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Rectifying Note ccncerning the EELL gravily meter

Tn our Tulletin d'Information N® 35, p.I-49, we reporied & wrong
information on bthis gravity meter,

We publish, heresfier, ithe letler sent by the Bell Aercspace Company
about the productlon of this ilnstrument.

Sentlemens

We have read the report of the Seventh Annual Meeting of the
Tnternaticnal Gravity Commission (Bureaw CGravimetrigue International
Wo. 35 Movember 1974) which states that the Bell gravity meter is no
longer on the market,

We wish to state that the Bell gravity meter is definitely on
the market,

Bell Aerospace has been and is a leader in the development and
production of precision inertial instruments and systems for over
twenty vears. We have been producing gravity meters for ten years.
In the judgement of the U. S. Naval Oceanographic Office, the con-
tributions made by Bell Aerospace have significantly advanced the
state-of-the-art of gravity measurement instrumentation.

The Bell gravity meters are being used by the U. S. Navy, 0il -
and Survey companies and have a proven reputation of high accuracy
conbined with minimum loss of operational time and data. To maintain
this reputation it has been necessary, on occasion, to defer purchase
reguests when in our judgement we were not in a position to provide
systems that would meet these high standards. This policy will be
maintained, however, we have not had any difficulty in responding to
new requests during the past year, nor do we foresee any difficulties
responding to regquests in the future.

During the recent years Bell has been continuing to upgrade
the performance of the gravity meter through improvements in the
gravity accelerometer, the system reliability and the processing
and recocrding of the data. -

Bell's current efforts in related areas include the development
of an extremely precise gravity gradient meter capable of being used
on aircraft, surface ships and submarines, Special techniques are
incorperated that allow use of components that are within the current
state-of-the-art. We are also expanding the gravity meter capability
by the addition of real time Edtvos coxrrection.

Tt is our hope that this letter will clarify and emphasize
Bell's continuing desire to be of service to the gravity meter

community.

Yours very truly,

A /,w// |
a

R. N. Burnfie

P.0. BOX ONE BUFFALO.NEW YORK 14240 Technical Director
Gravity Meters
Mail Zone 186

Ext, 7869/595

18 April 1575

Bell Aerospace Company
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VARIOUS TOPICS

International Gravity Net

a-c--an-—_-—-a-ua——»o-a.-.—..e-»e——

Tn Bureau of Mineral Resources Bulletin 161 "Australian and
Soviet gravity surveys along the Australian Calibration Line" by
WELIMAN, BOULANGER, BARLOW, SHCHEGLOV & COUTTS an error was made in
that it was assumed that station 6491.0160 was Hobart K (49027 ).
Tt is now suggested that station 649,0160 be given the letter T
(Hobart I, 49027 T).

N.G. CHAMBERLAIN
Letter of 20.2.1975

9§§YEEX-§E§Y§¥§_§E_§9§ - Projects
(Complement to Bull. Inf. N° 3, p.I-14).

U.S.A. - SCRIPPS INSTITUTION of OCEANOGRAPHY, UNIV. of CALIFORNIA

The Institution recently acquired a Graf-Askania sea gravimeter
and has begun a continuing program of observation and analysis.

In March and April, the gravimeter was used aboard the R/V
THOMAS G. THOMPSON of the University of Washington; in support of a
seismic investigation of the east flank of the East Pacific Rise and
the continental margin of Mexico between the Clipperton and Orozco
Fracture Zones.

In June and July, the meter was snstalled aboard the R/V THOMAS
WASHINGTON and an investigation was made of the Sigueiros Fracture zZone,
with emphasis on the gravity edge effect and the structural changes
across the fracture zone and transform fault as revealed by seismic
refraction.

From August, 1974 to July, 1975, on Expedition EURYDICE,
gravity measurements will be made in the western Pacific and eastern
Tndian Oceans as part of a multidisciplinary crulse.

T.eRoy M. DORMAN
Tetter of 29,7.1974

UNITED KINGDOM - UNIVERSITY of CAMBRIDGE, Dept. of Geodesy & Geophysics.

We have a cruise, on which Dr. R.B. WHITMARSH is to be senior
scientist in a ship salling from DJibouti (French somaliland) via Dubal
(Trucial Oman) to Bombay .

D.H. MATTHEWS
Letter of 6.3.1975
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COMPTE-RENDU of the VIIth MEETING of the INTERNATTONAL GRAVITY COMMISSION
Paris, September 2 - 6, 1974 (continued)

- IV -

INTERNATIONAL GRAVITY STANDARDIZATION NETWORK
Special Study Group n°3.0%

One meeting was held on Friday morning 6th September, under the
leadership of Prof. C. MOREILI, Chairman of the Special Study Group :
"orld-wide Gravity Net".

Prof. W. TORGE (Hannover) presents a paper*summarized hereafter :

Error analysis of gravity measurements carried out in 1972
with LaCoste-Romberg gravity meters along the northern part
of the European Calibration Line,

In 1972 the northern part of the European Calibration Line between
Iprschenberg South of Munich (g = 980 618 mGal) and Bodt (g = 982 373 mGal)
has been observed with 8 resp. 9 LaCoste-Romberg gravity meters. Main
reason for the project was the determination of the calibration factors
and possibly of non-linear terms of the calibration functions. Altogether
64 stations have pbeen occupied, 19 of which are clearly identified IGSN-T1
stations. The average gravity distance pbetween adjacent points is 100 mGal.
In the south and in the north, a densification over 370 resp. 220 mGal has
peen carried out, reducing the average gravity difference to 20 resp.

10 mGal.

The main results of the investigations are 3

1, Different ICR gravity meters may give significant differences in
acouracy, ranging from + 0.02 to + 0.1 mGal for one observation.

2. A physical correlation due to common transpoft could not be detected
from this survey.

3, Significant linear long-time drift of different sign and order
(0.1 ... 1.0 mGal/1000 n) may occur at field measurements.

4, Significant quadratic calibration factors may occur.
If taken into account, the results improve significantly.
The question whether the instruments or the IGSN 71 stations cause
this effect, remalns open. The calibration factors have been determined
with + 1... 3.10‘5 accuracy.

5. Higher order drift and calibration terms at the order of
0.0l... 0.02 mGal are to be supposed, their evaluation being hardly
possible,

Tt will be published in the Deutsche Geod¥tische Kommission, Reihe B,
Minchen, in 1975.



6. Using a few instruments of good gquality, carefully calibrated at some

TGSN Tl stations, accuracy of about i_0.0l mGal, veferring TO the level

and scale of the IGSN 71 stations, may be obtained in the calibration
range.

7. The 0.0l mGal accuracy level seems TO be sufficient for the field work
procedure commonly employed, as some other sources generally neglected
may produce srrors of the same order.

We mention the identification errors in position and height 1if
the stations are not monumented, uncontrolled mass shifts and height
variations at and near the station, variations of ground water level and
of air pressure, variable effects of ocean tides at coastal stations, and
time variations of the calibration functions.

prof. C. GERSTENECKER (Darmstadt) reports on @ Calibrational
problems - Investigation of calibration funcitions, (see Do I-T7).
He mentions particularly that the linear scale factors can be determined
with an accuracy of i,1.10‘ and the power ppectra of the calibration
functions show peaks, which indicate periodical errors.

Dr. B.S. SCHULZ says ¢ T4 is sure that the gravity measurements
with different types of gravity meters along a gravity calibration line
in the IGSN are independent put show the same apparent non-linearity .
Cannot we then conclude from this that this apparent gravimeter scale
non-linearity would be due to the non-linearity of the IGSN rather than
to common non~linearity characteristics of many types of gravity meters 7

Mr. R.K. McCONNEL mentions that : "ppparent non-linearities in
the scale of the TIGSN 71 were noted at the time the Working Group was
carrying out the TGSN adjustment. These occurred at the extremes of
gravity where we have few absolute measurements. UOTILA found that the
inclusion of second order scale unknows for the gravimeters seemed to
give better results ; but without the necessary gbsolute measurements
4o control error propagation at the extremes of gravity we will not be
able to define a second order scale term with any degree of certainiy.

Then Prof. W. TORGE mekes some remarks
a) Might the results of the adjustments pe influenced by changes in the
airport stations, partly established already in 1958/59 by Dr. BETTAC

b) Is the accuracy obtainable in scale factor, which you give with + 107
for the 1800 mGal rangée, not toolow ? From our investigations an
average accuracy of the order + 1072 might Dbe obtained



Dr. P. WELILMAN (Australia) presents a paper (see p. I-16) :
"comparison of Western Pacific and Australian Calibration Line,
gravity scales and an evaluation of secular variation".

(P. WELLMAN, B.C. BARLOW & D.A. COUTTS) .

He points out particularly that : "1,aCoste and Romberg gravity
meter measurements suggest that the IGSN 71 scale on the Western Pacific
Calibration Line is about 3 + 1 parts in 105 smaller than the GAG-2
gravity meter scale along the Australian Calibration Line.

Mr. R.K. McCONNEL wonders why a scale based on the GAG gravimeters
would be adopted in Australia simply because a discrepancy between GAG
meters and the IGSN 71 have been observed since the IGSN 71 is an
internationally standard.

Prof. G.P. WOOLLARD asks : "what is the history of stability of
the Russian pendulums. Other pendulums (Gulf Quartz pendulums and
Cambridge invar pendulums), both have a history over more than 30 years
of going through periods of instability (creep and susceptibility to
tares) and then recovering stability for several years.

Tt is therefore no guarantee that using the Russian pendulums
in Australia will provide a better standard and datum than has been
derived from the IGSN 71 solution.

prof. Yu.D. BOULANGER mentions that Sydney 1s strongly tled to
Moscow and Potsdam by recent Soviet OVM pendulum work (Gusev, 1973) and
gravity meter ties, and that Soviet result at Sydney A, agrees at
0,02 mGal with the IGSN 71 value 3 979671 .86 mGal (adopted as the new
datum for Australia).

He adds that the Soviet work suggests a correction to Potsdam
datum of - 13,95 + 0.05 mGal.

Dr. Cl. ELSTNER & G. HARNISCH sent too late for distributlon.at
the 1.G.C. a paper on 2 Grevity connections petween Potsdam, Moscow and

several stations of IGSN 71. =

... The investigations show the need for an exact determination of
the .localizations at the single stations and the structure of the gravity
field in the nearest surrounding, to get comparable results within 10 uGal
or better. Also the determination of the gravity differences to the excen-
tres should be done as accurate as possible. The used data confirm the
IGSN 71 gravity value at Potsdam with an error of about + 0.02 mGal. With
nearly the same accuracy a gravity value for Moscow (Ledovo) was determine

A ¥ The complete text will be published in the next Bulletin d'Information.



Calibrational problems
- Investigation of calibration functions -

by C. Gerstenecker, Darmstadt

Abstract

The ecalibration functions of the LaCoste-Romberg-Gravi-

meter LRC-G~195 and LCR-G-258 are tested according to
scale factors, time depending changes and periodical
@rrrors.

2s results were found:

Linear scale factors can be determined with a accuracy
of + 110”4, The use of guadratic scale factors is not
advisable. The calibration functions are not changed

within a period of three years. The power spectra of the
calibration functions show peaks, which indicate perio-

dical exrrors.

1) Introduction

The calibration functions for LaCoste-Romberg-Gravimeters were

determined by the manufacturer

i. in the labcrato*y while placing warious weights on the gravi-

neter-beans

2. in the field while measuring well=-known gravitﬁ differences.

- Phese calibration functions generally differ from the scale of the
International Gravity Standardization Net 1971 (I.G. s N. 71}, imn-
clude periodical errors, (Honkasalo, 1971; Eberhard, 1967) and may

change depending on time.

2% Obsexrvations

The calibration functions of the LaCoste-Romberg-Gravimeters G=195

———— . o ae W
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1. 3 3-258 will be tested acco:dlng to these mentioned features
a #olleows.,

TI tests were based on gravity measurements, carried out on a

r net comprises all together 38 measurements for the LCR-G-258
2. 20 measurements for the LCR-G-195. The instruments were
traensported by air, except the trips between Frankfurt-Darmstadt,
~armstadt-Zirich-Stuttgart-Darmstadt and Darmstadt-Stuttgart-

" en, which were carried out by car.

“he maximum gravity difference on this net amounts to about 1900
m3yal.

) _Linear and quadratic scale factors

Fcr the adaption of the calibration function to the scale of the
I.G.S.N.71 linear and quadratic scale factors are calculated on
the basis of the above measurements according to the equations
(1) and (2) by adjustments.

A = Ag (1 + m) (1)

i3 =43 (1 + m + m,) (2)
g = gravity difference in the scale of the I.G.8.N.71
A3 = gravity difference in the scale of the manufacturer

B = linear scale factor
W, M, = terms of a quadratic scale factor

The observations are adjusted with the aid of choice of various
weights, according to which

. = 1/At (3)
rzspectively
p = 1/As (4)

Lg given.



I-09

» = weight
At = time for the measurement of the gravity difference between
two points Py and Pisy

As distance between ?i and Piég*

]

vor the results see table 1 and 2.

.ue Scale factors m agree fer both calibration functioms during
wljustment according to (1).

The choice of weights accoxding to (3) and (4) do not alter- the
results signicicantly.

The relativ errors r of the gravity differences Ag are calculated
srom the standard errors of the I.G.S.N.71 according to

/2 5
Spg = /e 95 * 8954 (3)

s/bAg (6)

Zpg

and amount 1.8'1094 on the average. If this errors are considered
simultaneously, it becomes cgbvious, that an accuracy above

+ 1-10"% for the scale factors m cannot be obtained on this part

of the I.G.8.M.71 due to net-tensions.

Changes of m within a range of + I."J.O‘“4
by net-tensions.

may therefore be caused too

The calibration functions are not improved sonsidérably by a gua-
dratic scale factor. The terms of 1l.s5t.0. my do not significantly
differ from m for both instruments. m, is small for the LCR-G-258.
If neglected, it produces a deviation of 30 ugal with a gravity
Aifference Ag of 1000 mgal. This deviation is generally below the
standard exrror sAg of Ag.

ey for the LCR-G-195 is larger than the term of 2.nd.o. for the
LCR-G-258. However, this term is not signiflcant because of its
standard error (Marzahn, 1957). It is therefore not advisable to
nse non linear scale factor.



I = 10.

4}y Time denendind changes of the calibration functions

In order to test the time dependence of the calibration functions
the above measurements for the LCR-G-195 were subdivided into

two yroups, connected within a certain space of time, these for
the LCR-G-258 into three groups.

For the results see tabie 3.

The results indicate that the time-depending changes of the linear
factors m do not exceed 1.2 ° ].0"'4 for both instruments. Changes
of these ofders may be interpreted according to chapter 3 also as
net tensions of the I.G.S.N.7é or as non-linearities of the
calibration functions, since " measurements of the different groups
were carried out on different parts of the net (see also Gantar,
McConell in I.G.S.N.71).

Significant time depending changes of the calibration functions
regarding gravimeters LCR-G-195 and LCR-G-258 cannot be proven
within a period of three years.

5) Periodical errors of the calibration functions

Periodical exroxrs of the calibration functions could not
be shown. Scale factors, calculated from measurements of the
northern part of the Buropean gravimeter calibration line (EGCL)
regarding the LCR-G-195 and the LCR-G-258, indicate a strongly al-
ternative correlation, that may be interpreted more as net ten-
sions in the EGCL (fig. 2) than as periodical errors of the cali-
bration functions. ‘

Periodical errors can probably be determined only on special extra-
precise calibration lines.

But the analysis of power spectra of both calibration functions
demonstrates, that the calibration functions themselves contain
frequencies, which may produce periodical errors.

Distinct peaks appear at 143, 100, 71, 61, 50 and 47 revolutions
of the counter dial above the noise-level. The period of 71



»rrplutions may correspond to that of 70.88 revolutions given by
Carrasalo, 1971 {see fig. 3).

~ztitution of the calibration functions - continous in the
s:les = by a continous spline - function (Sauer, Szabo, 1988),
.6 no smoothingeffect on the power spectrum.

§

T~ peaks are not caused by the uncontinous calibration functions.

L Conelusion

The adaptation of the calibration functions of the LCR-G-195 and
LCR=G-258 to the scale of the Buropean Part of the I.G.S.N. 71 is
sufficiently accurate with a linear scale factor m.

Tne standard error of m cannot be considerably below + 1-10 % due
~u net-tensions.

The calibration functions of both instruments can be considered
sufficiently stable (+ 1'10?4) within a period of three yeérs. The
power spectra of the calibration functions show peaks, which in-
dicate periodical exrors. '

i~ spline function substituting the calibration function has no
smoothing effect.

7} Acknowledgement

We are grateful to the German Research Society, that sponsored
this paper.
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Table 1

nesults for a linesar scale facktor m

1= 33,

s - - -
S_w?rlimeflt milglg 43 mgzeig é} g’tzQEEQ éz E
P = const p = 1/4As p = 1/A%
TJCR"G“E:QS évo i 63? éas i Gn? 4«5 i Qa?
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Table 2
Quadratic scale factors m, and .
P = const P = Afs p = A/t
=4 -8 -4 -8 =4 -8
mlilo ] mzllo ] mlilo ] mzilo 1 mltlo 1 m2[10 1
LCR-G=-195| +3.9+.7 |=2.1+1.5|+4.8+40.8| =1.3+2.1] 4.9+.7 |=-1.6+1.8
IfCR‘Gﬂzss +402i€6 b s3i es +491i095 "003: 98 *49’%3:.5 = esi 55
Table 3
Changes of linear scale factors m depending on time
H1069 971 ®y972 ®y993
LCR=-G-195 + 3.8 £ .9 = = = + 5.2 % 1.1 = = =
TCR-G-258 - = = 4.1 + .7 4.4 + .8 3.5 + 2.3
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COMPARISON of WESTERN PACIFIC and AUSTRALIAN CALIERATION LINE

GRAVITY SCAIES and an EVALUATION of SECULAR VARIATION
I-16
by .

P. WELIMAN, B.C. BARLOW & D.A, COUTTS

An agourate gravity scale has been established for the Western
Pacifie Calibration Line (WPCL) in the IGSHT7! adjusiment (Hgiiu et al.,
1974), and an independent scale acourate to 2.5 parte in 10 been
established for the Australian Calibration Line (4CL) by co-operative Soviet~-
Australisn measurements using GAG-2 gravity meters (Boulanger et al., 1973;
Wellman et al., 1974). It i3 possible to accurately compare these scales
using the results of those LaCoste & Romberg gravity meter surveys that
included both the WPCL and at least part of the ACL., If secular variation
of gravity at base stations on a calibration line is a function of
distance along the line, then effects of different types will result,
depending on the wevelength of thie function, Short-wavelength effects
ghould only decrease the accuracy of scale comparisons, whereas long-wavelength
effects will csuse an apperent change in scale. The transition wavelength
i§ about half the length of the observed part of the line, Gravity measurementis
on the ACL and WPCL have been made over a period of many years, so ssecular
variation effeects may be significant.

LeCoste meters were used for gravity measurements along the WPCL,
and along the cemtral part of the ACL by the U.S. Alr Force in 1965 (Whalen,
1966), by the Dominion Observatory of Camada in 1966 (Dept. Mines, Energy
and Resources, pers. comm.), and by the Austrelien Bureeu of Mineral Resources,
Geology and Geophyeics (BR) in 1969-1970. Heasurements restricted to the
ACL were made by BMR in 1971, 1972, and 1973 (Wellmen et &l., 1974). Results
from these measurements have been reduced to a common seale and datum as
follows. Observations were reduced to equivalent readings in milligals
using mamfacturerte tebles, and then corrected for earth tides. Gravity
intervals were calculated, intervals with obvious tares were rejected,
observations with full drift control were corrected for drift, and then
intervals were meaned and summed along the calibration line. Observations
along the WPCL (between Aleska and Darwin) were fitted by least squares
to IGSHT1 values (Morelli et al., 1974). Observations along the ACL were
fitted by least squares to ISOGALT4 values which are on GAG-2 ACL scale
(Wellman et al., 1974) and have the IGSN71 value at Sydney as datum. Results
of moter G7 in 1966, and of G101 in 1969, 1970, and 1971, could not be used
because they containsd too many tares.

: The ratio IGSE7!1 WPCL aca.lo/ISOGALN seale was calculated for each
of the remaining gravity meters (Table 1). G132, G20, and G104 give a wide
spread in ratio values, probably becanse of chenges in meter calibration
factors between WPCL amd ACL surveys which were separated by 7 months to
three years. Calibration factor changes of the required magnitude and rate
have been detected in repeat surveys along the ACL (Wellman et al., 1974,
table 5). Results from these three meters are therefore unsuitable for
accurate scale comparison. The 1955 and 1966 measurements on the WPCL and
ACL vere each completed within a few months, and over this time calibration
factors are unlikely to have chenged. If secular veriation effects on the
WPCL and ACL scales are insignificant, the 1965 and 1966 results show that the -
IGSH71 scale on the WPCL is only slightly smaller than tge ISOGALT4 seale
on the ACL, the best estimate of the differvence being 3 = 1 parts in 10”(Table 1)
Boulanger et al. (1973) have shown that the IGSNT1 scale on the ACL is
congiderably smaller than the 2 seale on the ACL, the best estimate of the
difference being 15 parts in 107, The poorly defined IGSHT1 scale on the ACL
must therefore differ by about 12 parts in 105 from the IGSH71 scale on the WP(CL.
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on the ACL, seculer veriation effects of short wavelength (i.e.
amch less than the length of the line) hasebeen evaluated as follows. The
aifferences have been determined botwear the ISOGALT4 valunes and the values
ealeulated from LaCoste resulis on the same gcale and dstum. From these
differences, mean differences heve been celevlated for the 1965 survey, the
1970 and 1971 surveys combined, and the 1973 survey (Table 2). Apparent
gravity changes are shown in Figure 1. The chenges based on the 1965 and
1973 mean diffevences range from +51 £ 15 {standard deviation) pGel at
Toyneville, to =45 - 24}1,@&1 at Brisbanes the cexresponding rates of
secular veriation rangs from +622 1Gel) fyear to =B 3 éxﬁal/ys&r. It is %o
be expscted that, at most places,’ secular variation of gravity will be in
one direction and approximately constant over & period of eight years.
Pigure 2 shows that the agounis of apparent gravity change for the twe
pericds (19?099&196562 and 197394-‘?9?039) have the expected ratio of +2.3
to within experimental €rToT, with the possible exception of one stetion.
Short-wavelength seculsx veriastion effects are not proven from these resulis,
but secular variation seems to be the best explanation for the spparent
gravity chenges betveen 1965 and 1973

4 scale change of 3 parts iz 107 vould result from & change of
40Gal in the 1.5 Gal interval of the central part of the ACL observed in
19(5—1966., Secular varistion effects of long wavelength (i.e. greater than
helf the length of the observed part of the line) could cause such a change.
The secular variatioms suggested above have large emough magnitude, but coculd
not ceuse & significant scale change because the meximom wavelength (Fig.2)
is ‘oo emall by & factor of two. longer-wavelength gsecular variation effecte
may actuslly exist and mey heve been removed ag an apparent change in the
celibration factors of the gravity meters. Accurate absclute determinations
of gravity repeated after en interval of severszl years are required %o
measure sach effects.
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TABLE 1 COMFARISON OF IGENTSY WPCL SCALE AND CAG-2 ACL SCALE

Meter Year LaCoste souls -1 Lelonte poale . IGSNTY WPCL ecals
TGSNT1 wPCL soale I50GALT4 seale 1S00ALT4 senls
uwsber ERM3 ERMS Welght used
wof = ues x1? % el xieh (1/2.4%)
643 1965 -3,517 & .220 96 «2,508 £ 004 45 | -1.009 T .359 To7
G44 196% -1,280 & ,060 27 | -t.182% 254 40 | -0.098 % .261 4.4
a41 1965 10,465 2,099 43 | +0.4133.2ie 34 | <0008 2 .239 17:5
046 1965 0,164 5 .047 2t | +0.164% 113 18 | -0.328 % 122 67.2
ag 1966 =1:521 £ 5131 55 | <5049 % 0555 81 | =0.472 2 .570 3.9
6132 1969/1970 ~3.725 026 13 | -4.202% 008 27 | 40,477 3 .029 100.0
620 1969/1970 | ~5.477 * 138 60 | ~3.809% 150 44 | =1.629 % ,204 24,0
8104 1969/1972 ~2.549 & .066 34 | -3940 % 0105 30 | +0.592 3 o124 650
. e ; —
1965-1966 results welghied mesn 3,298 £ ,116
| " unweightod mesh -0,38% £ 477
1965-1972 results velshted mean | +0.047 = .273
unveighted mean 0,309 * 281 ‘ b3

# = gteanderd deviation (a.d.); # » gtandard devigtion of mean; ERMS =

reot mean BQUAYe errTor




Table 2  Values of £ Observed (ISOGALT4 Soale) ~ & ISOGALT4 in miovogels
Gravity meter | 043 ©44 047 648 €9* G20 G132 020 G132 G252 GI04* 0204 G101 G152 G252|Hosnisim | Meantsdsm | Mean-sd
Yoar 1965 1965 1965 1965 1966 1970 1970 1971 1971 1971 1972 1973 1973 1973 «1973| 1965 1970-71 | 1973
Plese
Lalegem =78 =17 . T L ~16 (~717 1) | =10 1
Mount Hagen ~5% 441 ~96 428 . =41 425 =3 =5 42 1631 |45 T
Las 496 421 a43 =26 . 18 =12 =33 21 43 433 25 |16 8
Port Moresby 64 18 471 49 . =36 <13 + T =10 =17 33521 |=8 5
Iron Remge =5 <1 o . e - +2 48 425 46 (-8 3) [#+10 5
Oovktown Wl e d L e - - 14 =6 439 =17 {+18 22) |+ 0 13
Catzns 130 <25 455 +3 <12 =18 =15 ~26 =25  « 421 = = = = (#1207 .20 2 -
Fosmeville S0 <3 <57 15 =2 =18 435 419 48 =54 #16 =9 +4 o7 5[=37 9 | -215 s iz
Haskey w6 47 o3 1 475 49 =4 10 =1 +5 445 =12 439 +3 <« T| 9 (44 3 eI W
Rookhsmpton +40 454 423 413 =142 <34 47 <17 426 42 422 =5 440 &8 0 |e3R T - 310 | 413 10
Brisbans S0 447 418 436 419 -32 428 <14 427 4T 435 0 <6 19 42 jed3 11 (e0105 - 6 5
Koupuey A1 =50 =8 <21 L 426 412 | . e :.o =5 P =T 42022 10 [(+19 7) | -4 10
Spiney 42 =32 425 1§ 12 =21 <16 4197425 442 43+ 3 i3 =6 « 2|16 15 013 | -4 3
Canbexra 451 432 42 =0 466 424 +5 +3 +9 13 +3  +3 46 23 su0 |2t 42 |46 6 |+t 9
Albury P16 427 <19 0 - 45 =27 #15 <5 418 +2 o o o . je6i0 jed 8} -
Melbourne - g9 <24 5 +8 <52 <25 <15 439 <1 =1 <9 46 =5 . #9732 -39 e 4
Flinders Island e =9 e e w =6 413 . =B -9 - o
Hobart | 410 <66 42 %5 4] 418 =16 = =34 <22 17| 1114
[
sdm = otandard deviation of mean g
Lt

# pate not used in assessment of seculex variation
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AIRBORNE GRAVITY MEASUREMENTS

On Tuesday afternoon 3rd September, Mr. 0. WILLIAMS
presents a report on 3
Alrborne Gravity Instruments

INTRGDUCTION

As I have for more tham & decade, I have been asked again to
present a chort summary report on Airborne Gravity Instrumentation.
Gravity gradiometry will not be included here a8 it is a subject in °
itgelf and will be discussed in amother paper. 7 will limic my
comments to aircraft apd helicopter gravity messurement activities
since our last meeting {n 1970. This report will be brief, since
1 must inform you that very jittle has been done since our meeting
ip 1970. Possibly others in attendance will want to add comments
about their recent activities outside of the Tnited States at the

end of my presentation.

