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EFFECT O F  TOPOGRAPHY A N D  ISOSTATIC COMPENSATION UPON 
T H E  INTENSITY OF GRAVITY. 

BY 

JOHN F. HAYFORD,* formerly Inspector of Geodetic Work and Chief of the Computing Division, 

AND 

WILLIAM BOWIE, Inspector of Geodetic Work and Chief of the Computing Division, Assistant, Coast and Geodetic Survey 

GENERAL STATEMENT. 

In  the United States the assumption of isostasy in a definite and reasonable for~n has been 
introduced into the computations of the figure and size of the earth from the observed deflections 
of the vertical. These computations have shown that the assumption of isostasy is substan- 
tially correct. They have shown that a close approach to perfect isostatic compensation exists 
under the United States and adjacent areas. This is important to geology and geophysics. 
They have also shown that the proper recognition of isostasy in making colnputations of tho 
figure and size of the earth from observed deflections of the vertical has about doubled tho 
accuracy of such computations by reducing errors of both the accidental and the systematic 
classes in such work. This increase in accuracy is important to geodesy. These computations 
and the investigations of which they form a part have been published in ful1.t 

As soon as i t  was evident that the proper recognition of isostasy in connection with corn- 
putations of the figure and size of the earth from observed deflections of the vertical would 
produce a great increase in accuracy, it appeared to be very probable that a similar recognition 
of isostasy in connection with computations of the shape of the earth from observations of tile 
intensity of gravity would produce a similar inc~ease of accuracy. Logically the next step to 
be taken was therefore to introduce such a definite recognition of isostasy into gravity compu- 
tations. Moreover, i t  appeared that if this step were taken i t  would furnish a proof of the 
existence of isostasy independent of the proof furnished.by observed deflections of the vertic,al, 
and would therefore be of great value in supplementing the deflection investigations and in 
testing the conclusions drawn from them. In  other words, the effects of isostasy upon the 
direction of gravity at various stations on the earth's surface having been studied, it then 
appeared to be almost equally important to investigate the effects of isostasy upon the intensity 
of gravity. 

I t  was evident from the beginning that to properly take into account the possible existence 
of isostasy in connection with computations of the intensity of gravity a rather extensive revi- 

of formule and methods of computation would be necessary, and that the computations 
must be thorough and must involve a considerable number of gravity stations if tlle results were 
to be convincing. Thus i t  was realized that the problem was both a large and a difficult one. 
Partly for this reason, Mr. I-Iayford, as inspector of geodetic work, recommended frequently from 
1900 to 1908 that the Coast and Geodetic Survey confine its energy in geodetic observations and 

* Now Director, College of Engineering, Northwestern University, Evanston, Ill. 
t The Figure of the Earth and Isostasy from Measurements in the United State.?., by John F. IIayford, published in 1909 by tho Coast and 

Qeodet{c survey, and Supplementary Invrstigntion in 1909 of the Figure of the Earth and Isostasy, by John F. IIayford, pu1)lishcd in 1010 by the 
coast and Geodetic Survey. Each of thcse is a srparate pul~llcation not included in the annual reports of the survey. They may be obtained by 
interested parties on application to the Superintendent of the Const and Geodetic Survey, IVashington. D. C. 
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6 EFFECT OF TOPOGRAPHY AND ISOSTATIC COMPENSATION ON GRAVITY. 

investigations mainly to deflections of tlle vertical until that part of the field of investigation 
had been well covered and reasonably safe conclusions reached, and that then, and not till then, 
should much energy be expended in gravity observations and the corresponding investigations. 
This policy was adopted and adhered to. 

I n  the summer of 1908 Mr. Hayford began an extensive study of the theoretical side of the 
investigation, the revision of formdm and of methods of computation. 

Early in 1909 a long, continuous series of gravity observations with the half-second pen- 
dulum apparatus at  various stations in the United States was commenced. This series is still 
in progress. In this publication there are used 89 stations, including those of this series which 
are available at this time. 

In  January, 1909, Mr. Bowie became closely associated with Mr. Hayford at  the Coast and 
Geodetic Survey office and was brought into close touch with the investigation set forth in this 
publication. I n  October, 1909, he assumed his present position, and has since that time been 
in charge of the gravity observations and computations of gravity made in the Coast and Geo- 
detic Survey, of which many are utilized in this publication. In certain lines lie has extended 
the investigation beyond its former limits. In the ~ r e ~ a r a t i o n  of this publication the two 
authors have cooperated. They are jointly responsible for the opinions expressed and the 
statement of conclusions reached. 

Miss Sarah Beall, computer, efficiently supervised much of the computing in connection 
with this investigation, and especially the computation of the reduction tables, the most diffi- 
cult part of the work. To her and to the various members of the computing division who 
assisted, the credit is largely due for the unusual rapidity and success of the computations. 

In September, 1909, Mr. Hayford presented to the International Geodetic Association at 
London a paper bearing the same title as the present publication. It has been printed as 
pages 365-389 of Volume I of the Report of the Sixteenth General Conference of the Inter- 
national Geodetic Association, held at London and Cambridge in September, 1909. 

The present investigation is in many respects a counterpart of the previous investigations 
based on deflections of the vertical, to which reference has already been made. It supplements 
those investigations, and therefore the three should be studied together to obtain their full force. 

The computations of the present investigation have been based upon certain assumptions 
as to the existence of the condition called isostasy which are substantially identical with the 
assumptions in the previous investigations involving deflections of the vertical. It is important 
to the reader to understand clearly the meaning of the word isostasy and of certain related 
phrases, as otherwise he may fail to understand, or may misunderstand, many statements in 
this publication. These definitions are given below in substantially the same words as were 
used in connection with the previous investigations. 

