costs without appreciably changing their
heating habits.

We obtained the heating degree-day
elasticity for total residential sales by use
of a double-log regression of degree-days
(9) and natural gas price (10) on sales per
residential customer in the East North
Central division for the nine heating-sea-
son quarters from 1974 through 1976.
The resulting equation is In (sales per
customer) = 3.532 — 0.214 In(price) +
0.706 In(degree-days). The R® (corre-
lation value coefficient) is 0.99. Thus we
find heating degree-day and price E val-
ues of 0.71 and —0.21, respectively, for
total per capita residential use. As noted
above, the negative effect of price rise is
solely on the nonheating portion of the
residential use.

Following a standard linear regression
approach, we reached essentially similar
conclusions with respect to all four divi-
sions. We used degree-day values (Z) as
one variable and the average quarterly
price per 10° Btu’s (P) paid by residential
customers as the other variable to ex-
plain the variation in quarterly consump-
tion per customer (S5/C)

S/C = a, + aZ + a,P (10)

where Z is obtained from Eq. 5 and the x
values in Table 2, and P is obtained as
the indexed ratio of quarterly revenues
(R) to quarterly sales (S) as reported by
AGA. A quarterly index I, permits the
price to be expressed in terms of 1975
dollars (I1) as

p==1

3 1n

To estimate the coefficients, we rewrote
Eq. 10 in stochastic form, adding the dis-
crete variable Q; in order to handle third-
quarter consumption shifts in the Middle
Atlantic and West South Central divi-
sions: Q3 = 1 for third-quarter data and
zero otherwise

S/C = q, + alz- + 02P + €y + agQg (12)

Results for the 12 quarters in 1974 to
1976 are presented in Table 4. All coeffi-
cients were significant to at least the 5
percent confidence level, and all R? val-
ues were 0.999, indicating that the vari-
ables completely explain the quarterly
variation in gas consumption.

Thus, when seasonal usage trends are
accurately incorporated by use of lag-
corrected temperature data and quarter-
ly sales data, the econometric model re-
sults are shifted and become consistent
with those derived from the engineering
models.

Other implications. The current and
historical sales data compiled by the
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AGA are widely used by energy profes-
sionals. For many purposes other than
demand forecast modeling, it is unimpor-
tant if the data lag the nominal calendar
quarter by 2 to 4 weeks, but for con-
servation models, as indicated in this re-
port, the lag can be very important. For
those who need to correct the AGA data
for lag, Eq. 6 provides a simple means of
doing so. For each quarter, one makes
use of the known C, A, and B values and
the appropriate j and k values, but sub-
stitutes 1.0 for the x value in the equa-
tion. The resulting expression gives the
sales for the true calendar quarter.

RicHARD L. LEHMAN
Office of Ecology and Environmental
Conservation, National Oceanic and
Atmospheric Administration,
Rockville; Maryland 20852

HEeNRrY E. WARREN

Center for Climatic and Environmental
Assessment, National Oceanic and
Atmospheric Administration,
Columbia, Missouri 65201
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Localized Compressional Velocity Decrease

Precursory to the Kalapana, Hawaii, Earthquake

Abstract. A delay in the arrival times of compressional or P waves of 0.15 to 0.2
second from deep distant earthquakes has been detected at the closest seismograph
station to the 20 November 1975 earthquake at Kalapana, Hawaii (surface-wave
magnitude My = 7.2). This delay appeared approximately 3.5 years prior to the
quake, and travel times returned to normal several months before it. The P-wave
arrival times at other nearby stations remained constant during this period, an in-
dication that the decreased velocity implied by the delay in travel time was associat-
ed with this normal-faulting earthquake and was confined to distances less than 20

kilometers from the epicenter.

Since the original Russian reports (/)
of seismic velocity decreases prior to
earthquakes, workers in the United
States, Japan, and other countries have
searched for similar effects before other
earthquakes in hopes of using this phe-
nomenon as a predictive tool. A few suc-
cesses have been reported (2) but only
for small (surface-wave magnitude
M, < 7) thrust earthquakes (3), and neg-
ative findings are common (4). There-
fore, the detection of decreased P-veloc-
ities preceding the normal-faulting earth-
quake (M = 7.2) near Kalapana, Ha-
waii, is of considerable interest for
earthquake prediction research.
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The data used to identify the velocity
decrease were relative P-residuals from
deep (> 500 km) Fiji-Tonga earthquakes
(5) (see inset, Fig. 3). A residual is the
difference between the observed and the
computed arrival times of a seismic sig-
nal. One obtains a relative residual by
subtracting from this value the residual
of a nearby reference station. For a given
earthquake, this process results in the
near cancellation of contributions arising
from ray path variability at the source, in
the lower mantle, and in the upper
mantle beneath the receiver. Near-re-
ceiver crustal variations, caused by any
anomalous temporal behavior of inter-

SCIENCE, VOL. 199, 24 FEBRUARY 1978



est, remain unchanged by this procedure
and thus become detectable.