HISTORY

Bistorically, the first flight tests of ae aircraft gravimeter
took place in 1958, sixteen years ago. In the 1960's, airbcTme
.gravimetry tests were conducted as joint ventures by industrial,
educational and governmental agencies. By 1962, the United States
Air Force Cambridge Research Laboratories test results indicated
that % 10 mgals were obtainsble by airborme gravimeters and, by 1968,
gavigation was identified as a major error contributor to obtaining
accurate airborne gravity measurements.

During that decade, several types of gravimeters were evaluated
and flight tested. These included:

1. Model S, LaCcéte and Romberg air-sea gravimeter.
2. GSs-2, Type 2, Askania-Craf sea gravimeter.

3, Model 128, Texas Instruments Airborne Gravity Sensor
(referred to gs Worden System).

4. Massachusetts Institute of Technology PIGA-25
accelerometer system.

These gravimeters were flight tested over a large range of aireraft
types—irom low performance hellcopters to high performance jets.
An excellent summary of activities during this period is given in
Anthony & Pexxy (1971).
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RECENT ACTIVITIEE

Moving into this decade (the 1970's), Massachusetts Institute
of Technolegy (MIT) and Honeywell performed studies on the design
configuration and error amalysis of an airborme gravity measurement
system for the U. S. Air Force. [Rusler, Tidwell & Brown, 1970 and

Frey & Harlem, 1971].

These studies identified major components, including those which
might need minor modification, which could acquire accurate airborne
gravity data. The MIT study did aot investigate navigation and
navigation equipment, but concluded:

1. The Bell BCM-~2 and LaCoste and Romberg Model S
gravimeters have adequate performance and relisbility for aerial

gravimetry.

2. The stabilized platform for these meters is suitable
with minor modifications. :

3. The Terrain Profile Recorder, TPR-6, is satisfactory
for radar altimetry, and the Kollsman Precision Pressure Monitor
2nd Bosemont Pressure Port Calibrator are satisfactory in
performance as pressure Sensors.

4. TImproved airborne computer programming for gravicy,
earth rate and in-flight navigation computations will be needed.

5. Kalman smoothing process should be implemented iz the
data processing.

The Honeywell study corroborated the MIT study and ascertained
additionally that (1) the PIGA accelerometer would require a much
more sophisticated platform; (2) accuracies of + 0.1 knot ground
speed and 1 minute arc in azimuth would be required from the naviga~
tion system. [Rusler, Tidwell & Browne, 1970].

Let us turn, now, to activities in airborne gravity measurensnts
using a2 helicopter as a platform. The successful results of the
airborne gravity measuring tests led, im 1967, to the conrclusion
that a Heiicopter Gravity Measurimg System could be assembled with
of f-the-shelf components to perform with a RMS of T3 mgals.
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The U. S. Covernment tested a system comsisting of a Laloste
and Romberg gravimeter on fast respomse ctabilized platform, a
high precision circular ranging system for horizental position, a
Rosemont pressure POrt calibrator, 8 laser altimeter aud s digical
tape recorder. The autotape was also tested &s & poesible substi-
tute for the circular positioning system. Approximately 100 flights
at speeds between 85 and 115 knsts were conducted over the test .
areas which incliuded mountainocus and flat terrzin. The vest results
were pot as good as expected, as the average EMS error for zll lines
was ¥ 7.2 mgals with biases in the range of -16 to +30 mgals. The
origin for the biases could not be identified. The U. S. helicopter
tests were terminated, with a recommendation for additional testing
under carefully pre- and post-flight calibration, necessary to
igolate certain systematic errors. [LeRoy, Marchant, Varum & Vitek,
19671]. Iverson and Gumert of EN-TECH, Associates, investigated =z
similar helicopter pravity measuwing system and reported test resulrs
of better than = 5 mgals at speeds of 60 knots. [LeRoy, et al, 1571}.

A recent gravity study for the U. S. Navy by the applied Fhysics
Laboratories, investigated the feasibility of modifying the
Geophysical Airborne Survey System (GASS) aircraft for airborne gravity
collection. [Levy & Ford, 1973]. The major new thrust of this effort
is based on the improved inertial navigation system of the GASS air-
craft. The new U. S. Air Force-developed AN/ASN-101 Gimbaled
Electrostatic Gyro Aircrafc Navigation System {GEANS) will provide
navigation to 4+ 1 pautical mile and provide valuable assistance
in measuring the vertical and horizontal accelerations MECESSEYY oy
isolating the gravitational forces. It was determined through the
study that by adding & Bell BGCM-2 or LaCoste and Romberg ASGH
gravimeter with a Honeywell HG-7140 radsr altimeter and Rosemout 843C
barcmetric pressure Sensor, the systenm could achieve gravity with
RMS error of = 10 mgals for 30-nautical mile areas. The gravity

. processing scheme features post-flight Kalman £iltering and smoothing
of the horizoatal navigation aids, inertial system, gravimeter and
altitude outputs to accurately estimate profile means of the Eotvos,
gravity and vertical acceleration. Curremtly, the design and
implementation of 2 post~flight optimum filrer ic being accomplished
for the navigation program. The filter will be tested to determime
the expected accuracies of Botvos and horizomtal aircrafr motion
correcticns. ’

Next year, it is proppsed to install and interfacs the gravimeter,
altimeter and pressure semsor into the aircraft and flight test the
systen for gravity data collection.

Most recently, new tests of the Helicopter Gravity Measuring
System have been wndertaken by Carson Helicopters, Incorporated, in
cooperation with geophysical exploration companies, the U. . Havy
and Defense Mapping Agency. The test/demonstration was to be
conducted in mid-August using a8 three axis LaCoste sud Rouwberg
gravimeter. The test purpose 4s to show data collection at the
% 2 mgal level over all ccabinarions of lines. .
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- VII -

HIGH PRECISION GRAVIMETRY
' Special Study Group n°3.37

Two sessions were held under the Chairmanship of
Prof. T. HONKASALO : Tuesday 3rd September, 5.40 to 6.15 p.m.
Wednesday 4th " , 3.30 to 4,30 p.m.

Firstly, Prof. T. HONKASALO, Chairman of the Sp. St, Gr. 3.37
on : Special Technigues of Gravity Measurements, makes & general report
on this subject (see p. 1-26).

Secondly, Prof. E. GROTEN presents a paper 3 Microgravimetry -
High precision observations of small differencesfif
This paper concerns different topics : gradiometry, vertical gradient,
secular variation of g. Particularly, it deals with the establishment
of & high precision gravity net in the Northern area of the Rhine graben
in agreement with the first order levelling net for studying secular
variations. (See abstract p.I-47).

Mr. R.K. McCONNEL reports on 3 An evaluation of the LaCoste=
Romberg model D microgravimeter.
(see p.I-35).

Some remarks are made by the Delegates, in partilcular on the
stability of the gravimeters.

Prof. P. MELCHIOR says 3 We have compared at Bruxelles some
21 gravimeters from different makers (LaCoste-Romberg, Geodynamics,
BAskania of the last models). We reached the conclusion that a correct
comparison cannot be made within only a few days. The best to do is o
record the tidal effects during 3 months and analyze the data by tidal
harmonic analysis. Then one observes that the instrumental phase lag
is a function of the tidal frequency. It is different for diurnal and
semi-diurnal waves and can be important as it depends from the degree of
astatisation and of the damping. Details will be soon published by
Dr. DUCARME.

Another point has been observed with the Model G of LaCoste-
Romberg gravimeter which basically 1s a field instrument of very small
size. Due to its small size, the screws are very near and its stability in
levelling is rather poor on long intervals. We took out the screws and fimm
attached the instrument upon a more heavy and larger base plate having
good screws at right angles and large levels. An additional thermic
protection was added on that plate. In these conditions the instrument
sensitivity was very stable as its levelling remained 1ltself extremely
stable.

£ published in Bulletin Géodésique n® 115, March 1975.
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Report of Ial Special Study Croup ¥ 3.37
on Special Techmigues of Grevity Measurements

by
Teamo Honkaselo

1. TNTRODUCTION

This Speciel Study Group was established at toe Gensral Assembdly
of the IAG in Iucerne 1967. It gave its working report to the Generel
Assembly in Moscow 1971, where it was decided tc contime the work
of this Group.

The Study Group organized an interzstional messurcment of the
Fennoscendian gravity line Tor studyiag the secular grevity aifferancs
veriation due to the land uplift ip 1971 and 1972. The main gxperiences
and provisicnal results are reporied here.

Inb‘mh?BIsentacircul&zraskingmembersofthessaabWt
works in other countries in the fPleid of this 88%. Tais report is based
on the snswers te this circular and pubkliecations.

2. THE FEXNOSCANDIAN EINE OF SECULAR GRAVITY VARTATION

mis 1ine was preposed ip the Symposium of Recent Crustal Movements
in Aulanko 1965. The first measuremenis were asrried out in Finland
inlgééandtbelinamexmndedcverﬂme&lfof%tmm, Sweden and
Norway to the Atlentic Coast in 1967. The line is 1200 km long and
sonsists of 8 stations, viz.

Finlend: Joensuu, Adnekoski and Vaazsa

Suaden: Yramfors, Stugun
Norway: Kopperd, Meloal, VEgstrends

For high precisicn mesﬁu‘rwent of m*éity difPerences experiencs hes
confivwed the following prineiples.
1. Differences mast be amell,cl mGel, still better ifogc 0.1 mGal.
2. Symetric mossurement for eliminating the arift.

%, Car trougport is botier then aly tremsport due o smaller air
pressure changes and vibration.



4, In planning the observation times the tidel effect shall be
_ taken inte consideration because of the local varistiom of ithe
gravimetric factor.

5, The gravimsters must be investigatesd, especially
&) Effect of alr pressure
b} Effect of earthis magnetism

¢) Effect of alpr temperature on the =eading of the
gravimeter, on the drift end en the calibration

@} Calibretion and especially the perdodic errors of
cogwhecls in the gearbox or dislz.

The most important of inese are the periodie errors, especlally
those of the smallest perluds, the effects of air temperature, the
tidel corrections and in scme cases the irvegular drift. The Fennoscan-
gian line has been measured with LaCoste Romberg gravimeters. In most
cases the drift was so regular that o linser drift for the whole
measuring period of 5-12 days wes applied. In some cases & second
order term was considered. Great differences in the precision between
aifferent LaCoste-Romberg gravimeters were stated. In the measure-
ments of the Permoscandian line gravimetrists from Finlend, Federal
Republic of Germany, Norway, Sweden end USA have been perticipated
and used 21l together nine gravimelers.

The following measurements have been carried out

g
Year § - - o g % § Participants

=3 & § € 3§ § ¢

5 & 2 § § 5 &

1956 € 2 2 @ 2 £ =& _ = g
e - T T T . g
1872 - = - = - = F:G,K,S
1973 = b3

The results of @ifferent years have shown that in using
3.4 gravimeters and msasurling the gravity difference four times back
and forth, a real accuracy of 2 =3 f:&l was obtained.

The results of the measurements on the Femnoscendian line give
s comstant gravity difference between Végstrenda on the Atiantic
ooast in Nerwey and Kramfors on the coast of the Gulf of BoUmie
in Sweden but between these statioms in Kopperd em inereass of g-value
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by 20 +8 /.uCé.l in § pears and a decrease of g-value at A¥nekoskt in
Finland by 14 36 uGel ©] . [15] ). e maximum chenge in this

1ine is thus between Kopperd and Kinekoski, 34 8  pacel. Such great
changes were not expected on the basis of known land uplift valugs.

The Pollowing has been reported about the studies on the field
of thisz study group in different countries.

3.1 Canada

For eveluation of LaCoste-Romberg model D gravimeter has bsen
tested in laborstory and in actuael field survey condéitions by the Earth
Physics Branch. According to the first phase of the tests a precision
of 1 mierogal over gravity intervels 10 m3el or less using relatively
straightforward field procedures can be obitained. :

3,2 Czechoslovekia

Two secular gravimetric lines have been established for investl-
geting the secular veriaticns of the Barth's field of grevity {18).
The measurements have been carried cut with two Askania GS 12 and
a Cepadian gravimeter. An accuracy of +i9 /.:.C-a.l for cne gravity
difference was achieved. Special studies on the charasteristices of
the gravimeters have been made ( (19} , {_20} » L2171 ).

3.3 Finland

+yumental investigaticns for the measurements reporied in
chapter 2 have been continued. The 1 miel celibration line of six
stations has been observed 13 times with gravimeters ILR =55 and
G-62. An observation set of this type takes about one hour 1f the
gravimeter 1s observed three times back and forth the line, in 211
25 setting-ups and readings. The quadratic mean of all standerd
deviations is /uC‘al for one gravimetsr qbsemtion, ineluding short
transport, clamping effects, levelling accuracy, reading precision
of the mean of three readings and deviations from the linsay drift.

The fleld measurements with the same gravimeters on the

Fermoscandian line geve a stendard deviation of 13 /uﬁel for one
gravimeter observatlion when the arifi was expressed by a first
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or second order polynomial for the whole measuring peried of one or
two weeks [13] .

3.4 France

In cooperation with Istituto di Mstrologia G.CGolonmetti Tordno,
Italy the BIFM hescorstructed a trensporiable sbsslute gravimeter of
2.10"‘7 m/s2 aceuracy. The apparatus is built by a French firm

( {51 » Lt )

3.5 German Damocratic Republic

Observations on the GDR gravimetricel test line have been
continued using sharp-prospecter gravimeters. e line consists of
6 stations where the greatest gravity difference is 5.1 mGal ([8‘;1, [lé})
the observed variations in /.Gal are:

Year
Distance 1970 1871 1972 1973

1 -13.4 +3.4 +35.5
2 + 5.2 +0.6 =0,1
3 had 2-9 +2§"8 "'6.1
3 + 4.3 «1.3 =-1.2
5 - 1.0 =129 +1.3

- 798 "504 ‘2-7

The internal accuracy of yearly meesurement of one gravity difference
has been +2.0 /ueel and the effects of temper=ture, alr pressure and
rift rate have been evaluated | 22 . Estimations of density
variations caused by vardaticns of soil moisture and grownd water
table indicated that in the vicinity of the observation points,

up to more than 100 m distance, these data must be known, because
effect of several uGel czn occur (12] .

3,6 German Federel Republic

The gravimeters uged in the measurements reported in chapter 2.
were accurately investigated partly in the laboralory, partly on the
Buropeen gravity calibration line and partly on the Filnnish 1 mGal
calibretion lne ([9) - {_11‘} ). , '

A study of ICR gravimeters No 79 and 85 nsed for measurements in
Burope end Africa shows significant calibration changes between the
observetion pericds 1984/65, 3967 end 1970. Ihe waximum varisation
being 15 . 107> [ 23] .
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An ineresse of the resding asgurzey has been achisved by using
a recording grevimeter similer to that in ths studies of the esyth’s
tides. A 15 min. recording gives an innex accuracy of +1 f&@° In field
measurement by cer itransport with speelelly demped spring suspengion
of the gravimeter, gosd Arift lineerity was obtalned. Howsver, 15 & of
+he observations have been cancelled bsceuse of }»1?},;2{:‘@3 disevepancies
{17 . A new sonstruction of franaport suspension and an additdcnal
thermostat has further impruved the resulis.

3.7 Hmgary
Por studying the seculer gravity variations ow special lines

have been established. The E-W line consists of i0 stations at 30 =
intervals.0s the N-S line the gravity intervels are about 40 mGal.
Tnternztional measurement with 7 Canadian CG-2 gravimeiers and 3 Askanle
GS-12 gravimeter wes carried out. Speclal investigation on dependence
of instrumental comstants on temperature, on gecgraphical latitude,

on height above sea level, oan time, on vibratlen and personal errors
weremade ( { 6] , [ 7] » [1% )o

OSA

The Notional Geodetic Survey (formerly the Coast and Geodetic
Survey) measured gravity stations at the 842 levelling bench mark
in the southern part of the San Joaquid Velley in California in 1962
using two Worden gravimeters. The net congist of 1l lines forming
6 loops. The edjustment of this net gave stundard errcrs of +3% and
+29 /.Gal for a single grevity dstermination.

Elght vears later 633 of the stations wers remeasured with two
LaCoste-Fomberg gxovimeters. The standard error of & single moasure-
ment was +24 and +6 /uGal for these gravimetiers, & very significant
difference.

In the greatest part of the net no free air encmsly changes
could be stated, though elevations had changsd up w 3 feel. In 2 smaell
area in the southam par‘é: of the net gravity sncwmaly changes renging
between 0.1 amd 0.2 mGel over the sighit-year poriod were found.

Tn this aren the elevation chenges were smell (< 0.5 feet) and no
faults mmaing through this area are known [l{] .
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USSR

The vepeated observations in relation to Potsdam at the points
Warsaw, Prague, Budapest, Bucharest, Sofis and at the Soviet stations
in Moscow, Kazan, Sverdlovsk, Perm and Petrozavodsk show the stability
of the gravity field in these points for the last 5-6 yeers with
an accuracy of +i0 /uGal/year.

A special method for measuring great gravity intervels by using
8-10 Soviet GAG-2 gravimeters simultsneously hes developed {37 .
An accuracy of 12 -20 /uGal was attained.
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Mr. Aimo Kiviniemi : Geodeettinen laitos, Finland
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AN EVALUATION OF THE LACOSTE-ROMBERG MODEL B MICROGRAVIMETER
BY
R.K. McOonnell, D.B. Hearty and p,J. Winter
Earth Physics Branch
- H

Dept. of Energy, HMines and Respurces
Ottawa, Canada

Introduction:

The vecently introduced LaCoste and Romberyg model D Mi¢crogravi-
meter will permit the derermination of relative gravity values To 2
precision of 1 to 2 ugals using standard field procedures. Although
most of the tests carried out to date at the Earth Physi
have been limited to gravity ranges of 10 mgals or less there ar
indications that this precision may be achieved over ranges of up to
200 milligals. The possibility of achieving such a precision opens
up a wide range of new applications of gravimetry both in the fielid
of esgineeering and in the study of gravity variztions with time.

The purpose of this report is to present the vesults of an evaluation

of one model D microgravimeter ander laboratory and field conditions.

Description of the Instrument

The model D microgravimeter 1s virtually identical in external
configuration to the La Coste and Romberg geodetic gravimeter. While
the principle of operation of the Sensor amit is similar to the gecdetic
meter, the geonetry of the system has been modified somewhat SO that
the measuring screw, lever system and zeTo iength spring combination
covers a range of 200 rather than 7000 mgals. feset is accomplished
through an external screwdriver adjustment. Both optical and galvan-
onter readouts are provided. Im ractice the.optical readout is used
to obtain an approximate reading and the higher sensitivity galvano-
meter unit is used during final nulling. One dial division corresponds
to approximately one microgal. The jnstrument used in tae tests
described here (serizal pumber D-6) has not been modified in any way
except for the replacement of the standard levels (semsitivity: 1 div

= 60 arc secs.) with lievels having 2 sepsitivity of 30 arc secs. pev
division.

Unilike the geodetic gravimeter, the D-meter is claimed to have
a linear dial response. Therefore, the customary +ahle of dial factors
js replaced with 2 single scale factor for use throughout the range of
the instrument.
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Level Sensitivity

During the initial checks and adjustments of the instrument there

s

was some indicatien that the tyansverse level bubble was not
sufficiently sensitive. A series of readings carrie i
rapid succession, off-1eveliling in the transverse i
velevelling between each reading, showed a scatter of

-

microgais. Replacement of the standard levels with levels having

twice the semsitivity {30 arc seconds per division) supplied by
the manufacturer seemed To cure this problem. Although the
sensitivity of the transverse levsl was more ¢ritical both

levels were Teplaced as a matter of course. The use of 30" level

increases siightly the time required to level and read the
instrument.

Reading Sensitivity

The instrument was set up on 2 pier in a temperature controlilied
voom (#1°C). Readings were taken a2t about hourly intervals,
converted to milligal values and compared with the earth tide as
recorded by a LaCoste and Romberg earth tide gravimeter in an
adjacent room. The first day of observations were made leaving
the meter mnclamped thraughout the test. On the second day the
meter wos clamped after each reading and unclamped before the
next. Over the next two weeks the cbserver practised reading

the instrumenr under a variety ‘of conditions. The pier reading
rests were than repeated to evaluate the improvement, if any,
due to the accumulated experience of the observer.

Fig. 1 shows the gravity differences for the microgravimeter
compared with those from the earth tide meter for the first two
days of tests. The Tas deviation of the microgravimeter values
from a smooth curve drawn through those values is 1.7 ugals with
clamping between readings and 1.4 ugals without clamping.

1f the separation between the observed earth tide and micro-

gravimeter curves 1is interpreted simply as drift in the microgravi-

meter then it is cbviously non-linear over the course of the day.
The explanation is probably somewhat more complicated, however,

since dstailed comparisons of observed and predicted earth tides
at COttawz by Dr. Bower of the Earth Physics Branch show apparent
scale fluctuations of a few percent in the earth tide meter over

periods of weeks. How these apparent fluctuations vary over periocds

of hours is not known but it is likely that the deviation between

. the microgravimeter values and the observed earth tide is 2 com-

binztion of factors relating to amplitude variations in the earth
tide measuring equipment and the drift of the microgravimeter.
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Fig. 2 shows the repeat test carried out two weeks later. The
experience gained by the observer in taking many readings during
the previous two weeks js refiected in the smaller scatter of the
microgravimeter readings. The tms deviations about the mean curve
are 0.7 ugals without clamping and 0.2 pgals with clamping. No
explanation is offeved for the apparent increase in accuracy when
the instrument is clamped between readings. However, it is safe
to say that the operation of the clamping mechanism does not degrade
the observations in any way. : .

Fig. 3 shows 2 comparison of the continuously recorded output
of the microgravimeter capacitor readout system (corrected for gravi-
meter scale factor) with the earth tide meter output and the predic-
ted earth tide over a 24-hr period. The drift rate of the micro-
gravimeter is approximately 2 ngal/hr. The large amplitude dif-
ference is apparently due to non-linearity of the capacitor readout
unit. Thus, the microgravimeter cannot be used as a recording earth
tide meter without calibration of the electronic readout unit. The
non-linear response of the readout unit is shown in Fig. 4.

3.3 Vibration Tests

NULL READING WiTH CLAMPING

MICROGRAVIMETER D-§ RESPONSE TO EARTH TIiDE

/ i

A series of vibration tests similar to those described by Hamilton
and Bruld (1964) were carried out om the microgravimeter. Tests
were done at an acceleration of 0.5 g for several frequency ranges.

NULL READING WITHOUT CLAMPING
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Vibration induced reading changes were 2 paximum of (+2.5 mgal)

in the 40-50 cycle range as expected. Vibration insulators effect-
jve in the 30-70 cycle range were installed in the microgravimeter
carrying case and used for all subsequent tesis.