ISOSTASY DEFINED. 

If the earth were composed of homogeneous material, its figure of equilibrium, under the 
influence of gravity and its own rotation, would be an ellipsoid of revolution. 

The earth is composed of heterogeneous material which varies considerably in density. 
I f  this heterogeneous material were so arranged that its density at any point depended simply 
upon the depth of that point below the surface, or, more accurately, if all the material lying 
a t  each equipotential surface (rotation considered) was of one density, a state of equilibrium 
would exist, and there would be no tendency toward a rearrangement of masses. The figure of 
the earth in this case would be a very close approximation to an ellipsoid of revoIution. 

If the heterogeneous material composing the earth were not arranged in this manner at  the 
outset, the stresses produced by gravity would tend to bring about such an arrangement; but 
as the material is not a perfect fluid, since it possesses considerable viscosity, at  least near the 
surface, the rearrangement will be imperfect. I n  the partial rearrangement some stresses will 
still remain, different portions of the same horizontal stratum may have somewhat different 
densities, and the actual surface of the earth will be a slight departure from the ellipsoid of 
revolution in the sense that above each region of deficient density there will be a bulge or bump 
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on the ellipsoid, and above each region of excessive density there will be a hollow, relatively 
speaking. The bumps on this supposed earth will be the mountains, the plateaus, the conti- 
nents; and the hollows will be the oceans. The excess of material represented by that portion 

, of the continent which is above sea level will be compensated for by a defect of density in the 
underlying material. The continents will be floated, so to speak, because they are composed 
of relatively light material; and, similarly, the floor of the ocean will, on this supposed earth, 
be depressed because it is composed of unusually dense material. This particular condition of 
approximate equilibrium has been given the name "isostasy." 

The adjustment of the material toward this condition, which is produced in nature by the 
stresses due to gravity, may be called the "isostatic adjustment." 

The compensation of the excess of matter at  the surface (continents) by the defect of 
density below, and of surface defect of matter (oceans) by excess of density below, mag be 
called the "isostatic compensation." 

Let the depth below sea level within which the isostatic compensation is complete be called 
the "depth of compensation.') At and below this depth the condition as to stress of any 
element of mass is isostatic; that is, any element . 

Surfgor ofground 
of mass is subject to equal pressures from all di- 
rections as if it were a portion of a perfect fluid. 
Above this depth, on the other hand, each element 
of mass is subject in general to different pressures 
in different directions-to stresses which tend to 
distort it and to move it. 

Consider the relations of the masses, densi- 
ties, and volumes, above the depth of compen- 4.6.4 

sation, fixed by the, preceding dehition. The 
mass in any prismatic column which has for its 
base a unit area of the horizontal surface which 
lies a t  the depth of compensation, for its edges 
vertical lines (lines of gravity) and for its upper 
limit the actual irregular surface of the earth (or 

, the sea surface if the area in question is beneath 
the ocean) is the same as the mass in any other ILLVSTRA~ON NO. 1.-~hree unit oolurnns showing id& depth of 

similar prismatic column having any other unit isostatic compensation. 

area of the same surface for its base.* Illustration No. 1 represents three such unit columns. 
Let the depth of compensation be called h, and the mean surface density of the solid portion 
of the earth be called 6. Then the mass of material in rt column of unit area a t  the seacoast is 
ah1 t (density times volume). 

Let the elevation above sea level of the irregular surface of the earth over the unit area of 
an inland column be called H. Then the mass of material in the inland column above sea 
level is 6H. Also, 'let the donsity of that portion of the inland column between sea level and 
the depth of compensation be called al. Then the mass of material in the column is expressed 
by the equation 

Mass in any land unit column = 6H -f- arbl (1) 
By definition, at  the depth of isostasy, any element of mass is subject to equal pressures 

from all directions as if it were a portion of a perfect fluid. In order that this may be true, 
the vertical pressures due to gravity on the various units of area a t  that depth must all be the 

--- 

*It  would be more acc~~rate to use the words '(inverted truncated pywmid" instead of "prismatic column." Tholatter expression hns been 
selected because it is sumoimtly exact for the purpose and oomponds to the allowable approximations actually made in the mathematical part 
of the investigation. 

t For the purpose of this demonstration it is assumed that the average density of the earth's crust below the seecoast between ses level and 
the depth of compensation is equal to the 8veIage density of the solid portion of the earth's surface (2.67). This assumption ignores the probability 
that within a depth as great as 114 kilometers (the assumed depth of compensation) there is probably a slight increase in density with increase of 
depth, due to increased prossure, the density being some unknown function of the depth. This neglect also appears In various othor places in this 
publication. It is shown later, under the heading rrDiscussion of errors," that this neglect introduces no appreciablo errors into the computation. 
I t  is justified, therelore, as a means of avoiding unnecessarily long and complicated statemants. 
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same, and therefore masses of the various unit columns must all be the same. Therefore the 
mass in a land unit column must be equal to the mass in a seacoast column, or 

6H+61hl=6h, 

From equation (la) i t  follows that 

The difference called 6, between 6 and 61 is expressed by the equation 

This difference between the normal density at  the surface of the land and also throughout 
a column a t  the seacoast on the one hand, and the density of an inland column below sea 
level on the other hand, is the average compensating defect of density, and this difference 
multiplied by the depth of compensation is the compensating defect of mass, 6,h,. 

The total mass in the inland column may also be expressed by the equation (see illustra- 
tion No. I), 

Mass in any land unit column = 6H + ah, - 6,h, (4) 
As the mass in each unit column is the same, namely ah,, it is obvious from equatibn (4) 

that 
6H = 6,h, (4a) 

This equation is a statement in mathematical symbols that in each unit column the com- 
pensating defects of mass below sea level must be exactly equal to the mass above sea level 
which is considered to be the surface excess. 

