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are given in Table 1. The baseline
lengths are in remarkably good agree-

Reports

ment, having a root-weighted-meansquare deviation about the weighted
mean (hereinafter termed "rms") of

less than 20 cm; the corresponding fractional spread is about five parts in 108.
The baseline lengths from the last four

Transcontinental Baselines and the Rotation of the

Earth Measured by Radio Interferometry

experiments, which were superior to

the others in the number of observa-

tions and the distribution in the sky of
the sources observed, show an even

smaller scatter. By contrast, the baseline
Abstract. Nine separate very-long-baseline interferometry (VLBI) experiments,
directions for all experiments are much
carried out in 1972 and 1973 with radio telescopes 3900 kilometers apart, yielded
values for the baseline length with a root-mean-square deviation about the more
mean widely spread. Such a pattern
could be anticipated: any errors in the
of less than 20 centimeters. The corresponding fractional spread is about five
values of parameters used to describe
parts in 10s. Changes in universal time and in polar motion were also determined
therechanges in the earth's orientation
accurately from these data; the root-mean-square scatter of these results with
(6) with respect to the radio sources
spect to those based on optical methods were 2.9 milliseconds and 1.3 meters,
respectively. Solid-earth tides were apparently detected, but no useful estimate of would manifest themselves in changes
in baseline direction from experiment
their amplitude was extracted.

to experiment. However, the baseline
about ten radio sources in a single ex- length is invariant under rotation and
tance has been of concern to civilized
periment. During each observation the so would be unaffected.
In an effort to uncover any such
man since before the erection of the
radio receivers were switched (1, 2)
errors in the description of the earth's
pyramids at Gizeh. The techniquesrapidly
used among a number of channels,
orientation, we reprocessed the data
each
to attack this problem have evolved
to360 khz wide, spanning a total
from all nine experiments simultanebandwidth
of 23 Mhz (46 Mhz in the
a remarkable level of sophistication,
esously, taking the optically determined
last
pecially during the last decade. One
ofexperiment), centered near 7850
orientation of the earth-specifically
The signals received at each site
the most promising of the new Mhz.
techwere recorded digitally on magnetic the values of polar motion and univerniques, very-long-baseline interfrometry
The accurate measurement of dis-

tape (3), with a hydrogen maser serv(VLBI), makes it possible to determine

sal time-for 29 August 1972 as a

reference and estimating the relative
values for the other dates (7). These
quency.
scopes with high accuracy from interfor polar motion and variations
ferometric observations of extragalactic
With this system we were able to results
deuniversal time are also shown in
te:mine, from a single observation,inthe
radio sources. In this report, we present

ing as the standard of time and frethe vector separations of radio tele-

Table 1 and are compared there with
differences between the group delays
the corresponding smoothed values deand the phase-delay rates of the signals
VLBI experiments spanning the time
terminted
by the Bureau International
propagating
from
the
source
to
each
interval from April 1972 to March
de l'Heure (BIH) and, for universal
site with errors of less than or equal
1973 and involving a single transcon-

the results from a series of nine such

time, with the U.S. Naval Observato 0.15 nsec and 0.1 psec sec-~, respectively ($ 5 cm in equivalent dis-tory (USNO) values as well (7). Exantenna (37 m in diameter) of the Haytance and 0.003 cm sec-1 in equivalentcept for the 27 June 1972 experiment
stack Observatory, Westford, Massawhich was the least reliable (see bevelocity), for any source with a correchusetts, to the antenna (64 m in diamlow), the VLBI results agree reasonlated flux density of 3 jansky or more
eter) of the Deep Space Network in
(I jansky - 10-29 watt m-2 hertz-1). ably well with those determined by the
Goldstone, California (1).

tinental baseline that extends from the

BIH, even though the BIH data for
Each experiment encompassed a peri- The delays and delay rates obtained
from each separate experiment werepolar motion and universal time were
od of from 15 to 26 hours, with most
analyzed to determine the componentseach smoothed over periods of time
being of 24 hours' duration. On the
long compared to the approximately 1
average, about 15 separate 3-minute of the vector baseline, the source posiobservations were made of each of
tions (4), the coefficients of a polyno-day consumed by each VLBI experimial with two terms representing thement. In particular, the rms spread of
Scoreboard for Reports: In the past few weeks
relative epoch and rate differences ofthe difference is 2.9 msec for universal
the editors have received an average of 68 Reports
per week and have accepted 12 (17 percent). We
time and 1.3 m for the x-component
the clocks, and the zenith electrical path
plan to accept about 12 reports per week for the
of the polar motion (8). The small bias
length of the atmosphere over each site
next several weeks. In the selection of papers to
be published we must deal with several factors:
(5). Changes in the relative weightingsof -2.8 msec between the BIH and
the numiber of good papers submitted, the number
of the observations or increases beyondthe VLBI determinations of universal
of accepted papers that have not yet been published, the balance of subjects, and length of intwo in the number of terms in the
time is clearly a function of the choice
dividual papers.
of the reference experiment. The bias
Authors of Reports published in Science find
clock-difference polynomial were found
that their results receive good attention from an
the BIH and the USNO values
to yield results differing in almost between
all
interdisciplinary audience. Most contributors send