Magnetic Tests

Tests for variation in veading with orientation of the instrument
in the earth's magnetic field were carried out immediately after
the vibration tests and showed variations of up to 100 pugals at a
given stationm. Since the manufacturer had obtained negligible
magnetic effect in similar tests performed at the factory and we
had not observed spurious errors of this magnitude previously, it
was presumed that we had magnetized the meter by subjecting it

to strong AC fields during the vibration tests. The meter was
therefore returned to the factory for degaussing. Upon return to
us the meter showed negligible magnetic effect but as a safely.
precaution a standard procedure of observing the meter in the same
orientation with respect to the earth's field was adopted for all

subsequent work.

Transportation Tests

A variety of field conditions were simulated to test the response
of the microgravimeter to various forms of tramsportatiomn.

3.5.1 Hand Transport

Two stations differing in gravity by 2.5 mgals and
iocated about 200 metres apart were each observed 40
times in alternating sequence. The standard deviation
of the 40 tide corrected gravity differences was 7 ugals.

Subsequent tests carried out in varying weather conditions

showed standard deviations of from 3 to 13 ugals for
sample sizes of 5 to 21 measurements with the higher

standard deviations corré€lating with gusty wind conditions.

3.5.2 Car Transport

The response of the micwrgravimeter to car transport was
tested by reading the strument on a laboratory pier
followed by a 3 hr. draive over 2 gravel road and then

a repeat Teading on the pier. A 1" thick horsehair pad
was placed under the ¢ ivimeter carrying case on the
floor of the car. ~  six sets of observations the
standard deviation vr the tide corrected readings was

3 ugals indicating that the instrument is not signifi-
cantly affected by the shocks encountered in this form
of transportation. It should be noted that this small
standard deviation can only be obtained with measure-
ments OVET a z€ro gravity difference. A field survey
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(Sec 4.0} carried out by car showed a significantly
higher standard deviation (6 ugals) presumably due To
the additional noise introduced by observing at differ-
end positions on the measuring sSCrew.

Helicopter Transport

A series of readings were taken before and after each
20 minute flight. The instrument was placed on 2 i
thick piece of horsehair padding resting on the floor
of the helicopter cabim. A sample of 4 measurements
using 2 Bell 47G4A helicopter showed a standard deviat-
jon of 8.6 ugals after correction for earth tides. Only
2 veadings were taken with a Bell Jet Ranger (2064)
helicopter. These differed by 26 ugals. indicating that
further testing and vibration insulation will be required
if this type of helicopter were to be used in an actual
survey operation.

Circular Exror Tests

An attempt was made to verify the manufacturer’s claim
that the microgravimeter is essentially free from period-
ic dial screw eYTor. Since one measuring SCrew revolu-
tion corresponds to 5 mgals the maximum effect of period-
je screw error would occur at 2.5 mgal intervals om the
dial. In an attempt to detect this type of error we
measured 2 2.5 mgal gravity difference 4 times, then
veset the meter about 0.2 mgals and repeated the interval
4 times. This sequence was repeated for 10 resets. The
mean gravity difference for each set varied by as much
as 10 pgals from the mean of 211 40 difference measure-
ments but there was little evidence to suggest that the
means were periodically distributed with respect to the
dial reading. It seems moTe 1ikely that we are looking
at small errors introduced by random jyregularities in
the measuring sScTevW systen,the effect of environmental
factors (ground vibration, wind, etc.) and the effect of
resetting the meter. in any case, the nature and magni-
tude of screw jrregularities shonld be investigaged
further. We are presently devising a series of tests
which we propose to ask the manufacturer to carry out
using his weight calibration apparatus.

Pressure Tests

No tests of the response of the microgravimeter o
atmospheric pressure variations were made since 2 vibr-
ation free pressuré chamber was not available. Based on
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experience with LaCoste and Romberg geodetic meters
this effect is likely to be negligible since the
sensor unit is sealed. In the event of leakage

provision has been made for barometric compensation
in the sensor unit itself.

Field Evaluation of the Microgravimeter

The initial phase of an experiment to evaluate the potential of
the microgravimeter in detecting changes in level of groundwater com-
menced in July, 1974. The survey consisted of repeated observations
at a set of five wells in the vicinity of Charlottetown, Prince Edward
Island. Based on past measurements of fluctuations in water level in
these wells a seasonal change of 1.5 to 3 meters can be éxpected.
Assuming 10% porosity of the sandstone in this area the total mass
transfer would be roughly equivalent to an infinite slab of water 15
to 30 cm in thickness. Thus we expect to detect gravity variations of
6 to 12 microgals over the season. The second phase of the survey will
not be carried out until October, 1974. The results of the first phase
are presented here simply to illustrate the performance of the micro-
gravimeter on an actual field survey.

The structure of the network set up to interconnect the five wells
is shown in Fig. 5. A total of 112 measurements were made between all
possible pairs of stations. Survey procedures were similar to those
employed when using 2 LaCoste-Romberg geodetic¢ meter except that the
instrument was protected from solar radiation and wind by a small tent.
Gravimeter readings were corrected for earth tide (Longman, 1959). For
each interval observation equations were set up as follows:

g - & - Agij - dATij : 5

where g5 is the unknown gravity value of the i—t—}—l station

th

g. is the unknown gravity value of the j= station

3
Agij is the observed gravity difference between the izﬁ

and the jﬁh»station

d is the unknown drift rate

ATij is the time difference betuween observations at the :‘L-E}»1

.th .
and the j— station.

eij is the observational error.
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The system was solved by least squares holding the value of station
6 fixed. No rejectiom of data was made in the first solutiom. The
solution was then jrerated several times using a rejection limit of 3 @
(¢ = standard or¥or of unit weight from previous sclution) and the gravity
values from the previous solution. Afrer the third iteration no further
rejections occurred. A Summary of rhe adjustment is given in Fig. 5.
Gravity values are given with respect to an arbitrary value of 0 at station
0, Standard ervor of the drift term { 1.5 ugal/hr) indicates that the
assumption of linear drift over the course of the survey is mot 2 partic—
ularly good ome. Later analyses will include a drift unknown for each of
the seven days of observations to sed if any improvement 3in the results

DCCUT S.

Fig. 6 shoys the histogram of residuals from the least squares ad~
justment. The X cest indicates that there is no reason O believe that
the sample is mot drawn from a normal population. The fact that the dis-—
¢ribution is slightly skewed may be due to 2 small systematic error in-
rroduced into some legs of the petwork by neglecting ocean ride effects.

Calibration of che Microgravimeter

The manufacturer claims that the dial response of the microgravimerey
is linear over the 200 mgal range of the zero length spring. Whether or
not the dial calibration factor changes as the instrument is reset is un=

jear. For the present we have taken the skeptical view that it is aot.

Thercfore, repeat surveys in a given area will be carried out in rhe same
dial reading rangé.

Before this type of instrument can be employed to measure iong
term variations in gravity a precise absolute calibration will be required
i order to distinguish real changes in gravity from apparent changes due
to long term variatiomns in the characteristics of the instrument itself.
Conventional calibration lines will not be of much help unless we can
establish that the gravity values of the statioms are stable to a few ugals
over periods of many years. Until a portable absolute apparatus with micro-

gal precigion becomes available rhe calibration problem of the microgravimetel
will not likely be resolved.

Conclusion

The main conclusions which zre drawn fyvom this evaluation of the

LaCoste-Romberg Model D microgravimeter are:
(g} The instrument has a reading sensitivity of about i ugal.

(b) Uader field conditions (ecar transport) it is reascnable to
expect a standard deviation of 3 ugals over small gravity
dncervals (less than 100 ugals) and a standard deviation of

6 pgals for larger gravity differences.



{¢) Relative gravity values with standard errors of 1 to 2
ugals can be obtained from an adjusted nelw
vations having about 10 repeat observ
the network.
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CHARLOTTETOWN SURVEY.

NET STRUCTURE :

SUMMARY OF LEAST SQUARES ADJUSTME!

GRAVITY VALUE UMKMNOWNS
DRIFT UNKHROWNS

4
§

NUMBER CF INTERVAL M&ASUREMENTS. Hna2

INTERVALS REJECTED €

REJECTION LIWIT 18y gai

S.E. QF UNIT WEIGHT & gl

UNKNOWN ISCLUTION VALUE S.E.

o -832 u gal 1.4 g gel
gz 605 w2 gal LZ g gl
Gy, 2289 g gal 1.3 gL gal
Ga 2857 2 gal 1.3 p gt
{ ' d 1.6 p goishr 1.5 po gal/

(2 (2) = NO. OF INTERVALS (NO. REJECTED)

Fg. 5
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CHARLOTTETOWN SURVEY
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NEW GRAVIMETRIC INSTRUMENTATION
Gravity Gradiometry

One session was held on Wednesday 4th September, in the
afternoon, under the Chairmanship of Mr. O. WILLIAMS.

During the following session "High precision gradiometry"
presided over by Prof. T. HONKASALO, Prof. E. GROTEN presents a paper
dealing with different topics : gradiometry, high precision observations
and secular gravity changes.

The complete abstract is included in this topic (see p. I-47).

Mr, O, WILLIAMS presents a general report i Gradiometry an
assessment of the state-ofithe art (see p. I-48), in which instrument
prototypes which are felt to have potential as moving base gradlometers
are described. The application of gradiometers to mass anomaly detection,
inertial navigation assistance and global gravity modeling are diseussed.,

Prof. D.B. DeBRA gives information concerﬁ;ng the mass anomaly
detectien, the Earth gravity modeling, pointing out that the real impact
of gradiometry in gravity modeling will occur in world-wide modeling using
satellite gradient data. He speaks about the different technieues used to
cempute spherical harmonic coefficients and shows the regions of best
sensitivity for altimeter, Doppler and gradiometer by harmonic degree and
altitude.

T

Mr. B. CHOVITZ asks : "mor determination of the Earth's gravity
field by satellite gradiometry, 0.01 Ettvés Unit 1s needed for significant
improvencnt at the 50 to 60 harmonic degree level, what is the practical
possiility of attaining this sensitivity with the instruments under
development to day ?". '

Mr. O. WILLIAMS thinks that an accuracy of 0.01 E.U. is not
impossible, and glves concluding remarks (see p. 1-57).

Ing. J.J. IEVALLOIS souligne 1'importance de la mesure du
gradient qul peut atpe utilisé pour déterminer le géolide & 1'intérieur
d'un cadre connu en altitude. (Probléme d'interpolation).

Une discussion du Laplacien du potentiel perturbateur T permet
de présenter le probléme sous la forme :

$2p 4 éiT__-k f (x, y) =0 ou f estun terme numérique,

3§ x2 §y°

différence entre le gradient observé et le gradient théorique.
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Cette équation différentielle partielle
devient en termes pobtentiel :

N
‘ TN + Tw + TS + TE - 4 TC + £ =0
E o W
condition - ou relation d'observation -
on peut ajouter d'autres observations sur le contour et &
é 1'intérieur pour déterminer entidrement le probléme y compris

1a détermination du cadre.

Au point de vue numérique, je présente un exemple de
300km x 150 km (maille de 10 km) du géoide frangais ...

Dr. E. GROTEN demande si le gradient a été corrigé ou réduit ¢
Réponse : Ce gradient a &té fourni par le B.R.G.M. et ne correspond pas
exactement & la définition ci-contre, mais le calcul formel est possihle
et donne de bons résultats.

prof. E. GROTEN reports on_ : Microgravimetry -

D

High precision observations of small gravity differences

Abstract ¢

The application of a Sartorius 4104 microbalance after Gast in

. vertical gradiometry was tested. A small mass of about 20 grams is suspen-

ded on thin fibers of different lengths A1 £ 80 em., From the weight dif-
ference of the small mass obtalned at different levels along the plumb
line the corresponding differences of gravity along the plumb line are
inferred, The microbalance is mounted on a steal rack ; measurements at
constant low pressure (moderate vecuum) show the applicability of the ba-
lance as gravity difference sensor for field work. When environmental
effects are further reduced (i.e. temperature is kept constant within
+ 0.1°C) pressure 1is controlled within 0.1 Torr ete.) the resolution of
the balance can be fully exploited so a relative accuracy of i_10‘9 should
be feasible and for laboratory experiments should be of the order of a
few parts in + 1077, ‘

Vertical gravity gradients as observed on an improved moving
platform with a TaCoste model G gravimeter are discussed. New possibilities
of microgravimetry are pointed out. '

High precision observations and the establishment of a system
in an area of tectonic interest for detecting secular gravity changes are
described.



o

s
& v e

DEFENSE MAPPIHG AGENCY
WASHINGTON, D. C.
GRADIOMETRY
AN ASSESSMENT OF THE

STATE~-OF-THE-ART

‘Owen W. Willisms

September 1974
INTRODOCTION

GCradiometry, Or the aessurement of the gradients {spatial
derivatives) of the earth's gravity vector at & point on the
surface of the earth oF in space, is currently enjoving a rebirth.
The concept of gradiometyy is by no means newW. As early as 1880
Baron Kolsnd von Eotvos developed the torsion balance for the
purpose of measuring the distortion of the gravity field, Figure 1.
As early as 1915, the $nstrument was vsed for geophysical explora-
tion, and was first introduced into the UDnited States for oil
prospecting in 1922. The torsion balsnce provided gravity gradients;
gravity gradients aid in the location of geological structures.
Because the Eotvos Torsion Balance 1s so cupbersome and requires
_such a long time to accomplish & single observation, the more portable

gravimeter soon replaced it as & prospecting instrument.

Proof mass
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Pigure 1. The Eotvos Torsion Balance
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It is significant that in the curremt emergy shortage., when
new deposics of fossll fuels are urgently meeded, that several
new gravicy gradient sensors ave being developed. Many schemes
have been tried: many provide vsable data. The instruments
deseribed in this paper zre Instruments which we feel have
potential as moving base gradiometers, l.e., capable of being
readily transportable and capable of providing gravity gradient
measurspents while in motion.

In zddicion to the direct applieation in geophysical exploration
mentioned above, gradiometry has a wide range of aspplications in the

mapping, charting and geodesy field. A few of these applications
are discussed in this paper.

INSTROMENTATION

Pundamental Primciples:

The gravity gradient 1s defined as the derivative of the gravity
vector with respect to distance. Thus, the gravity gradieat at a
point is the temsor gquantitcy

2, 2 bay
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ax 8y ez

Lnenmmone.

where the gravity vector is given by

Alrhough this temsor contains nipe elements, only five ave indepen-

dent, the matrix is symmetric, i.e., 3§E§3y = agylaz, etc. and
Laplace's equation holds for the d terms,” L.e.,

g, + agy + 9g, = o
9% oy oz
These properties can be invoked in designing instrument packages.

The cartesisn coordinates in which the gradients are defimed cam
be either global (esrth-centezed, earth-fixed) or local (ceutered at
the observation gite). Figure 2. .
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X
Pigure 2. Global and Local Coordinate Systems.

Generally, we define the global cartesiac coordinate system such
shat the Z axis coincides with earth's polar axis, the XY . plane
coincides with the equatorisl plane, and the X axis extends through
the Creenwich meridisaan. The Y axis forms the third axis of & right
handed orthogonal triad. The local cartesian coordingte system is
defined such that the = axis coincides with the local vertical, the
xy plane coincides with the horizon plaune, and the x axis is directed
porthwards. The eastward directed y axis completes the triad.

The transformation between gradients iu the ijocal and global
.systens is [Meritz, 1971]
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-gin B8 cos A wgind cos B cﬁsesf
A= j-gin B sin A cos8l ens B gin A {3
cos B H sin B

and

g = geocentric latitude
1 = geocentric iongitude

Cyg = ngiax, etc.

The gradiometer platform can thug be stebilized to maintain either an
orientacion te the jocal vertical and north or to an orientatiom to am

inertial frame of reference.

The definition of & gravicy gradient jeads divectly to the basie
design comcept. Since the gradient is defimed as the spatial derivative
of the gravity vector, the instrupent must provide a means of determining
the slight difference in rhe acceleration of gravity at two points,
seperated by as little as a2 few centimeters. The design problem is
fyrther complicated by the fact that this is the only quantity to be
messured — the instrument caunot be seusitive to temperature gradlents,
platform jitter or i1inear accelerations, and electzomagnetic oY
electrostatic influence. In addision to all this, the instrument must
have a moving-base capability. The three ipstruments degcribed, in
alphabetical order, in the remeinder of this section show promise of
meeting these criteris.

dhe Bell Aerospace Instrument

The Bell Asvospace Company, & division of Textrom, Inc., has a
well established reputation in the field of high precision dnertial
instruments and ipertial measuring systems. Tt wes logical, thea,
for Bell to propose that on~the~shelf accelerometers be used to

develop & gravity gradient sSensor.

The Bell concept [Bell Aerospace, 1971] employs foux accelerometers
- mounted on a rotating table, which ds seabilized in the oriemtation

of its spin axis as shown in Figure 3.



Figure 3. The Bell Gradiometer Concept.

In this Figure, the table rotates sbout the z axis at & ¢opstant
rate, w. As the Instrument passes a mass enomaly, that component of
the gravitational sttraction of the mass anomely that lies in the
xy plane causes differential accelerations in the pairs of accelero~
meters due to the differences in distence from the mass anomsly to
the individual accelerometers of the pair. The maasured scealerations
are related to the elements of the gradient tensor by

(a; + ag) - (ag + ay) = -2R{6,,, - ny) zin 2ut %

+6R(ny} cos 2wt
where a1, a3, 83, &4 = accelerometer outputs
R = separation of accelerometer pairs
wt = phase angle of system.

Now, equation (&) reveals that a single sensor yields one element of
the gradient tensor and the difference of two others. Thus, a triad
of orthogonally mounted instruments will yield the entire temsor.

The advantage gained by rotating the instrument is that the
gradient signals are modulated at twice the rotatiom frequency {{.e.,
2w), while most error sources are modulated at the rotation freguency
(0w}. Thus, a simple frequency filtericg technique can be used to
separate the signal from the noise. Use of pairs of asccelexczieters
further serves to reduce these effects by carcellation.

The expected grand total error for the gradient sensors and the
stabilized platfogm is 0.77 ¥O [Bell Aerospace, 1971). (¥ote:
1 B0 = 10~ %cem/sec few.) . :

Although the approprizte accelerometers are avallable, & working
model of the Bell gradiometer is yet to be sgsembled. Ir is contem-
plated that this will be accomplished by November 1574, ’
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The Hughes Instrument

The Hughes Research isheratories of Malibu, California, & division
of the Hughes Airecraft Company, has several years exzperiemce in the
design of gravicational semnsors for exploration. The problem of
detecting and measuring gravity gradieuts was sppreached by the
development of an instrument as illvsecrated in Figure 4.

The gradiemt sensor of the Hughes instrument conslsts of two pairs
of proof masses mounted on palrs of cross arms. Relative torguss
berween the cross arms can be measured by torsion gengitive sensors
at the flezture point. The instrument is caused to rotate at 2

constant Tate o.

¥

Pigure 4. The Rughes Concept.

As the instrument passes oOVer 2 mass snomaly, the slight diffevences
in the gravitational attrasctiow of the mage anomaly upon the proof
masges cause slight differences in torque betweeun the two CToss arms.
The differential torgue is glven by [Ferwazd, 1971}

2 .
AT = i'."% [{Ggy = Cyy) <08 2wt + 264, sin 2@}:3 | | (53

wheze

o = mass of proof mags
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The rotatiomn rate is selected so that it is precisely ome half
the undamped natural frequency of the torsiom senmsitive sensor. The
rationale for rotating the instrument has been discussed for the Bell
Aerospace instrument. Again, a triad of orthogonsily mounted instro-
mente will be required to sense all elements of the gradient temsor.

An extensive error analysis [Ames, et al, 1573] of the prototype
sensor and proposed platform system indicates an accuracy of shout
0.6 EU in any component of the gradient temsor. A prototype instruemnent
has been laboratory tested and performed as erxpected. Currvent plans
are ¢ build & rugged instrument for field resting.

The MIT Instrumesnt

The Charlee Stark Draper Laboratory, Inc.; formerly a division of
the Massachusetts Instizute of Technmeology, is recognized as a leadér in
the development of gyros and accelerometers for inertizl navigation systems.
The technology employed in the successful gyros was extended into the
development of the MIT gradiometer.

The gradient semsor of the MIT instrument is a cylindrical float
composed of a light shell supporting diametrically copposed proof mssses
of some dense material illustrated im Figure 5 [frageser, 1972].

Proof Mzss

¥igure 5. The MIT Instrument Concept.

The gyro techmology carried over into the gradiometer design is
the principle of bucyancy support [Trageser, 197071. 'The mzss of the
float structure is supported agsinst gravity and other accelerztions
by placing it in sear-nestral buoyancy in & thin layer of liquid.
Small capeciteve structarss can cozpensate for any residual buovancy -
dubelance. To rotate the float about its support axis requires but
& small shesring of Fiuwid, but ¢ tramsistion raquires the
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displacement of 2 significent amownt of finid through = small gap.
The fluid nearly perfectly supports rhe float by neutral buoyancy.

The sglight differevnces in the components in the xy plane of
the gravitational attraction csused by & mass apomaly upon the two
proof masses cause the eylinder to rotate shounr the z axis due To
the moment M given by

M= =1/2(Ggr yr = Gyr 21) gy = Td (6)
where ¥ = moment
I - 1 = moments of inertia.
34 Fre s

A minute torque is applied to restore the float to its original posi-
zion: this torgue is an indication of the gravity gradients. The
rotation angle is precisely seosed by a capacltative pickoff on the
cylinder and its housing. Tt is obvious that a triad of three
instruments will measure the diagonal of the gradiemt tensor. &
skewed arrangement of the proof masses would vield sensors sensitive
to the products of imertis and hence the cross terms of the temsor.

Since the sensor element is mot rotating, the MIT design cannot
use frequency filtering to remove spurious gradieats. It is essential
that the gradiometexr floats be superbly stabilized. The MIT instru-
ment is very semsitive to thexmal gradients. The gradients must be
limited to 5 xz 16-7° ¢ across the instrument.

The lsboratery performance of the sensor is in the order of 0.14
EU [Trageser, 1%73]. A reasonable expectation for this instrument in
conjunction with a good platform is about 0.1 EU st 12 minute correla-
cion times in any of the measured gradients.

APPLICATIONS

Cradicmeter observaztions may be incorporated into the mapping,
charting, and geodesy fields in an impressive number of ways. Ome
might group thess applicarions into mAsSs anomaly detection, imertial
pavigetion assist, and earth gravity modeling.

Masgg Ancmaly Detesticon

The gravity gradienis derected by the instruments described arise
frox mase anomsiies which the instrument ig senmsing. Depending upon
the semsitivity of the Imstrumtent end the manner in which it is used,
these mass anomalies may be highly localized.

Trageser has described in detall many such applicaricms of
gravity gradient sensing {Trageser, 1971]. &n appropriately semsitive
{nstrument cza detect the mass excess oOF deficit caused by small
subterrapean feszturss. As an 218 vo submarine navigation, & suitable
gradiometer system unight be used to detect the passage of the vessel
over am ocean vottom rvidge, pesk, or valley, thus aiding in fixing .
the vessels pozition.



By accomplishing & systematic gradiometer survey over an ares,
the gradient data obtained may be used LC prepare maps of vertical
deflections, gravity anomalies, and geoid heights in the area. By
removing the ellipsoid contribution and the rotation terms, the
ancmalous gradients are cbtained. The vertical deflections are the
first integral of the horizontal gravity gradilents, as are the gravity
anomalies. The second integral, then, is the geoid height. In each
of these applicatiocms, it is mecessary to have independently mown
initial conditions at omnly & few points in the ares.

Ipertial Mavigstion Assist

The state-of-the—art in gyroscopes and accelerometers used onm
inertial navigation systems has progressed to the point where the
principal source of error in such systems is the unmodeled vertical
deflections. A4 stochastic gravity model has been incorporated into
many inertial navigation systems through the Kalman filtering process,
but this involves ouly the general characteristics of the field.
Ideally, the ipertial navigation system should have a continuous
input of vertical deflection data. The gradiometer can provide
this data.

The incorporation of gravity gradient sensors into the inertial
pavigation system was suggested by the Bell Aerospace Company
[Jircitano and Metzger, 1972 and Trageser, 1970]. In a similayr
manner, the gradiometer might be included iu & land survey system
[Bopkins and pimitrijevich, 1974}. In these systems, a triad of
gradicmeters provides all elements of the gravity gradient tensor.
The gradient date 1s used in the inertial pavigation system to
provide vertical deflecticn data for the maintenance of position and
velocity. As & bonus, the system provides accurste position and
refined gradient datz for geophysical applications.

Larger areas may be surveyed by this technique by use of high
gpeed aircraft. The problems associated with vertical accelerations
of the aircraft and uncertainties in the application of the Eotvos
correction in airborme gravimetry do not occur in gradiometzy. A
sufficiently stable platform for the gradient seusor package is within
the state—of-the-art [Ames, et al, 19731.



I =57,

Tarvh Gravity Modeling

Although the gravity gradient data ohtained by the moviug base
epplications described just above might be used in defining regional
gravity models in tewms of gravity anomslies, ete., the rezl impact
of gradioemecry in graviry modeling will oceur in worlduide wodeling
ueing satellire gradient date.

The guantities measuved by 2 gradiometer carried by & spin
srabilized sstelilire ave Gzz - Gy and ze {Figure 2). The senmoy
c~zn be as large as the diameter of the spacecraftr itself: thus, an

ccuracy of .0l EU is mnot unreasonable. With an integration time
sf some 35 secends, five days of data will provide enough datza for
iwsrovement of the gravitational model of the earth. Since the
gradicmeter iz insemsitive to accelerations, the satellire meed not
be drag free, and can thus be at a low enough alvitude to sense the

shorter wave length in terms of the gravity field.