Equation (3) indicates that the compensating defect of density is proportional to the 
elevation of the surface above the sea level as 6 and hi are assumed to be constant. 

In an ocean unit column the top of the solid portion happens to be below sea level, being 
a part of hhe bottom of th_e ocean. In the ocean column let the depth of the water be called D 
and the density of the sea water 6,. Then the depth of the solid portion of the column will be 
hi - D. Let the density of this solid portion be called 6,. Then the mass of material in this 
unit column will be expressed by the equation 

Mass in any ocean unit column = 6,D + 6,(h, - D) (46) 
By definition, this mass must equal the niass of the unit column a t  the seacoast, hence 

6,D+6,(h2- D) =6h (44 

From equation (4c) it follows that 

The difference 6, between the density of the solid portion of the ocean column 6, and the 
normal density 6 is expressed by the equation 

The total mass in any ocean unit column may also be expressed by the equation (see illus- 
tration No. I) ,  

Mass in any ocean unit column = 6,D + (6 + 6,) (hi - D) ( 5 )  
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As the mass in each unit column is the same, namely 6h1, it follows from equation (5) that 
D(8-6,) =8,(h1- D) (5a) 

That is, in the solid portion of each ocean unit column the compensating excess of mass 
must be exactly equal to the defect of mass in the water portion of the column. 

Equation (4f) indicates that the compensating excess of density is nearly proportional to 
the depth of water, as 6 and 6, are assumed to be constant and (hl-D) is approximately 
constant. 

I n  this publication the mean surface density of the solid portion of the earth, 6, is assumed 
to be 2.67. The density of sea water, a,, is 1.027. With these values 8-6,=0.6156. Hence, 
for oceanic unit columns, equation (5a) becomes 

and equation (4f) becomes 

Note that equation (6) differs from equation (3) only by containing the factor 0.615; in 
having D, a depth, .in the place of I?, an elevation; and in having (hl- D) as a denominator 
instead of h,. 

As a concrete illustration, consider three unit columns such as are indicated in illustration 
No. 1, one beneath a mountain summit at an elevation of 3 kilometers, one underlying an 
area which is at sea level, a portion of the seashore for example, and the third under the ocean 
a t  a point where it is 5 kilometers deep. Let tho depth of compensation be assumed to be 
114 kilometers below sea level, and 'the mean surface density 6 = 2.67. In  the first column the 

3 3 ratio H to h, being -, according to equation (3) the defect of density, 6,, is - of 2.67 or 114 114 
0.07, and the density of the material below sea level is 2.67-0.07=2.60. In the second 
column the density of the material is 2.67. In  tlle third column the compensating excess of 

(0.615)(5) 3 density of the material underlying the ocean is, by equation (6), 6 114-6 = 6- = 0.07 
109 

and the density of the material is therefore 2.67 f0.07 =2.74. 
Under such a mountain, therefore, if isostasy exists as defined by the stated assumptions, 

the average density is about 3 per cent less than under the seacoast, and on the other hand, 
under a portion of the ocean 5 kilometers deep the average density is about 3 per cent greater 
than under the seacoast, down to the depth of compensation in each case. 

AS a rough approximation it may be stated, on the basis of the preceding paragraph, 
that beneath areas wl~ich lie above sea level the density is defective by about 1 per oent for 
each kilometer of elevation of the surface. Since much of the land portion of the earth's 
surface is at an elevation of less than 1 kilometer and very little of it above the elevation 3 
kilometers, the compensating defects of density beneath most land areas are less than 1 per 
cent of the mean density and exceed 3 per cent only under a few small areas on very higll 
mountains. Similarly, the compensating excesses of density under ocean areas seldom exceed 
3 per cent as the depths exceed 5 kilometers (16 000 feet or 2700 fathoms) in but a small 
portion of the ocean. 

If the condition of equal pressures, that is of equal superimposed masses, is fully satisfied 
at a given depth, the compensation is said to be complete a t  that depth. If there is a variation 
from equality of superimposed masses, the differences may be taken as a measure of the 
degree of incompleteness of the compensation. 

In  the above definitions it has been tacitly assumed that g, the intensity of gravity, is 
everywhere the same at a given depth. Equal superincumbent masses would produce equal 
pressures only in case the intensity of gravity is the same in the two cases. The intensity of 
gravity varies with change of latitude and is subject also to anomalous variations which are 
to some extent associated-with the relation to continents and oceanic areas. But even the 
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extreme variations in the intensity of gravity are small in comparison with the variations in 
density postulated. The extreme variation of the intensity of gravity at  sea level on each 
side of its mean value is only 1 part in 400. Even this small range of variation does not occur 
except between points which are many thousands of kilometers apart. As will be shown later, 
the postulated variations in mean densities are about 1 part in 30 on each side of an average 
value. Hence, it is not advisable to complicate the conception of isostasy and introduce long 
circumlocutions into its definition in order to introduce the refinement of considering the 
variations in the intensity of gravity. 

The variation of the intensity of gravity with change of depth below the surface need 
not be considered, as its effect in the various columns of material considered will be substantially 
the same. 

The idea implied in this definition of the phrase "depth of compensation," that the isostatic 
compensation is complete within some depth much less than the radius of the earth, is not 

Surf& ofgmun4 
ordinarily expressed in the literature of the sub- 
ject,* but it is an idea which it is difficult to 
avoid if the subject is studied carefully from any 
point of view. 

ASSUMPTIONS AS TO ISOSTASY. 

I n  the computations of the investigation here 
published the depth of compensation is assumed 
to  be 113.7 kilometers under every separate por- 
tion of the earth's surface. 

