
480 cm3 value given by Dart (5). Speci- 
men STS 19 was redetermined by using 
a partial endocast method on the cranial 
base, and using ratios determined on 
those australopithecines having the 
same area complete (6). The variation 
was less than 2 percent, and a volume 
of 436 cm3 was obtained. Specimen 
STS 71 (Ples. Trans. No. 8) (7) was 
found to be 428 cm3 after recon- 
struction. This results in a gracile aus- 
tralopithecine average of 442 cm3 for 
cranial capacity, with a standard devi- 
ation of 21.59, and a coefficient of vari- 
ation of 4.88 (8). When the values of 
the robust specimens, Australopithecus 
("Zinj") boisei and the SX 1585 briefly 
described by Brain (9), both 530 cm3, 
are taken into consideration, the com- 
bined average is 464 cm3, with a stan- 
dard deviation of 44.71, and a coeffi- 
cient of variation of 9.63. 

Table 2 offers a short statistical anal- 
ysis, using Student's t-test (two-tailed). 
While these values all indicate that the 
South African australopithecines differ 
significantly between robust and gracile, 
and between either and the Olduvai 
hominid No. 7 ("pre-Zinj"), it would 
be premature to accept these tests with- 
out extreme caution, since the sample 
sizes are very small. I have included 
in Table 2 a test between the giant 
752-cm3 gorilla male value (10) and 
those of a large male gorilla sample 
(11), to indicate that it is possible for 
one specimen to differ significantly 
from another sample of the same spe- 
cies. Brace (12) has suggested that ro- 
bust and gracile forms are but male 
and female specimens, that is, that the 
difference is nothing more than sexual 
dimorphism. On the basis of the above 
results, a sexual dimorphism of 16.6 
percent would result, given this assump- 
tion. This is a most unlikely explana- 
tion when it is remembered that the 
gorilla, a species with extraordinary 
sexual dimorphism among primates, 
shows only 16.3 percent dimorphism 
(11). 

The conclusions of Wolpoff (2), re- 
garding the Olduvai hominid No. 7 
as being the same species as the gracile 
South African form, cannot be sup- 
ported by these results, as Pilbeam's 
(2) comments show, although these are 
based on previous incorrect values. 
While the precise taxonomic differences 
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plus the considerations of the rest of 
the morphology of the skull and teeth, 
and the localities of the finds, all sug- 
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specific. It also apears very likely that 
the Olduvai No. 7 specimen represents 
a different taxon than either robust or 
gracile South African australopithecine 
forms (13). 
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Columbia University, New York 10027 
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work of the earth tidal theory. 

The solid earth undergoes a periodic 
tidal deformation, termed "earth tides." 
This deformation results principally 
from the attraction of the moon and 
the sun that manifests itself by a rise 
and fall of the earth's surface. The 
magnitude of the elevation change is 
of the order of 25 cm in the midlati- 
tudes and 50 cm near the equator. 
The earth tides are greatly influenced 
by ocean tides, a process that is very 
complex and often difficult to evaluate 
because the tidal conditions in open 
oceans are almost unknown and must 
be inferred from coastal stations. Ex- 
tensive efforts were made during the 
International Geophysical Year (IGY), 
1957-58, to carry out long series of 
earth tidal observations on a worldwide 
basis. The IGY data clearly indicate 
the regional differences in the values 
of the gravimetric factor and the phase 
(1). 

A few years ago, the Lamont- 
Doherty Geological Observatory of 
Columbia University began a study of 
spatial variations of tidal gravity di- 
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rected specifically toward evaluation of 
the indirect and secondary effects, 
principally the effects of ocean tides 
and geological structures, on tidal grav- 
ity. The results from a dense network 
of stations in the New York-New 
Jersey-Pennsylvania area (2) have 
shown that the amplitude ratio of the 
M2 to the O1 tidal constituents and the 
phase difference of these two con- 
stituents decrease systematically as a 
function of the station distance from 
the Atlantic coast. 

More recently, a transcontinental 
tidal gravity profile across the United 
States was established by Lamont- 
Doherty; it provided an ideal basis for 
investigating the influences of the Pa- 
cific and Atlantic oceans, and of sev- 
eral major geological provinces, on 
tidal gravity. The network of the trans- 
continental profile consists of nine 
semipermanent observational stations 
around latitudes 39? to 41 ?N (Table 
1). At least six stations were in simul- 
taneous operation at all times. A long 
and uninterrupted series of observa- 
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Transcontinental Tidal Gravity Profile across the United States 

Abstract. Data obtained from a transcontinental tidal gravity profile across 
the United States were analyzed. Results for the principal tidal constituents M2 
and 01 have shed light on the long-standing problem of the indirect influence of 
ocean tides on the solid-earth tide. The profile consists of nine observational sta- 

tions distributed almost evenly around latitudes 39 to 41 degrees north across the 

United States. The observed values of the gravimetric factor and the phase were 

found to depend on the tidal characteristics of the Atlantic and Pacific oceans. 
There is no observable correlation between tidal gravity parameters and the 

regional geology. When the influence of ocean tides is taken into account, it is 

possible for the first time to bring the gravimetric factors and phases for all the 
stations of a transcontinental network into a consistent system within the frame- 
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tions of at least 6 months' duration was 
made at each station to provide data 
for resolving reliable tidal constituents. 

