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INTRODUCTION 

Early in 1939, in accordance with a policy of cooperation with the 
other American Republics, the U. S. Coast and Geodetic Survey: 
through the Department of State, began correspondence with several 
of the American countries concerning determinations of the intensity 
of gravity. It was found that isolated surveys from assumed bases 
had been made in the process of geophysical exploration but there 
were no well established bases on the International Datum. 

The Goveriiliients of Peru and Colombia indicated n desire to have 
a number of basic gravity stations established throughout their respec- 
tive territories. I n  both countries the importance of gravity surveys 
was recognized not only for their geophysical value and their con- 
tribution to the determination of the figure of the e:irtli but also in 
connection with studies of the relationship between intensities of 
gravity and deflections of the vertical. Large variations of the deflec- 
t ion in comparatively short distances occur in both countries, making 
them ideal lociitions for x study of this relationship. 

Owing to the large amount of work required in preparing for the 
observations, including the design and construction of several instru- 
ments, the project was i io t  initiated until early in 1941. I n  February 

(1) 
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The apparatus functions by re istering the pendulum beats and 
the mean-time seconds of the U. 8. Naval Observatory time signals 
simultaneously on the same chronograph record. The pendulum 
beats are picked up by a photoelectric cell and amplified sufficiently 
to operate a chronograph pen through a relay, and the time signals 
are received by the radio and amplified sufficiently to operate a second 
chronograph pen. The two pens are adjusted to follow the same 
track when not recording, and one makes jogs to the left and the other 
to the right when recording the impulses through the relays. By 
means of a micrometer-microscope system the Chronograph records 
can be scaled to 1/1000 of a second. 

The duration of the observations is 6 hours. An exact determina- 
tior, of the number of beats during this interval of time is obtained, 
and the time interval is determined with an error probably well 
under 0.005 second. The time signals of the U. S. Naval Observatory 
as transmitted by the Annapolis naval radio station are used as time 
control for this interval. 

Corrections for temperature, pressure, arid amplitude of oscill a t' ion 
are applied to the periods of the pendulums as thus derived. A cor- 
rection for the elastic yielding of the support caused by the movement 
of the pendulum is also applied. The amount of this movement is 
rend in units of the wave length of monochromatic light by means of 
a specially designed interferometer. 

Because of the lack of uniformity of voltages in the power supplies 
of the different cities concerned, it was necessary to design the instru- 
ments to operate from batteries. The battery drain was fairly heavy, 
and i t  was foiuid necmsnry to use a charging unit driven by gasoline 
motor to charge tliii batteries in the field rather than to rely on 
charging them at commercial estnblishments. 

GRAVITY OBSERVATIONS IN PERLT 

PERSONNEL 

I n  Peru the Srrvicio Geogr6fico del Ej&rcito, a division of the 
Ministerio de Gnerra, was designated by the Peruvian Government 
to cooperate in the drterminntion of the gravity stations and x com- 
mission was appointtd. Col. 13. Vnllcnas, Director of the Servicio, 
wns appointed President of the C'ominisq;on. The other Peruvian 
reprrsentatives were 111.. Alfred Rosenblatt, Professor of Geodesy 
and Geophysics, San Jl;ircos Tiiiiversity, Linin, and Dr. Carlos 
Basadre, Professor of Geodesy in the Engineer's School in Lim:~. 

I n  :Itltlition, Dr. *J. A. Broggi, IXrtctor of Mines an(1 Petrolrum 
of tlie Ministerio clc Foriiento, although not a niriiibrr of thc Com- 
mission, nntnr:illy had great interest in tlie \vork aiitl assisted tlie 
Conimission in many wnys. 

Colonel Va1lrn:is appointed two offi(-ers, Capt. J o 4  Sari Rligiwl : L I ~  
Capt. Blaniicl L h o s ,  to accompany ani1 work with tlie party while 
in the vicinity of Lima. When the party left Lima, Cai)t:iin Llanos 
was detached hut Cnl)t:iin Snn Mipiel remained witli the party 
during the entire project in  Perii. 
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ORGANIZATION OF THE SURVEYS 

During the latter part of February 1941, the organizational work 
was completed in Lima. I n  addition to Captain San Miguel and 
Captain Llanos as aides, five soldiers were detailed to assist with 
the work. One 11/-ton truck was furnished for transportation of the 
instruments aiid a new station wagon (camioneta) was purchased for 
the transportation of the officers and rrieiiibers of the Commission. 

ESTABLISHMENT OF BASE STATION 

The first site selected for the principal base station in Peru was 
a t  Conchan, the site of a base triangulation station about 35 kilometers 
south of Lima. Tlie equipment was set up at that  site, nnd observn- 
tions were attempted. However, much difficulty m i s  experienced 
here which finally canstvl the abantlonnient of this location. The 
instruments had been handled roughly during shipment, aiid this 
necessitated extensive repairs which were difficult to make at Conchan 
because of dusty conditions and the presence of inniiy mosquitoes. 
High humidity had also caused a nuniber of short circuits in trans- 
formers tind coils. Furthermore, radio reception mas very poor a t  
Conchan. 

The necessary repairs and adjustments were conipleted a t  the Ser- 
vicio de Trasmisiones, an Army post in tlie northern edge of Lima, and 
the base griivit station was established at  that  point. Tlie repairs, 

of the plans for the expedition into other parts of the country required 
a, month's time :uid it was not until the early part of April that the 
party finally left Lima. By that time tlie numerous roads blocked by 
landslides in Febmwy and March had for the niost p u t  been reopeiietl 
and the roads were in fair condition. 

occupation of t i! e station, transportation difficulties, a n d  preparatioii 

ITINERARY OF THE GRAVITY COMMISSION 

During Spril ,  Jlay, and tlie early part of June, 10 additional gravity 
stations wm establislied in Pem. Tliese stntioiis were located near 
the  following cities a n d  towns, c.xccpt the last iL which :IIV at triangii1:i- 
tion stations : 

Piurn. 
Trnjillo. 
Huarils. 
IGI. 
(%aln. 