Spherical harmonic coefficients can be computed from the gradient
daza using least squares techmiques [6leser and Sherry, 19713 or by
iategration [Glaser, 18721, using 2 technique analogous to the compu-
rarion of harmonic coefficient from gravity anomaly data by Integratiom.
Least squares ccllecation [Moricz, 1971} provides still another technique.

Alrernatives to the sphericel harmonlc model imclude point mass
models, density layer models, and Taylor Series models [Hopkins, 1973].
For each of these models, expressions can be written for the messured
gradients. A least squares technique can then be used to compute the
parameters of the model.

CONCLUDING REMARES

The advent of truly moving base gravity gradient sensors holds
the promise of significant advances in the field of mapping, cherting,
and geodesy. The ephancement of the accuracy of ivertial navigation
systems by the inclusion of gravity gradient sensors could have
cubstzantisl impact inm both surveying and navigaticn applications.
vValuable spinoffs are envisioned in geophysical exploration and

related aress of endeavor.

in the earth modeling aspect of gradiometry, cOBLIOVEXSY exists
between the advocates of Doppler observation, satelllre zo satellite
tyacking, radar altimetry, and gradiometry. It is pretty well
agreed that the Doppler techniques are preferred fg: lover degree
terms, while the sltimeter and gradiometry are preferable for the

higher degree terme. ‘
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- IX =

SECULAR VARIATION OF GRAVITY

One session was held on 3rd September, Tuesday morning, under the
Chairmanship of Prof. Yu.D. BOULANGER: who made a General Report on this
subject-(See p. I-63).

Prof. W. TORGE raises the question, whether the second proposal
of Prof. BOULANGER (systematic repeated gravity determinations by relative
methods) with which he fully agrees, might be influenced by systematic
calibration errors. There are, €.8. at LaCoste-~Romberg gravity-meters,
different calibration functions, long periodic terms producing differences
of 0.05 ... 0.06 mGal, and short periodic terms of 0.02 mGal, which we
cannot detect completely up to now. Furthermore, calibration functions of
gravity-meters may change with time at the order of the supposed gravity
variations with time.

Prof. R. IECOLAZET attire 1'attention sur la carie du géoIde
établie par le B.G.I. & partir de valeurs moyennes des anomalies (5° x 5°)
et i1 montre les grandes zones de signe différent (ondulations du géolide
positives ou négatives).

11 pense que si 1'hypothése d'un excentrement de la graine (inner
core, Prof. BARTA) est exacte (explication des anomalies exceptionnelles
de la gravité, négatives au sud des Indes, positives au voisinage de
1'Australie) et s'il existe un déplacement séculaire de la graine, c'est
au voisinage de ces anomalies et particuligrement entre les deux zones
que se produiralent les plus fortes variations séculalres de la gravité.

Ing., J.J. IEVALLOIS fait remarquer que 1a localisation des stations
de contrdle de g 1le long ou au voisinage de 1'Equateur lui parait @tre
insuffisante et il pense personnellement que le réseau de contrdle des va-
riations séoculaires de g devrait couvrir le monde entier (30 ou 40
stations) indépendamment de la latitude.

Ensuite, 11 s'informe auprés du Prof. BOULANGER pour savoir si des
mesures ont été faites dans les régions ol 1'on connait de forts et rapides
déplacements verticaux.

Le Prof. BOULANGER répond que des mesures n'ont pas encore été
faites, mais sont prévues.



Dr. J.BE. FALIER thinks we should keep in mind that we have two new
geophysical tools at the centimeter accuracy : lunar laser ranging and
high precision gravimetry. If as appears probable a mobile lunar laser
ranging station is developed which would be capable of going to interesting
geophysical sites, this would give geometrical height information which, if
taken in combination with gravimetric data(which gives a combination of
geometry and integrated masses in flow) will provide a highly sensitive
tool which in combination is much more powerful than either individually.

Prof. G.P. WOOLLARD highly recommends specific progress of study

to determine secular changes related to the @

1) Chandler wobble and changes in astronomical position ;

2) subduction effects at crustal plate convergence boundaries as the
Peru - Chile Trench-Andes mountains and ;

%) tectonic effects related to mountain fronts in continental interiors
(Rocky mountains, Alps) and ;

4) isostatic rebound from Pleistocene glacial loading (Seandinavia =
Eastern Canada) and ;

5) skewing of continental base gravity nets as a result of the above,

Mr. B. CHOVITZ says that at the meeting of IAU Colloquium N° 26
August 26-31 at Torun, Poland, it was discussed and advocated that gravity
and geophysical surveys be made at the astronomical stations of the ILS and
IPMS.

Dr. P. WELIMAN reminds that on the Australian Calibration Line,
differences have been observed between measurements in 1965, 197671 and
1973 ; these changes suggest that secular variation may be occuring at
rates of up to 6 pGal per year (see p. I-17, 20).
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SECULAR VARIATIONS of GRAVITY
vu.D. BOULANGER

(Institute of Physics of the Earth, Acad., of Seci. of the USSR)

The problem of secular variations of gravity is one of the most
acute problems of gravimetry and has fundamental interest for such sciences
as metrology, physies, astronomy, geodesy, geophysics, geology. The complex
set of data on recent erustal movements, gravity variations, irregularity
of the Earth's rotation and oscillations of the world ocean level allows to
establish the displacement of masses within the Earth, thus obtaining new
data about the dynamlcs and, consequently, about the history of development
of our planet.

This is a complex task which shall demand longstanding efforts of
an extensive group of specialists., Its integral part is the study of gravity
changes in time in a wide spectrum of frequencies caused both by endogenous
and exogenous processes. Tn this study the determination of the fact and
regularities in the gravity changes in time is decisive.

In the Soviet Union the researches in this field were started
as far back as the twenties when such great discrepanciles in the g
values were obtained at repeated gravity determinations, that 1t was dif-
ficult to explain them only by the errors of measurements. This gave ground
to some of the authors (1, 2) to suggest an opinion about the possibility
of considerable gravity variations in time, associating them with tectonic
processes occurring 1n the Earth's erust.

Further works proved these conceptions to be erroneous.

Thus Pariysky (3), analysing the processes which can cause the irregularity
of the Earth's rotation, has shown for the first time that such processes

can be either the vertical movements of large regions of the Earth's crust
or the transformation of the matter within the Earth with a noticeable change
of density. Both these reasons can cause the change of gravity value on the
surface, but they must be small and cannot exceed tenths of mGal per year.

As the result of researches of the vertical crustal movements
carried out by Kalashnikova (4), it was established that a large part of
depressions and uplifts develops independently of the pasic gravitational
fields. This provides ground to suppose, that the vertical movements are
generated by compression or extension of the deep material without change
of the general mass. In this case the transportation of the matter within
the Earth does not .cause gravity changes. Proceeding from that, even in
the regions with intensive tectonic activity, apparently, we can hardly
expect considerable gravity changes of the secular character.

In his works on the study of the irregularity of the Earth's
rotation,Pariysky has shown, that the observed changes in the rotation rate
of the Earth cannot cause changes of gravity of more than several microgals
per year.

Somewhat later Barta (5, 6, 7, 8, 9) and then Vogel (10) have
suggested a hypothesis about the possible gravity changes in time, caused
by the displacement of the Earth's core in respect of its mantle. According
to their calculations the gravity varlations can reach tenths of mGal per
year and can have quasi-periodic character with the period of about
500 = 1000 years.



Comparison of these two concepts indicates that there are two
points of view on the possible gravity changes with time. According to
one of these opinions, these changes can be small of the order of several
microgals per year ; the second opinion states that they may reach tenths
of mGal. At the same time modern requirements of practical gravimetry
need the answer to a concrete question : does gravity change with time,
or not ? If it does, then what is the order of these changes and what is
the law, according to which they ocour ? )

To use gravity data for applied purposes, it is necessary to
establish basic networks. Modern requirements to their organisation are
rather high. The accuracy of determinations at initial points in countries
should be not less than + 0.05 mGal, while the accuracy of points on the
controlling standard polygons should be still higher, of the order of
+ 0.01 mGal.

Therefore, if gravity changes at the rate of the order of the
first microgals per year, then the control of the world basic networks is
sufficient once in 20-25 years. If the second conception about rapid
gravity changes ig probable, then before the law is established, according
to which these changes take place, it is necessary to conduct measurements,
apparently, not less than once a year. The volume of work in this case is
easily imagined and, consequently, the costs. .

The first repeated gravity determinations in the Soviet Union
were conducted in 1935 in the Caucasus. The measurements were made with
pendulum instruments. Tt has been established that gravity changes, if
they exist, lie within measurement errors and cannot exceed several
+enths of mGal per year.

The next set of measurements was carried out only after the
Wwar in 1954-55. The measurements were accomplished along the line Potsdam
Petropavlovsk-on—Kamchatka, and in several points in the Caucasus and in
the Middle Asia. The points were chosen in such a way as to cover with
measurements regions tectonically quiet and seismically active.

Repeated observations were carried out 10 years later in 1964 .,
Notable changes of gravity were not detected. All the shanges were much
less than the errors of their determination. As the result of their
careful processing, a conclusion was made that if at the indicated
points the gravity changes occurred, they did not exceed 10-15 microgals
per year (11).

Similar observations were conducted at a number of points in
Eastern Europe in 1958 and 1968. The same result was obtained here. The
changes of gravity were iess than the errors in their determination and
their annual rates could not be more than 10 microgals per year (12).

In order to control reliability of determinations of the
International Gravimetrical Point in Moscow (Ledovo) and the stability
in time of the gravity value at that point relative to Potsdam the A g
value Potsdam-Ledovo was repeatedly measured. During the last 16 years,

5 measurements were made. As seen in Table I, all the observed changes
are less than their mean square errors. Assuming the gravity field is
unchanging, its stability in the point of Ledovo relative to Potsdam in
this case is characterised by the error + 11 microgals per year.



In 1970 the differsmces were measured Moscow-lurnansk and
Moscow=-Thilisi. The measursments were made by 5 gravity mevers
GAG-1 and by 3 gravity meters GAG-2. In:1973 these measurements
were repegted by 8 gravity meters (GAG-2. No changes in €the
measured values of A g were detected. The change of difference
Thilisi-Murmansk, the valus of which is of the order of 2.5 gi,
was found egual to 0.00 = C.070 mgl.

In recernt years in the sciemtific publicetions of the Sovied
Union & number of works (13, 1%, 15, 16, 17, 18, 19) were published,
which present data on gravity veriations in time, obtained as the
result of comparison Of gravimetric maps, compiled in differsnt
years. Comparisons were made of the maps of the Ukraine, The Volga
region, the Volgasidi, +he Northern Caucasus. According %6 the
opinion of the authors of these works, they have discovered gravity
variations which have good correlation with the tectonics of these
regions. Moreover, the variations reached several tenths of mgl/year.

The experisnce of highly accurate repeated ralative detexr=
minations of gravity testifies %o conmsidersble difficulties of
comparison of data of different epochs. It is done with religbility
only for separate points with thelr precise identification and the
presence of complete information on the metrology of the carried
out measuremenis. At the slighbtest inaccuracy in this information;
as a rule, the measurements show systematic errcrs which consider-
ably distort the conclusions., It is therefore, rather difficult
to agree with the reality of the conclusions; obtained on the
basis of comparison of ropeated ares surveys.

 Thus, as the result of repeated determinations of gravity
on “he servitory of Eastern Eurcpe, and also along the chain of
points Potsdam-Kamchatka and in some points of the Middle Asia the
changes of gravity exceeding the measurement errors were as yot
not detected. This allows for a statement that in the indicated .
points, even if gravity changed its changes can be not more than
40=15 microgals per yeers .

At the same time %here is a number of theoretical aspects).
which suggest that gravity should change with fime and, perhapS,.
in some regions at 2 considersbly greater rate. It is, thersfore,
considersd necessary to copduct further study of chenges of the
gravity field of vhe Earth in the programs of iavernstional works,
using ir toese studies as much as possible the sntire facilities.

Tn the first place, it is exbtremely important teo establish
a network of gravimetric cbaervatories with highly accurate
stationary instruments for absclute determinations. It 18 desirable
tc place these cbservatories closer %o the equetor, since gravity
changes in the eguatorial zone have the greatest influence or the
change of the rotation velocity of the Earth. _

Of copsiderable intverest is the organisation of systematie
repeated gravity detercinations by relative methods slong longe
distance traverses (of the order of thousands of ‘km) with different
orientation end locaticn on different continents.

Pinally, it is necessary %0 convinue repasted meagsurensnts
with the purpose of detection of local gravity changes, apparently
caused by local tectonic Processss.

the Soviet Geophysical Committes is prepared 4o teke part
both in the elaboratior. of prejects of gleobal works on the study
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of gravity ¢hanges with time end im Vheiz accomplishment .

Starving from 1975 in the Soviet Urion it is planred to make
repeated gravity‘determinations zlong the traversess BOSCOW="
—Ashkhabad-Tashkent=lushanbe and Voseow-Novosibirsk-Dushanbe.
Besides, studies of ilocal gravily changes shall be continued
in Middle Asiaz, Baikal region, Coiwsa, TJizraine and Gaucasus. .

Tanie &

Results of gravity determinations at the
Tnternaticnal Graviametric Poind in Ledove -

8o = W1 274,74 % 0.00

1958 o9 565,34 + 160
1968 ize 57
1970 ;51 55 .
1971 | 31 2
1974 (January) 32 07
1974 (July) B4 49

Meén 681 565.313 % 12
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GRAVITY MEASUREMENTS ON THE MOON

e ——c————

On Wednesday morning l¢h September, Dr. C. BOWIN presents a
report on 3 "Mascons : a Two Body Seolution.

Almost all of the mass distributions that have been proposed to
account for the large positive gravity anomalies associated with lunar
mascons have assumed single body sources of a mass excess. In the case
of mare £ill with a reasonable density contrast (+ 0.5 gm/cm>) with
crustal material, this requires a fill thickness of about 16 km for Mare
Serenitatis to account for the observed gravity values at 100 lm height.
Such a great thickness would reqguire a 16 km deep hole prior to filling
and such a ‘topographic depression is inconsistent with gravity anomallies
away from the mare pasins where near isostatic conditions appear to
prevail, It also is inconsistent with the depths of the topography of
Mare Nectaris and Mare Oriental basins which have but little £ill, and
with estimates of mare thicknesses based on pburied crater dimensions.

A two body mascon solution, however, requires only a 2 ¥m thickness of
£111 and a 12 km rise of a 1unar Moho beneath Mare Serenitatis to account
for the observed gravity anomalies., The top of the mantle dome or plug is
placed at 60 km depth to match observed seismic velocity structure. This
mascon structure has an anomalous gravity field that is in good agreement
with anomalies observed at several heights above Mare Serenitatis. The
surface loading for this structure is only 630 kg/cm3, less than that for
previously proposed single body solutions, thus lowering the strength of
the lunar crust required to support the super-isostatic mare fill.

Dr., J.E. FALIER asks what fundamental difference is between the Earth
and the Moon such that no mascons exist (are left) on Earth.

It is answered that the 1lithosphere on the Rarth is much thinner
(70 - 150 km thick) than that on the Moon (about 1000 km thick). The
Earth cannot support (because of the thin 1ithosphere) a statlc load
of 600 kg/cm3 which is aspproximately the load represented by the mascons,
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TNTERPOLATION OF GRAVITY VALUES
and
THE BOUNDARY VALUE PROBLEM OF GECDESY

During the session presided over by Prof, U.A. UOTIIA on
Wednesday morning Lth September, 3 papers were presented.

Mr., C.C. TSCHERNING reports on 2 Application of Collocation
E ]

for the Planning of Gravity Surveys.

Least squares collocation can be used %o determine the
density of a gravity survey, when the object of the survey is

1, To produce 2 (free—air) gravity map, SO that point gravity values can be
interpolated with a standard error of + Xy mGal,

o, To interpolate deflections of the vertical with a standard error of
i.xg are sec, between astronomical stations 7 km apart,

%, To compute an upward continuation ofa pant gravity emomaly to a height
of 7 meters with a standard error of + X= mGal,

4, To compute mean gravity anomalies of bloctk size Z degrees with a standard
error of + X) mGal,

5., To obtain a (local) gravimetric geoid with a standard error of i.X5 .

6. ToXcomgute density anomalies at a depth of Z km with a standard error of
+ Lg g/em.

Dr. V. VYSKOCIL makes the following remark :

The gravity field is a time-space field existing during the long
geological history of the Earth. We know only our pealisation of it in the
present time.

The random field may be defined as a setl of realisations correspon-
ding to the points of the geological time scale,

Then, Dr. V. VYSKOCIL presents a paper : Comments on the Statistical

Analysis of Gravity Anomalies.

In statistical analyses of gravity anomalies the mathematical
apparatus of homogeneous and ergodic random processes is usually applied.
The assumptions of homogeneity and ergodicity are introduced as working
hypotheses 3 their validity in the case€ of the anomalous gravity field has
not been verified, Moreover, the gravity data are mostly available only in
1imited areas. Under these conditions the computed mean values and covariance
functions cannot be considered to be statistical characteristics in the
meaning of the exact probabilistic theory of the homogeneous vandom fields.

£ mne definitive text will be published later in a Bulletin Géodésique.



The obtained results indicate, that the values of the statistical
characteristics of the anomalous gravity field depend on the dimensions and
geological nature of the given areas. The correlation analysis carried out
in Czechoslovakia has proved the different properties of gravity anomalies
and the different relations petween them and the deep structure of the
Earth's crust in the Bohemian Massif and in the Carpathians.

In geophysical interpretations the assumption of global homogeneity
of the anomalous gravity f£ield seems to be useless. On the contrary, it is
expedient to mark out the variety of geophysical and geological properties
of crustal blocks. Some possibilities of using the moving average and
other moving statistical characteristics and a general procedure of eor=
relation analysis of a system of geophysical fields, in which one can take
into account both the real initial conditions and the purpose of the solved
problem in every actual case, are outlined in the paper.

At the end, Prof. G.P. WOOLILARD speaks on 3 Gravity Data and
Crustal Parameters. (See topie XIII, p.I-106).

<

On Wednesday afternoon Prof. E.TENGSTROM reports on 3
The Boundary Value Problem of Geodesy. (See next page).

Prof. W. TORGE mentions the transportable photographic zenith
tube developed in Hannover, as another possibility to determine astronomic
latitude and longitude. The prototype now being in field test, gives an
accuracy of about i_0?5, depending on road and wheather conditions ; some
stations can be observed in one night.
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Note : On this subject, we can mention the following publication :

Mascons and Lunar Gravity, J.R. BOOKER, R.L. KOVACH & L. LU,
J. Geophys. Res., V.75, n°%2, p.6558-6564, Nov. 1970.

The mascon in a 1unar ringed mare is approximately proportional
to the area of the mare material in the basin. This relationship is consis-
tent with the hypothesis that the lunar mascons are produced by dense plugs
in the marila, and it means that the maximum thickness of the uncompensated
rock is the same for all maria. The relationship also predicts the presence
of mascons in other ringed lunar structures, such as Maria Orientale and
Smythii, which are consistent with satellite Doppler data. The relative
masses of the known and predicted mascons accurately predict the moon's
dynamical asymmetry without any large mascons on the lunar farside.
However, reconciliation of the absolute differences between the lunar
moments of inertia with satellite accelerationﬁdirectly above the maria
requires mascons puried deeper than 250 km, Such deeply buried mascons
seem unlikely. It therefore also seems unlikely that the differences in
the lunar moments of inertla are completely due to the mascons, However,

a converse relationship cannot be ruled out. Examinatlion of the degree
variances of harmonic analyses of lunar gravity peveals a gentle peak near
degree 10, This peak 1s predicted by the spacing of the two largest mascons,
Imbrium and Serenitiatis.
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The EBtvis tensor, and its imoordance Tor

the dgtailed mapping of +he gravity fileld
near the Earth’s surfacs, and for gefining
5 suitable level surfacs for solying the

edsrnal BV-problem of Cendesy 83 & unious
Nexmmann-problem.

Eric VERMAAT & Erie PENGSTROM
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T+ has three inveriants with regpsct o coordinatetrengletions and
rotations, namsly Iy {(trecs = wgg W

o

n

and 13 (sum of the sub-determinants of the slamnts in the wain dla-
gonal). It describes the change of the gravity vecter & {d8) in the
directicn dr, sccording to

+ wch I, {(deteminant of Wil ,

Lidgr = @8 , (2)

Tn {4} € , n » £ dencte rectangulst coardinates in the local astro-
nomicsl systam (£ Horth, 0 East, ¢ Nadir} of an chssrwation-station Po

The value of the vector G is denoted 8. So, -,,E w&n ig the charge
of plurb-line direction covponent in £- axis along n or, which is
the sams, . the change of the plurb-line direction porponent in n- axis

along € o

% WEE iz the change o-F plmb-line direction corponent in &~ axis
along € =

% wm 32 the change of plurb-lins direction corponent in o~ axis
along o . ’

These components of Edbtvis’ tensor, which nesd torsion-balance -
and gradionster-cbservetions tc be determined are of importance, if



we like to study dG in an arbitrary dirsction dr.

The purpose of this psper is, howaver, to show, that =~ when knowing
+he astroncmical latitude and iongitude from mescurements at sach
chservetion station P, or interpolated by soms differential method

e.z. the Russian way of differential polarisaticn information), the
detailed gravity (end gravitationsl) fislc heneath an equinotantial
surfece of gravity, not touching the Earth's surfacs, it will be
possible to use only threodimensicnal gradiomsters, measuring atb
43fforent heights of ths straight line, equal to the tangent of ths
piurk-line at P. In this case, the only information at P and &t the
mezsuring points above P is the O -information fromal .

We know, that gradiameters exist, measuring grad G on the ground
ard in the air. Their accuracy should correspond to messuring the
compenents of grad 6 to within some tenths of an FE3tvBs (0,01 mgallkml.

The O -information ot the P:s and along aferementlioned straight

1ines makes it possible to map ths gravity veoter G nsar the Earth’s

curface in detail, say up to a level surface of gravity {87}, not
touching this surface anwhere. This level surface, the coordinates
of which can be determined in a geccentric coordinets systen (see balowl,
iz a boundary along «hich -g%i (rormal derivative of grovitational
gotential v ) will be known. To detarming the external grevitational
£icld, we have only to solve the Keumann integrel squztion for the
deneity of a single layer. The solution is unicue and has all corrsct

proparties in infindty.

wher Stokss® chose the Gecid as referencs surfarce for determining
the axternal gravitational #iald, he did not know, thst inetrumentsl
techniquea in the futurs would bs ghle to trensfer maasurgrents of
gravity upwards. So hs hed to trust an approximation {sccepted denslty
of topography and acespted veluss oF the vertical gredient of ngw)
to reach the Geoid.

Now we have tools for making the upeard trsnefer before we start
#n solve the gesdetic Boundary Value Problem, at the sans time sscuring
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a detailed mapping of the gravity {gravitetional} field near ths sur-

face of the Earth.

Professor Marussi has told ug,
ths equation

s = &

is essential, which presupposes tha
. of ‘the E8tvds tensor .

The general theory of this trestment of

that - for izst-mentioned studies -

kriowledge of all the companants

the problem of studying

the Earth's gravity field is beautifully outlined in his treatise
*Foncamenti di Geodesia Intrinseca®, 1951, which represents an import-
ant step in Geodetic Research history toward a better understanding
of the intimsts relation between gecmetrical and physical gecdesy.

Therefore in general cases both &3 - and © -informations from

() avs needsed.

With three-dimensional gradicmeters and torsionbslancies, this
might be achisved, Betause the gredicmsters give the components of

3G .
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and the informstion O is given by
in the following ways

ww and W p oS meaﬁur?d by tha
We also have: 2 a0
T = 7 @ e
w*m ¥ "'&i < 14
and W ™ e ™ W

which eguations detexrmine wgg and grm .
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gredicneters and tors iopbaliancles

conventional torsionbalancs.

{ace. to the I;-properties and
the gradimeter-msult);

{torsion-balance by definition) ,



The mapping
syrface of W (87
potential of ths

The following squations (supposing convergent
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¢ and longitude » (E.0r.) &t P. See figure 1ie
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£ we woite H .~ 0oz wAih =l at 87, angd AT constant, instead

o

of H op”? {37 and ii? will wap phracdivensionally W arct B manaatn B

down to the surfass F of tha Earth, taking .. P8 with constant
slhoose) , &4 o The rhreadimensional grid of . & with the coordinates
Ap, ép pr.. - e ALOT eorresponding X ¥.2a &éem, that we ¢o not '
.uyse intrinesic coordinates for the grid, but express the scelar Field

W (x,y,z), and the vecter fisld & {x,y,7} se smace-funciions in the
accapted global soordinate-systen X,¥.2 5 e axis of which are rarailel
tp those of the gencentric ong. Ang this is done Dy philizing tha
pesults of gravity maasurerants c’spg gral G;:;» sto. arg astronomical

paasurenents Ag, % at F.

The components of grad & o are the EStvis’ tenaoralensnts 'ﬁ‘gz »
¥ - and iié“ . which now-a-days o20 be messurad by threedl g ional
gradionsters on the ground at P o along ngi» 1m gip-mrefts, The
curvature slevents “‘é:v;s, p k’ﬁ 5 ? iégﬁ are nob nesded in this Type of
mapning.

The Tevior expensions in (3% might for waxlmal height, of say
10 tqn, Do divergent, Fiyim at 8o smll pr-irgervais, that we ara
certain of linmar changss of the gradisat-czm@m@ts in the £, u, ©

system, such & feilure should be esciuded,

The three-dimensicmal mepping of the space nlose to the Barth's
surface, performed by moseuraents on tha ground, sod In this space
ahould be of grestsr inpuztonce for shbarking the problen of otaining
possible solutions for the subsurfese denaity mapping than suryasnes
measuranents of G and denbtful computetions of itz derivabives, which

is the procedurs in Seonhyaics.