The residual data of stations WHA and
MPR are presented in Fig. 1. Station
MLO was chosen as the reference sta-
tion because of its location on the stable
southeastern flank of Mauna Loa volca-
no, well removed from most volcanic
and earthquake activity. Station WHA,
approximately 3.5 km from the comput-
ed Kalapana epicenter, was installed in
March 1971. In mid-1972 its P-residual
relative to MLO (Fig. 1A) increased
from 0.1 second to nearly 0.3 second.
This increase persisted into 1975 and di-
minished slightly in 1974; by late 1975,
the residuals had returned to nearly the
level of 1971. In contrast, the relative re-
siduals between MPR and MLO (Fig.
1C) exhibit a remarkable 10-year stabil-
ity, even though MPR is located on the
frequently active east rift of Kilanea vol-
cano and within the aftershock zone of
the Kalapana earthquake.

Apparently MPR is stable with respect
to MLO, and WHA is not; Fig. 1B illus-
trates the expected variation of WHA
relative to MPR. This data set is not
identical to that used in Fig. 1A since not
all events are received equally well by
the three stations. The same pattern of
increased arrival times is evident, an in-
dication that the crust beneath WHA
changed in the period from 1972 to 1975
but the crust beneath MPR did not. The
scatter in the WHA-MPR data is slightly
greater than the scatter for the WHA-
MLO data, even though MPR is less than
15 km from WHA. Perhaps this slight in-
crease in scatter is caused by the fact
that MPR is located on an active vol-
canic rift zone, whereas MLO is on more
stable crust.

The travel time delay at WHA relative
to MLO has a maximum magnitude of
about 0.2 second. A long-term relative
residual stability of approximately 0.1-
second scatter is necessary to resolve
such a feature. The MPR-MLO plot (Fig.
1C) includes 0.1-second limits to show
that less than 10 percent of the relative
residuals between two stations of the
same seismic network scatter outside a
0.1-second band (the standard deviation
is 0.04 second from the long-term mean).
This travel time stability exhibited by
MPR is representative of other stations
of the Hawaiian network not included in
this report (6). To achieve such low scat-
ter, several conditions must be met. (i)
Arrivals must be read to within a preci-
sion of 0.05 second. To this end, a timing
system with the same clock for all sta-
tions, such as that used by the Hawaii
Volcano Observatory (HVO), is highly
desirable, for then timing corrections
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cancel when the relative residual is
taken. Also, phase correlation of receiv-
er and reference signals (see Fig. 2) was
employed to avoid the possible mis-
reading of emergent first motions. (ii) Er-
ror arising from hypocenter mislocation
of source events must be negligible. I
carried out an analysis based on work
with Alaskan stations by Engdahl et al.
(7) for the Tonga-Hawaii source-receiver
configuration. I found that, because of
the close receiver-reference station sepa-
rations (~ 50 km) possible within the
HVO network, a representative mis-
location of = 25 km would not introduce
more than 0.02-second scatter in the rel-
ative residual. (iii) The source events
must be confined to a volume restricted
in both azimuth and distance from the
closely spaced receivers—a condition

satisfied by the deep Fiji-Tonga source
zone used. Other workers using the rela-
tive residual technique have reported ei-
ther a large data scatter (0.5 second) if
this condition was neglected (8) or have
introduced an empirical azimuthal term
to correct for it (9).