Tncna. 
Jnl itmi. 
Anta. 
Sam Jerfiniino iiortli I)iistz. 
San Jt~finii i io soiitli l i : i w .  

An excellent geographic distribution of stations W:IS seciiiwl, r:ingiiig 
over 13" of latitude and 10' of longitude. 

All travel was b road. Considering the treiiientlons t?if€icnlties of 

nwessai*ily steep in tlie inonnt:iins, but in geiirrnl tlie construction hac1 
heen well engineered. The incwniparable scenery of tlit. I\ntlcs ant1 
the historical background of ninny of tlie cities were gre:it ly enjopcl 
by the North Aniei*ican rriembtw of tlie Commission. 

The sites of the stations were usu:illy in public buildings, S U C . ~  as 
ciiai*tels, or miinicipl or govcrniiie~it huihliiigs. l'liis i iss i i red greater 

road building in t ry iis r~gion,  the ronds wcre excellent. Gi-:itlrs were 
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permanency and ctire of tlie station site. All public officials were ex- 
tremely kind and helpful in the selection of the station sites and in 
providing the necessary amount of space, electric current, and assist- 
ance in installing the equipment. Captain San Miguel was very effi- 
cient jn making the iiecesswy contacts in selecting the station locri . 
tions, and the excellent progress of the party was largely diie to liis 
efforts. 

While at  station Anta, near Cuzco, mechanical difficulties mere 
encountt.red, requiring a return to  Lima for repairs. After com- 
pletion of repairs, several reobservations were made a t  Lima, and 
the party then returned to the field and established the two San 
Jer6nimo base stations. Early in June the party returned to Lima 
antl the final reobservations were made at the Lima base. 

During the latter part  of June, the party paclted and shipped the 
instruments and left for Colombia. 

The frill and coniplete cooperation of tlie Peruvian W:ir Ministry, 
of CoI. E. V:illen;is, Director of the Servicio Geogr4fic.o (le EjErcittr. 
and of the  officials of the IJnited States Embassy  tis of prime 
import:ince ir, tlie inccessful completion of the observ~tions. 

GRAVITY OBSERVATIONS IN COLOMBIA 

PERSONNEL 

The gravity work in Colombia was exocrite(1 in  cooperation wit11 the 
lnstituto Geogrlifico hlilitar g Catastral, ti division of the Ministerio 
cle Hacienda. The Director of the Instituto Geogrhfico, Dr. Hern- 
aiido Posada Cnellar, designatetl a commission composed of the 
following scientists and engineers to ‘co1ltibor:ite with the North 
American members : 

Dr. Dwio Itozo Jf., Chief of the Section of Geophysics of tlir 

Dr. Thomas Aparirio V., Erigineer, Iiistituto Crrogrfifica 
Captain Gwardo Ciibrrrn A., Bhgiiiwr, nttncahrtl to the Instituto 

Iiixtitiito Orogriifico 

Ckogrtifico as ti geodesist. 
The efficient nxinner in which all preliininary arr:ingeiiients had 

been made by Dr. Posada Cue1 lar antl the nienibers of tlie Colombian 
Commission greatly expedited the observnt ions. Lieutenant Aslakson 
arrived a t  I3ogot4 by airplane on June 21, 1941, antl found that all 
arrangements for free custom entry of the instruments had been 
completed, and that Dr. ROZO, Dr. Aparicio, arid Captain C:ibrera had 
departed for Buenaventura to meet the S. S. Nunfa  E7~na on which 
Rlr. Hailsen and the shipment of jnstriinients were arriving. A 
tentative schedule of stations was tliscrissrtl with Dr. Posatla Cuellar, 
and Lieutenant i~slaltson then proceectetl to T3uenaventur:i. 

The instruments arrived a t  Buenaventura in the afternoon of June 
23, and the first observation was begun there on the morning of Jnne 28. 
:is the ciistonis entry, unpacking and assembling of instruments, and 
the selection of the station site requird only 4 days. 

COLOMBIAN BASE STATIONS 

It was planned to establish two primary base stations in Colombia. 
One was desired a t  Rogotfi, tlie capital city, and another a t  the port 
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of entry, Buenaventura, in order that standardization observations 
could be made immediately after disembarking and just  before re- 
embarking. Later, however, it was found advantageous to  reobserve 
also a t  Cali, thus furnishing a third primary base in Colombia, 

ITINERARY OF THE GRAVITY COMMISSION . .  
At the outset, plans were made for the party to leave Colombia 

about the first of Se,ptember. The tentative selection of stations most 
desired included the following cities : 

Buenaven tura. 
Cali. 
Popaybn. 
Bogotb. 
Bucararnanga. 
Barranquilla. 

It was decided to establish stations a t  these points and later, if more 
time were available, to improve the dist#ribution by intermediate sta- 
tions. Since the methods of transportation in Colombia in,cluded 
trucks and automobiles, railroads, busses, and river boats, i.t was im- 
possible to make definite fixed schedules. For instance, the time of the 
river-boat tr ip to Barranquilla depended to a large extent on the 
a.mount of water in the river a t  the time, because at  low stages of the 
river these vessels require many more days to negotiate the journey 
than when there is an abundance of water. 

The varying methods of transportation presented further difficulties 
in the handling .of the instruments. To dismantle, box, and address 
all instruments after the completion of each sttition would hare re- 
quired more than half the allowable time available for the work. 
However, Dr. Rozo and Captain Cabrera made arrangements with 
the railroads, trucking companies, and river steamers to load the 
equipment without boxing or tagging and under the personal super- 
vision of the Commission members, and never to unload tshe equipment 
without the same supervision. In  all cases? all companies concerned 
carefully complied with these requests. This arrangement proved very 
valuable in that it enabled the party to establish many more stations 
than were originally planned. 

The 
order in which these stations were observed and the number of ob- 
servations at  each station are shown below : 

By August 20, 16 observations had been made at 9 stations. 