We have W = V ¢ ¢ , wherg ¥ iz tha g&!\j*ué»*»ﬁdi mots
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where £ is the gravitational force vertor, o the centrirugs

vector,

From Gauss'® thaorem of the relation between Phe voliy
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we get for the rotating Earth with
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%*iara V- ig the fotel volune ingide 7. Introducing the coordingtes

d o - o &
X2 Y ‘F & peint, which would be tg masscenter of 87, if §7 was
filla:’- vllt’" matter of constant aorqz‘:;;,, rhe volume integrals in {(6b)

can ha writien x V‘,‘ y V7, z

rmmeonirl e oo Aot ae fy™ a7 <3
pEaoEnti e CoorIinates ¥ . Y. g

he o Ve -
rn S°, and the boundary of tha Neswmsnn-pr blsr is knoen

Caluticn of the heumann BV-problem,

hefine, as usual e single layer gravitetional potential
g5, f{sse fig. 23 , {7}

which is velig sverywhere Toutaide §%. p iz then determined by the

selubion of the integral cguation
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Te be able to work with small gquantit iab, ‘wa introduce a “disturd-
ing™ potentisl

= - = \/
T=y e. V- VM 2

ey and \!ﬁ baing values for an accepted rodal, which is not too different
in potentizl and gravitational properties Ffron the real Earbh. and also
a disturbance vector 4 = 5~ L ® £« X«
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' = { \ e <
With T Au ‘5;‘ ) - dug, | (72)
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and only for this reason,
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the Eric Yermaat. Nelft, working at wy ingtitute in Upnsaia EEVErRl

g dn et S o
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iple for the short and glegant derivations of most
ghove. My own suggestions to him wers not oresented in & vern glegant

forme I owe Exic a great gratituds for his iptgrest in my idea and for
his snergetic and devoted work, in carryving it out i cotalls. I &0

siso very grateful %o Prefesaor Koch, vho inspired re to fres myssld
from new and uselsss givings into refingments of the fres houndary

value aolution.

Fuck more has, howaver, to be donz to make Koch's original idess

ard Eric's and my Gan caveloprents us s-le for practical ¥eO08SY.

Ve have certainly enother starting point than the geoow ists ©
1ast century, end we have to face and take ahsantsge af the enorIous
develammants of geodstic technigues of our own certury. alsc when
troating theoretical problems and in toving te find prachicel

salutions to them.
Uppsala 28.8 974

Erik Tengstvdm
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Sugrmary of and appendix To
Vermaat-Tengstrim's pansr
"The EdtvBs’ tensor ebc’s {B.V. partl.

Each measured _gp on the Eerth’s surface with soordinates % oY, @,zp,
give & % on §° with coordinates xﬁo,ypquﬁ scc. to (4) by means of
known or measured quantities at P {and sbove). The volums inside 87
is then

z . 2 2

e g 3 2
V 3 rg,do ,pénererpcegp.,*yp;*zp, s

g

do being the spaceza%le differential. With V7 kaown from ths trens-
Ferred coordinates, k M7 and xo,yé,zo of the masscanter ere determinad
by (Sa} and (Ba} 28 followss ‘

Aak2M® = G p,cis‘ » 202V° : {8a}

{ IG Jda® v 3t e X oo Gg,ds‘

"0.} P b
M .
. 3@3{{{%@1 s ©tCo _ (Ba)
V)
£
where - i xidvi--:—g§ 'xp..vgdq»;'ﬁv*
§ g

After translating the coordinatesysten to 8 geocentric one, {7} and (8)
solve the B.V.-problems ’



Using & modsl E” which has same k2M° and same volure V7 ss S°, and
with W identical for both $° and £, the integral equation (8a) can alwsys
bs written with sufficient sccuracy:

f cos (&g » a3
86 . =C . -~ I_. = 2nsu(P) - ( 97 R e
Gp Gp I'p 2usu(P}) 55@ A} A

 Jg*
where P and U are ortogenal projections on B of P and §°, The solution

{ ﬁu(@}di
= s iz identical with the s ution

T
y
. AP)R e

of thg fres B.V.-problen from

p P

cos{iss ,» 0
& =G . - i‘p.ﬂ Zrin(P) - 1{[ AP‘*‘ 'p) -
4 3!’

.or the solution of Bjerhamar - Zagrab'fn 8 ellipsoidal re-?e:%nce
problem with the basic boundary equstion

3T
E ) o ® (-n—. ) - A@
ong-"® fp g P Tp P

The modslpropartiss are given from
(e 8%1: aé,,ﬁ - a) 3 Kk given by [Sa)
and the Somiglisna formula for the exterral potsntial of B,

Gbsarve, that here, the slopes of S° o E° are negligeble contrary
to the F-cass, whers they are also indetermineta.
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SATELLIT E S

The first meeting on Thursday morning 5th September, wWas presided

over by Prof. R.H., BAPP.
o) peports on various topics are presented 3 by Prof. R.H. RAPP,

Prof. R.3. MATHER and prof. D.B. DelRA.

prof. R.H. RAPP speaks on ¢ Gravity Anomaly Data from Satellite

Observations - Present and Fusure Results, .

In the first part he deals with gravity anomalies derived from

the SAO standard Barth III and the Goddard Earth Models 5 and 6. These

" anomalies are compared to well determined terrestrial anomalies in 15°,
10° and 5° equal area bloeks., From this analysis an accuracy assessment
of these solutions 1s made.

In the sesond part he deals with results for gravity anomaly
determination that may be made from satellite to satellite tpracking data,
altimeter data, and gravity gradiometer data. The accuracy of anomalies
derived from such data for various size blocks and for various observation
gonfigurations is discussed. =

Prof. R.S. MATHER presents 2 paper : Sea Surface Topography from

gatellite Altimetry - Requirements for Surfase Gravity Data.
(See p.I-86).

After this report, some remarks are made by the Delegates,
especially, M.C.C. TSCHERNING points out that in most countries there
is no correction between the first order levelling networks and the
levelling used to determine the height of the gravity stations. S0 it
will in fact be very difficult in practice to get valid geopotential
height for the gravity stations as required acocording to R.S. MATHER's
presentation.

prof. D.B. DeBRA reports on @ A Satellite preed of all but

Gravitational Forces 3 wrRTAD I".

The abstract and some pages of this report are published hereafter
(See p. 1-93).

® The complete -text will be published in Zeitschrift PUr Vermessungswesen,
1975.



SEA SURFACE TOPOGRAPHY FRCM SATELLITE ALTIMETRY - REQUIREHENTS FOR SURFAZE GRAVITY DATA

R.S. Mzther
The University of Hew South Hales
Sydmey, Australia

ABSTRALT

Mational Aercnautics & Space Administration (MASA) plans to launch & series of spacecraft
equipped with alzimeters for renging to the ocesn surface, as part of Tts Earch and
Ocaan Physics Applications Program (EOPAPY. The flrst of these spacecraft 15 due for
launch a2t tha end of 1974, One of the gozls of this program is the resolution of
quasi~staticnary sea surface topegraphy.

it would appear that the separation of effects uthar than aon-tidsl Mawtonian gravitation
acting on the ocesn surfste using solutions of the gendatic boundary value problem,
cannot be achicved withoutr the use of gravity measurements of adsguate accuracy cn

lend and on the continantal margins. This gravity dete will have 1o satisfy certain
stringent raguirements on a cicbal basis if wnacceptabie lewsls of systematic error

in the computed values are to %o be avolded.

The dominant requivements to be met by the gravlty control setworks ere the followiag:

1} The spacing of starioms cauprising the global gravity standardization network
shoutd be zpproximately 0% lan in continantal aress, the grevitv values having
hear e¢steblished with a resaiutisn epproaching £ 108 uGal ond exhibiting nc
“error correlatlon of significance between values at adjocent staticas.

2} Regional gravity control netwecks should be eszahiished using techniques which
wit! not inzroduce correlated errors at levels sianificantiv above those given
at 1) avove, though larger magnitudes of pursiy sccidental error are rolsrabls.

Froe air anomaiies as conventicnally used, zre inadsquate for the task ocutlined shovs.
The gravity anomsly reguirea for this purpose stouid be computed from geopotantial
differences wizh respect to the datum for geodstic levelling. As the latter are not
necessar; by coincident with the geoid {the equipotentizl surface of ths £arth's gravity
field corresponding ¢o the mean value of msan sse level for the epoch of dstermination),
‘ it is essential thaot compurer Files of gravity data to be used for this purpose, should
contain reference to the ses jevel datum to which the levelliling data Is linked,

tt will be difficult to derermine the guasl-stationery sea surface topcgraphy with any
degree of confidence uniess 2li national orgaizations snd/or gicbal gravity data banks
providing gravity informarion for geodetic purposss, were to correctly ldentify and
describe the i_cvciling datum when pr.?viding sujtably “clean' gravity data.

s



1. IHTRODUCTION

in the next decade, the Unized States Sovernment's Nations! Aeronautics & Spase Bdminizeration {HASA)
plans to. launch 2 series of zateliites souipped with sitimeters for ranglag te the osfean surface, a3
sart of 1ts Earth and fesan Physics Applications Progres (EnpaP)  (RASS 1972; VONEBUM 1974}, A part of
this affort will bs divected towards the syneptic monitering of the iastantanedus incation of the

ocesn surface ang iT3 variations with tims. aparz from providing information on the nrature of tides
in the open oceans, 1T is noped that the successful achievament of EOPAP obisczives will give vaiuable
information which could provide 8 battar undsrstanding of ocesn circulation. Frosent sotions of this
phenomanon are largsiy based on temerature and salinlty msacurenents 2s well as current determinations
of the ocsans and attendant infareaces ea the basis of modele commonly azdopred in physical ocsanography.

Unfortunately the guasi-stationary sed surface topography laferred from these concepts provide a
sicture of the oceans which disagrees with that affarded by the conneczion of tide gauges to géa&e:ic
jevetling networks, The digsrepancies are jargely in the north-south direction §e.g., see MATHER
1972¢,Appendices 1 £ 2 for aa up~to-date summary). While these discrepancies may be coastreed as
either coastal aberrationrs of the srincisles of physical oceancgraphy on the one hand, or soms
hitherto unrecognized source of systematic error in geodetic levelling on the other, the correlation
with latigude is too commonplace O ignore. Satellite altimetvy providés 2 potentlal source of

independent data which could well give the scientific conmunity fresh insights Inte the problem.

The altimetey can provide useful information only if carried out under carefully controlled conditions.
The magnizude of the stationary sea surface topography is notl expected to exceed 32 M. This calls
for a precision approaching 210 om tn the spatial definition of the Rewtonian gravicational offects to
which the undigsturbed sea suvface 13 expected to raspond, in the ahsence of periodic tide-producing

fForges, steric effects and ether non-gravitalional conssquences.

Two types of dats which contain information about Newtonlan gravitational effects ars surface grevity
determinations and elevationr of the ocemn chove the refevence murfave Geduced from satellite altimetry.
The requires determination couid be obtained from surface gravity dats slons fMATHER 1973a) provided

2 global sampiing of ihe curface gqravivy Fieid wers svailable with an error of represeitation at the

23 mGs) level {eguivalest 1o 3 10 im grid ip ron-mowmtainous regions}.  This gravity coverage is
untikely to pe achived within the times-Frame of EOPAF (i.e., before 192867 .

The prognosis for the achievarent of sdequate coversgs in oceanic aress using 3ateiline altimetry

with 2 precision which is anpropriste for the definition of gussi~stationary sed surface topography

is by no means pessimistic. The 1= & low energy modc altimetry aupectes from the GECS-L mission,
due 2o commence in late~15TH, ¢ obtaiasd under conditions of appropeiate tracking, has the potential
to define the stationary Newtonian aravizational effects on the aceen surface to 1~2 m (MATHER 197ka).
The date colliected under condlitions of adegusts trackier by e2a alitimeter wizh the capability spacified
for the SEASAT wission due o commence in 1978, has the putenzial o resulve guasi-stationary sea
surface topogrephy with wavelengtins greater thed 160 k. 1g is guestionable whether shorter wavelengths
are of any significance in Ihe syationsry sense due te 8 variety of iocal effects.

The zbowe statements are pased o0 2 Sormuistion of the solucion of the geodetic boundary value problem



<o that the following types of input data could be accommodated:
a) gravity encmalles In continental end chalf areas; and
b) “gecid helghts" from sarellite altimetry in ocesn areas.

The object of this presentation Vs to review the reguirements ta be mer by the gravity data waasured
st the surfzce of the Earth, and & be used in gquadratures evaivations of the gendetic boundary value
prabiem for the determination of quasi-stationary zed surfacs topogruphy.

2. SURFACE GRAVITY DATR REQUIRTHENTS

Gravity measuremsnis aro ysed in the solutiom &% the gecdetic bowmnaary value probiem in the form of
gravity anomalles. These differ from free air snomslies by swall amounts which are, nevertheless,
significant in ths zontext of high asreclsion geodetic determivaticas. The strutture of gravigy
anomalies is described in Appendix 1, The gravity anoualy data chowid be in the form of an array
which represents continenta! and shelf areas {i.e., 40% of the Eartir's sucface srea) in the quadratures
evalutalons, the surface being divided inte eiements a3 mentionsd in section 1. The dominant probiem
which has to be overcome in achieving & successful quadratures evaluation, is the control of systematic
errors of long wavelength in the data array. The major sourees of systematic errcr can ba asséssed
to be the follawing (MATHER 19732,5-68) :

1} Errors in the global gravity standardization petwork used to calibrate the lnstruments‘used in

regional gravity surveys.
2} Errors in the geopotential negwork used in computing the gravity anomalles.
3j Errors arising from the use of regional geodetic co-ordinates ips:ea& of geocantric

co~ordinates in the computation of normal gravity.

While the power in the giobal representation of gravity anomalies znd geo‘s& heignts are not simitarly
influsnced through terms of eguivalent wavelength, it could be stated that 8 pfet;ision of &5 am in the
ses surfaca topography would call for a precision of 250 us;'t in the gravity anomaly. 1, however,
the former is computed from the latter using quadratures msthods, this figure would only represent ong
foetor in assessing the extent of systematic ervor which could be tolerated in the data. ft does not
refer e the precizion with which individusl gravity anamalles in the giobal arcay should be established
for the fo!lowing reasan. Tne effect of an ercor e in the gravity znomaly data set which holds its
magnitude and sign over an {n°x ®®) area but behaves as &% aceidemsal error over the rest of the globe,
has on effect ¢, wp the quadratures evaiuation gf the ocesn geoid, given Dy the ineguallvy {1810}

e'(‘m) i K e(mﬁa” (n®x mo)ﬁ 1y,
where & [5 a constant, due to the kernel function being bounded berween well defined limits. The
smaller the extent Gver which the systematic error occurs, the larger the magn itude of the error
which can be tolerated before its effect on 2 quadratures evaluation exceeds the prescribed error
limit. Tous purely local errors characteristic of indlvidual gravity anamaly valuss can be retatively
iarge {e.g., 3 mGal for representation on & 10 kn grid in non~mountainaus regions for 5 om ocean geoid
determinations) provided the errovs of adjacent values wers not correlated over s:gnifiés.ﬁt wavelengths.

(] -
s

{n practical teres, this would @mean that low ordef leve!ling connections (£1-2 kGal o} to gravity
stations would not cause the result to deteriorate provided each determination were independent ly

1inked to a regional geodetic levelling network in which the systematis error progagat%én wece hald to



below the 0,18 kBsl m level. any firsz order geodetic jevel meveork should @eet this criterien in
rarms of internal consistency. This would, of course, mot necessarily zpply to the datim adopted For

STUME

£,

the level§iﬁ§.n@tw$rk. Dusdraturss evaluatlions, as commonly used, raguire that the levelll
211 1le on the seme sguipotential surface of the Earth's gravigy Tield ~ the gecic. The sffact of

this not being the case can b formulated (HATHER 19730},

By the same zoken, i1t is quite lmporient Lo snsure thet sampling of the gravity Fleid with ths

£3 mia} error of representation in tand areas s unblased in terms of the local capography .

The secandg most exactlag requirement physical gecdssists con moka on glavimetrisis is the asvailishrent
of global gravity standardization necworks which will szet the reguiremcnts of zes surface topoyraphy
determinations. tn bhroad Tenms, SLSSraTures evaluations for this purpose are tikely to reguire
standardizarlon networks with & density of ong station per 1P ke in continental arcas with errecs i
individual values being uncorrejated &t the 180 uGal level if 10 om rssalution Is 1o be achieved.

To the writer, [t would appear That the most promizimg way in which this goal can be reached withia The
¢ime-frame of the EOPAP program is by the use of transportable gravicy aeasuriag Iystens tike she

system modeled on the B.1.P.N. spparatus {SAKIMA 1973, uniess It is cleariy estall Tshed that the

mulgiple~gravimeter approach
al is capabie of the required prelision; and
) dozs not introduce intolerable systematic efror into the net.
o
A wider station spacing would require 2 proportionate increase ia the reseluticn of dzterwinations at

stations in the standardization network. Thic would still be acceptable if the guality of the

regcional connections did not result im a marked deterioration in the quality of the individusl graviny
values in terms of the criteria sel oul above. For axa#p!e, the establishment of gravizy values at
stariens in the fundamenial astwork with 2 resolution of 10 ptal would permit o reisxation ia ghe
sration spacing to approximately 5900 km. This would, of course, thesw z grester strain on The
regiona) networks Tike the Isoga}l network in Australia which would have to be carefully centrclied

+5 pasure that Systematic evror does nol occur with amplitudes of 100 uC}? and wavelengths of 2000

k.

on reflection, it would not only be decirable but alse well within the raaims of sracticsl possisilicy
va establish absolute gravity values using instruments similar to the Tronsporiable apparatus of the
Type to be marketed shartly in france, provided the systems are not rime consuming Lo operate. it s
envisaned that an ares 1ike Austraila {5% of the gicbatl land sres) will reguire gpproximately 15

SEAL IR it 1s not inconcievabie thet such 2 regional network couid well be establishad ia

approximately one year.

3. CONCLUSION
1t is not uareslistic to expect that the gravity data of adequate precision which is necsssary for

the reprasentation of tand and contine tal shelf arezs in quadratures evaluations of the gecdatic
P g

o
boundary value problem couls be assembied within the time-frame of EOPAP {i.e., in the next decads).

The first Is the collection of data to monitoe the motion of the gsocaalre
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Thic would make it pessible ¢ resoive the quasi-stationary 363 surface ropoaraphy to %10 e if
an appropriate effort i8 muds. '

it must be emphasized thzt this 9&31 cannot be schioved by the use of the gravity data banks
svajlable at present. n the First instance, the intéenationral Gravizy Standardizstion Network
[16SK71), pased largoly on gravimeder connections, has beos sssessed as having an atcuracy of

0.2 mGal (MORELLI ET AL 1971). it is mot clear what ethe sstimats of sysseralic esror in this
network'is. The technigques used oc not cule out the possible sxlstencs of greor correlation

with 2000 km wevelengths st the 0.1 mGa} leve! in continenIxl arsas. Secondly, what io requires
for the aquadratures evaluation 13 the gravity anowady zs d2fined by cquation 2w hopendlx I,

and not the fres air encmaly &g commonly used IT HILsEni. For this purpose, levoi.img informztion
should be retained and used in the form of geopoteniial Qlfierencas with rospest to the ievelling
datum, it can be shown that the lalter Zam pe chiculated with @ prasision adeguate for guadratures
evaluagions from observed gravity on & arid where the error af vapresentation is %3 wGad (10 ko

in non-mountaineus regicns}; gravity resdings are not RECESIYY &5 terminal senchmevks for this

purpose (HITCHELL 1972},

It is also extremely important that the datum of levelling e idencificd on 2tl gravity information
which 1s to be used in quadratures esalusticas, This would enasle the data to to correctiy Identified

when determining the staticnary se2 surface topograohy.

The basic reguirements to be mel by gravity data to be used in guadratures gvaluatrions of the geodetic
boundary value problem teading to evalustions of the glohal stationary se2 surface topography at the
10 cm level are summarized in Appendix 2. The purpose of this presentation is to make a plea to

all natlonal organizations minta;n‘mg gravity date banky, tO tolean up' their gravity data in the
manner described above so that gravity infor stion of adequete quality wil! be avaliable for the
representation of land and continental shelf areas for the guadratures evaluations outiined ezriier.
It is vircuelly irmpossible for arganizavicng not Lrwoived in the eclibration and assemdly oF the
grcvity data to be able o meks the appropricte correstions vhich woxld permit their use in suck
golutions with rescliution atb the 10 o level. This information, when combined with the satellite
altimetry data NASA plens to obtain from the GEQS-C and SEASAT missicns should provide & feasibls

basis for resolving the guasi-stationary sea surface topography.
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%, RPPENDIX 1

The Grauity Anowcly g at a poiat P at the surface of the Earth i35 glven by

b5 = g = ¥ -3.;-“{x¢f+m+§§§-zfs;ﬂ=¢+°{fa3} @,
wihere [ iz ohsarved gravity
Y is novmal gravizy computed To 50 uGal on the ellipsoid of referance
= suz:‘f‘fg - )
a,¥f are paramesers defining the refarence ellipsnid
Yo is ecquatorial nommal gravity
i s che anaular velocity of rotation of the Earth

&5 it the differance ia geopotential belween the general goint ¢ and the datom O for
the gendeiic leveiling, baing given bry

N o= - 1 gex {3},

dz being tre observaed increment in orthometric alevation.
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APPENDIX 2

Summcry of Requinements Lo be Met by Guavity Data for Use in Quadriatunes Evaluations of
the Geodetic Boundary Valfue Pacblem i Sea Sunface Topagraphy Vetpninations

Land and continental shelf areas 1o be represented by & grid of surface gravity maasurements
with an error of representation zaproaching %3 mGel {10 ke in non-mountsinous regions).
Values to be based on & consistent global gravity szandardization network with & sration
spacing of 10 km in continental areas and absolute errors held to jess than 100 uGal
without significant erfror correlation.

Gravity ancmalies tc be computed from geopotential diffarences with respect to levelling
datum {see Appendix 1}. The levelling datum used should be indicated for each

gravity anonaly required for the representation at i.
Normal gravity shouid be computed ¢rom geocentric and not regional gendetic co~ordinates.

The particulars defining the reiation of each levelling datum To m2an s2& level should be

maingained with all gravity anamaly data.

July T 1974
Syduey, Ausiralis



A SATELLITE FREED OF ALL BUT
CRAVITATIONAL FORCES: "TRIAD I

The Staff of the Space Deparitment of
The Johns Hopkins University
Applied Faysics Iaboratory

The Steff of the Guidance and Comtrol lsborsbary of
Stanford University

ABSTRACT
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Under the sponsorship of the U.S. Navy, we have collaborated in

the design of a "dreg free"” satellite; = satellite in which surface forces

(@rag and radistion pressure) are cancelled by jets.

The satellite was launched Into & polar orbit on September 2, 1972.

The surface-force cancellation system has performed faultlessly since launch.

The sabellite and ii2 in-orbit performance ave described.

Using tracking dats we have:

1. Shewn that the satellite folllows an orbit in which the none

gravitational disturbances are less than lO"llg.

2. Improved the AFL MK-5 geopotential model.

3. Shown, using telemetry data, that the biases in the external

forces balanced by the force-compensation system are less than

11

10" ""g along-orbit and approximetely '10°9g in the radial

direction.

L, Confirmed that the analyticel model of radiztion pressure 1s

correct both in the main and in detail [Ref. 4]. Because the

grag force at this altitude is much smaller than the radiation

pressure force, no similar statement can be made for the



atmospheric density medel [Ref. 6]. The strongest state-
ment we can meke is that the date does not give any

indication of & needed change to the density model.

JINTRODUCTION AND SUMMARY

As part of an on-going effart to improve navigation by satellite,
the U.S. Navy sponsored the experimental TRIAD satellite.

An important experiment aboard the satellite is e gisturbance
(or surface force) compensation gystem (p15c0os}® This system was first
proposed about 10 years é.go [Ret. 1] " Tne bésic idea is that & tiny sa.tei-

- 1ite is completely enclosed in & cavity of a larger satellite. The inner

satellite (or proof mass) is shielded from al) externel surface forces, drag

and radistion pressure. As a part of the Gesign it is necessazy:

1. To eliminste all possible force-interractions between the
two bodies,

2. To sense the relative displacement between the two, and

3. To use this displacement-signal to modify the motion of the
(cuter) satellite. As a result, the satellite ie constrained
to the arbit of the proof mass which is free of all external

surface forces.

If the control system and design were perfect, then the equations

of motion of the satellite would be jdentical with that of the proof wmass:

= uﬁU

4 1H

where U is the gravitational potential.

Z pn exploded view of the DISCOS as built is shown in Fig. 1.
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We sought, in the design, to limit depertures from this ldeal

=13
40 aceelerations of 10 —g. The largest error SOurees wers

a. +the mess-atiraction assymeiries betwesn the proof wags and
+he near-payts of the satellite, and

b. the electrical stbraction between the proof mass and the
capacitive pesition-sensing plates.

mhe seiellite Gesign was also infiusnced by errors Sue ©o:

c. megnetic gradient forces,
d. residual gas in the proof msss cevity, and

e. temperature gradients.

