Reports

Martian Mass and Earth-Moon Mass Ratio
from Coherent S-Band Tracking of Mariners 6 and 7

Abstract. Range and Doppler tracking data from Mariners 6 and 7 have been
used to obtain values for the ratio of the mass of the earth to that of the moon
which are in substantial agreement with those determined from other Mariner
and Pioneer spacecraft. There is an inconsistency of about 0.004 percent in
values for the mass of the moon determined from lunar trajectories. A gravita-
tional constant for Mars of 42,828.48 = 1.38 cubic kilometers per second per
second, obtained on the basis of data collected during the 5 days prior to the
closest approach of Mariner 6 to Mars, is in excellent agreement with the result
obtained by Null from tracking data of Mariner 4.

The accurate navigation of Mariners
6 and 7 to the vicinity of Mars re-
quired the use of two-way, phase-co-
herent range and Doppler tracking data
from the National Aeronautics and
Space Administration/Jet Propulsion
Laboratory (NASA/JPL) Deep Space
Network. Because of the importance of
these data in celestial mechanics, JPL
scheduled tracking coverage of both
Mariners 6 and 7 from launch to en-
counter with Mars, the closest approach
to Mars, and beyond in such a way that
new information could be obtained on
the ratio of the mass of the earth to
that of the moon, the gravity field of
Mars (in particular, the mass of the
planet), and the ephemerides of Mars
and the earth. In addition, it was rec-
ognized that these data complemented
Doppler data from Mariner 4; how-
ever, range measurements were not ob-
tained from that spacecraft. Further-
more, a combination of data from the
three flyby trajectories and direct radar
range measurements to the planet itself
during the 1969 opposition would not
only result in significant improvements
in values for the ephemeris of Mars,
but, because of these improvements,
would also permit an exploration of the
size, shape, and gross topography of
Mars by utilization of the radar range
measurements to its surface. In this re-
gard, it was realized that the times of
immersion and emersion of the Mariner
spacecraft as they were occulted by
Mars would provide important calibra-
tion points for the size of the planet (7).

Tracking data from Mariners 6 and
7 and the radar range measurements to
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Mars are still being collected; meaning-

ful analysis will require many months. -

Therefore, this report deals with the
use of the tracking data alone to deter-
mine the earth-moon mass ratio and
the mass of Mars.

As the earth revolves about the cen-
ter of mass of the earth-moon system
at a distance of about 4671 km and at
a speed of 12.4 m/sec, it impresses a
sinusoidal curve on range and Doppler
tracking data with a frequency equal
to the sidereal mean motion of the
moon and with an amplitude inversely
proportional to (1 + u™), where n™, the
ratio of the mass of the earth to that of
the moon, is approximately equal to
81.3. The principle involved in the
determination of p™ is that there is a
value which eliminates the monthly
cycle in the tracking data residuals in
a least-squares sense. No other un-
known parameter in the representation
of the tracking data has a frequency

anywhere near that of the moon’s orbit;
the determination of p™ is direct and
reliable. The lunar ephemeris is known
to an accuracy of seven or eight figures,
and the use of this value does not in-
troduce any noticeable error into p™,
which, by comparison, can be deter-
mined to the order of 10 to 20 parts
in 108,

In our search for possible sources of
systematic error in the data, it has been
very difficult to think of anything im-
portant that has a monthly cycle, al-
though a significant S-band propagation
effect correlated with the rotation of
the sun would be close enough to cause
difficulty. However, periodic variations
in the interplanetary medium, the only
reasonable possibility, if present, must
be very small for Mariners 6 and 7;
the total delay for an inverse square
distribution of electrons with a density of
6 per cubic centimeter at the earth’s dis-
tance is at most only 4 m for the Mariner
trajectories from the earth to Mars. Mel-
bourne (2) has suggested that a 28-day
sinusoidal variation of solar flux of 0.1
percent with the appropriate phase
could produce an error of about 0.001
in ™ because of a similar variation in
the solar radiation pressure on the
spacecraft. The agreement of the sev-
eral interplanetary spacecraft, however,
does not seem to indicate that this sort
of systematic error is present unless the
phase of the flux variation is the same
for each mission, which does not seem
likely.