us excellent papers that meet high scientific standards. We seek to publish papers on a wide range

of universal time is nearly 5 msec for
cases by less than twice the formal

this limited set of data, with the largest
single difference (11.4 msec) occurring
The baseline components from each
coincidentally on the reference date of
experiment for an elevation angle-de29 August, 1972.
pendent weighting of the observations

of subjects, but financial limitations restrict the standard errors.

number of Reports published to about 15 per
week. Certain fields are overrepresented. In order
to achieve better balance of content. the a',ceptance rate of items dealing w,ith physical science

will be greater than average.
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Table 1. Results from nine VLBI experiments.

Date at Baseline*t Universal time (UT.1)t x-Component of
otart

of

polar

motion

(8),

obstart ions Length Hour angle Declination USNO-VLBI BIH-VLBI BIH-VLBI

observations

(m) (hr X 100) (deg X 105) (msec) (msec) (m)

14 Apr. 1972t 3,899,998.51 ? 0.22 7,051,413.6 ? 0.3 -914,473.4 ? 1.8 10,7 1.1 - 0.8 2.2 ? 0.3
9 May 1972 3,899,997.61 ? 0.76 7,051,414.6 ? 2.8 -914,487.1 ? 5.2 7.7 -3.2 ? 1.2 -1.6 - 0.6
29 May 1972 3,899,998.64 ? 0.33 7,051,415.4 ? 0.8 -914,483.0 + 1.4 3.6 -4.9 :t 0.8 -1.2 - 0.3

6 June 1972 3,899,998.60 - 0.45 7,051,413.7 - 1.1 -914,482.8 ? 2.2 5.5 -1.6 ? 1.3 -2.0 27 June 1972? 3,899,998.56 ? 0.28 7,051,412.1 ? 0.7 -914,477.8 + 1.4 -4.9 -10.1 ? 4.8 -4.4 ?
29 Aug. 1972 3,899,998.77 ? 0.09 7,051,415.9 + 0.3 -914,481.6 - 0.6
7 Nov. 1972 3,899,998.99 - 0.15 7,051,415.5 ? 0.4 -914,482.1 ?+ 1.1 2.2 -1.5 + 0.8 0.3 +
4 Feb. 1973 3,899,998.83 - 0.10 7,051,413.7 ? 0.4 -914,481.6 ?+ 0.4 6.3 0.4 ? 0.8 0.6 ?
30 Mar. 1973 3,899,998.99 ? 0.11 7,051,416.1 ? 0.3 -914,484.7 ? 0.5 3.2 -6.4 ? 0.6 --1.8 ?

0.5
1.5
0.2
0.2
0.2

Mean ? rmsl 3,899,998.82 ? 0.16 7,051,414.9 - 1.2 -914,482.2 ? 2.0 5.1 ? 2.9 -2.8 - 2.9 -0.2 + 1.3
Survey-

VLBI?

-1.60

18.0

4.4

* The baseline vector points from the intersection of the azim
The hour angle of the baseline vector is measured westward
of 1900-1905, defined by the International Latitude Service; t
and is parallel to the equator defined by this mean pole. For
from separate solutions in which UT.1 and polar motion wer

values for UT.I and polar motion were obtained in a combined solution in which UT.1 and polar motion were set in accord with the USNO and BIH

values only for 29 August 1972. The difference between the BIH and VLBI values (BIH-VLBI) for UT.1 (7) were obtained by adding the BIH
-USNO values to the corresponding ones from the USNO -VLBI set and then subtracting 11.4 msec since the BIH--USNO value for 29 August
1972 is 11.4 msec (note that 1 msea c 0.46 m). All standard errors shown refer to the VLBI solutions and were obtained on the basis of setting the
rms of the weighted postfit residuals equal to unity. $ For another purpose, about half the allotted time in these experiments was spent observing

pairs of radio sources, the members of each being in nearly the same direction in the sky. These distributions of observations caused the results to be

more sensitive to systematic errors. ? There is a 5-hour gap in the data collected for this experiment (see text). II Weighted mean and rms deviation. The mean for the baseline does not differ significantly from the result obtained from the combined solution. ? The survey values for each site,
referred to the 1927 North American Datum and the 1866 Clarke Ellipsoid, were provided by R. A. Ballew (Defense Mapping Agency Aerospace

Center, St. Louis, Missouri). The large difference in hour angle between the survey and VLBI values may be attributable to a difference in reference systems.