The setellite mass is 86.6 kg. It was launched in a "eollapsed”
configuration; roughly & cylinder 1.6 m high, 0.75 o dismeter,
In orbit, it expsnded into three bodies {= "PRIAZD"). The center body,
comtaining the DISCOS unit, is separated from the twe end bodies by 2.7 m

bocmss ° The top body contains the power supply vhile the lower

snit centains transmitter, receiver, telemetry, and entenna. This configur=-

aetion Wwas chosen

&. +to minimize the febrication problems associated with con-
trolling the mess-attraction essymetries on the proof mase, znd
b. to take advuntage of the gipplicity of gravity-gradient

stabilization.

4 small spinning wheel was ineluded to enforce a 3-exis stebilization rela-

tive to & locally level system of coordinates.



Tre proof mzss and cavity are shown below, scheastically but

to scale:

//\\‘

-
—

The proof masg, 22 mm in diameter, resides in 8 4C mmc éavi‘by. The proct
mass is a 70/30 gold~platinum 2lloy weighing 111 gms or 0.0013 of the
satellite mmzs. This slloy was chogen for its high; devs ity and neearly
‘zero magnetic susceptibility.

In orbit, the proof mzss freely "PIouts” in the cavity; its posi-
tion (relmative to the sevity) is sensed by a se:‘c of 3 capacitance bridges
(2 plates cn each of % orthogonel coordinate sxes). These three independent
pairs of signals ave used {(in & control loop) to turn on {and off) three
corresponding pairs of cold-gas jets. Simply put; 1f the satellite ap~
proaches one side of ine rowf wess then the thrusters {on the oppesite
side) accelerate the smbtelilte to restore the gap Symmeiry.

Tre thrust from ;L single Jet iz either o o cff. Only the on-off
~ medulation is changed by the nearness of the proof mess to the cavity w&u
Among other advartages, +nis scheme minimizes the velve-leekage aad relia~

bility problems.
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T+ was intended thaet the satelllte be placed in a near circuler
orbit (e = 0.0068) at an averege altitude of 87h wm (& = 1.1371). Because
of & malfunction of the lsunch-vehicle guilance, the actusl orbit has an
sverage altitude of 783 km (s = 1.1236) end the correct eccentricity. This
dsfference has had no significant effect on +he DISCCS experiment.

A feiluve in the satellite telemstry systenm, two months afier
launch, has drastically raduced the asrcnomy date of this particular exper~
iment -~ but neot before iis promise had besn shoin. The DISCOS uvnit hes
been on almost continuously since launch (7 wonths ) and comtinues Lo function

normelly.
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GEOPHYSICAL INTERFRETATION of GRAVITY DATA

'Special Study Group n® 5,11

General discussion in view of the newer
concepts of tectonic plates and the role
of the physical Geodesy in this connection

On Monday afternoon, 2nd September, Dr. S. SAXOV, Chairman of this
Special Study Group mekes a communication on this subject, pointing out
particularly the necessity to compare gravity results with other data,
geophysical or geological. (See p. I-100).

At the end of this session, Dr. T. HONKASALO adds a recent
information saying that : ¢

"In the International Symposium on Recent Crustal Movements in
Zurich, August 1974, a paper on : "Gravity and Temperature Anomalies in
the Wales of Drifting Continents"was presented by H.G. KAHIE.

This may be one such idea which should be considered™,

It is to be noted that during the 1.G.C. meeting, interest was
expressed for : . :

1) Gravitational interpretation of plate boundaries and structure ;

2) Geophysical prediction of gravity anomalies ;

3) Gravity and uplift / subsidence.

Special Study Group 11 will ineclude these points in its program,

TIn this topie, it is mentioned the report presented by
Prof. G.P. WOOLLARD on : Regional Changes in Gravity and thelr

Relation to Crustal Parameters.

We publish in this Bulletin only the abstract and some pages.
(see p.I-106). ‘
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Geophiysicai interprstation of Gravity Date

8. SKIOV

Special Study Group i1 iz concerned with Geophysical
Interpretation of gravity anomalies. The Study Group
was initiated by professor Heiskanen, who - as you
all know -had a special relationship to isostatic
problems. onfortunately, professor Heiskanen's illness
and his premature death prevented him from being
effective in the work of SSG 1i. Professor Honkasalo,
who was closely related to professor Heiskanen, then
very kindly took upon himself the task of SSG 11 also,
and in the following I am keeping very close to the
report presented by professor Honkasalo at the Xv

General Assembly in Moscow 1971.

"rhe purpose of this Study Group is to determine the
sizes, forms, densities and depths of the disturbing
masses in the earth's crust which have caused graﬁity
anomalies. All these quantities cannot be compared
solely on the basis of gravity anomalies. Other data,
geophysical or geological, is necessary. In some simple

cases the solution can be based on pure hypothesis®.

Let us consider for a moment the gravity anomalies.

We assume that the gravity measurements are carried out
correctly Qith respect to calibration factors and
reference values; that the geographical position is
correct and that the proper theoretical value has been
applied. The only parameter left in order to obtain an
anomaly is the density value. Depending on the purpose
and on the ancmaly type the density is chosen. It is

customary to apply 2.67 gr/cm3 at continents and 1.00

at oceans. But let us take 2 look at other groups
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working with gravimetry. In mining geophysics it is
psed to measure in & grid gystem, lines 40 to 80

metres apart, and s%aéi@ns 20 to 40 metres 2part;

+he grid system i of 2 limited size, which means that
+he interest is concentrated on Very 1ocal features.
Therefore, gravity influence from regional sources is
filtered. The residual anomaly cbtained is then studied
py model computation, but in these models the density
values applied are obtained from direct determinations
of samples and +he values are #éuaily different fiom

2.67 gr/cmB.

In oil geophysics the procedure i1s similar even i€
+he grid distance is somewhat larger, the jnterpretation,

however, 1is +he same.

in geological applied geophysics you may £ind detaile§
investigations which will then pe similar to the
prospecting onas; however, you may also £ind the
opposite situztion, namely an interest in the gross
features which means that you filter the iocal effects;
the further interpretation ig the same, ¥ou apply €0

your wmodel the density values you know from sampling.

Turning teo physical geodesy I wonder where . you have to
put the gecdetic ypteyxest. Is it in the very detailed
picture, e.g. in relation to the deflection of the
vertical, oxr to jocal crustal movements? Or is it in the
global picture; &.9- continents OT oceans? Furthexrmore.,
ig the density value of 2.67 gr/cm3 the value to be |

preferred.
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This last problem was discussed at the joint meeting
of S8G 11 aﬁd SSG 16 in Uppsala, Sweden, in tha be-
ginning of Hovember 1972. The meeting recommerded

that special attention should be paid to the guestion
of determining subsurface density distributions by new

measuring techniques and new theoretical approaches.

Prior to the Uppsala meeting I had made the first efforts
to establish a small working group which first of all
could consider the density problems. The group consists
of Dr. Gantar, Trieste; Professor Torge, Hannover;
Professor Honkasalo, Helsinki; Professor Tengstrom,
Uppsala, chairman §SG No. 16, and myself. It turned put
immediately that many difficulties would occur; |
firstly, most density values originate from geological
studies; the geological samples are not collected with
‘the'purpose to obtzain representative values for a certain
area; they represent usually special geoclogical occur=
rencess; seccndly,‘most samples available are surface
samples; thirdly, subsurface samples are cften on files
with oxl companies and prospecting companies and may

nct be released; fourthly, the distribution of éamples
ané especially subsurface samples 1s yery uneven; it

- may better be characterized as sporadic.
One, therefore, has to look for other possibilitzes.

It is-a wellknoan”fact that there exists & relation=-
ship between density and selsmic velocxty, in fact the
product of density and P as ‘well as S waves is described

by the elastic moduli. It is also 2 well-known fact that
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the elastic moduli increase in value with éegthg which
actually means that seismic velocities as well as
density increase with depth. Several investigations

have been carried out éuxing the last 20 years, especial-
1y foxr the conditions in sedimentary basins. One result
is that the density is not constant in a specific‘g30°
logical formation but will increase with depth. Another
result is that a plot density=-velocity gives a large
spread of points,and depending on the number of points
different functicns <an he worked out. However, the
trend of the lines is the same. Bven if we do not get

a definite value of density with depth we get valﬁes within
a small range. 2 further result is that Wollard in 1959
{and Drake & Nafe, also in 1959) concludes that for
sedimentary basins (including marine basins) & minimum
density of 2.74 gr/cm3 should be applied. For sediments
i+ has been customary to use values from 2.34 to 2.50
§r/cm3.

When we turn to the continental crust the number cf data a=
vailable is mere limited. wollard (1959) has for North
Aﬁerican‘data mainly estimated the mean densitf of the

continental crust to be in the range of 2.87 to 3.00
gr/cm3, L

In both cases the value is larger than the one used
traditionali§‘ wWhich value cxr values are we going to

apply in physical geodesy?
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Turning again to seismology and to seismics not much
support is to be obtained. From the long profiles with
deep seismic scundings we have inconsistencies; one
result is the establishment of low velocity c¢hannels.
Actually, that is contradictory to the seismic theory
which requests higher velocity with depth. With the

low velocity chamnels we are also getting low density
zones. That is well-~known from sedimentary basins, where
2echatein - rock salt -~ has a lower density and also a
lower velocity than the surxounéing geclogical formations.

Apparently, the phenomena also occur at iarger depths.

In the plate-tectonic—theory, we have plates moving, not
only horizentally, but also vertically, or maybe more
correctly at some inclination angle. However, iighter
material is going down, heavy material is coing up.

That gives rise to large problems in seismology, and

also in gravity.

Ir other words, we will have to obtain support from
other sources. One possibility is palaeomagnetic lnve-
stigations, but again the results so far have been

ambiguous.

I believe that we have to obtain information not only
from traditional seismology and seismics, but also from
free oscillations, deep magnetic soundings and magneto-
telluric. Further support may come from geothermics and
earth tides, and I also believe that gecchemical evidence

must be included.



phis is an enlargement of the problem as gsoch, and 1t
has given NO answer +o the guestion of dangity.

7 feel that we have to continve with the traditional
2.67 grjsm3 value and continue o apply more syscific
values when computing models. It is obvious that in
some cases we can deal with Free ALY arcmalies and then
avoid the density problem. However, a8 soon as we have
ro Geal with practical problems we have 1o apply one

or another density. Therafore, in xmy opinion the density

problem is the most urgant one for the Study Groupb.

It ig difficult, however, tO keep a restricted line of
geophysicai/geoéeticai policy in the study CGroup 11,
because problems connectad with geophysical interpreta~
tion of gravity anomalles are int&rconnscted with several
other problems in physical gecdesy, not oniy with Study
Group 16, and may give some overliapping. Revertheless

I feel that the density problem i3 of cutmost imporiance

and must be given special attention by SSG 1l

There are other problems aisoe to be dealt with e.9.
preéiétion of gravity anomalies, héwever, T pelieve that
firstly we have o deal with specific problems as plate
boundaries and areas of uplift/subsidence before we are
able to contribute satisfactorily to prediction. I have

only referred to two pages from 1959; in r&égst 7ears

more papers have occurred.

P A s s G €S RSB ST S T
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Regicnal Chanxes in Gravity and their Reiatior wo Crustal Farameters
G.E. HJ&JARD

sbstract

‘Dataz are presented that indtcate satellite-defined lomg wave
length free air gravity anomalies zorrsliate ﬁldeely with,overall'
long wave length changes in crustal and upper: mantle pzrzwsser
. values Both in comtinantal areas and 1n aceanic Areas. Botk
local and regional 3nﬁmaly values are shown to be rel&tad te tha
.mass cf ths crust a& éeﬁined By frs thi~knu$sAan& imyl ed*denaity
.28 daduccé from nezn c'nsle saiﬁmic v&lo:*tv valn&ss ané.t&a
‘density of the upper mantle 38 implied in the cEs&rv&é saisnic
velocity values. thre :kese values are Bigh tkera are positive
free aix‘ and iscs:a:ic gravi.ty ancmalies, and conversely wkeze
'they are lcw t&gre are unegative gzavity anomai*as. Aw iutag*a«
tiom of thﬁ resalting surfacs anamsly field as *egresented in
12° x 12°%: average vahnm to gi?e an equivalent areal representa’ion
to that em&odi&& in satellite anoma‘ies &erivad nsin” éegree :
31xteen coaff;cientx clcsely duplicatas the satellita—&cfina&
 free air asomaly field. &lchnug& thasa relaa‘ons do not- rule cct
a pcssiﬁl& nnderlying cause for t&g neaxr snrfscs ™RSS &istribn:xum |

hat alas inatuancas gravity, it is sﬁa&n tﬁat in t&g ﬁn&teé
.States at 1east valuaa of P are 1n opp@s&te sign 1343 the whnl&
._to changao 4o mastle. velocity and t&g &@tel;icc—&afigea fres alz

-

anomaly pgttern.‘
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¥esr Surface ﬁontr@i& of the Satellita«befiﬁeé'Gzavitg Pigld:

That there are zapparesnt correiations of the satellite-
defined gravitcy anomaly field with certzin classes of -geoleogic
features has been noted by ?ﬁficés invaestigabars (S%raﬁg@, §§éé§
Kaula, 1969, 1972; Talwani and LePichen, l%ég Yenazd, 19?3}°
~ That these :alatieaships are” aat aiga?s gcasis&ant gas gls@ geﬁeé
by these>invastigata:s. Eauls {1912}, for sxample, whoe hss aaés u"
the most'exteasive szedy of this Eypa, shaws that althoagh tbare
is a high degree of censzistency 4in the asscciaﬁion af satallite=
-éefine&’gravity anomaly “highs" with Cenczaic orogenic belts,.
mid-ocean sureading centars;‘and zones of crnstal glate caavergence,
these relations are not always found. The midnAtlantic Eidga,
for exanpie, which correlates well witﬁ 2 proaounced satellite—
defined gravity “high” iﬁ the northe”n hemisphere, has, &g shown
in Figure 1, zo expresszon in the satellite—&efined anomal§ £ield.
in the sou:hern hemisphgze.‘ Kaula €e explain tkasa iacaasisteacies‘_
concluded that th& auaaslies ara nat zelated go the surficial
geological expresaien BG much as to ﬁhe ﬁechanism t&at causad thsa,‘
and what&gr it i& still active -3 4 &Dfﬂ&&t*. He at:ributes zhs
anonmalies €0 un&e:lyiag verzical asthenospheric.flcw 0? agcaleraQE
tions OF decelerations in- ho:izcntsl asthenospheric fiaw with the
oxrigin® of the assaciated surfzee featn es being coasequsnt
products,af upwelling oF down flow in the astheuosphere and

jpduced crustal plate movenent.
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To date, Kaula's (1972) explavation for the more than_casual
association of satellite~defined gravity 2nomalies TO certain
classes of geologic features, and for the inccnsistencies noted.
is the most logicel and ¢onvincing one that has been proposed.

Bowever, theae‘is evmdance zleo of maae i‘equalitles having
long wave lengths sxmilar to those baﬁinaq by satellite datn whick
zappear €0 def gitaly nave theiyr ovigin in the earth’s auter-shell..

The evidence for this is the cs*re’a*icu oF lang vave lengtk
isostatic and free &iv anomal a3 def in&ﬁ &v suzface &a*a with -
satellite~definad gravity énomaly "highs" and'icws , and the’
relation of cvustal and upper mantle parametar values‘to isostatic

znomaly valiues and regiaaal (i“ x 1° averaged) free aix anoaallas.

Conclusion:

_ Althcggh»it is not poésible at this tiﬁe to ccﬁclﬁsively
demonstrate that theAsatellite-defined gravit? anomaly pattern
has.predominantly'a gshallow raiher than a deep saurce, sufficlent.
data do exist to suggest this is the case. As showﬁ, the
surface gravmty anomaly pattern can be accouate& for 1n large
measare by surz;ce and pear surface nass variatlons which axe
age—depen&en: on Both the continents aud in the ocean’ Easins._
Alse, zs shown, ags integration of the surface auomaly field to
an equivalent areal rep:esentation as defined by satellite data

and corresponding to 12° x 12° average valves of the snrface:

'data duplicates closely the satellite anomaly pattern. {5'
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1. TTRODEICION

e astwogetdetic gesid of irieed bes been well determined o the
pasis of 321 astyanis 1etituds and ionglituds doterodnations &g 201
astrenusical azimitn mesmurements in the eirat oTder riangelatios.
The first oxder tisngalation 4088 ot cover the whols soumtyy &8 & net
put ecnsists of cheins. Tne form of the geolid inside the chadpn 100pS
15 Yz soeeubel smsconrate. T gravity staticn net of 80 000 statichs
eovers ihe whacle comWy with & o apacing. Ying tis gravity weterisl
argd published Sate from e sarrounding USRS smg from the waole wordd
the gravimetric gesid hus beed determinsd with Stokes! formuls and
devintions of s verticel with the Teaing Medness formals for W61
points. These Lo1H & net of ecusl 10 b Spasing. The rvosulis have been
caapared With seirogeadstic nes.

This i3 & preliminery renort. A scaplets report w1ty he pukiished by
the Firmish Geodside Inetituos.

2. CRAVITE MATERIAL

2.1 Mesp free alr smemalies of 10 x 10 ¥ sguares oo Gensa-Koiiger
{trensverzal Maeentor) mep with 27° EG longitude =5 the femtral Meridien
in Finlend wers compated on ihe pazis of the ¢. 20 000 sravity stations
‘eland date sot yot pedlished). wplding the eorrelaticn sosflicient
wetween elevation aud prae sir momsly o © deration the mean
ancpaiies were compated 1o the mBen he_ig’m of the sgusre. The anomaly
Pe1d was geserlved with a Iaylo¥r polgmoaial of the inird dogree.
Tnis was sdfusted Wil e pethod ‘o leamt soueres to the cogerved
praviiy snomaly velues of the squave in question snd itz eight pelghbour-
ing &guAIes. Weiant one v coker For CLBETVOR assmelies &t less than
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Shnmtnecenmorthesquareandthswei@tformmmmding
stations inversely proportionsl to the sguave of the distance. Ths po-
iynomial was them integrated over e 10 x 16 Ym square snd divided
by its area. The steandard error of the mesn anomelies are in most
cases< 0.5 mGal.

2.2 Hean free alr anomalies of 1° x 1° sgueres outsids Finland at

5 £ @ & 8N
15° € A 6 m

published by the International Gravity Burean [3] completed by some
cruises in the North Atlantic and in the Aretic Ooean. The ACIC list
of 1° x 1° snamalies (1] end updeted andmalles by letter from

Dr. R.H. Rapp (_9} completed the fieid. The Arctic Oceen ares,
however, did remmin weak.

2.3 Mean free encmalies of 5° x 5° squares outside the above aree
sublished by the Tnternational Grevity Suress [ 2] .

3. COMPUTATIONS

Computation of the geold and the deviations of the vertical were
cerried out with a Univae 1108 computer in three phases. The influence
of the anomeliez insids Pinland were computed using 10 x 10 lom mean
encmelies. The geold height was ccawputed for every eentral point of
these squsres, thus for 3161 peints in Finlend. When computing the
deviations of the vertical with the Vening Melnesz formla the Taylor
polynaxisls of the nine squares nearest to the camputation point were
invegrated using epproximsted fumction ([ %}‘p.lal)e ‘

The 1° x 1° sguare mesn snomelies were then used for computing.
This was carried cut for points in geographical coordinates. From
these pointe the geoid height and deviation of the vertical were V
juterpolated for sil the 4161 points in question. The 10 x 10 km square
and 1° x 1% square boundaries did not agmewi‘theachot&aer. Though
itiseuytocmtetheinﬂameofthebm&nmms, this was
notdmesimcetbechanssfmmxmka:mmstoﬁzl‘ squares
caused much greater insscuracies to points near the state boundaries.
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A similer method was used for distant aress using 5° x 5° msan
free alr ancmalies {2} . e geoid on the internaticpal ellipsoid
1924, with flatiening 12207 is illustreted with the atiashad BED-

& ACCURACIES

*Ihesmé&ﬁsmrs%erealsocmtﬁéinthﬁephms. The infiuencs
of the distent sveas, the 5° x 5° meen sromalies, was +2.0 m for the
geoid end 0715 for the components of the deviation of the vertleal.
This estimation is obviocusly w0 optimistic. The correisiiin beotween
the estimated anomaliss could aot be taken intc consideration since
the meteriel used for computing the published mean spomalies was
unknown to the suthor. The same problem comeerns the 1° x 1° squere
mean encmalies. The stendard errors foraN very from C.35 to 0.42 m and
for &% emd &7 srom O%O7 to OF18 but these cen also be too
small.

The sm&mﬁemmcmﬁedbymemzmmmmwmiesm
10 most of the comtryAN £ 5 . Tne asouracy of &% and a7
varies & grest deal depending co the density of the graviiy field ia
the immediste surroundings.

5. COMEARISON WITH ASTROGECLETIC DETERIINATION OF N, % M‘Vg

A realistic estimation of stenderd errors of geold and govistions
. oftheverticalvariaﬁonsin?ini&ndgiv&sﬂy:c0mpar1son
of gravimetric geoid and the geoild
computed ¥ scstrogeocdetie 1evallingi6:§.
The grevimetric geold heights ware interpolated from the ecaputaticn ‘
points thé'\_tﬁan@zlatien stztions. After the mean astrogecdetle
geold was moved &nd tilted to the mean of the revimetric geold we
obtained the quadratic mean of differences &t 254 first order
tzvmngulation stations +19 cm. Agreement s good, MuT there are large
areas of positive or negalive giffercmoe. Touns the aistriution of
diPferences is not random. Tne change of N-gifference between of W
neighbouring stations 45 4n mosi eases £ 5 ea.

KOREONES {7)11&5@@@&*&&&?};@ eastrogeodeties
geoid inm Figlanid a8 8 Teygler polyno-
mial o 17 degrees,{l?@mowa)c & similar
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comparison with this and as was magde abpove with the geold computed
by astrogecdetie levelling gives +20 oo a5 e guadratic mean of =
201 differences. From the 321 astrogecdetic stations used by KORHONEN,
some on the islands and those now in the 3SSR, have not compared
because of the lacking grevity net sround these stations.

A third comparison was made with the estrogeocdetic
gecid of Finland computed by IACHAFELLE fel.

The quedretic mean of 20% differ=nces was 22 om.

The comperison with the observed astrogeogdetie deviations of
the vertical on £35 trisngulation staticos, after elimineiion of the
t41lting ifference of the geoids, gave the quadratic mean of aifferences
a.'i = +0773 andé"r +0%65. The intterpolation from couputed podnts
to the triengnlation points has increased the stendard rrore. The ace
curate gravimetric deviation of the veritieal ne;:dzx e éense gravily
station pet in the immediste surrouwndings of the station. Esviler
. eczputation of gravimetrie deviation of wervical for 21 stations véit.h
2 dense net in the lmmediste surroundings (6] gave the difference
+0%25. Interpolation for these same stétions now gave +0T48.
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LISTE des PUBLICATIONS

£ 561 - GOODACRE A.K., L.E. STEPHENS & R.V. COOPER - "A gravity survey ef
‘ the Scotian Shelf".
Earth Sci. Symposium on Offshore Eastern Canada, Geol, Surv, Can.,
Paper T1-23, p.241-252, 1973.
Earth Physies Branch, Contr. n°L46h4, Ottawa.

During the summer of 1970, 692 underwater gravity stations were
established on the Atlantic continental shelf of Canada. The areas
surveyed include the Laurentian Channel, Cabot Strait, and parts of
St. Pierre Bank and the Scotian Shelf. Stations were located on a
15 km grid and detailed profiles run across the Orpheus anomaly &and
across a diapiric structure northeast of Sable Island, During all
three cruises of CNAV SACKVILLE, standard marine Decca and radar
were used as primary navigation aids but tests were also made to
evaluate the accuracy of differential Omega navigation. The gravity
data are presented in the form of a Bouguer anomaly map. The anomalies
generally strike in an easterly direction across the continental shelf
and the dominant feature is the linear Orpheus anomaly which extends
250 km eastwards from Chedabucto Bay and is flanked to both north and
south by positive anomalies. The northern positive anomaly appears to
be related to Proterozole metavolecanic rocks with interspersed Devonian
basic intrusions. A broadnegative anomaly south of the Orpheus anomaly
is probably underlain by a Devonian granite batholith. Between Cape
Breton Island and the Miquelon Islands a broad positive anomaly area
appears to delineate the underwater extent of the Avalon Platform and

. in this area density variations within the pre-Carboniferous besement
are probably the primary source of variations in the gravity field,
Several gravity anomalies are distorted or terminate at one of both
margins of the Laurentian Channel ; this observation suggests that
deep-seated structure may have been a factor in the formation of the
Channel,

262 - QURESHY M.N. - "Relation of gravity to elevation, geology and
tectonies in India",
Proc. of the Second Symposium on Upper Mantle Project, Dec. 1970,
Hyderabad. Nat. Geophys. Res. Inst., Contr. n°71i-222, 23 p, 1970.

Bouguer anomaly map of India prepared from the data of 01l and
Neturel Gas Commission, Survey of India, Hawall Institute of Geophy-
sics and the National Geophysical Research Institute brings out ccr-
relation between near surface gerlogic variations and gravity anomalies,
It is thereby concluded that bulk of the variation in Bouguer anorgly
values can be sccountered for by isostatic effect and intra crustal
density variations.

% 1 es numéros font suite & ceux indiqués dans le Bull. Inf. N° 35,
Novembre 1974,
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The regression analyses of free-air, Bouguer, Prati-Hayford and
Airy-Heiskenen snomalies against elevation and the correlation of 1s08-
tatic anomelies with geology indlcate that isostatic equilibrium prevalls
in India, at least in a general way.