There is an instrument on both Mar-
iners 6 and 7 which measures relative
variations in solar flux to an accuracy
of better than 0.1 percent. When these
data are reduced, it should be possible
to determine whether a variation is
present that could significantly bias the
solutions for u™.

Values for the earth-moon mass ratio
as determined from Mariner 6 Doppler

Table 1. Determinations of the ratio of the mass of the earth to that of the moon, x%, from
Mariner, Pioneer, and Ranger tracking data, and from radar bounce data to the planets.
[Deviation (x* — ) from the arithmetic mean g-* of the Mariner and Pioncer values is
tabulated for each determination. The root-mean-square deviation from a mean of 81.3008
is 0.0008 for the Mariner and Pioneer determinations.] -

Spacecraft wt wt—pt
Mariner 2 (Venus) 81.3001 = 0.0013 —0.0007
Mariner 4 (Mars) 81.3015 = 0.0017 0.0007
Mariner 5 (Venus) 81.3006 = 0.0008 —0.0002
Mariner 6 (Mars) 81.3011 = 0.0015 0.0003
Mariner 7 (Mars) 81.2997 =+ 0.0015 —0.0011
Pioneer 6 81.3005 == 0.0007 —0.0003
Pioneer 7 81.3021 = 0.0004 0.0013
Combined Rangers 81.3035 = 0.0012 0.0027

Radar data
81.302 = 0.002 0.0012
2717



Table 2. Statistical properties of the fit to preencounter Doppler data. (Units are hertz at
S-band frequency which can be converted approximately to millimeters per second if the

values are multiplied by 67.)

) . . Mean Root-mean-

Tracking Number Data interval . square

station of points (UTC) I‘C(Slll(;l)lal residual

: ' (hz)

Australia 200 7/26, 06:49 to 7/30, 15:41 0.000006 0.0028
South Africa . 26 7/27, 16:28 to 7/27, 23:02 0.000164 0.0019
Spain 80 7/26, 17:29 to 7/30, 22:31 —0.000086 0.0025
California 311 7/26, 01:23 to 7/31, 04:40 —0.000105 0.0043
California ‘53 —0.000098 0.0024

7/26, 00:35 to 7/30, 06:38

data measured over a period of 12
weeks (4 May to 28 July 1969) and
Mariner 7 Doppler data measured over
a period of 11 weeks (8 May to 22 July
1969) are shown in Table 1 along with
results from Mariner 2 (3), Mariner 4
(4), Mariner 5 (5), Pioneers 6 and 7
(6), and reductions of passive radar
reflection measurements to the planets
).

A solution obtained by a combination
of data from Rangers 6, 7, 8, and 9
(8) is also shown, although the seleno-
centric gravitational constant GM for
the moon was determined directly by
the Ranger impact trajectories; p™*
must be computed with an assumed
value for the geocentric gravitational
constant GE (u*= GE/GM). The
error in GE, however, is on the order
of 1 part in 108, Therefore, the per-
centage error in the value of u™ deter-
mined from Ranger measurements is
practically equal to the percentage
error in GM. The fundamentally differ-
ent method for the determination of
u* from Ranger impact trajectories, as
opposed to the use of interplanetary
trajectories such as those from the Mar-
iner and Pioneer flights, is reflected in
a significant difference in the values.
The arithmetic mean of the seven Mar-
iner and Pioneer values of p™ is 81.-
3008 with a deviation from the mean
of 0.0008. On the other hand, the Ran-
ger value differs by 0.0027 from this
mean value.