Obnrvcntions 
Buenaventun_-- ____. _ _  _ _  ~~. _~ _~~ _ _ _ _ _ - _ _ _ - _  4 .  
Popayhn _ _ _ _ _ _ _ _ _ _ _ _  ~. _ _ _ _ _ _  _ _ _ ~  _ _ _ _ _  .. ~ _ - _  1 
Cali _____________. _ _  .. - .. _. ~ _ _ _ _ _ _  ____. _ _ _ _ _ _ _  _ _ _ _ _  1 

_. - . -~_- 3 
Bucaramiingn _. _ _ _ _  _~ _______. _ _ _  _ _ _ _ _ _ _ _ _  1 
Rarranquilln _ _ _ _ _ _ _ _ _ _ _ _ _  ~ _ _  .____ _ ~ _ _ _ _ _ _ _ _ _ _ _ _  1 
Medelliri ~- _ _ _  _ _ _ _ _ _ _ _ _ _ - _ - -  1 
RogotB (rrobservntiori) _ _ _ _ _ _ _  ~ _ - - ~  -_ 1 

1 
Armtwirl _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ - - -__  ~ _ _ _ _ _ _ _ _ _  ~ _ _ _ _ - - - _  ~ _ _ _  1 
Cali ( rwbstvvrr tion ) - _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _  ~ ___. _ _ _ _ _ - _ _ _ _ - _  1 

At Cali, a cablegram from the U. S. Coast and Geodetic Survey was 
received authorizing the party to remain an addit,ionnl month in 
Colombia to establish acldit~ional stations requested by the Colombian 
Commission. 

501603-43-2 



8 

By September 25, the following stations were established or re- 
occupied : 

Ohsewation8 
Pasto ________________--_-____________________---------------- 1 
Ipiales _________-_________-____________________--------------- 1 
Villavicencio------------------------------------------------- 1 
Puerto Lopez__--_--_-----___-------_---_------------------------ 1 
BogotR (reobservation)--__----------------------------------- 2 
Buenaventura (reobservation) _______________- -_______________  3 

The complete Colombian program, therefore, included 13 stations, 
with princi a1 bases a t  Buenaventura and Bogot6 and a secondary 
base at  Caf .  This was exceptional progress considering the fact 
that  the establishment of one station, that at Barranquilla, required 
15 days owing to  the length of time needed for the voyages up and 
down the Magdalena River by steamer. This fine pro rem can be 

Cabrera or Dr. Rozo always completed the travel arrangements for 
each station and the rapidity with which the station sites were se- 
lected. Oficials of the United States Embassy were also of great 
assistance to the Commission. 

Stations were located in public buildings such as cuartels, univer- 
sities, post offices, or other government buildings. Invariably the 
authorities were exceedingly courteous and cooperative. For ex- 
ample, in two instances where stations were located in post offices, 
the telegraph instruments were stopped during the radio reception 
of the time signal to prevent interference. 

The beautiful and varied scenery, the kindness and courtesy of the 
Colombian people, and the pleasant association with the members of 
the Colombian Gravity Commission and of the Instituto Geogrkfico 
Militar y Catastral made a lasting impression upon the North Ameri- 
can members of the Commission. 

On September 29, the boxin of the instruments was completed and 
the party embarked on the 6 . S. ASUnfa EZew for New York on 
October 1, 1941. 

GRAVITY RESULTS 

The results obtained at the 24 gravity stations in Peru and Co- 
lombia which were determined during the expedition are given in 
the following table of “Principal facts for gravity stations.” In- 
cluded in the table are the varioiis corrections which were derived 
l o  take account of the elevation of each station and to allow for the 
gravimetric effect of mountain masses, isostatic compensation, and 
other irregularities in the attraction of the earth, I n  the last 6 
columns of the table are various kinds of anomalies based on dif- 
ferent theoretical assumptions regarding equilibrium conditions in 
the so-called crust of the earth. A brief explanation of the aiioinnlies 
will be found on page 13. 

attributed to  the rapid and efficient nianner in which eit a er Captain 
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f. 0?1 -_ Fa3 
-. 015 +. 019 

Cal +. l(11 
- - . 0 t S  
-_ 003 
- 1 I I I  +:mi +. 036 
t . 0 1 2  co +. on 
-_ IN1 
- . w i  
-_ o(ii 

-_ 0;1 +. 015 + 0?2 
f. 014 +. 034 -. 039 +. OBZ + 022 +. 097 +. 008 
--.OR3 -. 018 +. 020 

.4ata . ..~ ... . . . . . ~. . ~ . 
San Jerhimo, north Dase 
S a 0  Jer6nirm,south base 

Colnmhia 
Bu-naventura- . . . . ~ ~. . . 

f. 0.35 . 058 +. 134 

1941. 
- 

-_ 124 
,132 

-.xi 
__ 

+. nr 
.045 +. 111 

f, 036 
,047 +. 128 

_x 

f. 018 
.043 

f. 1% 

+. 008 
,042 

-. Io4 
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EXPLANATION OF TABLE OF PRINCIPAL FACTS FOR GRAVITY STATIONS 

The first three columns of the table are self-explanatory. The e1ev:i- 
tions in the fourth column are given to tenths of meters wherever 
the available data seemed to  justify this degree of accuracy. Those 
given in meters only are more uncertain and may be in error from 
one to several meters in some cases. 

The observed values in the fifth column are on the Potsdani 
Datum. They are referred to the Washington base station located 
in the basement of the Department of Commerce Building, Wash- 
ington, D. C., where the gravity value is 980.118 gals as determined 
in 1933 by connection with Potsdam, Germany, the world base 
station. 

The theoretical values of gravity in the sixth column are based 
on the International formula, which is as foiiows: 

in which 4 is the latitude of the station. A table of gravity values 
for different latitudes computed by this formula will be found in 
Bulletin GBodBsique No. 32.' 

The next six columns, Nos. 7 to  12, contain the various correc- 
tions, one or more of which are applied to the theoretical value of 
gravity a t  sea level to obtain the computed value of gravity at the 
location of the station under various assumptions regarding the 
effects of topography and compensation. 