This is substantially the value given in The 
Figure of the Earth and Isostasy, page 175. It . 
was the best value available at the time the com- 
putation of the gravity reduction tables pub- 
lished herein was commenced. A better value, 
122 kilometers, became available while these com- 
putations were in progress, but too late to be used. 
(See Supplementary Investigation in 1909 of The 

ILLU~TBA~ION No. 2.-Three unit columns showing approximate 
depth of isostatic compensation as used in computations. Figure of the Earth, p. 77.) - 

The mean surface dehsity of the earth-that 
is, the mean density of the solid portion of the earth for the first few miles below the surface- 
is assumed in this investigation to be 2.67.t The phrase "of the solid portion of the earth" is 
inserted in the preceding sentence to indicate that the ocean, with a density of only 1.027, is 
excluded from this mean. 

The computations concerned in this investigation were actually made on the assumption 
indicated in illustration No. 2 instead of those indicated in illustration No. 1 and used on 
pages 7-9. This slight change was made to simplify and facilitate computations and is justified 
by the fact that the errors so introduced are negligible, as shown later under the heading 
"Discussion of errors." In illustration No. 1 and in the corresponding text, the compensation 
is assumed to extend everywhere to a depth of 113.7 kilometers below sea level. I n  illustration 
No. 2 and m the actual computations, the compensation is assumed to extend everywhere to 
a depth of 113.7 kilometers measured downward from the solid surface of the earth-that is, 
from the land surface in land areas (above sea level) and from the ocean bottom in oceanic 
areas (below sea level). For land areas, in computing the direct effect of the topography, the 
portion above sea level was assumed to have the density 6 as indicated in illustration No. 2, 
but in computing the effect of the isostatic compensation the density was assumed to be 6- 6, 

* see, however, a r8ferenm to Pratt's Hypothesis in Helmert's Hahere Geodiisie, I1 Theil, p. 307. . 
t For the data and considerations upon which this value is based, see The Solar Parallax and its Related Constants, by William Harkness, 

Washington, Government Printing Offim, 1891, pp. 91-92; see also The Figure of the Earth nnd Isostaspfmm Measurements in the United State#, 
p. 128. 
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above sea level as well as below, 6, being computed from formula (3). The seacoast column 
is the same in the two illustrations. Upon the assumption indicated in illustration No. 2 and 
used in actual computations for oceanic compartments, formula (6) becomes 

In the of this investigation the compensation under each separate   or ti on 
of the earth's surface is assumed to be uniformly distributed with respect to depth from the 
surface down to the depth of compensation, 113.7 kilometers. In  other words, the compen- 
sating defect or excess of density under a given area is assumed to be, at all depths less than 
the depth of compensation, exactly equal to the 6, of equations (3) and (6)) which was defined 
as being the average defect (or excess) of density. 

Elsewhere * it has been assumed temporarily for investigation purposes that the compen- 
sating defect (or excess) of density varies with respect to depth, being for example greatest 
near the surface and diminishing uniformly to zero at the depth of compensation, its average 
value being 6,. 

I n  the principal computations of this investigation the isostatic compensation is assumed 
to  be complete under every separate portion of the earth's surface, however smaU the area 
considered. That is, equations (3) and (6) are assumed to be true for every separate unit of 
area even though a very small unit be chosen, as for example, 1 square foot. 

The authors do not believe that any one of these assumptions upon which the computa 
tions are based is absolutely accurate. The mean surface density is probably not exactly 2.67 
and the actual surface density in any given area probably does not agree exactly with the mean. 
The depth of compensation is probably not exactly 113.7 kilometers, and it possibly is some- 
what different under different ~ort ions of the earth's surface. The compensation is probably 
not distributed uniformly with respect to depth. I t  is especially improbable that the com- 
pensation is complete under each separate small area, under each hill, each narrow valley, 
and each little deprbssion in the sea bottom. I t  is exceedingly improbable, for example, that 
as each ton of material is eroded from a land area, carried out of a river mouth, and deposited 
on the ocean bottom, that corresponding changes of isostatic compensation occur at the same 
time under the eroded area and under the area of deposition at just such a rate as to keep the 
compensation complete under each. 

The authors believe that the assumptions on which the computations are based are a 
- close approximation to the truth. They believe also that the quickest and most effective 

way to ascertain the facts as to the distribution of density beneath the surface of the earth 
is to make the assumptions stated, to base upon them careful computations for many observa- 
tion stations scattered widely over the earth's surface, and then to compare the computed 
values with the observed values of the inhnsity of gravity in order to ascertain how much and 
in what manner the facts dSer  from the assumptions. 

In  this investigation, accordingly, the intensity of gravity at  many observation stations 
has been computed on the assumptions stated. These computed values have been compared 
with the observed values at  these stations. The differences between the observed and the 
computed values, the residuals, are due to two classes of errors. In  the first class are errors in 
the observations and in the computations. In  the second class are errors in the assumptions. 
The average and maximum magnitudes of the errors of the first class are fairly well known. 
The magnitude and character of the residuals which may be produced by them are fairly well 
known. It is shown in this publication that the residuals, differences between observed and 
computed values of the intensity of gravity, are larger than may be accounted for by the first 
class of errors. Therefore it is certain that the second class of errors are of appreciable size. 
In  other words, i t  is certain that the assumptions are appreciably in error. But, as the residuals 
are but little larger than may be accounted for by the first class of errors, it is certain that the 
assumptions are nearly correct. 