An approximate crustal thickness map prepared from Bouguer anomaly
and elevation data shows the crustal thickness to vary between 36 ard
L0 km over the bulk of the sub-continent., Higher values are obtained
over the Himalayas (40-80 km), Nilgiris (50 km), Eastern Ghattis (LL km)
and Western Ghats (40-50 km).

From the regression between crustal thickness and elevation, a
standard column for India is inferred which is presumed to have a sea
level thickness of 35 km, and an average density of 2,88 gm/em’ with
an underlying Upper Mantle having a density of 3,47 gm/em>.

DEFENSE MAPPING AGENCY, AEROSPACE CENTER - "Werld relatlve Gravity
Reference Network s IGSN 71". (North Ameriea, Asia, Australia, Africa,
West Indies, Central America, South Americe, Antarctica, Atlantic Ocean),
DeD Gravity Library, 223 p, St-Louis, 1973.

Enclosed is one copy of the new gravity reference base station
values for all volumes of Reference Publication N°25, "World Relative
Gravity Reference Network", previously forwarded to your Office during
the past three years. These new values are keyed to the IGSN 71 adopted
by the International Association of Geodesy inm 1971. All gravity data
requested from the DoD Gravity Library will now be keyed to IG3N 71.

TSCHERNING C.C. - "An Algol-Pregram for prediction of height anomalies,
gravity anomalies and deflectiens of the vertical®.
Geod. Inst. Rep. n°2, 40 p, Copenhagen, 1972.

REMMER 0. - "A stability investigation of leasi sqguares ad justment
by elements".
Geed, Inst., Med. n°49, 11 p, Copenhagen, 1973.

This paper deals with least squares adjustment by elements.

The classical treatment of this subject was fully developed already
in the last century by men like Gauss and Helmert.

Provided that the observations are normally distributed and that
the relative accuracy of the observations 1s known, the classical works
give us a beautiful and complete theory.

This object of the present investigation is the method of least
squares when these conditions are no longer fulfilled, Roughly speaking,
the approach to the problem is this : How rebust is the method of least
squares when we use non-normally distributed observations and a false
welght matrix or variance matrix, (A more stringent formulation of the
approach to the problem is given in Chepters II and ITI) o.o

KAARTAINEN J. - "Uber die 50-M lange Rehrlibelle zur Untersuchung der
Neigung der Erdkruste”.
Finnish Geod. Inst., Rep. n°® ISBN 951-711-002-2, 26 p, Helsinki, 1973,
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568 - HYTONEN E. - "Absolute gravity measurement with long wire pendulum".
Finnish Geod. Inst., Pub. n°75, 146 p, Helsinki, 1972.

269 - KAHMEN H. - "Untersuchung von analogen und digitalen Phasenmessystemen
in der elektrooptischen Entfernungsmessung'.

D.G.K., Reihe C : Dissert., H. n°186, 68 S, Munchen, 1973.

270 - KOLBL 0. - "Kombinierte Auswertung von Satelliten und ILufbildern fUr
die topographische Kartierung".

D.G.K., Reihe C : Dissert., H. n°188, 118 S, Munchen, 1973.

"combined restitution of aerial and satellite photographs for

topographic mapping".

It is shown how topographic mapping especially for the needs of develop-
ping countries can be rationalized by the inecorporation of satellite
photographs. The considerations are mainly concerned in map scales
between 1:50.000 and 1:100.000.

The satellite photographs are used both for bridging and for supplying
the geometric information for topographic mapping. For topographic
photo-interpretation aerial photographs are used with plcture scales
between 1:50.000 and 1:100.000.

A mosaic of rectified satellite photographs represents the first stage
of a photo-map, although there are only a few topographic details which
can be interpreted in this "map". Only by the use of aerial photographs
and by careful coordination with the satellite photographs, sufficient
tepographic interpretation is possible. This controled mosaic of aerial
photographs can serve as a base for further cartographic amendments or
for the derivations of a line map.

As satellite-photographs in the proposed scales can not be used to
supply adequate height control for a topographic map non-photogrammetric
survey methods have to be incorporated for instance statoscope and elec-
tronic altitude measurement(laser altimeter). Plotting of reliable
contour lines can be achieved with such heigh control.

271 - GRAFAREND E. & N. WECK - "Pagung Freie Randwertaufgaben".
Mit. Inst. Theor. Geod. Univ. Bonn, n°4, 84 8, 1972.

a) KOCH K.R. - "Method of integral equations for the geodetlc boundary
value problem".
p. 38-48.

The geodetic boundary value problem, i.e., the determination of the
shape of the Earth and its gravitational field from gravity anomalies,
is investigated using the method of integral equations. To derive the
integral equations, an approximate surface of the Earth, the tellurocid,
as boundary and boundary values with an accuracy of the order of the
flattening of the Earth are assumed to be known. The resulting integral
equation is known as Molodensky's basic integral equation. It is shown
in contrast to Molodensky's results that the conditions of the existence
of solutions of the basic integral equation can only be given for a
poundary which is a sphere, i.e., for an Earth without topography.
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TAURITZEN S.L. - "On the stochastic approach to the determination of
the gravity potential”.
p. 50-59.

It is well-known among geodesists, that it is possible to use
statistical methods to determine the potential of the Earth.

Kaula (1959) itried to use time-series analysis technigues on
gravity measurements and determined an estimate of tThe covariance
function of gravity anomalies.

Krarup (1969) showed how to use a covariance function for the potential
to derive covariances beltween other linear functionals, so that it
became possible to use. e.g., gravity anomalies and deflections of the
vertical simultaneously.

A sufficiently precise mathematical model was never made. The guess
on the uncertainty of the by Kaula determined covariance function was
‘founded only on heuristic arguments,

The present lecture summarizes a paper o appear in the publications
of the Danish Geodetic Institute, trying to formulate a precise model and
prove, that the uncertainty of the covariance function is too large even
if the potential of the Earth happened to he completely known.

GRAFAREND E. - "Die freie geoditische Randwertaufgabe und das Problem

der Integrationsfliche innerhalb der Integralgleichungsmethode".

8. 60-66.

10 propositions (P) collect the typical features of the geodetic
boundary value problem. (GBVP)

P. 1 : The GBVP is not a classical BVP, but a free, oblique BVP of
the LAPLACE-POISSON equation.

P.2,3 3 The natural or astronomical coordinate system is anholonomic,
The gravity g is the basie integrating factor within PFAFFian
forms to find holonomic coordinates.

P. 4 : Assuming the given gravity g or gravity disturbance‘ﬁgg on the
known Earth surface, the BVP is of CARTAN - GIRAUD type.

P.5,6 3 But knowing instead of the real gravity g only the approximative
normal gravity‘?", the ?‘~ holonomic coordinates give not the
real Earth figure. Their approximative surface differs by lon-
gitude, latitude, and height anomalies from the real surface,
The anomalies are found from the geometro-dynamical equation, a
generalisation of BRUNS' formula.

P. 7 : The geometro-dynamical equation is the necessary and sufficient
condition to solve the GBVP.

P.8,9 : Within the integral equation method for solving BVP the typical
problem for a free BVP is the missing a priori information of
the integration surface which has to be determined within the
solving procedure. The integration surface is via the geometro-
dynamical equation dependent of the potential.

P. 10 : Therefore, the integral equation solving the GBVP with singular
surface density is.of HAMMERSTEIN nonlinear type.

CHBJNICKLI T. - "Ein Verfahren zur Erdgezeitensnalyse in Anlehnung and
das Prinzip der kleinsten Quadrate”.
Mit. Inst. Theor. Geod. Univ. Bonn, n°l5, 59 S, 1973.

A method for elaborating tidal observations was presented, based on
the principle of least squares and which, because of the possibilities of
its utilization, was devised as the possibly most universal one amorg
those applied up to date.
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TENGSTROM E. - "Uber das Short-Arc-Satelliten beobachtungsvorhaben im
Bereich des "Europdischen Datums".
Mit. Inst. Theor. Geod. Univ. Bonn, n°16, 7 S, 1973.

The aims of the International Short-arc campaigns are explained
and a report is given on the success of 4 campaigns as performed
hitherto. Then, plans for future work are developed and certain
problems are discussed.

BONATZ M. - "Gravimetrische Erdgezeitenstation KERGUELEN (Indischer
Ozean) Ergebnisse des ersten Registrierzeltraumes Januar bis Mai 1973".
Mit. Inst. Theor. Geod. Univ. Benn, n°20, 17 S, 1973.

Tn cooperation with the "Laboratoires scientifiques du territoire
des Terres australes et antarctiques francais", Paris, and with support
of the "Deutsche Forschungsgemeinschaft", Bonn, in December 1972 at
Port-aux-Francgais, archipelago of Kerguelen in the South Indian Ocean,
a gravimetric earthtide station was established. ..

The situation of Kerguelen-Islands amidst the ocean gives a good
possibility for the study of the loading effect of the oceanic tides.
Tt is of interest too, that the station is relative to the equator
symmetrically situated with regard to the mentioned Westeuropean
stations. In addition, it is possible to study eventual correlations
with other geophysical phenomena by using the data of the numerous
geophysical stations at Port-aux-Francals.

The precordings obtained until 17. May 1975 were analysed in three
separate parts (corresponding to the arrival of the data at Bonn) after
Chojnicki's method. A total analysis was computed too.

BONATZ M. & W. ROCHOLL - "Gesamtauswertung der mit Horizontalpendeln
in der Testation ERPEL, gewonnenen Messungsergebnisse 1965 bis 1971".
Mit. Inst. Theor. Geod. Univ. Bomn, n°2l, 10 S, 197>.

From December 1965 until October 1970 in the test station Erpel
near Bonn the clinometric tides were measured with horizontal pendulums
of the type Verbaandert-Melchior... .

BONATZ M. - "Gezeitenregistrierung mit einem auf kapazitiven
Angriff umgeristeten Askania-Gravimeter GS 12",
Mit. Inst. Theor. Geod, Univ. Bonn, n°22, 11 8, 1973.

Comparing the measurement results obtained by modern BEarth tide
gravimeters Askania GS 15 with those using the older types GS 11 and
GS 12 an augmentation of the inner accuracy by the factor three %o
four is to be stated. As the spring system of the meter in principle
has not been changed the benefit of accuracy is only due to the applied
transducer system instead of photocells. This fact led to the conside-~
ration whether it is possible by installing a capacltive transducer
system into an old type meter to transform it as a modern efficient
earth tide gravimeter...

/
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CESKOSLAVENSKA AKADEMIE VED - Studia Geophys. & Geod. ©.17, n'l,
Praha, 1973.

BURSA M. - "Gaussian curvature of smoothed equipotential surface from
satellite srbit dynamics”,
pr 0. 09) 1o 5 )

Stokes's constants J'.‘and §'_'of the Earth's body, determined from
gsatellite orbit dynamics up to a %omparatively high degree, glve an
unified deseription of the fundamental features of the geopotential
Pield. In the present paper, they were used to derive the Gaussian
curvature of the external equipotential surfaces of the geopotential.

CESKOSLOVENSKA AKADEMIE VER - Studia Geophys. & Geod., t.17, n°2,
Praha, 19735.

BURSA M. - "The mean curvature of the external equipotential surface
and the vertical gravity gradient as functions of Stokes's constants',
p.74-80.

The mean curvature of the equipotential surface and the vertical
gradient ef gravity are expressed in terms of a develepment into a
series of gpherical harmonics, neglecting terms of the erder of 16'8.
The curvature anomalies have been computed using the satellite data.
The symbols used are the same as in n°278(a) above.

KOLEENHEYER T. - "On a method of eomputing the gravitational fields of
inhomegeneous- bodies" .
p.111=-114, .

A golution of the direect gravity preblem for a finite body with
variable density is given. The method is based on Green's formula ard
ie applicable when a particular solution of Poisson's equation is
known. The attraction due to the body is expressed by integrals over
its surface. The exact solution of the direct gravity problem, as
known from the theory of two-dimensional fields is closely connected
with the problem of the analytic continuation of the exterior field of
the attracting mass system into its interior. In the first place, this
is a preablem of determining the singularities of the exterior field,
their distribution within the system and their nature. This approach
to the solution of the direct problem is also meaningful from the point
of view of determining the characteristics of the attracting system and,
therefore, also of solving the inverse problem, In ‘the case of two-
dimensional fields the methods of analytical continuation were widely
developed in a series of well-known papers by V,N., Strakhov, and they
are mainly based on the methods of the theory of the functions of the
complex variable. These methods were also successfully applied by
Tsirulskii and Golizdra in treating the homogeneous and inhomogeneous,
two-dimensional direct problem by means of Cauchy's integrals. However,
as regards three-dimensional fields a number of fundamental problems
has not been solved in this respect.

PICK M. - "On the boundary condition of the gravity disturbing
potential”.
p.173-176.

The boundary condition feor the gravity disturbing potential was
derived up to the second-order terms and the influence of the second-
order terms was investigated.
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TRAGER L. -~ "Zeitliche Konstantenverénderungen der Gravimeter GS 12
n°129 und n°181".
p.177-179.

CESKOSLOVENSKA AKADEMIE VED - Studia Geophys., & Geod. t.17, n°3,
Praha, 1973.

BURSA M. - "Geoidal curvature radii from satellite data for different
degrees of smoothing".
p.195-198,

Radii of curvature and their anomalies of a smoothed geoidal
surface are computed using Stokes's constants J(k), Snk of the
Earth's body, obtained from satellite orbit dynamics. Different
degrees n of smoothing are used (n = 8, 12, 21). The notation are
the same as in n°278(a) above.

TRAVAUX de 1'INSTITUT GEOPHYSIQUE de 1 'ACADEMIE TEIECOSLOVAQUE des
SCIENCES. N° 345-362, 1971 ; v.XIX, Praha, 1975.

BURSA M. - "Undulations of the geoid due te deep anemalous masses on
the territory of Czechoslovakia". - '
p.9-58. o

The paper deals with the results ef determining partial undulations
of the geoid due to masses deeply deposlted on the territory of Czechose
lovakia. Components of the deflections of the vertical, corrected for

. the effect of topographic masses, were used at about 1000 discrete

b)

e)

points of a territory 128.000 km? in area.

KUBACKOVA L. - "Some mathematical problems of diserete optimum (Wiener)
filtering of anomalous gravity fields". ‘
p.101~-108, ' °

The method of discrete filtration of a homogeneous random field in
an additive noise of the same nature is discussed. In the first part a
system of linear equation is derived defining the optimum filter, argd
the uniqueness of its solution is proved. The independence of the
coefficients of this filter at the filtered point follows from the
homogeneity of the fields considered. In the second part certain
problems are considered which are connected with the use of statigtical
estimates of correlation coefficients instead of the real values in
computing the filter.

CHARAMZA F. & L. TRAGER - "Bearbeitung der Messungsergebnisse auf den
Schwerepolygonen'.
p.109-120,

An untraditional method of treating the results of measurements on -
gravity polygons is described. The difference between the method pre-
sented and other procedures, used currently, is in the simultaneous
determination of the unknown values of the acceleration of gravity at
the individual points of the polygon, the dimensional coefficients of
the selected gravity meter, and the parameters of the drift of the
gravity meters during the individual periods of the day. After giving
the fundamental relations, some of results of the adjustment of a
gravity polygon, which was carried out in the way described, are
mentioned.
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DIVIS K. - "Determining vertical gradients of the acceleration of
gravity mountainous regions".
p.121-1%2,
The valuesgof the vertical gradient of the acceleration of gravity

g/ Qz= 90U/ 0z?2 were determined in two independent ways at
17 points in the Velka Fatra Range. The first method is based on deriving
the values of the vertical gradient from the observed values of the
acceleration of gravity at two or more points of the real vertical.
The second method is based on computing the anomalous part of the
vertical gradient, o 2T/ & z2, from a map of gravity anomalies.
The computations were carried out using a procedure derived by
Yurkina for a plane reference surface, which allows the computation
to be carried out by means of successive approximations. In this case
the computation is rectricted to the first approximation. Most of the
computing was done by computer. The results ylelded by both the methods
were compared, and the differences were used to estimate the accuracy
of the vertical gradients in the zero and first approximations ... .

BOTT M.H.P., & D.S. DEAN - "Stress systems at young eontinental margins®,
from : Nature Phys. Sci., v.235, n°54, p.23-25, 1972.
Dept. Geol., Pub., n°398, Univ. Durham,

A study of stresses associated with young continental margins shows
that differential loading across major surface features of the Earth
may cause tectonic activity within lithospheric plates.

BOTT M.H.P. - "Interpretation of global gravity anomalies".
from : Nature Phys. Sci., v.236, n°63, p.23-24, 1972.
Dept. Geol.,, Pub. n°40l, Univ. Durham.

AL-CHALABI M, - "Interpretation of gravity anomalies by non-linear
optimisation",

frem : Geophys. Prospecting, v.XX, n°l, 16 p, 1972.

Dept. Geol,, Pub. n°406, Univ. Durham.

The interpretation of a gravity anomaly in terms of the shape of
the anomalous body is a non-linear problem and may, therefore, be
carried out using non-linear optimisation techniques. The formulation
is extended to include cases where the density contrast and the
regional background are also unknown. For a given model the objective
function is provided by the discrepancy between the ebserved anomaly
and the calculated anomaly due to the model. Given an initial model,
the optimisation procedure searches for a minimum of the objective
function by an iterative adjustment of the parameters. A number of
suitable objective functions is given. The behaviour of these functions
in the parameter hyperspace is quite complex. Accordingly, direct search
methods should be employed at the early stages of the search, changing
to gradient methods at later stages. The use of constraints is also
necessary ito ensure the geological feasibility of the model. The
required computer time may be largely reduced by careful programming.
Two examples of interpretation by optimisation methods .are given,
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LONG R.E., R.W. BACKHOU3E, P.K.H. MAGUIRE & K. SUNDARLINGHAM - "The
structure of Fast Africa using surface wave dispersion and Durham
seismic arrvay data".

from ¢ Tectonophysiecs, v.15, n°l/2, p.165-178, 1972.

Dept., Geol.,, Pub, n°415, Univ. Durham,

As a background to the discussion of the array data some results
of studles on teleseismic P-wave delays and surface wave dispersion
within the rift zone are presented, This work uses data from permanent
stations. The deep structure ~f the Gregory Rift ls subsequently dis-
cussed using data from the Kaptagat array station installed by the
University of Durham in Kenya in 1968. A compressional velocity model
for the Gregory Rift 1s presented,

BOTT M.H.P., J.G. HPLIAND, P.G. STORRY & A.B. WATTS - "Geophysical
evidence concerning the structure of the Lewisian of Sutherland ;
N.W. Scotland”.

from : J. Geol. Soc., v.128, p.599-612, 1972.

Dept. Genl., Pub. n°l22, Univ, Durham,

Interpretation of two new gravity profiles across the Ben Stack
line and of the I.G.S. aeromagnetic map indicates that the Lewisian
biotite-gneisses occurring to the north of this line are underlain at
a depth of about 3 km or less by rocks peossessing similer density ard
magnetlic properties to the pyroxene-granulites which crop out south of
the line. The Ben Stac! line forms the fundamental division between
these two metamorphic assemblages of the Lewislan and its plane dips
steeply towards the south. The gravity profiles also indicate that
both the biotite-gneisses and pyroxene-granulites in the vicinity of
the Ben Stack line are anomalously low in density. This 1s attributed
to the penetration of both formations by granitic and pegmatitic in-
trusions of low density. The evidence suggests that the granitic ma-
terial concentrated in the vicinity of the Ben Stack line occupies too
great a volume to be derived solely from the host blotite-gnelsses in
the immediate vieinity and may therefore possibly be of more
extensive origin,

BOTT M.H.P, & A. INGIES - "Matrix methods for Jjoint interpretation of
two-dimensional gravity and magnetic anomalies with applications to
the Iceland-Faeroe Ridge". ,

from : Geophys. J. R. Astr. Scc., n°30, p.55-67, 1972.

Dept. Geol,, Pub. n°423, Univ. Durham.

Gravity and magnetic anomelies caused by & body satisfying the
Peisson condition can be inter-related hy linear algebra through use
of a fictitious equivalent layer. Computer programs using this formu-
lation have been written to carry out two~dimensional pseudogravimetric
and pseudomagnetic transformaticns, to estimate the directlon of magne-
tization, and to compute the ratio of magnetlzation to density within
an assumed equivalent layer. The method 1s applicable to other problems
of direct interpretation of gravity and magnetic anomalies and can be
extended to three-dimensional interpretation. It is amenable to irre-
gularly spaced field data.

The methods have been used to show that the complicated magnetic
anomalies over the Iceland-Faeroe Ridge are partially related to the
gravity anomalies. The correlation is attributed to substantial
variations in the depth to the layer 1l/layer 2 interface.
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GUNN P.J. - "Application of Wiener filters to transformation of
gravity end magnetic fields”.

frém : Gedphys, Prospecting, v.EX, n°4, p.860=-871, 1972.

Dept. Geol., Pub, n°429, Univ. Durham.

Consideration of the spectral representation of gravity and
magnetic fields shows the field to be the result of the convelution of
fectors depending on the parameters of the field Wiener filters, cul-
culated using model transformations, provide an éptimum mcethod for
altering these factors and hence effecting field transformations.

FEN-AVRAHAM Z., C. BOWIN & J. SEGAWA - "An extinct spreading centre
in the Philippine Sea'.
frem : Nature, v.240, n°5382, p.453-455, 1972.

An extinct ocean floor spreading centre identified by a topographic
ridge has been discovered in the West Philippine Basin. BEvidence of
active spreading during the Mesezoic explains the early evolution of
the Western Pacific and some marginal seas.

TAUDON T.S. - "Land gravity survey of the Selemon and Blsmarck Islands”.
from : Gemphys. Monograph n°12, Crust & Upper Mantle of the Pacific
Area, 1968.

Centr. 196 of the Geophys. & Pslar Res. Center, Univ. Wisconsin,
p.279-295, 1968.

Bouguer isogal maps of the Selemen and Bismarck Islands are
characterized by large, extremely steep positive anomalies., Local
anomalies can be related to near-surface geolngical features.
Basement rocks and Quaternary voleanic centers are expressed as
gravity highs ; Upper Tertiary sedimentary basins are expressed as
gravity lows, The regional gravity field of the Solomons consists
of & broad low, elongated parallel to the trend of the islands, with
smaller highs, corresponding to individual islands, superimposed on
its flanks. The gravity results suggest that regional isostatic
compensation of the Solomons has oceurred, Hewever, the gravity
fields of the individual islands suggest significant departures from
isostasy. These are attributed to : support of Quaternary voleanic
plles by the strength of the Earth's crust without isostatic compene
sation ; higher than normel erustal densities ; and upwarping of the
mantle beneath the islands. :

MALAHOFF A. - "Gravity anomalies ever volcanic regions".
from : Geophys. Monograph n®13, The Earth's crust and Upper Mantle,
Contr. 249 from the Hawail Inst. of Geophys., 1969.



297

298

299

300

301

302

303

304

305

306

307

II"‘]—zc

DEPARTMENT of SCIENTIFIC & INDUSTRIAL RESEARCH, Geophysics Division,
Gravity Map of New Zealand, 1/250,000. Wellington

Bouguer anomalies, isostatic anomalies, isostatic vertical gradient
anomalies, sheet 25 : DUNEDIN, 1969.
(3 maps, regional type anomalies)

Bouguer anomelies, isostatic anomalies, isostatic vertical gradient
anomalies, sheet 3 : AUCKLAND, 1971.
(3 maps, regional type anomalies)

Bouguer anomalies, isostatic anomalies, lsostatic vertical gradient
anomalies, sheet 4 : HAMILTON; 1971.
(3 maps, regional type anomalies)

Bouguer anomalies, isostatic anomalies, sheet 26:STEWART ISLAND, 1971.
(2 maps, regional type anomalies)

Bouguer anomalies, lsostatic anomalies, isostatic vertical gradient
anomalies, sheet 2 : WHANGAREI, 1972.
(3 maps, regional type anomalies)

Bouguer anomalies, isostatic anomalies, isostatic vertical gradient
anomalies, sheet 6 : EAST CAFE, 1972.
(% maps, regional type anomalies)

Bouguer anomalies, isostatic anomalles, isostatic vertical gradient
anomalies, sheet 9 : GISBORNE, 1972.
(3 maps, regional type anomalies)

Bouguer anomalies, isostatic anomalies, isostatic vertical gradient
anomalies, sheet 24 : INVERCARGILL, 1972.
(% maps, regional type anomalies)

Isostatic vertical gradient anomalies, sheet 21 : CHRISTCHURCH, 1972.
(1 map, regional type anomalies)

KLINGELE E. - "Contribution & 1'étude gravimétrique de la Suilsse
Romande et des régions avoisinantes".

Thése, Univ. Gendve, Dept. Minéralogie & Géophysique, 94 p, Genéve,
1972.

RECHENMANN J. - "Etude d'une anomalie gravimétrique et magnétique
dans le Nord-Est de la Mauritanie".
Ann. Geophys., t.28, fasc. 4, p.871-877, 1972.

Les résultats de la campagne gravimétrique et megnétique dans le
Nord de la République Islamique de Mauritanie montrent une large ano-
malie gravimétrique superposée & une anomalie magnétique dont 1'inter-
prétation pose le probléme de 1'origine des anomalies régionales. Les
solutions classiques conduisent & des origines profondes, ce qui, pour
1'anomalie magnétique, est incompatible avec la profondeur de la
température du point de Curie.
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Une interprétation au moyen d'un modéle dont 1'aimantation serait
croissante des bords vers le centre est proposée.