The elevation correction in the seventh column is obtained by means 
of the following formula : 

yo=  978.049 [I + 0.0052884 sin 4 - 0.0000059 sin 241 

Elevation correction = - (0.00080855+ 0.00000022 cos 24) It 
+ 0.000072(,,i) h, 

where 4 is the latitude of the station tind h its elevation in meters. 
The second-order terms in this formula are appreciable only for 
stations in high altitudes. Where needed, they are readily computed 
by means of a special nomogram. Copies of this nomogram can be 
obtained by addressing the Director, Coast and Geodetic Survey, 
Washington, D. C. 

The correction for topography to Zone 0, given in the eighth 
column, is nsed in computing the Bouguer :Lnomaly. The compn- 
tation of this correction is part of the computations involved in 
deriving the isostatic anomaly and therefore requires no additional 
work after the isostatic reductions have been made. Very briefly, 
the Bouguer topography effect is obtained by computing first the 
effect of a slab of average surface rock (density 2.67) equal in thick- 
ness to the elevation of the station and extending out to the outer 
limit of Zone 0 (radius=166.7 km) of the Hayford reduction tables. 
A small correction is applied to the value thus derived to take ac- 
count of the curvature of the sea level surface of the earth and 
another correction, considerably larger in rugged topography, to 
take account of the departure of the actual topography from tho 
plane through the station.2 

1 Walter D. Lambert and I+'. W. Dnrlinp. Tnblen for theoretiral grnvity nccording to 
the new internntionnl formula. Bull. GCnAPsiilue No. 32. 1931 pp. 327-340. 

3 This method i R  a modiflcntion of the IInyford iRostatic 'rednction method. flrst nsed 
by nr. E. C .  Riillard of Camhritlpe. England. See Gravity determination9 in Enst Africa 
by E. C I3ullnrd Phil. TrnnR.. I<. Poc. of 1,ondon. Series A .  No. 787, vol. 23.5. pp. 487-491. 
Convenient tHhl68 for romputinp the topopmpllic effect to Zone o are given in spec. 
Piit). No. 232 of the T J .  8. Coast nnd Geodetir Survey. pp. 07 nnd 68. 

1 Walter D. Lambert and I+'. W. Dnrlinp. Tnblen for theoretiral grnvity ncc 

3 Thin method is R modiflcntion of the IInyford iRostatic rednction method. 
the new internntionnl formula. Bull. GCnAPsiilue No. 32. 1931, pp. 327-340. 

by 6;;- E: C .  Rilllard of Camhritlpe. England. 
by F C I3ullnrd Phil TrnnR I< Poc. of 1,ondon. Series A .  No. 787, vol. 23.5. pp 
Concenient tHhl68 foi  rompIitinb the topopmphic effect to Zone 0 are given 
Piit). No. 232 of the T J .  8. Coast nnd Geodetir Survey. pp. 07 nnd 68. 

 re Gravity determination9 in 

.ording to 

flrst nsed 

. 487-491. , in Spec. 

R R t  Africa 
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The correction for “indirect effect” in the ninth column is a small 
correction to take account of the attraction of the material included 
between the geoid and ~phero id .~  It forms a part of the isostatic re- 
ductions of gravity results. It  may be explained briefly as follows: 
All elevations of the surface of the earth, as determined by leveling or 
other means, are necessarily referred to the geoid or sea-level surface. 
All topographic effects computed for the isostatic reduction of gravity 
determinations, therefore, include topographic masses between the 
geoid and the surface of the earth. The formula for theoretical 
gravity, however, is based on a mathematical spheroid. It must there- 
fore be corrected for the effect of masses included between spheroid 
and geoid, as well as for topography and compensation, to obtain a 
computed value of gravity comparable with the actual observed value. 

The next three columns, the tenth to the twelfth, contain the 
corrections for topogra Ihy and compensation on the Pratt-Hayfortl 

correction for the depth of 113.7 km is the one first derived by direct 
computation. Factors are then used to obtain the corrections for the 
other depths.6 

The accuracy with which the corrections for topography and for 
compenstttion are derived for each station, especially for the zones 
within 100 or 150 km of the station, depend upon the availability of 
detailed topographic (contoured) maps and upon their accuracy. For 
a large part of the stations included in this publication, fairly adequate 
maps were available. For the remaining stations, new computations 
should be made as soon :is better detailed maps are published. 

hypothesis for three di H erent depths of isostatic compensation? The 

ANOMALIES 

The last six columns of the table contain the anomalies derived by 
the different methods of computation or by using different depths of 
isostiitic compensation. The free-air anomal given in column 13 is 
the one most easily obtained. The theoretica P value of gravity at sei1 
level is simply corrected for the elevation of the station, and then the 
difference is taken between the observed value of gravity and this 
corrected theoretical value. No correction is applied for topography 
or for isostatic compensation. The free-air niethod may therefore be 
considered as based on the assumption that the effects of topography 
and compensation exactly balance each other. I n  low flat topography, 
i t  will give anomalies practically ns small as the isostatic method but, 
in high topography, free-air anomalies are larger than the isostatic, 
arid :ire ordinarily positive if  the station is above the general level of 
the surrounding topography and have a tendency to be negative if 
the station is below the general level. Six of the stations in the pre- 
ceding table have positive free-air anomalies greater than 100 milligals. 

The Ihuguer anomaly in column 14 is obtained by sppl ing two 

paring it with tlie observed value. One is the correction for elevation 
corrections to the theoreticul value of gravity at sea level be r ore com- 

8 RVP TtibleR for determining thci form of the geoid nnd it8 indirect effect on Prn\’it by 
Walter D. Lkmbert nnd Frederic W. I)nrling, U. S. Comt and Geodetic Survey Spec. %ub. 
No 199, 

4 The methods uaed for thew reduct1o;is are fnndnmentnllv those explained in IT. S. Coast 
nnd Geodetic Hi1rvc.y Spw. I’iil), No. 10. The effert of  topc;wni>1iv nnd isostntlr compwwn- 
tion npon tlie Intensity of gravity. by John F. Hayford and Willinin Bowie. %’or n sliplit 
modiflratlon of this method. w e  footnote on p. 10. 