The travel time increase (P-velocity
decrease) identified for WHA can be for-
mally tested for statistical significance.
In Fig. 1A four time intervals, chosen
visually, are demarked by bounds of
+ 1 standard deviation from their re-
spective means, as follows: I, + 0.11 =
0.06 second, March 1971 through Jan-
uary 1972, 18 events; II, + 0.26 = 0.07
second, January 1972 through November
1973, 32 events; III, + 0.21 = 0.05
second; November 1973 through July
1975, 30 events; and IV, + 0.14 =
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Fig. 1. Relative residuals versus time for (A) WHA-MLO and (B) WHA-MPR for the entire Fiji-
Tonga zone; (C) relative residuals versus time for MPR-MLO, for events in the north Fiji-Tonga
zone only. Note the different time scale of (C). Data begin in the year of installation of each
station. Symbols: @, excellent or good-quality reading (both stations); O, fair or poor; x, other
than first cycle; arrows designate the date of the Kalapana earthquake; horizontal lines mark off
the bounds of * 1 standard deviation from the average (see text). The inset is the
island of Hawaii; on the scale of the inset, WHA overlies the Kalapana epicenter.
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0.06 second, August 1975 through June
1976, 11 events. If the Fiji-Tonga events
in the above intervals are a truly
random sample from the entire Fiji-
Tonga population (and no correlation of
residual with depth, magnitude, or
coordinates was found), the standard ¢-
test for the difference between two
sample means may be applied. For ex-
ample, a test of the null hypothesis that
the parent populations of samples I and
II are the same (have the same average
value) yields ¢t = 7.16 with 48 degrees of
freedom. From the ¢ tables this value of ¢
could arise less than one time in a thou-
sand by chance alone. Thus, the dif-
ference in means between the ‘‘normal’’
interval I and the ‘‘delayed’’ interval Il is
highly significant (above the 99.9 percent
level). Other interval pairs test as one
would expect from visual inspection of
Fig. 1A. For example, the difference be-
tween intervals I and IV is not signifi-
cant, but the difference between inter-
vals II and IV is highly significant. No
station other than WHA within the Kala-
pana aftershock zone exhibits variation
of P-residuals relative to MLO that were
of statistical significance.

Sample seismograms (Figs. 2 and 3)
from the entire data set (J0) for the
WHA-MLO station pair show that the
HVO network, although designed to re-
cord short-period, local earthquake ac-
tivity, also possesses an excellent tele-
seismic recording capability in the range
from 0.5 to 1.0 second. The first clear
peak or trough was read as indicated by
the arrows. Although the differences be-
tween the normal and delayed arrivals
may be qualitatively seen in Fig. 2, the
quantitative measure of R, the relative
residual, will depend on the computed
arrival times at WHA and MLO.

It is also evident in Figs. 2 and 3 that
signal correlation between the two sta-
tions was often poor, although the first
prominent cycle in the signal generally
exhibited good correlation. It was for
this reason that only first-cycle readings
were made except for a few events
(marked by x’s in Fig. 1) where this
proved impossible. Part of the problem
with correlation undoubtedly is due to
differing crustal transfer properties
beneath the two stations. Also gain
changes were frequently made at all sta-
tions. However, such changes would not

affect frequency-response character-
istics; all the instruments of the HVO
network are one of two types (6) with
quite similar frequency response in the
teleseismic range.

The data presented in this report must
be considered preliminary in two re-
spects: (i) a longer base line after the
earthquake is necessary to more firmly
establish normal travel times and (ii) ar-
rivals for more HVO stations must be an-
alyzed for comparison purposes (/7).
Nevertheless, the time delay observed at
WHA is clear enough to warrant some
further discussion.

The most recently available geological
evidence (I2) indicates that the Kalapa-
na earthquake was a gravity-controlled
slump event on the Hilina fault system.
The faults of this system are thought to
bottom at a depth of 4 km (13), the com-
puted depth of the earthquake. If it is as-
sumed that the travel time delay for a ray
arriving from Fiji-Tonga was generated
within these 4 km, a P-velocity decrease
of 15 to 20 percent is required to produce
the observed 0.2-second delay. Just as
plausibly the anomalous zone could ex-
tend to twice this depth and require only

T —»Isecr—
L

1|

Longitude T 17 1T 1T 171
v 1 T T 1T 1 L 175°€ 180° mew | B i -
A Normal arrivals B Delayed arrivals i pelayed arrivals
MLO
§ws Central
£ 8 14 May 1973
WHA 2
30 Mar. 1971 { staﬂi‘“ﬂk f Mg=5.4
Mg=4.9 30 May 1973 Aot
At=—0.06, t Mg=4.8 e
WHA R=0.01 At=0.16, 30°8
R=0.24 Fiji-Tonga, depth 2500 km }
AT T 1 L
Normal arrivals
} MLO
MLC ' 73 MLO 29 May 1975
} 8 Oct. 19 15 July 1971 A
Mg=5.3 Central R=0.25
WHA At=—0.15
H T J\v\;\:o.os
8 Oct. 1971
Mg=5.7
At=0.%l,
29 July 1974 3 June 1976
Mg=5.4 Mp=5.6
a=026, At-0.09 || MLO 28 Dec. 1973
- | Mg=6.4
' At=0.00
llwgJ:f?i 1976 South T' R=0.22
At=0.0, |
=0.0 \
WHA

1 1 | lllTllll

T

Fig. 2 (left). Tracings of P-arrivals at stations MLO (reference) and WHA, all from the north group of events of the deep Fiji-Tonga source region.
Each signal set begins on an arbitrary real-time mark common to both stations; thus WHA is not shifted in time with respect to MLO. (A)
Examples of normal (nondelayed) arrivals at WHA. (B) Delayed arrivals. Arrows denote the crest or trough measured. Although Az, the arrival

time difference, may be discriminated visually in this figure, the value of R will depend on computed as well as observed arrival times.