* The Figure of the Earth and Isostasy from Measurements In the United States, pp. 156-163. 
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T h e  residuals contain evidence not only as to the extent but also as to the manner in which 
assumptions depart from the truth. To read and interpret this evidence precisely is exceedingly , 

difficult because of the fact that the residuals are small. If the residuals were large, i t  would 
be clear that the assumptions were far from the truth, and it would be easy to see in which 
direction the truth lay. In  the actual case it is difficult to ascertain in what way the assump- 
tions should be changed to make them a closer approximation to the whole truth, while still 
remaining a statement of general laws applicable to the whole United States. 

FORMULE. 

I t  was desired to compute the intensity of gravity at  any selected station on the earth upon 
the assumptions as to isostasy which have been stated. It was necessary to select the formulre 
and methods of computation. 

The computations may be most conveiliently made in two parts. 
First, the intensity of gravity may be computed on an ideal earth having the same size 

and shape as the ellipsoid of revolution which most nearly coincides with the sea-level surface 
of the real earth, and having no topography and no variations in density a t  any given depth 
below the surface. To convert the real earth into this ideal earth all material on the real earth 
above sea level must be removed, the water of the ocean must be replaced by material of den- 
sity equal to the mean surface density of the real earth, and all variations in density a t  any 
given depth in the real earth must then be removed by taking out or injecting enough material 
in each part to make the density conform accurately to the mean density in the real earth a t  that 
depth. In this ideal earth the density will increase with increase of depth in the same manner 
as it does upon an average in the real earth, but in the ideal earth all masses lying at the same 
depth will have the same density, whereas in the real earth such masses have densities which 
are known to differ slightly from each other. 

This computation was made by using Helmert's formula of 1901,* namely, 
+'yo = 978.046(1+ 0.005 302 sin 2+ - 0.000 007 sin ' 2 4 )  (7) 

The symbol ro stands for the required value of gravity a t  a station on the ideal earth above 
described in the latitude 4. On such an ideal earth the value of gravity at  the surface would 
be a function of the latitude only, as expressed by this formula. The numerical value of 70 com- 
puted from formula (7) is both the acceleration of gravity in centimeters and the attraction 
of gravity in dynes on a ynit mass (1 gram) a t  the station expressed in the centimeter-gram- 
second system. 

The form of this formula is fixed by theory. The three constants which i t  contains, namely, 
978.046, 0.005 302, and 0.000 007, were computed from a large number of observations of gravity 
a t  stations scattered widely over the earth's surface. New and better values of these constants 
may be obtained by further research and the use of more observations, but a t  the beginning of 
this investigation the formula.as written was believed to be the best representation available 

* Dernonnale Theil der Schwerkrnft im Mwresniveau, voa F. R. Helmert, S. 328-336, SitzungsJmdchta / der Konlglich Preussischen / Akademie 
der Wissenschaften 1 zu Berlin, 1 Jahrgang 1901 1 Erster Halbband, Januar bis Juni. See also Bericht iiber die relativen Messungen der Schwers 
kraft mit Fendolapparaten fiir den Zeitrnum von 1900 bis 1903, unter Mitwirkung von F. R. Helmort erstattet von E. Borrass, 5. 133-130, Vcrhand- 
lungen / der vom 4 his 13 August 1903 in Kopenhagen abgehaltenen / Vierzohnten Allgemeinen Conferenz der I Internationalen Erdmessung I Redi- 
girt vom stindigen GecretLr H. G. van de Sande Bakhuyzen. / 11. Theil: Spczialberichte. See also The Flyre of the Earth and Isostasy from 
Measurements in the United States, p. 172, for some comments upon this forInulU. 

t After themanuscript of this publication wascompleted,a letter addressed to the Superintendent, of which the following is a translation,was 
received from Dr. TXelmert: 

PoTsDAIU, Oclober 81,1911. 
Mr. Bowie sent to me a small brochure for which I offer my best thanks to the sender and to you. Permit me to make a remark in regard to 

mv formuln. 
In 1901 I did indeed give: 

ro=978.046 (1+0.005302 sin M-0.000a07 sin 2 d) 
This formula is based on the vslue of g in theVienna system (Sterneck) . 
The American values of g ore however referred to Potsdam. The constant 978.040 must, therefore, be modifled 1)Y the application Of -0.016 

by which correctdon i t  is relerredtto ~otsd im,  as I have several times stated in my reports. 
I therefore request that in your investigations in North America you will use the value 

ro=978.030 (1+0.0053M sin W-0.000007 sin Q 2 )  
as being my improved formula. 

I know that your scientists think that the value 978.038 is more suitable for the United States That value of course, may be used. 1 only 
wanted to emphasize that, in so far us my work is concerned, the value of g in the United States is hot 978.046, bu)t 078.030. 

I t  is clear that the values of gravity in the United States, used in this publication, are based upon Potsdam, 8s shown on p. 73, and that, there- 
fore, the position taken by Dr. IIelmert in this letter is correct. The only manner in which this change ultipately affects the conclusions reached 
in this publication is shown on p. 75. 
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of gravity a t  sea level on the ideal earth described in the preceding ~aragraph. During tho 

progress of +is investigation a small correction to the constant 978.046 was derived, as shown 
later in this publication. The formula, with this small correction applied, is believed by the 
authors to be the best available at  present for the purpose for which it is intended. 

The Helmert formula of 1901 corresponds to a value of 298.3 i- 0.7 for the reciprocal of the 
flattening of the earth. This is in fair agreement with the best value now available for this 
quantity as derived from observed deflections in the United States, namely, 297.0 f 0.5." 

The stations at  which observations of gravity were made are situated on the real earth, 
not the ideal earth, and are in general above sea level, not a t  sea level. The second portion of 
the computation of the intensity of gravity at  any observation station must therefore take ac- 
count of tlie topography which exists upon the real earth, take account so far as is possible of 
the variations in density beneath the surface of the real earth, and take account of the effect 
of the elevation of the observation station above sea level. 