We can see no reason why one
should suspect that the direct deter-
mination of u™ from measurements of
the Mariner and Pioneer spacecraft is
subject to systematic errors of a size
that would adjust the value to that

given by Ranger. We have even proc-

essed the Mariner data with two com-
puter programs, one in a single precision
code (about eight figures) and the other
in double precision (about 16 figures)
and with both heliocentric and geocen-
tric formulations of the equations of
condition in the method of weighted
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least squares. The value of u™ is essen-
tially the same in all cases. In our
opinion, therefore, it is necessary to
perform new reductions of data from
the lunar spacecraft.

Several conditions have changed
since the Ranger solution for u™ was
obtained about 2V years ago. First of
all, values for the gravity field and the
ephemeris of the moon have been im-
proved significantly by analyses of
Lunar Orbiter data (9). In addition, it
is now possible to perform the neces-
sary computations in double precision,
whereas those of 2% years ago were
processed in single precision. In any
case, the question of reconciling the
lunar and interplanetary values of u™
is receiving increased attention because
of the results of Mariners 6 and 7
which support a value of u™ closer to

81.300 or 81.301 than to 81.303 or

81.304 as suggested by the combined
Ranger flights.

The determination of the mass of
Mars based on measurements of both
Mariners 6 and 7 is complicated by
nongravitational forces that act on the
spacecraft. In particular, one channel
of the infrared spectrometer (IRS) op-
erates in a cryogenic environment pro-
duced by the expulsion of hydrogen
and nitrogen gas from a pressure-regu-

Table 3. Range residuals from the fit to pre-
encounter range and Doppler data. (Units
are 10-° second which can be converted to
residuals in meters for the topocentric dis-
tance to the spacecraft if the values are multi-
plied by 0.15. The mean residual is —0.30,
and the root-mean-square value of the nine
residuals is 26.9, or 4.0 m.)

Time of reception

27 July 1969 (UTC) Residual
01:12:02 —42.1
01:59:02 62.7
02:29:02 59
02:59:02 » 62
03:29:02 2.9
03:59:02 —16.2
04:29:02 5.5
06:06:02 —82
06:36:02 —195

lated system. This expulsion of gases
imparts a force of 100 dynes or more
to the spacecraft and produces a veloc-
ity change in its trajectory on the order
of 0.1 m/sec. In normal operation, the
system starts to expel gases about 35
minutes before encounter and continues
at a constant pressure through encoun-
ter for a period of about 80 minutes.
After this, the gas is allowed to escape
into space without pressure regulation;
about 5 hours are required before the
decay reaches an insignificant level at
approximately an exponential rate. On
Mariner 6, the system did not operate
normally, and, as a result, the force on
the spacecraft acted over a period of 4
or 5 days after encounter instead of
over a few hours as intended. The sys-
tem operated normally on Mariner 7.
This spacecraft, however, was affected
6 days before encounter by an un-
known “event” which imparted a veloc-
ity increment to the trajectory of 1
m/sec or less, or a change of less than
4 X 107 g cm/sec in momentum.
Telemetry records indicate that the
spacecraft attitude was disrupted by
the event, whatever the source. The na-
ture of the unknown forces acting is
not yet clear. One possibility is that a
meteorite struck the spacecraft. Another
possibility is that the on-board battery
(which gave indication of malfunction
after the time of the event) was punc-
tured, either by the meteorite impact
or as a result of an internal pressure
buildup, and that the leaking electro-
lyte imparted a low-thrust force for a
day or so. Because of uncertainties
over the nature of the event and the
resulting forces on the spacecraft in
the few days prior to the encounter,
we have not been able to obtain any
results for Mariner 7 at this time.
The data recorded prior to the ini-
tiation of the blowdown of the IRS
cryogenic system on Mariner 6 are not
influenced by unknown forces and can
be used to obtain a value for the mass
of Mars. However, data from about
35 minutes prior to the encounter and
beyond cannot be wused until, in a
fashion similar to that for Mariner 7,
engineering telemetry data can be com-
bined with the tracking data in an
analysis of the nature of the nongravi-
tational forces acting on the spacecraft.
To obtain the mass of Mars, we fitted
Doppler data (670 points) from 26
July, 5 days before encounter, to 31
July, 04:39:57 (Universal Time Coordi-
nated), a time approximately 7 min-
utes before the start of the IRS cooling.
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The parameters in the least-squares
solution were the position and velocity
of the spacecraft at the epoch, the
gravitational constant GM s for Mars,
the distance off the earth’s axis of ro-
tation, and the longitude of each of the
five NASA/JPL Deep Space Network
tracking stations for which data were
available. The statistical properties of
the fit, which were good, are summa-
rized in Table 2. The solution for GM »
is 42,828.22 + 1,83 km3/sec2. A sec-
ond solution was performed in which
the Doppler data were fitted along
with nine range measurements taken
on 27 July from the NASA/JPL Deep
Space Network (Mars tracking facility)
at Goldstone, California, with the ex-
perimental ranging system wused for
Mariner 5. The statistical properties of
the Doppler fit were not changed ap-
preciably by the addition of the range
data. The nine range residuals are
shown in Table 3. The value of GM »
for the range and Doppler fit is
42,828.48 = 1.38 km3/sec?, which is
not significantly different, either in size
or in estimated standard error, from
the value based on Doppler measure-
ments alone. This estimate was com-
puted with a standard error of 62 X
10—9 second on each range point and
a standard error of 0.05 hz on Doppler
data sampled at 1-minute intervals.