6 8-e IT. S. Vend nnd (;rocllrtlr Siirvey Spw I’rib. No. 40. I n v e ~ t ~ g u t i o i i ~  of grnvity 
and i H O H t l l ~ V .  b v  William I~owie. 111). 97-99. 
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of station already explained and the other is tlie correction for the 
effect of topography included within the outer radius of Zone 0 
(166.7 km) . The method used for computing the topographic effect 
is explained briefly on page IO. Rouguer ailomtilies are used quite 
extensively in geophysical prospecting to find variations in under- 
ground structure over comparatively small local areas if tlie topograph 
is not too rugged. One reason for their use in this class of wor 
is that the can be computed rather easily if a high degree of precision 
is not nee CT ed. Over extended areas the Uouguer anomalies are quite 
closely related to the height of the topography and are ordinarily 
etrongly negative for mountain stations. I t  will be noted that four 
of the high stations in Peru have negative anomdies of 310 niilligals or 
greater. 

The last four columns of the preceding table contain isostatic anom- 
alies. The first one of the four columns includes the indirect effect or 
the effect of the material between geoid and spheroid. The other three 
do not. The anomalies in this column are based on a depth of com- 
pensation of 96 kilometers, since this is considered the best depth of 
corn ensation for isostatic reductions in the United States. 

TEe reniaininp three columns contain the isostatic anonialies based 
on three diffei-eiit depths of compensation. 'I'lie methods used in com- 

:e tuiomalies are explained in U. 8. Coast and Geodetic rting urvey Special the Publication No. 10 except for pinor changes and short 
cuts that have been devised from time to time since No. 10 was pub- 
lished. These changes are explained in Special Ptiblicatioii No. 232. 
I n  computing the anomalies, two corrections are applied to the theo- 
retical value of gravity a t  sea lt~vtll before coiiiparing the theoreticnl 
value with the observed value. One is a correction for elevation of 
station (the mme correction as used in computing the free-air and 
Bouguer anomalies) and the other is a correction for tlie effect of the 
topography of the whole world and of the isostatic compensation of 
that topography. 

Too miicli space \vould be required to explain tlie isostatic method in 
detail in this publication. Some of the basic assumptions undeilving 
the method should be kept in mind, however. The topography above 
sea level is assumed to have an average density of 2.67, and the negative 
topography of the ocean basins is taken as the difference between this 
and the density of sea water which is about 1.03. The compensation 
is assumed to be uniformly distributed verticdly, down to the specified 
depth of compensation. The density of thr. rrinterinl helow sea level is 
taken simply as normal (without specification of actual density) except 
as this normal density is affected by the assumed compensat~oi~. In 
other words, the compensation is computed by itself as a positive or  
negative mass superimposed on the norni:il mass, and no attempt is 
made to evaluate the normal mass. The effects of all topogra hy and 

station although the distant effects, beyond 150 or 800 kilometers, c : ~ n  
ordinarily be interpolated. For the stations here considered, inter- 
polations could not be nsed until the map readings had been carried 
out to a much greater radius than 300 kilometers. 

No attempt is made in  computing the correction for topography 
arid isostatic compensation to evaluate the effect of abnormal structure 

z 

romperisation from the station to its antipodes are derived F or each 
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in the topography immediately surrounding and underlying the sta- 
tion. At  many stations the density of this material differs several 
percent from the value of 2.67 assumed in the com utations. There 
are two principal reasons why these differences in i n s i t y  are not in- 
cluded in the computations. First is the lack of accurate information 
regarding the form and extent of the abnormal structure, and second is 
the difficulty of making the com utations with adequate accuracy even 

It has seemed more logical to make the computations on a uniform 
basis throughout and assume that the resulting anomalies are indica- 
tions of the structural conditions in the vicinity of the station except 
R S  these conditions may be partly caused in certain areas by a lack of 
complete isostatic adjustment. 

when the extent and density o P the structure is well enough known. 

DISCUSSION OF ANOMALIES 

The mean anomalies, with and without regard to sign, given at the 
foot of the table, are smallest for the isostatic method based on a depth 
of 113.7 km and largest for the Bouguer method. Except for the 
Bouguer anomalies, the avernge anomaly is positive in every case. If 
the density of the topography near the stations is reasonably close to 
the normal density of 2.67 used in the computations, the average posi- 
tive anomaly in the last four columns could indicate that the area is 
somewhat under compensated, or else, that the depth of compensation 
is greater than that used in the computations. If the density of the 
topography near the stations is greater than the 2.67, the averRge 
positive anomaly could be expected from that cause alone. 

The average anomalies for the last columns of the table seem to be 
definitely related to the depth of compensation. They decrease from + 36 milligals for a depth of 56.9 km to + 8 milligals for the standard 
depth of 113.7 km. The rate of change with depth would indicate 
that a depth of about 140 km would gme an average anomaly close 
to zero. There are not enough stations, however, to make this estimate 
of depth very reliable, and in addition it may be seriously affected by 
lack of complete isostatic adjustment in this area. The seismic xc- 
tivity here indicates a possible lack of complete equilibrium. 

I n  figure 3 are shown the locations of the stations with their isostatic 
anomalies based on a de th  of compensation of 113.7 km. Equal 

tions is a serious limitation on the Rccuracy of the general conclusions. 
I f  there were more stations, the lines would undoubtedly look quite 
different. A few gravity-at-sea stations on either side of the Isthmus 
of Panama have been included in the illustration and also 3 old stations 
in Ecuador determined by a French expedition about 1900. 

Some of the most impressive features of the gravity picture are: 
The strong gravity gradient between Lima and Hilar&, the apparent 
negative trough extending from Lima to Panama, and the positive 
area in Colombia. Any attempt to account for these features will be 
left to interested geologists who have detailed information regarding 
the structural conditions in  this area. 

From the viewpoint of the geodesist, the important results accom- 
plished by the present observations may be listed somewhat as follows 
in order of importance : 

anomaly lines have been s P etched in. Here agnin the scarcity of sta- 
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(1) Accurate base stations are now available in both countries on the 
accepted international datum and these may be used to coordinate 
any future gravity surveys in either country. 