The correction for elevation was computed by the formula 

in which H is the elevation of the station above sea level in meters. This correction of the 
attraction upon a unit mass (1 gram) a t  the station is in dynes and reduces from sea level to 
the actual station. It takes account of the increased distance of the station from the attract- 
ing mass, the earth, as if the station were in the air at  the stated elevation and there were no 
topography on the earth. This is an old formula and needs no comment other than that it 
has been adopted in this simple form by Dr. Helmert as being sufficiently accurate.? 

The real dacu l ty  of the investigation was encountered when an attempt was made to 
compute tlie effect, upon the attraction a t  a given station, of the topography which exists upon 
the earth and of the isostatic compensation of that topography which is assumed to exist be- 
neath the surface of the earth. For this purpose new formulae and new methods of computa- 
tion were found to be necessary. 

It was desired to compute the effect upon the attraction a t  each station of all the topography 
of the world and of the isostatic compensation of that topography. It was desired to do this 
with sufficient accuracy to insure that all constant errors in the computed effects would cer- 
tainly be less than 1 part in 200 and all accidental errors in the separate parts of the computa- 
tion less than .0002 d p e .  This, it was believed, would insure that the computed total correction 
for any station would ordinarily be in error in so far as the computation alone is concerned by 
less than 0.003 dyne. In  order to make this computation with the specified degree of accuracy 
with a minimum expenditure of time and energy the formulae and methods of computation 
about to be given were selected and used. This publication contains full information as to the 

. degree of success with which the computations were made, both as to accuracy and rapidity. 
This degree of success is the proper measure of the excellence of the formulae and methods of 
-computation selected. 

The attraction of any elementary mass, dm, acting upon a mass of 1 gram a t  the station, 
of observation is, in dynes, 

kdm - 
R2 (8) 

in which k is the gravitation constant and D is the distance from the station to the elementary 
mass. In order to get the result in dynes all quantities in this formula must be expressed in 
the centimeter-gram-second system. 

The general expression for Newton's law of gravitation is 

- - 

* See Bupplementary Invevtigntion in 1909 of the Figure of the Earth and Isostasy, pp. GO, 77. 
t Seep. 661 of "itber die Reduction der auf der physichen Erdoborfl'iche beobnchtcten Schwerebeschleunigungen auf oin gemeinsames Nlveau 

Von F. R. H e h r t  in Sitzungsboriohte der K8niglich Preussischen Akademie der Wissonschnlten 1903 Erster Halbband. 
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in which m, and m, are two masses each of dimensions infinitesimal in comparison with the 
distance D'between them and F is the attraction between the two masses. Newton's law of 
gravitation is frequently expressed merely in the form of a proportion, F being stated to be pro- 

m1m, portional to -- Da ' The gravitation constant, k in formula @a), is the factor by which the' 

product of two masses divided by the square of their distance asunder must be multiplied in 
order to express the force exerted by those masses on one another. The gravitation constant 
is not a mere numeral. Its dimensions are shown by the exponents in (L+s M-1T-2) if L, M, T 
denote the units of length, mass, and tims, respectively. That is, the gravitation constant is the 
cube of a distance divided by the product of a mass and the square of a time. 

Formula (8) is merely the special case of formula (8a) which is pertinent to the problem in 
hand. 

The value adopted in this investigation for k in the centimeter-gram-second system is 
6673 (10-ll). The basis of this adopted value is as follows, as stated by Dr. R. S. Woodward:" 

In spite of the'superb experimental investigations made particularly during the past quarter 
of a century by Cornu and Baille (Comptes rendus, LXXVI, 1873), Poynting (The Mean Density 
of the Earth, by J. H. Poynting, London, Charles Griffin & Co., 1894), Boys (Philosophical 
Transactions, No. 186, 1895), Richarz and Krigar-Menzel (Sitzungsberichte, Berlin Academy, 
Band 2, 1896), and Braun (Denkschriften, Math. Natur. Classe, Vienna Academy, Bd. LXIV, 
1897), it must be said that the gravitation constant is uncertain by some units in the fourth 
sigruficant figure, and possibly even by one or two units in the third figure. 

The results of the investigators mentioned for the gravitation constant are, in C. G. S. 
units, as follows, the first result having been computed from data given by MM. Cornu and 
Baille in the publication referred to : 

Cornu and Baille (1873) 6668 (10-11) 
Poynting (1894) 6698 (lo-") 
Boys (1894) 6657 (10-11) 
Richarz and Krigar-Menzel(l896) 
Braun (1897) 6658 6685 (10-l1 (lW"j 

degarding these as of equal weight, their mean is 6673 (lo-") with a probable error of f 5 
units in the fourth place, ?r 1/1330th part. This is of about the same order of precision as that 
deduced by Prof. Newcomb from astronomical data. 

The uncertainty in the adopted value is, however, within allowable limits for the present 
investigation. 

The vertical component at the observation station of the attraction expressed in formula 
(8) is, in dynes, 

sin p Mm- D2 (9) 

in which ,8 is the angle of depression, below the horizon of the station, of the straight line from 
the station to the elementary mass. 

This vertical component is all that is concerned in this investigation. The integral of all 
such vertical components at the station, corresponding to all the elementary masses which 
together constitute the earth, is the vertical force due to gravitation which acts on a mass of 
one gram placed at the station. This vertical force expressed in dynes.is necessarily nuqerically 
equal to the acceleration (both being expressed in the centimeter-gram-second system) which 
would be produced by gravitation acting upon any mass at the station left free to fall. They 
are, of course, affected by the centrifugal force due to the earth's rotation, but this effect need 
not be considered in the discussion of these formuls. 