Fig. 3

(right). Tracings of P-arrivals similar to those in Fig. 2, except that examples are taken from the central and south Fiji-Tonga zones. The inset
shows these zones with a portion of the epicenters used in this study. Dashed lines indicate that the trace deflected off scale.
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an 8 to 10 percent velocity decrease. If
dilatancy precedes the quake, then a the-
oretical treatment (/4) based on paral-
lel, vapor-filled cracks oriented vertical-
ly for a normal-faulting mechanism
yields only a S percent velocity decrease
for the Tonga rays which arrive at WHA
at 25° off the vertical. However, in-
asmuch as both the depth of the anoma-
lous zone and the degree of crack orien-
tation are conjectural, the reported time
delay is not unreasonable.

If cracks are present and are indeed
vertically parallel, a horizontal seismic
wave traveling to WHA would experi-
ence a maximum velocity decrease of
about 17 percent (/4). Local Hawaiian
earthquakes could serve as sources for
such horizontal paths, but increased rel-
ative residual scatter is anticipated since
waves incident to WHA and the refer-
ence station will not, for this case, share
a common ray path over the major part
of the path length.

The very localized (less than 20 km)
horizontal extent of the anomalous zone
is much smaller than estimates for thrust
earthquakes reported in the literature
(15); indeed, it encompasses only a small
fraction of the aftershock zone. Perhaps
this is characteristic of normal and
strike-slip faulting and is responsible for
the negative reports of velocity changes
preceding earthquakes with nonthrust
mechanisms. Such a small anomalous re-
gion for a large earthquake could be ex-
plained in terms of a very restricted zone
of intense stress buildup (/6) where the
break initiated, whereas the rest of the
much larger rupture surface remained at
a lower stress state throughout the ob-
served precursory period. Then, as for
the case reported here, only the rare oc-
currence of a large shallow earthquake
beneath an existing, long-term seismic
array will make possible the identifica-
tion of a travel time delay small in both
magnitude and horizontal dimension.

ARCH C. JOHNSTON
Cooperative Institute for Research
in Environmental Sciences,
University of Colorado/National
Oceanic and Atmospheric
Administration, Boulder 80309
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Larval Dispersal and Species Longevity in

Lower Tertiary Gastropods

Abstract. Species longevity in Lower Tertiary volutids (Gastropoda) is primarily
controlled by a combination of developmental type and environmental tolerance.
Larval dispersal may be an important factor in molluskan evolutionary rates.

Ecologic factors affecting evolutionary
rates in invertebrates have been the sub-
ject of a great deal of discussion (/). Var-
ious rate controls have been proposed,
including feeding type (2), environmental
tolerance (I, 3, 4), and population size
(). We discuss here how evolutionary
rates may be influenced by larval dis-
persal, in particular for Lower Tertiary
Volutidae (Gastropoda).

Larval dispersal has a significant effect
on the geographic distribution of mol-
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lusks (6, 7). Living species with long-
lived planktonic larvae may regularly
cross the Atlantic Ocean while those
with short or no planktonic stages are
unable to cross any oceanic basins. Even
local geographic irregularities such as
brackish water coves and inlets may be a
barrier to dispersal (8). The pronounced
effect of larval type on species biogeog-
raphy has generated studies relating the
dispersal of fossil invertebrates to modes
of speciation (9) and evolutionary rates
“, 7, 10).

The Paleocene-Eocene outcrops of the
North American Gulf Coast provide a
suitable framework for testing the effect
of dispersal on species longevity. The
stratigraphy has been extensively stud-
ied and molluskan fossils are generally
well preserved.

In order to minimize the effect of fac-
tors other than dispersal (factors such as
feeding type or morphologic complexi-
ty), a single family of gastropods, the
Volutidae, was chosen for detailed
analysis. Modern volutids are ecolog-
ically and morphologically a relatively
homogeneous group (all burrowing car-
nivores-scavengers), and fossil species
have an adequate proportion of both
planktonics and nonplanktonics (living
species have only nonplanktonic de-
velopment).

Larval development for each species
was determined by the criteria of Shuto
©, 11), and of the 42 taxa in the study
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