(2) A generalized gravity picture of the area covered has been 
obtained. This picture teiids to supplement the gravity-at-sea Work 
already completed in the Caribbean Sea and west of Panama. Addi- 
tional gravity stations in this area may now be placed where they 



will be of the greatest effectiveness in bringing out tlie most important 
details of the gravity irregularities. 

(3) It has been shown that the International Gravity Formula and 
the International Splieroid fit reasonably well in the equatorial belt 
of South America. 

(4) Finally, the sniall be, which has been made will, i t  is 

in the near future in gravimetric and isostatic investigations of great 
scientific interest. 

DESCRIPTIONS OF STATIONS 

The following descriptions are intended to make it possible to 
identify the locations of the stations after many years have elapsed. 
I n  reoccupying an old gravity station in order to connect other 
gravimetric surveys or for other reasons, it is not absolutely essential 
that the exact horizontal location be identified, but it is important 
that the redetermination be made a t  the same elevation. The relative 
importance of the horizontal and vertical coordinates of a gravity 
station is indicated by the rapidity of cliange of gravity with changes 
in the latitude nnd elevation. At latitude 2”, gravity varies about 
0.1 milligal per minute of latitude, a t  latitude 4”, about 0.2 niilli@ 
per minute of latitude, and a t  latitude 10” about 0.5 milligal per min- 
ute. Gravity varies about 0.3 milligal per meter of elevation. In 
lliese low latitudes where the change of gravity with latitude is small, 
the gradient of the anomaly may be considerably larger th:w the 
latitude change, and therefore too iiinch discrepalicy in horizontal 
position shooltl be avoided if possible. 

hoped, stimulate further work vilininF in t lis important area and will result 

STATIONS IN PERU 

Lima, I.imii Degtirt inent, Peru, Servicio de  Trrinsmisioiies (C‘. I. Aslttlrson, 
Jltircli 1941 ) .-Stntinn is in tbe (’ommunication School (of the Arniy),  in the 
troop dining room, 9 meters from the east door and 3 meters from the south wirll. 
The building is i n  pnor wrlditioit tlne to etirtliqurike cracks aild the ceiling is 
bhnred tip with timbers. 

Piura. Pilira Department, I’erii (C. 1. Aslukson, April 1941) .-Station is iit the 
rwir of the Corrtriiitliiric.iit del Agrupamiento del Norte tit 592 Calk  Ticnti, i n  a 
lmiltlitig owned by Lopez Albiijar. To rearli from Plaza de Armas, piss to rear 
of flrst patio, through p:issnge on north side of (’omandancia to serond sniall 
pntio in rear and then through door to  third small Datio. Station is in ii xmiill 
t w m  tibout 2 by 4 meters in size on the north side of this patio, nboiit 50 ineters 
wrst and 10 nietrrs north of the door which faces I’laza de Armas, and 1 meter 
fiom the north wiill of the room. A smnll drtifting room with arc4ie.d 1n)rtal 
ridjoins this room oil the east rind r i  room, marked “mesa de Partes,” is on the 
west. 

Trujillo, Liberttt Drpnrtment, Peru (C. I. Aslnknon, April 1941) .-Sttitlon I s  
i n  the southweat part of Trnjillo, in the Trnjillo C’it:irtc~l, 0.39 kin soutltwost of 
the southwest corner of Plaza de Armas and 33 meters southeast of Cnlle Frnn- 
cisco Pizarro, in the southeast end of the officers’ bar, 1 meter from the southeast 
wall. To reach from Trujillo Torre, go northwest 0.2 kin rind southwest 0.39 kin. 
The pelidrl~ulll rtpptirtitlls WIls  set on the tile floor. 

Huarhs, Ancvic-lis Department, Peru (C. I. Aslakson, .4pril 1941) .-Sttition is 
In HnrirfiN, in the Prefectura at  100 Calk 28 de Julio, in the room openiiig ofl 
the east side of the patio on the groiind floor, in the southeast corner of the room, 
about 0.0 meter from tlie east wall tuid 1.6 meters from the smith wrill. It is BO 
ineters east arid 120 meters south of triangulation stntiort CatedrRl Huads. 
Pendulum nppnrcitus was set oil concrete floor which is not very solid. This 
station wns iiiiiloiibteclly destroyed by the Ini~dsliile which oc8riii’red iii Norember 
1841. 

The gentlulum appariitus was set nn the tile floor. 

The pendiilum apparritw was set on the rile floor. 
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Ica, Ica Department, Peru (C. I. Aslakson, April 1941).-Station is in Ica, in 
the Prefectura a t  135 Calle Loreto, one-half square northwest of Iglesia San 
Francisco, and 230 meters west of the center of Plaza de Armas, in  the north 
corner of the room which is immediately east of the rear or western one of the 
two patios in the building, 2 meters from the northeast and 2 meters from the 
northwest walls of the room. The pendulum apparatus was set on the tile 
flmr. 

Chala, Arequipa Departnient, Peru (C. I. Aslakson, April 1941) .-Station is  
in Chala, a small port in Camana Province, in the new government tourist hotel, 
the largest building in town, a concrete strncture not yet completed, just south 
of the Carretera Pan Americana and one-half block from Calle Comercio, in 
the northwest room, near the center of the north side of the room and about 
0.6 meter from the north wall. The city water supply, ti square concrete tank 
on a small rocky hill about 15 meters high, is  iibo11t 40 meters northeast of the 
station. 

Tacna, Tacna Department, Peru (C. I. Aslakson, May 1941).-Station is in 
Tacna, in the cuartel "de Hnsares de Junin No. 1" at 86 Ctille 2 de Mayo, opposite 
i t s  intersection with Calle Francisco Lazo, in the north corner of a small ptitio 
which is entered by the second door on the left from the mnin entrance to the 
caartel, in the open about 2 meters from the northenst find 2 meters from the 
northwest walls. The Sala de Esgrima (fencing room) is  on the northeast side 
of the patio. The station is 340 meters N. 46" W. (magnetic) from triangulation 
station Mastil Plaza. The pendulum apparatus was set on the concrete walk. 