The weighted mean of the results for
the baseline components are also compared in Table 1 with the corresponding
components determined from classical
land surveys of the two sites. The baseline lengths agree remarkably well; the

delays in the receiver systems,uncertainties
and unalways increase with increasing baseline length. How can this
ences. It was not possible in these apparent
exparadox be resolved? In VLBI,
periments to separate reliably the conthe accuracy of the measurements of

modeled variations in the clock differ-

tributions from each of these sources of
error (11).

delays and delay rates may indeed be

independent of baseline length. But the
large difference in the baseline hour
In future experiments we will beaccuracy of the baseline deduced from
angles may be due at least in part
able to improve significantly the phase
such measurements will depend imporcalibration of the VLBI instrumentation
to a difference in the orientations
tantly on its length. As the length inof the reference systems, but this
with equipment that has recently beencreases, uncertainties in the model of
installed at both sites. We also anticipossibility has not yet been explored.
the propagation medium, the source
We also have not yet made any atpate that two hydrogen-maser frequency
positions, the source structures (13),
might soon be available at
tempt to estimate the magnitude ofstandards
the
and the precession, nutation, rotation,
solid-earth tides, which have a maxipolar motion, and solid-body tides of
each site to provide a partial check on

mum predicted effect on the delay ob- clock performance.
the earth all have increasingly imporservable of about 0.5 nsec (- 15 cm).
tant effects on the accuracy of the baseFarther in the future lies the possiline determination. Thus, the reduction
However, it appears that we have de-bility of monitoring the effects of the

tected their influence since the rms of

of errors in this determination to the
propagation medium. We require the

the postfit residuals for the 29 August capability to observe simultaneously
centimeter range with VLBI, although
feasible, is more difficult to accom1972 experiment-the one most suitable at two widely separated frequency
bands in order to determine the elecfor such detection (see below)-were
plish for transcontinental than for
shorter baselines.
reduced by 14 percent when the tidaltrical path length of the ionosphere,
I. I. SHAPIRO, D. S. ROBERTSON
and we intend to use a water-vapor

effects on the theoretical value of the
observable were included (9).

C. A. KNIGHT, C. C. COUNSELMAN III
radiometer system (12), in conjunction

For all the analyses described, the with surface meteorological data, to deDepartment of Earth and Planetary

Sciences, Massachusetts Institute of
postfit residuals exhibit some systematic termine the corresponding length added
trends, with those from 27 June 1972 by the neutral atmosphere at each site.
Technology, Cambridge 02139
being largest, partly because of a 5- With these modifications we expect toA. E. E. ROGERS, H. F. HINTEREGGER
S. LIPPINCOTT, A. R. WHITNEY
hour gap in the data for this experi- reduce the errors in baseline estimates
ment. The rms values of these sets of
Haystack Observatory,
to the centimeter range (13).
Westford, Massachusetts 01886
residuals range from slightly above the We close with a remark on the stateT. A. CLARK
level expected solely from signal-to-ment, often repeated by some VLBI
noise considerations up to severalfoldenthusiasts, that the absolute accuracy Goddard Space Flight Center,

Greenbelt, Maryland 20771
greater (10). Contributions to such sys-achievable in baseline determinations is
A. E. NIELL, D. J. SPITZMESSER
tematic errors stem primarily from in-virtually independent of the baseline
Jet Propulsion Laboratory,
adequacies in the model for the propa- length. This statement contrasts with
Pasadena, California 91103
gation medium, drifts in the phase the fact of life known to all geodesists:
921
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Io: A Surface Evaporite Deposit?

discussed herein.

Abstract. A model is suggested for Io's surface composition involving ev
salt deposits, rich in sodium and sulfur. According to this model, these de
orientation of the earth with respect to its
were produced as a result of the migration of salt-saturated aqueous soluti
spin axis, the latter's direction in inertial
space being characterized with sufficient acIo's surface from a warm or hot interior followed by loss of the water to
curacy for the present purposes (4). For the
first published discussion of the determination This model satisfies cosmochemical constraints based on lo's initial compos
of the earth's rotation via VLBI, see T. Gold
current density, and thermal history. Salt-rich assemblages are easily deri
[Science 157, 302 (1967)] and G. J. F. MacDonald (ibid., p. 304).
from the leaching of carbonaceous chondritic material; the chemical and o
7. For the separate baseline determinations, we
properties of such deposits, after modification by irradiation, can be used
used the smoothed values for polar motion as
determined by the BIH and the smoothed
plain lo's overall albedo and spectral reflectance, its dark reddish poles, and
values for the variation of universal time
observed sodium emission as well as or better than other currently sugges
(UT.1) with respect to atomic time as de-

