km for an azimuth range from 116° to
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Fig. 3. Example of events in the 90° to 110° backazimuth range from backazimuth for the PcP arrivals are presented. The waveforms are
TXAR. The events (labeled 1 to 7) are listed in Table 4, and all had  aligned on the observed P arrivals in (A) and on the observed PcP
anomalous PcP wave slowness. The f-k beams of the waveforms arrivals in (B). PP predicted arrival times are also marked for each

filtered between 0.6 and 4.5 Hz using the observed slowness and epicentral distance (d).
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Table 5. Results of ray tracing at TXAR through the elliptical velocity anomalies model. Calculated travel
time (Calc. TT) and epicentral distance (Calc. d) are compared with the table travel time and the median
epicentral distance for PcP arrivals from events in Windward Islands (WI) and the northern Mid-Atlantic
Ridge (MAR1). The values of the velocity anomalies added to the IASPI91 radial velocity model in each
ellipse are noted as p1 to p5. Obs. slow., observed slowness.

Loca- Obs. Table Median Calc. Cale. d Velocity anomalies (%)
tion Phase slow. TT d TT (deé)

(s/deg) () (deg) (s) ' p1 p2  p3 p4  p5
WiI PcP 5.7 594.1 43.4 594.9 42 6 9 115 195 21
MAR1  PcP 5.94 631.2 53.9 631.4 54.1 4 10 12 20 29

125°. Important exceptions were the events in
Venezuela (127° backazimuth) and the Mid-
Atlantic Ridge (100° backazimuth) whose P
wave arrivals did not have slowness residuals
significantly different from zero, even though
the P waves turned below 1600-km depth in the
mantle. These results indicate that those P rays
are not passing through an anomalous region.
All PcP slowness residuals from the Dominican
Republic region, Windward Islands, and Lee-
ward Islands were more than 2.1 s/deg. at
YKA. Thus, the anomalous slowness residuals
were observed for PcP and deep mantle P
waves but not for P waves from events up to 76
deg. from TXAR. Significant slowness anom-
alies of PcP waves and some of the deep mantle
P waves were also observed at YKA. These
observations suggest that the cause of the
anomalies is in a region within 1300 km of the
core-mantle boundary and is not due to shallow
structure under the arrays.

The range of depths for events from dif-
ferent locations was 0 to 260 km (/5). We
eliminated the possibility of structural differ-
ence in the source region to be the cause of
these slowness anomalies because we saw
similar anomalies for shallower and deeper
earthquakes. Thus, events from different lo-
cations and at different depths around the
Caribbean Sea show similar slowness anom-
alies for PcP at both arrays, indicating that
structure beneath the source is not the cause
of the observed anomalies.

For epicentral distances between 42 and
44 deg., the standard Earth model predicts a
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minimum ~0.7 s and maximum ~10 s arriv-
al time difference between the PP and PcP
phases. The anomalies are not due to inter-
ference between these phases (see Fig. 3 and
Table 4) because, for each event, the f~k beam
of the waveforms filtered between 0.6 to 4.5
Hz using estimated PcP slowness and backa-
zimuth shows a very distinct PcP arrival and
PP arrivals are weak if they are observed.
Therefore we eliminated the possibility of
interference of PP with PcP arrivals.

The hypothesis of velocity anomalies in the
lower mantle beneath the Gulf of Mexico and
the Caribbean Sea is supported by tomographic
models for compressional and shear waves
(16—19). Nonradial velocity gradients associat-
ed with the structures delineated by the tomo-
graphic models would be expected to produce
refractions that could lead to the anomalous
slowness residuals we observed. Whereas the
travel time anomalies found by tomographic
models are of the order of several parts per
thousand relative to total travel times, the slow-
ness anomalies described here are more than
64% larger than the values given by the stan-
dard Earth model. Furthermore, the estimates of
these anomalies are independent of errors in
estimated origin time of earthquakes and are
only marginally (£0.1 s/deg.) affected by errors
in the estimated hypocenter.