Although the introduction of range
data into the fit does not appreciably
affect the solution for the mass of
Mars, it is of value in the determination
of the orbit of the Mariner spacecraft.
This has important implications for
other Mariner experiments which will
require good orbital data for final anal-
ysis. Precise knowledge of the orbit is
important in relation to information on
the ephemeris of Mars and will be
significant in later analyses of the track-
ing data when the nongravitational
forces on Mariners 6 and 7 are better
understood. At present, we Dbelieve
that the areocentric orbit for Mariner
6 from the fit to range and Doppler
data can be used to predict events
along the trajectory to better than 1
second in time or to better than 8 km
along the flight path. For example, our
best estimate of the time of closest
approach to Mars is 31 July 1969,
05:19:06.4 (%=1 second) (UTC).

In addition to Mariners 6 and 7, the
only other source for an accurate de-
termination of the mass of Mars is
Mariner 4. A recent analysis (/0) of
Doppler data, taken over a 10-day in-
terval during which the spacecraft was
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centered about a closest approach, has
yielded a value for GM s of 42,828.32
=+ 0.13 km3/sec2. Therefore, the masses
determined from Mariners 4 and 6 are
in agreement, and there is good reason
to use the value determined from
spacecraft measurements in calculations
with other planetary data.
JouN D. ANDERSON
LEONARD EFRON
S. KueN WoNG
Jet Propulsion Laboratory, California

Institute of Technology, Pasadena

References and Notes

1. A. Kliore, G. Fjeldbo, B. L. Seidel, S. I.
Rasool, Sciénce 166, 1393 (1969).

2. W. G. Melbourne, paper presented at the
12th plenary meeting of the Committee on
Space Research, Symposium C: Space Probes—
Part I, Prague, Czechoslovakia, 1969.

3. J. D. Anderson, thesis, University of Cali-
fornia at Los Angeles (1967); Jet Propulsion
Lab. Tech. Rep. 32-816 (1 July 1967).