The term, gravity, is used in its generally accepted sense; that is, it is the resultant of the 
earth's gravitation and the centrifugal force due to the earth's rotation. 

* Spa p. 16301 an address entitled "The Century's Progress in Applied Mathematics," by R. 8. Woodward, Bulletin of the American Mathe- 
matical Society, 2d Berics, Vol. VI, No. 4, pp. 133-163. In thh address and in another by the same author entitled " Measurement and Calcu- 
lation," published ld Bcicnce, n?w series, Vol. XV, No. 339, pp. 961-971, June 20,1802, are given excellent statemeats of the nature of the gravi- 
tntion constant and the importance of determining its value accurately. 
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In general it will be found that throughout this publication the attraction (expressed in 
dynes) is dealt with directly by preference rather than its numerical equivalent, the acceleration 
(expressed in centimeters and seconds). This preference is due to the belief that thereby 
circumlocutions are avoided and greater clearness secured in the conceptions. 

If the station and the elementary mass, dm, are at the same elevation referred to sea level 

and 
e D = 2r sin 5 

I 

(see illustration No. 3), in which 0 is the angle at the center of the earth subtended between the 
station and the elementary mass and r is the radius of the earth. 

If absolute accuracy were desired it would be necessary to use for r the average radius of 
curvature, between the station and the mass considered, of the equipotential surface in which 
they both lie. This average radius depends upon the elevation above sea level and also, since 
the sea-level surface is an ellipsoid of revolution (not a sphere), it depends upon the latitude 
of the station and the azimuth of the line from the station to the mass under consideration. 
But with sufficient accuracy for this investigation r is assumed to be constant with the value 
637 000 000 centimeters in this and similar formuls. This is equivalent to assuming, in 
deriving these formula, that the station is on the surface of a spherical earth having the radius 
stated. Under the heading "Discussion of errors" i t  will 
be shown that this assumption is far within the allowable 
limits of approximation. 

By substituting these values of. B and D in (9) there 
is obtained as the formula for the vertical component of 
the attraction in dynes upon a unit mass at the station, 
due to an elementary mass which is at the same elevation 
as the station, 

The single symbol E is used to reprosent that portion 
of the formula 

0 sin - 2 

which depends simply upon the direction and distance of \ 
the elementary mass from the station, because later it is ILLVBTIUTION NO. 3.-Showing station and el+ 

mentary mass s t  same elevation. 
most convenient to deal with E separately from k and dm. 

e To divide both the numerator and denominator of (10) by sin 5 would simpIify the expression, 

but by so doing the close analogy between (10) and the more complicated expressions (15) and 
(16) would become less obvious. 

In each of the illustrations Nos. 3,4, and 5, S represents the gravity station, and the circle 
represents the intersection of the level surface which lies at the elevation of the station with a 
plane defined by the station, the center of the earth ( C ) ,  and the elementary mass considered. 
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B is the location of the elementary mass dm, /3 is the angle between the horizon of the station 
(SH) and the straight line from the station to B, and D is the distance from the station to B. 
In  illustrations Nos. 4 and 6, Dl is the distance from the station to a point A at the same ele- 
vation as the station and in the same vertical line as B, the location of the elementary mass. 

Illustration No. 4 represents the case in which the elementary mass, dm, is higher than the 
station, the difference of elevation being h. In the triangle SAB, from the law of proportional 
sines, 

also, in this triangle, according to plane trigonometry, 

By substituting from formulse (ll), (12), (13), and (14) 
in (9) there is obtained as the formula for the vertical com- 
ponent of the attraction in dynes upon a unit mass at the sta- 

c ticn, due to an elementary mass which is higher than the station, 

~ , l + h ~ + 2 ~ , h  sin % 
Here again a single symbol, El, is taken to represent that por- 

ILLUSTRATION NO. 4.-Showing elementary 
mass at greater elevation than station. tion of the formula which depends simply upon the direction 

and distance of the elementary mass from the station. 
Illustration No. 5 represents the case in which the elementary mass, dm, is lower than 

the station, the difference of elevation being h. By the same process as that used above it 
may be shown that the vertical component of the attraction in dynes upon a unit mass at the 
station, due to an elementary mass which is lower than the station is 

e 
h cos 5 

sin(b + sin-ld e 
Dl2 + h2 - 2D1hsin5 (16) 

kdm e = kdm E2 
Dla + h2 - 2 Dlh sin 2 

in which E, is used to represent that part of the formula which depends simply upon fhe direc- 
tion and distance of the elementary mass from the station. 

It is important to note that the only approximation made in deriving formula (lo), (15), and 
(16) is that to which attention has already been called, namely that the radius of curvature 
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concerned a t  each station is 637 000 000 centimeters. In  every other respect the derivation of 
the formula is exact regardless of the distance of the attracting mass from the observation 
station. The attracting mass may even be located at the antipodes of the station. These 
formula were used in connection with all attracting masses which are so far from the station 
that the curvature of the sea level surface must be taken into account in order to insure that 
the errors of computation of the effects are less than 1 part in 200. 

For masses near the station, the well-lmourn formula for the attraction of a mass having 
the form of a right cylinder upon a point outside the cylinder and lying in its axis produced 
was utilized." This formula, in a convenient form for the 
present purpose, for the attraction in dynes upon a unit mass 
(1 gram) at the station, is 

' 

k 2 z 6 { 4 c a  + hz- 4c" (h + t ) 2  +t )  (17) 

in -which k is the gravitation constant, 6 is the density of the 
material, c is the radius of the cylinder, t is the length of an 
element of the cylinder, and h is the distance from the attracted 
point, the station, to the nearest end of the cylinder. 