Juliaca, Puno Department, Peru (C. I. Aslakson, May 1941) .---Station is  in 
the southern part of Juliaca, Puna Province, in the Sala de Esgrimn (fencing 
room) of the Casino de  Oficiales, on the west side of the room, directly opp)site 
the  door and about 1 meter from the west wall. The pendulum :ippnmtuu \viis 
set on the tile floor. 

Anta, Ciizco I~eptirtnic'nt, Peril (C. I. Aslakson, &fay 1941 ).-Station is i i i  
Anta, on the summit of the hill, on the long porch or veranda of the Consejo 
Provincial de Anta, on the south side of Plazti de Armas, about 1W meters from 
the  west end of the porch. The church on the opposite side of the pltizn is about 
85 meters distant, N. 50" W. (magnetic). The pendulum nppnmtus was set on 
the concrete floor. 

San Jer6nimo North Base, .Tiinin Department, Peru (C. I. Aslakson, Mag 
1941 ) --Rt:ition is about 2.0 kin west of the western edge of San Jei*i,nimn. I'rov- 
ince of Himicayo, 15 metcrs south of the center line of the Hnancago-Oroyn Ilotid. 
immediately south of the junction of the main rotid and the rotid leading str:iight 
inttr R t i n  Jeri,nimo and 30 meters east of n line of eurtiIgptiiY trees along n sintill 
irrigation ditch. Station is 7 meters south of a smrill rorlr cairn, 1 meter high, 
built beside the road and 441 meters from triangulation station %in J e r h i m o  
north hnw. 4 W "  to the left of the line to south briso. The pe:idulinn npp:ir:itiis 
~ v : i s  ' e t  i n  tht. grouritl on plastcr of Paris bases. 

San Jer6nimo South Base, Junin Department, Per11 (C. I. Aslakson, A1t1y 
1941).-Stntion is about 1.3 km southeast of the east side of the pueblo of Cajns. 
Province of Hnancayo, 15 meters east of the center line of the road that lends 
north from the highway toward C:ijas across a railroad parallel with the high- 
way. The station is tihoiit 300 meters north of the inttwertiori of the Cajns 
rnatl ant1 the  rtiilroad :ind 10 mcaters eaqt of :I rorlr cairn, 1 mctw high, bnilt 
besirle the rond. I t  is ahout 380 meters wnthwest of tri:rngiil:ition station Sari 
Jerh in io  Fouth base. The pendnlum apparatus W ~ S  set in the gronntl on 1il:ister 
of I h r i s  1i;isos. 

The pendulum apparatus was  set on the tile floor. 

STATIONS IN COLOMBJA 

Ri~enaventura, Valle (16.1 C:inca Dt~pnrtiiieiit, Coloinhin (C. I. Aslakson, June 
1!)41) .--Sttition is in thc port of the stinie name. i n  :I reinforceil conc-retc' striir- 
tiire along the. extiwne south side of the IIole whivh extends into thfl hag (111 a n  
extrnsivti syqtwii of concrete piling. The hililtling (wittiins ti qi:i(*ioii~ ctwtrnl 
h:i11 for iict> :I\ tlie liiggfige rocmi for the riistom service. TIIP strttion is in the 
wiitixl one of three rooms on the f,:i\t side of the hnilding, etich tihoiit 5 IiIrtCrs 
Fqii:ire. for the  rrcrpt inii of 1i;iwwgers. i i i  thrl east cnrnrr of the hall tilioiit 
1% meters from e;i(.h of thf. twu n w w r  walls. The pendiiliini ;ipparatil'~ WIS 
set on the tile floor. 

Popwin, C'aiica neri:irtment, Colnml~ia ( C .  1. Aslriknon, ,Tiily 7941) .-Station 
is in PopnyBn in the Sa16n clc Quimirn (cliern.ica1 1ahor;itory) r i f  tlie scllool of .  



industrial engineering of the University of Cauca. It is about 180 meters 
N. 90” E. (magnetic) from the cathedral, in the western corner of the room, 
about 1 meter froin each of the two walls. The pendulum apparatus was set 
on the concrete floor. 

Cali. Val10 del Cauca Department, Oolombia (C. I. Aslakson, July 1941).- 
Station is in the western par t  of Cali, in the residential section, in h building 
facing northwest which is used as the barracks of the infantry battalion 
“Pichincha.” The north end of a prominent ridge is about 1.3 kin N. 45’ W. 
(magnetic) from the station and the other end of the same ridge is about 
0.8 km K. 84” W. (magnetic). g’he station is in the large room opening onto 
the court at the north corner of the building, about 25 meters t o  the east of 
the main entrance and about 2 meters from the south or front wall of the room. 
The pendulum apparatus was set on the concrete floor. 

Bogota, Cundinamarca Department, Colombia (C. I. Aslakson, July 1941) .- 
Station is in BogotR. a t  the Instituto Geogr&fico Militar y Catastral, in the east- 
ernmost building which extends north and south, faces west, and is used for 
clerical ofeces and warehouse. The station is  in  a small room a t  the extreme 
south end of the building, 7 meters from the principal entrance, in the southwest 
corner of the room. 

Bucaramanga, Santander Depnrtnient, Colombia (U. I. Aslakson, July 1941) .- 
Station is in the northeastern par t  of the city, at  the Cuartel Militar, in the 
officers’ clubhouse beyond the westernmost building of the Cuartel. It is in the 
entrance hall below the principal staircase, 10 meters west v€ the entrance door 
and near the northwest corner of the hall. The pendulum apparutus was set 
on the tile floor. 

Barranquilla, Bolivax Department, Colombia (C. I. Aslakson, July 1941) .- 
Station is in the riorthern par t  of the sriiport city of Burranquilla, in the offi- 
cers’ clubhouse of the Cuortcxl Militar, in the northeast corner of the spacious 
hall from which R staircase with two branches gives access to the second door. 
The pt.riduluni upparatus wits set on the tile floor. 