A total of eight nearly identical Geo- 
dynamics TRG-1 tidal gravimeters 
were used. One of the important fea- 
tures of the gravimeter is a system of 
internal sensitivity calibration by elec- 
trostatic deflection of the mass. Rela- 
tive sensitivity calibrations among the 
gravimeters, based on simultaneous 
side-by-side recordings, were found to 
agree to 1.0 percent or better. In tidal 
studies, the absolute calibration of a 

tidal gravimeter to a comparable ac- 
curacy is still an extremely difficult 
problem, which is now under critical 
evaluation. Fortunately, the study re- 
ported here requires only a relative 
calibration, which can be referred to 
the absolute calibration value if such 
accuracy is ever achieved. 

Analysis of the data obtained from 
the stations of the transcontinental pro- 
file for the principal tidal constituents 
M.2 and 01 has shown that the ob- 
served relative values of the gravimetric 
factor and the phase do indeed follow 

a definite pattern with respect to dis- 
tance from the Atlantic and Pacific 
oceans. Figures 1 and 2 show the rela- 
tive differences of gravimetric factor 
A8 in percent and of phase K in de- 
grees for M2 and 01 (solid dots). These 
values were determined by analyzing 
several month-long intervals of data by 
the method of least squares, and the 
bars indicate the limits of scattering of 
the separate analyses. The gravimetric 
factors for M2 are high in New York 
City and low in Point Arena in com- 
parison with those observed in the In- 
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Fig. 1. Observed values 
of Aa (in percent) and 
Kc (in degrees) for M2 tidal 
constituent (solid circles) 
compared with calculated 
values of A/ and K (tri- 
angles). Cophase (in de- 
grees) and coamplitude 
(in meters) of AM2 ocean 
tidal constituent are also 
shown by solid and 
dashed lines, respectively. 
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terior Plains and Rocky Mountains. 
The maximum difference amounts to 
approximately 8 percent. The observed 
values of AS (M2) increase and de- 
crease logarithmically as a function of 
the effective distances from the stations 
to the nearest ocean. There is a lag of 
about 4? for the phases of M2 in both 
New York City and Point Arena; these 
phases also decay logarithmically to- 
ward the midcontinent, where the 
phase lag is less than 1?. The gravimet- 
ric factors and phases for 01 are con- 
siderably different from those for M2. 

The gravimetric factors for 01 are 
nearly equal for all stations east of 
Kansas, and the value of A8 increases 
at a rate of about 0.14 percent per 100 
km toward the west coast. The phases 
for 01 are equal, with a constant lag 
of about 1? across the continental 
United States. They gradually begin to 
lead west of Ephraim, and the lead in- 
creases very rapidly to a lead of 5? in 
Point Arena. 

Tidal observations off the Atlantic 
and the Pacific coasts (3) are consid- 
ered to be the best known, although 

there is a lack of satisfactory informa- 
tion on the corange values of the ocean 
tidal constituents in open oceans. The 
M2 and 0O constituents off the entire 
Atlantic coast from Narragansett Bay, 
Sandy Hook, and Atlantic City to Day- 
tona Beach, Florida, indicate that the 
ocean tide is nearly simultaneous along 
this stretch. The Greenwich epoch for 
M2 varies from 355? to 370?; for 01 
it varies from 180? to 220?. Even in 
Bermuda, the Greenwich epoch for M2 
varies from 365? to 360?; for 01, 
from 195? to 200?. The cotidal lines 
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Fig. 2. Observed values 
of Aa (in percent) and 
K (in degrees) for 01 tidal 
constituent (solid circles) 
compared with calculated 
values of AB and K (tri- 
angles). Cophase (in de- 
grees) and coamplitude 
(in meters) of 0i ocean 
tidal constituent are also 
shown by solid and 
dashed lines, respectively. 
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for the M2 constituent, on the other 
hand, are nearly perpendicular to the 
Pacific coast. The Greenwich epochs 
for M2 vary from 150? in San Diego 
and Santa Monica to about 215? in 
San Francisco (Golden Gate), from 
250? to 260? in the Oregon coast, and 
from 260? to 270? in Seattle, Wash- 
ington. As yet, the 01 constituent is 
nearly constant with a Greenwich 
epoch of 200? to 250? from the lower 
California coast to Seattle. (Detailed 
tidal information is shown in Figs. 1 
and 2.) 