We built a simple test model to determine
what velocity gradient would be required to
obtain the observed slowness anomalies with
the observed travel time residuals. We observed
the location and dimensions of shear wave ve-
locity anomalies inferred by tomographic mod-
els (16, 17). A slice at 106° backazimuth from
TXAR in Grand’s (/6, 17) shear wave model
has a high-velocity, almost vertical feature at
~20 deg. from TXAR from 1500- to 1900-km
depth (see in Fig. 4 the background and the
color bar for values of shear velocity anomaly
dv). PcP rays at TXAR pass through the lower
edge of this feature toward the array. We also
observed that PcP and deep mantle P phases at
TXAR seem to be focused in a narrow slow-
ness range, as if deviated by a velocity anomaly
similar to a lens in that region. We chose ellip-
tical layers to represent the geometry similar to
the variations in the tomographic velocity
anomalies between 1500- and 1900-km depth.
We imagined the nonradial velocity layers be-
tween 1500- and 1900-km depth as the lower
part of five superposed concentric ellipses in
which a constant increase in velocity (p) is
added at each depth to the IASPI91 model of
radial velocity variation. In Table 5 the velocity
increases in percents are labeled pl to pS. The
location of the center of the ellipses was
chosen to be 2000 km from TXAR and at
1320-km depth. This depth is close to the
center of the fast anomaly in Grand’s mod-
el. The larger ellipse has a 1300-km vertical
axis and 1000-km horizontal axis.

Using our model, we considered individual
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rays that were representative of each group of
events (Table 2). Ray tracing was performed
starting at the TXAR array with the observed
slowness, looking for the combination of anom-
alies in each ellipse that would bend the PcP
rays but maintain travel times. Table 5 presents
the results of ray tracing for PcP from Wind-
ward Islands and the northern Mid-Atlantic
Ridge at TXAR. The PcP ray paths resulting
from the model are presented in Fig. 4. On the
same figure the variation of the velocity in-
crease p (in percent) is represented in each
ellipse as a function of the distance d (kilome-
ters) inside the first ellipse. The model delin-
eates a structure dipping to the southeast of
~600 km in length and ~125 km wide, located
at the boundary of the fast region found with
shear wave tomography and presented in the
background in Fig. 4 for comparison. The larg-
est velocity anomaly added to the standard
Earth model velocity to obtain the necessary
bending of the rays and match the observed
travel times for the Windward Islands events
was 21% for 25-km distance between the el-
lipses. The largest velocity anomaly to be added
was 29% in the case of the northern Mid-
Atlantic Ridge events. The results are depen-
dent on the geometry of the model and should
only be considered a first approximation. The
reason we chose an elliptical geometry to de-
scribe the anomalies was the shape of the to-
mographic fast anomaly and the simplicity of
the calculations.

So far velocity heterogeneities of only sev-
eral percent with lateral scale lengths of several
hundred kilometers in Earth’s mid-mantle and
lowermost mantle have been calculated with
tomographic models (16, 17, 19, 20). Recently
it was found that anomalies in the lowermost
~100 kilometers of the mantle (2/-24) could
be much larger (reductions of 10% or more in P
and up to 30% reductions in S velocities). One
of the problems of the existing global tomo-
graphic models (/9-21) is that they are the
result of damped least squares inversions that
underestimate the anomalous velocity gradients
and overestimate the width of the heterogene-
ity. It seems that larger velocity anomalies are
possible in confined zones that affect the travel
time of P waves (by as much as 1.4 s) and cause
the waves to be deflected from their normal
path. These anomalies could be the expression
of the nonradial velocity gradients associated
with the transition between the cold downwell-
ings supposed to be old subducted ocean crust
(16) and the rest of the lower mantle, or they
could be an expression of topography at the
boundary between compositionally distinct re-
gions at a depth of about 1600 km predicted by
recent models of the mantle (25, 26).
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