6. Here we refer only to variations in the speed

of the earth's rotation and to shifts in the

termined by the USNO. Both sets of data are
tabulated at 10-day intervals in the U.S. Nav.
Observ. Time Service Announce, (Ser. 11) No.
221 (30 July 1973) and No. 222 (22 Aug. 1974).
A four-point Everett formula was used to interpolate between the tabular values. These

materials.

Any hypothesis for lo's surface
chemical history of
of the
the Galilean
Galilean satelsatelcomposition must explain the spectrallites.
same smoothed values were used in the comcurves of lo and the other Galilean
Studies of the mineralogy and
parison with the results from the simultaneous
satellites in a manner consistent with
chemistry of carbonaceous chondritic
solution; in addition, for the comparison of
the UT.1 values with the corresponding BIH
what is known of their cosmochemical
meteorites would appear to be pervalues, we used the smoothed values of the
latter as tabulated at 5-day intervals in the
setting in the solar system. Io has long
tinent to Io since models for temperaBur. Int. Heure Circ. D65-D68 (1972-1973),
been noted for its unusual optical propture and pressure gradients in the preand interpolated with the four-point formula.
8. Our baseline is sensitive to only one complanetary nebula (5) and derivative
erties, particularly its high visual albedo
ponent of polar motion, almost precisely the
chemical models for the initial conand its very low blue and ultraviolet
conventional "x-component."
9. We modeled the solid-earth tides using the
reflectance (1, 2). The high albedo,
densation of solid material (6) suggest
constants given in table 3a in P. Melchoir,
that carbonaceous chondritic material
Earth Tides (Pergamon, Oxford, 1966), p. 33.polarimetric evidence (3), and the high
The resultant computer program used to calcondensed in the asteroid belt and
derived value for the phase integral
culate these tides was found to be in reason(q 0.7) (1, 4) all suggest that lo's
beyond. Supportive evidence from a
ably good agreement with one provided by
J. C. Harrison (University of Colorado, Boulcomparison of asteroid and meteorite
surface is covered by low-opacity,
der): The maximum difference was less than
multiply scattering material. We hypoth- spectra has recently been reported (7).
10 percent of the maximum effect on the
delay observable.
esize that the surface of Io is largely
Meteoritical studies are supportive of
10. The smallest postfit residuals, obtained on 29
covered with an evaporite salt deposit, our hypothesis in that they provide
August 1972, were 0.25 nsec and 0.2 psec
sec-' rms for the delays and delay rates,produced
reby the migration to the sur- direct evidence of salt production in
spectively. The largest corresponding rms valface
of salt-rich aqueous solutions from the parent bodies of carbonaceous
ues, 1.4 nsec and 0.4 psec sec-1, accompanied
the 27 June 1972 experiment.
Io's interior with subsequent water loss chondrites (8). In the type I carbona11. Several attempts were made in the analysis to
to space from the surface. First, we will ceous chondrites, epsomite (MgSO4
isolate these various contributions. (i) The
postfit residuals were studied as a function of
discuss relevant data from mineralogical XH20), bloedite (MgSO4 Na2SO4'
elevation angle to separate errors introduced
and chemical studies of meteorites
XH.O), and gypsum (CaSO4' 2H,O)
by the propagation medium, but no clear-cut
pattern was found. (ii) New observables were which suggested our (evaporite)
have been identified (8). In some speciformed from pairs of the original observables
mens
thesalt deposits virtually fill the pores,
by taking the differences and sunms of adjacent hypothesis. Then we will compare
observations. By "down weighting" in a new
visible and near-infrared spectrumand
of in some specimens of the Orgueil
analysis the "sum" observables, which would
Jo with our spectra for laboratory
meteorite up to 15 percent by weight
be affected by the long-term (> 30 minutes)
relative drifts in the clocks at the two sites,
samples
that
seem
appropriate
for
testof epsomite is present (8). Moreover,
with respect to the "difference" observables,
which would be sensitive mainly to the shorting our hypothesis. Finally, we will
studies by Edwards and Urey of the
term (10 to 20 minutes) relative drifts, we
alkali metals in the various types of
show that our hypothesis is consistent
hoped to uncover inadequacies in our model
with what is known of the cosmoof the long-term behavior of the clocks used
chondrites suggested to them that the
SCIENCE, VOL. 186
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