MAKRIS J., U. ZIMMERMANN, H.C. BACHEM & B. RITTER - "oravity survey
of South Afar, Ethiopia’.
Zeit. £, Geophys., Band 39, S.279-290, Physica-Verlag, Wirzburg, 1973.

Barly in 1970 South Afar in N.E. Ethiopla was gravimetrically
surveyed by the Institutes of Geophysics, University of Hamburg and
Theoretical Geodesy, Technical University of Hannover.

In an area of approx. 80000 km? 900 gravity stations have been
established. The data were uniformly reduced. They were compiled in
a Bouguer map of 5 mGal isolines. The main results show that

The gravity field follows closely the topographic features.

The gradient towards the Ethiopian escarpment is 2 - 3 mGal/km
and 1 - 1,5 mGal/km towards the Somalianescarpment

The crustal deformation from the Somali plateau to the depression
represents a flexure, whereas the Ethiopian scarp is a zone of crustal
rapture.

The Ethiopian rift continues NNE-SSW into Afar up to the Abbe and
Gamori Lakes,

The crust thickness increases towards the escarpments, and it is
most probably of the subcontinental type as indicated by a 2-D model
that was simulated across the depression in EW direction.

Towards the Aisha Horst the crustal thickness lncreases, since
the gravity field becomes more negative,

ROTT M.H.P. & D. MASSON-SMITH - "The geological interpretation of a
gravity survey of the Alston block and the Durham coalfield".

The Quart. J. Geol. Soc. London, v.CXIII, part I, n°449, p.93-117,
1957. :

Problems of the deep structure of the Alston Blocks and the
Durham Coalfield are outlined in relation to previous geophysical
work. The gravity survey plamned as the most expedient approach to
these problems is briefly described. The results of a density survey
undertaken in conjunction with the gravity survey are stated. '

The main feature of the gravity survey is a large negative anomaly
over the Alston Block. The earlier conclusion, that it is caused by an
unexposed granite, is upheld by the detailed physical and geological
interpretation., The postulated granite approaches closest to the
surface in five bosses, some of which almost certainly reach within
5000 feet of the surface. The shape of the gravity anomalies bears
remarkable resemblance to the zones of mineralization and the volatlle
content of the coal seams, and for these reasons a post-Carboniferous
age seems likely. Possible modes of origin of the postulated granite
are discussed. '

The northward decreases of anomaly across the Stublick fault
system 1s caused by fairly rapid thickening of the Lower Carboniferous
succession, which continues eastwards across the line of the Ninety
Fathom Dyke. A southward Bouguer decrease across the Butterknowle
fault is similarly interpreted as a southward thickening of Lower
carboniferous rocks., The internal structural features of the Alston
Block are interpreted in relation to the assumed granite below.



311 -

32 -

II - 140

A study of the background Bouguer anomaly suggests a North
Pennine crustal mass deficiency in addition to the granite. It is
considered that the granite mass deficlency, if accompanied by an
additional crustal deficiency, could account isostatically for the
present North Pennine uplift, and for the general stability since
the lower Carboniferous.

BOTT M.H.P. & D.G.G. YOUNG - "Gravity measurements in the North
Irish Sea'. '

The Quart. J. Geol. Soc. London, v.126, p,413-434, 1971.

Pub. n°372, Dept. Geol. Sci. Labo., The University of Durham.

This paper presents a Beuguer anomaly map of most of the north
Irish Sea, based on underwater gravimeter measurements. The map
incorporates earlier surveys in the northern part of the region and
new work in the southern part. The new work reveals that the previously
discussed Manx-Furness gravity " ow" (now renamed the East Irish Sea
"Jow") extends southwards to the coast of North Wales. Newly observed
detailed profiles across the north-western margins of the "low" show
that it is caused by a partially fault-bounded composite sedimentary
besin between the Isle of Man, Lancashire and North Wales, with a
local region of basement uplift 30 km southeast of Douglas. High
Bouguer snomalies are observed over a wide area between the Isle of
Man, Anglesey and Ireland, suggesting a reglon with relatively shallow
basement rocks. A negative gravity anomaly of - 40 mGal amplitude
occupies an elongated oblong area 40 x 30 ¥xme in dimension off the
east coast of Ireland near Dublin, The steep gravity gradients and
other characteristics of the anomaly suggest that it is caused by a
sedimentary basin about 3 to 4 ¥m deep. The high density contrast
required to explain the anomaly implies that Permo-Triassic and/or
later sediments form the main infill of the basin. This anomaly is
called the Kish Bank gravity "low'".

DAY A.A. - "Gravity anomalies in the Channel Islands".
Geol. Magazine, v.XCVI, n°2, p.89-98, 1959.

Bouguer gravity anomalies have been determined at seventy-nine
statias on Alderney, Guernsey and Jersey. On Aldernmey the anomalies
are clearly dependent on the nature of the outeropping rock-types,
and permit approximate values for the thickness of two outeropping
rock masses to be obtained. On Guernsey the anomalies are not closely
related to the surface geology, and suggest that the north-eastern
coastal area is underlain by a body of dense rock, possibly of ultra-
basic composition, The anomalies on Jersey indicate that the sedimen-
tery rocks of western Jersey are underlain at no great depth by rock
of density comparable to that of granite, In eastern Jersey the domi-
nating feature of the anomalies is a pronounced "high" centred near
Grande Charriére. It is shown that this feature is most reasonably
considered to be the effect of a large buried gabbro intrusion,
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FROOKS M. & M.S, THOMPSON - "The geological interpretaiion of a
gravity survey of the Bristol Channel”,
from 3 J. Geol., Soc., v.129, part 3, p.245-274, 1973.

A Bouguer anomely map of the Channel and surrounding land areas
is presented and interpreted, The main features of the map are :

1) a negative anomaly epproaching - 20 mGal trending WNW across the
southern half of the Channel and adjacent areas of west Somerset and
north Deven ;

2) a broad flanking area of weak positive anomaly in the northern
part of the Channel whieh may extend southeastwards across the
Cothelstone fault into Bridgwater Bay ; and

3) a local positive anomaly of ever 4+ 20 mGal around Lundy Island,
These anomalies are all superimposed en a strong regional gradient
of + 0.38 mGal km~1l to the southwest.

The negative anomaly in the southern part of the Channel is due
partly to Mesozoic strata in the Bristeol Charmel syncline but partly
to underlying, low density, Upper Palae=zoic rocks which are probably
preserved in a structural basin similar to the South Wales coal basin
but overthrust by the Devonian succession of Exmoor. The parallel belt
of positive anomaly in the northern half eof the Channel is interpreted
as overlying an anticlinorial zone, characterized by 0ld Red Sandstene
at shallew depth, separating the South Wales coal basin to the north
from the postulated basin to the south. The positive anomaly around
Lundy Island is attributed to the effect of a large basic pluton of
Tertiary age occurring at shallow depth, and the gravity field of
Tundy is compared with that of other Tertiary igneous centres. A
sketch structural section across the Bristol Channel is presented.

CHOUDHURY S5.K. & A.N. DATTA - "Bouguer gravity and its geologic
evaluation in the Western part of the Bengal Basin and adjoining
area, India",

Geophysics, v.38, n°l4, p.691-700, 1973.

The Bouguer gravity anomalies in the western part of Bengal Basin
and part of eastern Bihar, India, can be explained in terms of basement
relief which controls the thickness of the Gondwanas. This relief,
however, has no influence on structure within the sedimentary section
overlying the Gondwanas. During Gondwana times, the Bengal Basin
continued further north at least up to Purnea, but in early Tertiary
times, the continuity was interrupted by a basement feature passing
through Jangipur and Malda.

The main line of cennection between peninsular India and the
Shilleng Plateau may be through the Rajmahal hills and the Darjeeling
Himalayas.

RABINOWITZ P.D. - "Gravity anomalies across the East African
gentinental margin".

from : J. Geophys. Res., v.76, n°29, p.710A7-7117, 1971,
Contr. n°1702 of the Lamont Doherty Geol. Obs.

A free-air gravity map along the east coast of Africa from
about 1°S to 7°S is constructed. The most important features of this
map are
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. 1. A relative free-air gravity high that approaches 10 mGal just

316 -

seaward of Mombasa. This high is flanked to the west by a free-air

low more negative than - 100 mGal and to the east by a low more )
negative than - 50 mGal. Isostatic calculations indicate that these
snomalies do not arise from "edge" effects, but result from crustal
structure. The high extends from Pemba Island and appears to rcpresent
a submarine extension of the island. Crustal models indicate thick
sediment accumulations on either side of this submarine extension.

2. A free-air gravity low observed throughout the length of the map

at water depths ranging from about 2000 to 3500 meters. Landward of
this low is a free-air gravity high that appears to extend onshore at
about 2°S. This high is interpreted as representing a continuous
basement ridge, somewhat similar to the ridge observed off the east
coast of the United States. Hewever, unlike the basement ridge cbserved
of f the east coast of the United States, which appears to be generally
located at the shelf break, the presumed basement ridge off the east
coast of Africa does not follow any particular topographle contour,

It is located beneath ocean depths exceeding 2000 meters in the south
to possibly onshore in an area farther to the north. Previous refraction
measurements taken seaward of the gravity high did not detect the
presence of the ridge.

The widespread existence of basement ridges on nontectonic conti-
nental margins indicate their common origin regardless of how they are
expressed, If they are the products of the initial demarcation of the
continents, the location of such ridges and, hence, the gravity
signature associated with the ridges may define the continental edge.

S. CORON & A. GUILIAUME - "Etude gravimétrique sur le Golfe de Gascogne
et les Pyrénées".

Extrait de 1l'ouvrage : Histoire structurale du Golfe de Gascogne,
p.IV.9-1-15, Paris, 1971.

Cet article fait la synthése des mesures de pesanteur connues sur
le Golfe de Gascogne et les Pyrénées en présentant plusieurs cartes.
La premiére est une carte d'anemalies complétes de Bouguer du
golfe de Gascogne. Les deux autres sont celles des tendances régionales
et des résiduelles de la méme région ; elles ont été obtenues par lls-
sage double (moyennes mobiles et polyndmes) des anomalies de Bouguer.
Les figures 4, 5 et 6 concernent les Pyrénées ; elles indiquent
respectivement les anomalies de Bouguer, les anomalies isostatiques
(Airy, 30 km) et un schéma structural.
Ce travail met en évidence :
1) La structure océanique du centre du golfe qui dans 1'ensemble, est
compensé isostatiquement (les anomalies de Bouguer atteignent 300 mGal).
2) Des différences d'épaisseur de crofite de part et d'autre de la faille
nord-pyrénéenne, dans la partie centrale des Pyrénées (écart supérieur
a4 50 mGal). ~
3) Des variations probables de la profondeur du toit du socle dans la
plaine abyssale et sur ses marges : minimums a... d et maximums tel
que A (fig. 3, anomalies résiduelles).
4) L'accident majeur nord-sud de Santander F 3 qui forme vraisembla-
blement la limite occidentale de la zone continentale, vers le paralldle
430",
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5) Des aceidents crustaux impmrteants dans le secteur pyrénéen,
indiqués par les variations de direcition des isanomales et 1'existence
d'extremums graviméiriques particullérement nets. Ces accidents sont
- goit divectiommels : fallle nord-pyrénéenne F 1 ;
- soit transverses ou obligues, les principaux d'entre eux étant :

. l'accident d'Hendaye F 4 ;

. la faille de Bagnéres F 5 qui limite la zone axiale pyrénéenne

vers 1'ouest :
. l'accident bordier des Cévennes et de la Montagne Noire F 6;
. les accidents de type Perpignan-Nimes (F 7 ...).

On notera la présence de nombreux épicentres dans les zones
dlintersection entre les accidents directionnels et transverses.

CATRAR-PUERTAS C. - "Estudio preliminar sobre las anomalias de la
pesantez en el Mar de Alboran",

Revista de Geofisica, n°l-2-3-4, p.87-156,

Talleres del Inst. Geog. ¥y Catastral, Madrid, 1972.

Using the results obtained in 60 observations effeeted in the
Alboran Sea, have been the corresponding anomalies of gravity : Faye,
Bouguer and isostatics of Airy (R = 0, T = 30 km). To support the
track of the corresponding isogams, we use an other 60 terrestrial
observations (16 in N.african litoral and 44 in the spanisch sector
situated at the South of the parallel »f 38°) also from the spanish
statior of Alboran Island,

The analysis of these three fields of isogams appears to indicate a
geostructural scheme that confirms the existence of a sialic root (with
similar importance to the Bética range) that crosses from North to
South the Gibraltar Strait. Towards the meridian 2°30'W.G., coinciding
with the rapid amputation and total disapearance of the dorsal of
Alboran Sea thus like the narrow fosse ascribed to the northern side
it produces a sharp variation in the orientation eof the anomalies as
a2 possible geostructural reply. In the occidental depresion of Alboran
Sea (W. of the meridian 2°30'W.G.) the elongated anomalies like the
dorsal of Alboran Sea (height » 1.700 m) and its ascribed fosse
present an alpine orientation : parallel to the emerging range of the
South of Spain and of the North of Africa. On the contrary, in the
oriental depression of the Alboran Sea (E. of the meridian of 0°30'W.G.)
the disappearing drop of that dorsal and accompanying fosse seems
related with geostructural traits of the orthogonal orientation of the
oecidental ones because the anomalies appear clearly lengthened in a
direction next to the NNW-SSE.

The thickness of the sialic crust seems to diminish progressively
from the CGibraltar Strait towards the East. Inside the oceidental
depression it seems to diminish from the spanish litoral to the South
of the dorsal, reaches its minimum value in the abyssal plane extended
between the dorsal and the continental slope of the Tres Forcas Cape ;
the great dorsal and the deep canyon next to its septentrional flank
does not seem to modify substantially that progression of the sialic
thickness. :

The diverse structural compartiments seems to show arising tendency
in the occidental sectors (Strait) and northerly (between spanish litoral
and the northerly slope of the narrow fosse next to the dorsal). ¢n the
contrary, the abyssal plane extended between the dorsal and the African
litoral seems subject to subsidence, the same as the criental depression
of the Alboran Sea.
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318 ~ IE PICHON X. & M. TAIWANI - "Gravity survey of a seamount near 35°N
46°W in the North Atlantic".
from : Marine Geol. v.2, p.262-277, 1964,
Contr. n° 782 of the Lamont Geol. Obs.

Continuous gravity profiles were obtained over a seamount near
35°N 46°W in the North Atlantic Ocean. The seamount consists of two
peaks but there areno individual Bouguer minima over each peak. Rather,
a Bouguer minimum is centered over a saddle between the two peaks ard
cannot be attributed to a wrong choice of density in the Bouguer
reductions. This minimum is interpreted as due to a secondary magma
chamber.

319 - CORON S. - "Grandes zones d'anomalies de la pesanteur dans le Bassin
Méditerranéen et ses bordures - Détails pour la région de Gibraltar",
Symposium sur la Géodynamique de la région Méditerranédenne, Athé&nes
Nov. 1972 ; C.I.E.S.M., v.22, fasc. 2a, p.31l-33%, 1973.

Sur la carte d'anomalies de Bouguer établie pour la région de
Gibraltar, a été indiquée la position des épicentres (d'aprés BEUZARD,
1972) ; on constate qu'une zone aséismique coTIncide avec la zone mini-
mum gravimétrique d'orientation N.S. On en déduit :

- q'aucune fracture majeure profonde d'orientation Ouest-Est n'est
décelée au niveau du détroit de Gibraltar ;

- qu'un bloc homogéne et stable réunit les 2 continents ;

- que dans cette région, la crofite "continentale" doit avoir une
forte épaisseur puisque les anomalies de - 80 mGal peuvent diffi-
cilement 8tre expliquées par la seule présence des terrains
superficiels légers.

320 - BONINI W.E., T.P. LOOMIS & J.D. ROBERTSN - "Gravity anomalies,
ultramafic intrusions and the tectonics of the region around the
Strait of Gibraltar".

J. Geophys. Res., v.78, n°8, p.1372-1382, 1973.

A new compilation of gravity data in the region surrounding the
Strait of Gibraltar between 2° and 9°W and 34° and 37°30'N is pre-
sented in the form of a Bouguer anomaly map. Published data and new
data obtained by Princeton University in southern Spain are included.
There are four major features of the anomaly map :

1) An arcuate zone of negative anomalies more than 200 km wide,
parallels the trend of the Betic and Rif orogens. The gravity low
erosses the Strait of Gibraltar and included the Atlantic approach

to the Strait and the western Alboran Sea. Values as low as - 130 mGal
in Spain and - 150 mGal in Morocco were reduced.

2) Two coastal gravity high zones along the Moroccan and Spanish
margins of the western Alboran Sea show steep gradients and closures
as high as 110 mGal superimposed on the arcuate negative zone. The
gravity highs in part coincide with a belt of outecrop of ultramafic
and associated metamorphic rocks.

3) A central high in the Alboran Sea begins about 90 km east of
Gibraltar and extends eastward into the axial high of the western
Mediterranean. :

4) Positive anomalies trend WSW from southern Spain and westward fram
northern Morocco into the Atlantic approaches to the Strait of
Gibraltar. All four major gravity features show a rough, symmetry about
a plane striking E.W. through the Strait of Gibraltar. :
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The most important conclusions that can be drawn from the data are
the following :
1) The steep graviity gradients and magnitude of the coastal highs
require steeply dipping density discontinuities probably reaching
the mantle. The data support recent petrological and structural
evidence from Spain of diapiric intrusion of ultramafic rock from
the mantle and eonflict with previous hypotheses that propose a
thin thrust sheet structure of these masses.
2) Continental crust extends across the Stralt of Gibraltar in a belt
more than 200 km wide, including the western Alboran Sea. The conti=-
nuity and symmetry of the anomaly pattern across the Stralt agree with
similar geological observations and correlations of rocks as cld as
Paleozoic and imply that the Betic and Rif have been part of a single
tectonic system including the Alboran Sea probably since Precambrian
time. Neither gravity nor geological evidence supports proposals of a
major zone of plate discontinuity (transform faulting) between Spain
and Morocco as a continuation of the Azores-Gibraltar ridge from the
Atlantic.
3) The central Alboran Sea high is consistent with either a crustal
break or a crustal thinning model. Significant zones of thin crust
and possible crustal extension are found also in the Atlantic approaches
to the Stralt of Gilbraltar.

BOTT M.H.P., C.W.A. BROWITT & A.P. STACEY - "The deep structure of
the Iceland-Faeroe Ridge". '

from : Marine Geophys. Res. 1, p.328-351, 1971.

Pub. n°382, Dept. Geol. Sei. Labo. The University of Durham.

Two long seismic refraction lines along the crest of the Iceland-
Faeroe Ridge reveal a layered crust resembling the crust beneath
Iceland but differing from normal continental or oceanic crust. The
Meho was recognised at the south-eastern end of the lines at an ap-
parent depth of 16 - 18 km, A refraction line in deeper water west
of the ridge and south of Iceland indicates a thin oceanic type crust
underlain by a 7,1 km/s layer which may be anomalous upper mantle.

An extensive gravity survey of the ridge shows that it is in ap-
proximate isostatic-equilibrium : the .steep gravity gradient between
the Nerwegian Sea and the ridge indicates that the ridge is supported
by a crust thickened to about 20 km rather than by anomalous low
density rocks in the underlying upper mantle, in agreement with the
seismic results. An increase in Bouguer anomaly of about 140 mGal
between the centre of Iceland and the ridge is attributed to lateral
variation in upper mantle density from an anomalous low value beneath
Iceland to a more normal value beneath the ridge. Local gravity ano-
malies of medium aplitude which are characteristic of the ridge are
caused by sediment troughs and by lateral variations in the upper crust
beneath the sediments. A steep drop in Bouguer anomaly of about 80 nGal
between the ridge and the Faeroe block is attributed partly to lateral
change in crustal density and partly to slight thickening of the crust
towards the Faeroe Islands : this crustal boundary may represent an
anomalous type of continental margin formed when Greenland started to
separate from the Faeroe Islands about 60 million years ago.

We conclude that the Iceland-Faeroe Ridge formed during ocean floor
spreading by an anomalous"hot spot" type of differentiation from the
upper mantle such as is still active beneath Iceland.
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This suggests that the ridge may have stood some 2 km higher
than at present when 1t was being formed in the early Tertiary, and
that it has subsequently subsided as the spreading centre moved away
and the underlying mantle became more normal ; this interpretation is
supported by recognition of a V-shaped sediment filled trough across
the south-eastern end of the ridge, which may be a swamped sub-aerial
valley.

SERVICE HYDROGRAPHIQUE de la MARINE -~ "Anomalies de la pesanteur en
Mer de Norvége : résultats de mesures effectuées & bord du "Paul Goffeny",
1965-1968" .
Cahiers Océanogr., v.XX, n°5, lléme année, p.503-514, Paris, 1970.
Liste de 797 observations.

KUBOTERA A., H. TAJIMA, N. SUMITOMO, H. DOI & S. IZUTUYA - '"Gravity
surveys on Aso and Kuju volcanic regien; Kyrushu district, Japan".
Bull. Earthquake Res. Inst., v.47, p.215-255, 1969.

Gravity survey at 446 points in an area of about 4300 km? over
the Aso and Kuju volecanic region occupying the central part of
Kyushu Island of Japan was made by use of Worden and LaCoste and
Remberg Geodetic Gravimeters from 1965 to 1966.

This survey was carried out as one of the branch projects of
"Combined Aeromagnetic-Gravity Studies of Calderas in Japan"

Bouguer gravity anomalies over this area are characterized by :
1) a strong negative anomaly on the Aso calder=s,

2) a circular negative anomaly over the Kuju volcano group on the
north-eastern side of the Aso caldera,

%) positive anomalies on the south-western flank of somma of the
Aso caldera and

4) a narrow belt of relatively high gravity running from Ooita to
Kumamoto. ’

The gravity low of the Aso caldera shows characteristic feature of
the "low anomaly type caldera" as is pointed out by Yokoyama.

The Kuju volcanic group also shows the similar feature of "low
anomaly type caldera", though existence of caldera is not identified
from topographical view point. This fact coIncides with the geological
presumption of buried existence of the Kuju caldera which was once as
gigantic as that of the Aso caldera.

On the south-western flank of the somma of the Aso caldzra, the
oldest formation consists of semi-schist (Sambagawa System) and the
outerop of basalt is also being found from geological surveys. The
gravity high which reaches 22 mGal at the center coincides with the
distribution of basaltic formation. It reveals, therefore, the high
density material such as basaltic or metamorphic rocks.

A narrow belt of relatively high gravity is remarkably observed.
The tectoniec line which is geologically presumed to run from Ooita
westward to Kumamoto through the Kyushu Island Jjust coineides with
this belt.
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TOMODA Y. - "Maps of free-air and Bouguer gravity anomalies in and
around Japan®.
Ocean Res, Inst., Univ, Tokyo, 1975.

Secale : 1/3.000,000 (lat. 35°), approximately 30° to 47°N ;
125° to 145° E.G., interval contour = 2 mGal.

T,0ZANO CALVO L. - "Red de observaciones con gravimetro en la Provinela
de Palencia®.
Inst. Geog. ¥y Catstral, Talleres del IGyC, 31 p, Madrid, 1966

Iiste des résultats de 914 stations. Cartes des anomalles de
Bouguer et des Anomalies isostatiques (Airy 20 et 30 km) .

RUTZ LOPEZ J. - "Red de observaciones con gravimetro en la Provincia
de Santander".
Tnst. Geog. y Catastral, Talleres del IGyC, 36 p, Madrid, 1968.

Liste des résultats de 506 stations.(3 cartes ldentiques au n°329),

INSTITUTO GEOGRAFICO y CATASTRAL -~ "Mapas gravimetricos de la
Provincias de Alava, Guipuzcoa y Vizcaya'.
47 p, Madrid, 1969.

Liste des résultats de 303 stations. Cartes des anomalies de
Bouguer et des anomalies isostatiques (Airy 20 et 30 ¥m) .

TNSTITUTO GEOGRAFICO y CATASTRAL - "Avance del Mapa gravimetrico de
la Peninsula Iberica, escala : 1/2.000.000".

30 p, Madrid, 1972. (3 maps, Bouguer, Free-air, mean heights anomalies).
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Scale : 1/2.000.000 ; gravity anomalies in 1967 Reference System,

SERVICIO GEOGRAFICO MILITAR -~ "Red gravimetrica fundamental, resumen
de valores". le edicion.
Republica oriental del Uruguay, 55 P, Montevideo, 1970.

Liste des mesures faites de 1962 & 1968 : coordonnées, altitude,
valeur de g, anomalies & 1'air libre et de Bouguer,

Ta station de référence est 1'aéroport de Carrasco dont la valeur
provisoire est : 979.T4T,47 mGal, déterminée par rapport & la statiom
Pondamentale de Miguelete (Argentine) : 979.705,00 mGal.

SOBCZAK L.W., L.E. STEPHENS, P.J. WINIER & D.B. HEARTY - "Gravity
measurements over the Beaufort Sea, Danks Island and Mackenzie Delta,
with map n°151 - Mackenzie Delta - Banks Island",

Earth Physies Branch, Gravity map Seriles, 16 p, Ottawa, 1973,

The Earth Physics Branch has made about 7.700 gravity measurements
over the Beaufort Sea, Banks Island and Mackenzie Delta between 1969
and 1972. Measurements were made both on land and on the sea ice of
the Beaufsrt Sea, The major feature ~f the free-air gravity anomely
mep is an arcuate high of arout 100 mGal which is one of many elliptical
anomelies along the c-ntinental margin. These anomelies are explained by
a thinning of the crust at the centinental break.