Medellin, Antioqiiiii Delmrtrnent, Clolonlbiw (C. I. Asl:iksou, August 1941 ) .- 
Station is in Mrdrllin, in the three-story building which housrs the University 
of Anticrqui:i, neiir tlie m:iin rntrrinw and principal striirwny with two branches 
leading to the patio. It is in the space left by the spread of tht. sontli br:inch, 
on the side towird t h r  patio. The pendulum :ii)y:ii*titus w:is set on tlie cwncrete 
flnor. 

IbaguB, Toliiua lkpartnieiit, (’o1omhi:i (C. 1. AslaLson, August 1041) .-Station 
i s  in IbiiguC., a t  the Edificio Niicional which is a t  the west corner of the Pliiza 
Ro1iv:ir. On the west side of this builtling and 35 meters froin thri corutv there 
is  :L wide door which serws as the eiitrmce to  ti gariige rind to a snliill patio. 
Thr strition is beyond the gariige, in thr corridor of the patio, near the north 
wall ;ind 350 nietrrs N. 10” W. (inagnrtic) froni t h r  tower of th r  Catliv(lr:il. 
Tlie pe~idul~it i  nppartitns was set on the tile flmi*. 

Armenia, (%Idas Jkpartnlent. (‘oloinbiti (C. I. Aslalison, August 1941 ) .--St:i- 
tiori is in Armmiti, w1iic.h is on the western side of the great knob of Quindio oppo- 
site the city of Ib:iguB, in the cstrt~nir~ northriixtrrn part of the town, in II new build- 
ing which is n s c ~ ~  H S  ii ln;irlit+ aiitl which occupies an entire Fqii:ire. I t  is i n  the 
northeast cornw of the builtling, in t he lrist h:rll rilong the southewst side, :I rec- 
t:ingiil;ir room with i i  curvrd wriiw. ‘]’lie htntion is 4N) mt>terF j n  :iiiiinith 10” 
from the geogriililiic station L’l:izti, Airmwiii Sun  ey. Tlie pentluliiui a1qtiir:itus 
\yas srt on the concwte flonr. 

Pasto, Nnrifio J)eptirtntrnt, Colonikiia (C. I. Asliikson, August 3041) .-Stiitinn 
iq in I’risto nclrir the centclr of the city and northwest of the principal plnza, the 
1’1;IZii Narifio, in the building wliicli houses the university. I t  is near the south- 
c~iisteriiinost rntrnnce, iii the corridnr lrlow tlie staircnsc lending to the second 
Iloor, 0 metorii from the nxis of the hnllwny :ind 9 meters from thc strert. The 
pc~ndiiluni tipp:ir:itus was tict on tlie til(> floor. 

Ipiales, Ntirifio l )epnrt in~nt ,  Coloinbia (0. I. Aslnlison, August 1941 ).--Station 
is in 11ii:iles, which is near thcl boundary between Colombia and Ecnridor, in a 
conrretr building called “Edifiicio Narional” niid used for government of€icw, on 
the south side of the plnza “Veinte de Julio.” It is 5 metcm efist of the errst door 
of tlie principal entrance. helow the stairway leading to tlie second floor ;ind nrti’r 
the north wrill. Thc strition i. 70 inetrrs west of the church, Iglesia, which is R 
gtwgrn1)hic station. The pendiilnm nppnratiis was set on the tile floor. 

The penduluin apparatus was set on the tile floor. 
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Villavicencio, Meta Department, Colombia (C. I. Aslukson, September 1941) .- 
Station is in  the village of Villavicencio, in room 12 of the hotel Meta on the 
east corner of Plaza Santander, 52 meters northeast of the northeast corner of 
the plaza, 3 meters iiorthwest of the street curb along the southeast side of the 
hotel and 8 meters eapt of the east corner of the hotel patio. I t  is 115 meters east 
of the church, Iglesia Villavicencio, which is a geographic station. The pendulum 
apparatus was set on the concrete floor. 

Puerto Lopez, Meta Department, Colombia (C. I. Aslakson, September 1941) .- 
Station is in the village of Puerto Lopez, which is on the Metica River about 100 
miles southeast of BogotB, in a building owned by Mr. Solano and rented by the 
Texas Oil Co., 62 meters riorthwest of a square, white building which stands by 
itself on the bank of the river and which is adjacent to and south of the Qovern- 
ment Salt Depository. The station is i n  the northwest corner of the building. 
The pendulum apparatus was set in plaster of Paris on the concrete floor. 

0 



PUBLICATION NOTICES 

The Coast and Geodetic Survey maintains a mailing list of persons interested 
in its nautical and aeronautical charts and miscellaneous publications. 0 1 1  the 
issuance of new or revised editions descriptive rirculars are  promptly mailed 
to those interested in the subject matter. 

Should you desire to receive such notices please check any of the list men- 
tioned below, grouped by subject matter, using thi. form prepared for your 
convenience. 

(Date)_____---._-----_-----_----_-_-_- 

TVashingto?a, D. C. 
The I)IIiECTOH, UNI'IEI) STATES C0-4ST AND GEODETTC SUEVEY, 

Dmn SIR: I desire thtit my ntlme be placed 011 the mailing lists indicated 
by check below to receive notification of the issuance of nautical and aeronautical 
charts, mid miscellruieous publirations of the Const mcl Geodetir Survey : 
0 109. i4stroeoniic Work. 
0 1 0 S A .  Bave Lines. 
0 109-B. Corist Pilots. 
0 109-C. ('urrents. 
0 109-D. Geodesy, 01' Metisurement of the Earth. 
0 109-E. Gravity. a 10SF. Hydrograhy. 
0 109-G. Leveling. 
2 109-H. Nnutical Clinrts. 
c3 1O!+-I. Ocennogmplry. 

10s-J. Traverse. 
0 109-K Seismology. 
0 109-L. Terrestrial Magnetism. 

109-M. Tides. 
0 109-N. Topography. 
J 100-0. Triangulation. 
2 109-P. Cartography. 
;1 109-R. Aeronaiitic%l Charts. 

(Name) _ _  