4. G. W. Null, H. J. Gordon, D. A. Tito, Jet
Propulsion Lab. Tech. Rep. 32-1108 (1967).

5. G. E. Pease, Jet Propulsion Lab. Tech. Rep.
32-1363 (1969).

6. J. D. Anderson and D. E. Hilt, 4144 (Amer.
Inst. Aeronaut. Astronautics) J. 7, No. 6, 1048
(1969).

7. M. E. Ash, I. 1. Shapiro, W. B. Smith,
personal communication,

8. C. J. Vegos and D. W. Trask, Ranger Com-
bined Analysis Part II: Determination of the
Masses of the Earth and Moon from Radio
Tracking Data [Jet Propulsion Lab. Space Pro-
grams Sum. 37-44 (1967), vol. 3, pp. 11-28].

9. J. Lorell, Jet Propulsion Lab. Tech. Rep.
32-1387 (1969); W. H. Michael, Jr., W. G.
Blackstear, J. P. Capcynski, paper presented
at the 12th plenary meeting of the Committee
on Space Research, Symposium C: Space
Probes-Part I, Prague, Czechoslovakia, 1969.

10. G. W. Null, paper presented at the 130th
meeting of the American Astronomical So-
ciety, Albany, N.Y., 1969.

11. The authors acknowledge the assistance and
support given to the Mariner Mars 1969
Celestial Mechanics Experiment by H. Gor-
don, D. Curkendall, B. Zielenbach, M. Sykes,
S. Reinbold, N. Thomas, and others in both
the Mariner Mars 1969 Flight Path Analysis
and Command Team and the Precision Navi-
gation Project at JPL. This paper presents
the results of one phase of research carried
out at the Jet Propulsion Laboratory, Cali-
fornia Institute of Technology, under NASA
contract No. NAS 7-100.

3 October 1969 n

Silicon: A Possible Factor in Bone Calcification

Abstract. Silicon, a relatively unknown trace element in nutritional research,
has been uniquely localized in active calcification sites in young bone. Silicon in-
creases directly with calcium at relatively low calcium concentrations and falls
below the detection limit at compositions approaching hydroxyapatite. It is sug-
gested that silicon is associated with calcium in an early stage of calcification.

Approximately 5000 quantitative,
electron probe microanalyses for cal-
cium, phosphorus, and silicon were
made on 50 specimens of normal tibia
from young mice and rats (0 to 28
days old) with five different sample
preparation techniques. As a result,
silicon, a relatively unknown trace ele-
ment in nutritional research, has been
shown to be localized in active calcifi-
cation sites in young mouse and rat
bone. The amount of silicon present in
specific regions within the active areas
appears to be uniquely related to “ma-
turity” of the bone mineral. In the
earliest stages of calcification in these
regions, when the calcium content of

- the preosseous tissue is very low, both

silicon and calcium contents rise con-
gruently. In more advanced stages the
amount of silicon falls markedly, and,
as calcium approaches the proportions
present in hydroxyapatite, silicon is
present only at the detection limit; the
more “mature” the bone mineral the
smaller the amount of measurable sili-
con. Concomitantly maximum amounts
of silicon are present at molar ratios of
calcium to phosphorus of approxi-
mately 0.7, but at ratios of calcium to

phosphorus approaching that of hy-
droxyapatite silicon again falls below
the detection limit.

To carry out a study involving quan-
titative analysis for and precise location
of trace elements in biological tissue
sections, unusual precautions must be
taken to avoid contamination, redistri-
bution, or removal of the elements. This
prerequisite cannot be emphasized too
strongly in the case of an element such
as silicon which is so abundant in the
environment (7). Modified histological
specimen procedures used were (i)
freeze-drying and embedding in poly-
mer, (ii) vacuum drying and embed-
ding in polymer, (iii) hand polishing
of freeze- and vacuum-dried embedded
slices with materials free of silicon,
(iv) cryostat cutting with subsequent

- freeze-drying, and (v) fixation in ab-

solute alcohol and embedding in paraf-
fin. The comparison standard for quan-
titative electron microprobe analysis
was a natural apatite for which a dis-
tinctly superior analysis of major and
minor elements is available (2). There
was no measurable wavelength shift
between the specimen and the stan-
dard. Sequential quantitative analyses
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