The effects of ocean tides on tidal 
gravity are (i) a variation in the height 
of the point of observation, (ii) distor- 
tion of the tidal potential, and (iii) an 
addition to the variation of the vertical 
component of acceleration of gravity 
due to the water mass of the ocean 
tide. With cotidal and corange infor- 
mation for the M2 and 01 ocean tidal 
constituents (3), quantitative calcula- 
tions were made for each station by 
taking these effects into account. The 
calculation for the effects of (i) and 
(ii) was carried out to a radial dis- 
tance of 1500 km centered at the sta- 
tion; the effect of (i) was obtained by 
integrating the Boussinesq solution for 
the distortion of a half-space and Kuo's 
solution for the distortion of a multi- 
layered medium (4) under a concen- 
trated point load of the water mass, 
whereas the effect of (ii) was assumed 
to be proportional to the variation in 
height of the observation point. The 
proportionality constant was deter- 
mined on the basis of the gravity effect 
of displaced medium with an average 
density of the crust and upper mantle 
to a depth equivalent to one wave- 
length of the surface load. Refine- 
ments for calculating the effects of (i) 
and (ii) on a spherical-shell earth 
model are now in progress. The effect 
of (iii), which is comparatively smaller 
than effects of (i) and (ii) except for 
a station very close to the coast, was 
calculated by integrating the total at- 
traction of the worldwide distribution 
of the water mass. The results from 
the total effects (i), (ii), and (iii) on 
the M2 and 01 earth tidal constituents 
for the stations of the transcontinental 
profile are plotted as triangles in Figs. 
1 and 2. 

The observed values AS and K agree 
remarkably well with those calculated 
for the M2 constituent. For the 01 con- 
stituent the agreement is not so good, 
but the general trend of the 01 constitu- 
ent for these values of AS and K indi- 
cates that even though the cotidal and 
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Table 1. Summary of solid-earth tidal observations with Geodynamics TRG-1 gravimeters. 

Location 

Station and host institution Code Latitude Longitude ight 

(N) (W) 

New York City (Columbia University) NYC 40049.0' 73058.0' 31 
Carlisle, Pennsylvania (Dickinson College) CAR 40012.3' 77011.6' 143 
Oxford, Ohio (Miami University) OXF 39030.9' 84044.9' 256 
Urbana, Illinois (University of Illinois) URB 40006.7' 88013.7' 221 
Manhattan, Kansas (Kansas State University) MAN 39011.8' 96034.9' 326 
Denver, Colorado 

(Metropolitan State College) DEN 39044.4' 104059.5' 1592 
Ephraim, Utah (Snow College) EPH 39021.7' 111?36.1' 1830 
Reno, Nevada (University of Nevada) REN 39032.4' 119048.8' 1355 
Point Arena, California (Columbia University) PAR 38054.3' 123042.4' 12 

corange information for the 01 ocean 
tidal constituent is inferior to that for 
the M2 ocean tidal constituent, the 01 
ocean constituent is obviously a pri- 
mary influence on the 01 earth tidal 
constitutent. Nevertheless, there is a 
considerable degree of uncertainty 
about the ocean tides on open oceans. 
Currently, the agreement between the 
observed deviations of the gravimetric 
factors and the phases and the calcu- 
lated deviations due to the influence of 
ocean tides does substantiate the pri- 
mary importance of the influence of 
ocean tides on tidal gravity. The small 
residual deviations of both the gravi- 
metric factors and the phases, after 
subtracting the effects of ocean tides 
on tidal gravity, do not correlate with 
the major different geological prov- 
inces, such as the Interior Plains and 
the Rocky Mountains. These devia- 
tions may well result from the imper- 
fect knowledge of the tidal character- 
istics on open oceans. Although the 
question of the influence of geological 
structure on tidal gravity has drawn 
much attention in the past, the theo- 
retically calculated gravimetric factors 
for several earth models involving dras- 
tic differences in the crustal and upper 
mantle structures are nearly constant 
(1). The results reported here confirm 
such a theoretical consideration. 

Theoretically, the most probable 
values of gravimetric factor for the 
earth as a whole, according to the 
earth models of Jeffreys and Bullen and 
of Gutenberg and Bullen, are nearly 
constant in the range 1.155 to 1.165 (5). 
The theoretical phase is zero for a rigid 
earth; although still subject to ques- 
tion, the theoretical phase is of the 
order of 1? when account is taken of 
the tidal dissipation of the earth (6). 
These earth models deduced from seis- 
mic body waves have long been re- 
garded as a close approximation to the 
actual earth and have been further sup- 
ported by excellent agreement between 
the theoretical and experimental values 

of the periods of the free oscillations 
of the earth (refinements, particularly 
with damping taken into account, are 
still needed). It is safe to conclude, 
however, that we have far better knowl- 
edge about the earth's interior from 
which the characteristic numbers are 
derived than about the tides on the 
open oceans. It is now evident that it 
is fruitless to try to verify the theory 
of earth tides by using the inferred or 
theoretically calculated cotidal and co- 
range charts to make corrections for 
the indirect effects of ocean tides on 
tidal gravity or tidal tilt, as has been 
done in the past. If measurements can 
be made to an accuracy of 1 percent 
or better, we may more appropriately 
consider the possibility of mapping 
ocean tides on the open oceans by 
means of extended earth tidal gravity 
measurements on adjacent lands. A 
study to determine the feasibility of 
this method is under way. 
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