For a mass which has the form of a cylindrical shell, that 
is, the diflerence of two concentric right cylinders of the same 
length having different radii, c, and c, formula (17) becomes \ 

This is the attraction in dynes upon a unit mass (1 gram) at 
the station. 

The formula (17) and (18) are exact if applied to cylinders 
and cylindrical shells. 

The justification of the radical departure from past prac- 

introduction of the gravitation constant into formulse (17) and 
tiee represented by f omula  (1 0) , (1 5), and (1 6), and by tllc 1 L L u s ~ ~ ~ ~ 7 1 e ~ ~ i e ~ ; ; ~ ~ ; ~ ~ ~ ; ~ ~ ; ~ 7 t a r 7  

(18) is the success attained thereby in securing quick and accurate computations. The reader is 
therefore requested to suspend judgment until the remainder of this publication has been read 
and the degree of success has been compared with that obtained by the use of any other 
formula with which comparison is made. 

DIVISION O F  T H E  SURFACE O F  T H E  E A R T H  INTO ZONES AND COMPARTMENTS. 

In order to apply formula (101, (151, (16), (17), and (18) to the computation of the effect 
of the topography and the isostatic compensation, the whole surface of the earth was divided 
into zones by circles, each having the station at its center, and each zone was divided into equal 
compartments by radial lines. The division adopted is shown in trhe following table. Illus- 
trations Nos. 10a and 106, page 48, show the shapes of certain compartments. 

*For two statements of this formula see A Treatise on Attractions, Lnplnee's Function and Figures of the Earth, by John 11. Pratt, third 
edition, p. 46, nnd Trait4 do MBcnniqoo CBloste, F. l'isserand, Tome 11, pp. 71-72. 
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For the numbered zones i t  was found to be more convenient to use the radii of the zone in 
degrees and minutes of a great circle than in meters. The inner radius of zone 18 is the same 
as the outer radius of zone 0, that is, on a sphere of the adopted size, radius 637 000 000 centi- 
meters, lo 29' 58" of a great circle (the inner radius of zone 18) has a length 166 700 meters (the 
outer radius of zone 0 ) .  Zone A commences a t  the station, and zone 1 ends a t  the antipodes of 
the station. All the zones together cover the earth completely. 

Zone A, with a single compartment, is a circle about the station with a radius of 2 meters. 
Similarly, zone 1, with a single compartment, is a circle about the antipodes of the station with 
a radius of 29' 04' (3240 kilometers). Zones 18 to 14 each have a single compartment. All 
other zones have from 2 to 28 compartments each, the number of compartments being even in 
each case. 

For each zone a special reduction table was prepared in the manner indicated hereafter 
under the heading, "Computatio~i of reduction tables." This table for each zone gives the 
relation between the mean elevation of the surface of the ground in each compartment of that 
zone and the effect of topography and the isostatic compensation in that compartment upon 
the vertical component of the attraction a t  the station. 

In  making the arbitrary selection of radii of zones and of the number of compartments in 
each zone, i t  was necessary to consider the effect of the size and shape of the compartment; 
fh t ,  upon the time required to complete the computations; second, upon the accuracy of the 
computations in so far as i t  depends upon the accuracy of the estimates made by the computer 
of the mean elevation within each compartment; and, third, upon the accuracy of certain 
necessary assumptions in the computation. 

The larger the compartments are made, the smaller will be the number of compart-1 
ments, and therefore the smaller the number of estimates of mean elevation to be made, one for 
each compartment. But as the compartments are made larger, the time required for each 
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estimate becomes greater. For with a large compartment i t  is necessary to estimate the mean 
elevation more closely to secure a given degree of accuracy than with a small compartment; to 
estimate to the nearest hundred feet, for example, instead of to the nearest thousand feet. 
Also, the larger the compartment the greater the total range of elevations within the compart- 
ment, and therefore the greater the time necessary to secure an estimate of the mean to a given 
degree of accuracy. Hence the adoption of compartments either too large or too small would 
have made the time required for the computation greater than would otherwise have been 
necessary. 

There are 317 compartments in all, 199 in the 15 lettered zones near the station, and 118 
in the 18 numbered zones, all of which are more than 166 kilometers from theptation. 

I t  is believed that the size and shape of each compartment has been so fixed that the error 
of computation for any compartment is ordinarily less than 0.0002 dyne, and is of the accidental 
clasn. The basis of this belief will be indicated in connection with the topic, "'Discussion'of 
errors." I t  is known that notable success has been attained in securing rapid computation. 

With the experience now available, a better selection of radii of zones, and of numbers of 
compartments in each zone could be made. But such a new selection would make i t  necessary 
to recompute the reduction tables. I t  is not probable that the improvement would be sufficient 
to warrant this recomputation. 

COMPUTATION OF REDUCTION TABLES FOR NEAR ZONES. 

For zone A, comprising the surface of the earth in a circle around the station with a radius 
of 2 meters, the reduction table was computed by formula (17). 

The effect of the topography in this zone, if the station is on land, is the effect of a cylinder 
of material having the density, 6, assumed to be the mean surface density of the earth, namely, 
2.67,having a radius c=200 centimeters and a length, t, equal to the elevation of thestation. In  
the formula h=o for this case, as the station is at  the end of the cylinder in question. The eleva- 
tion of the surface of the ground in all parts of this small zone is assumed in the computation to 
be the same as the elevation of the station. 

In the computations i t  was necessary, of course, to express all distances in centimeters to 
conform to the adopted value of k, which is expressed in the centimeter-gram-second system. 
(See p. 13.) 

The attraction computed is evidently a vertical force, as the station lies-in the axis of the 
cylinder, which is vertical. 

The effect of the corresponding isostatic compensation was computed from the same 
formula (17) with the same values of c and h, but with t = 11 370 000 centimeters, the assumed 
depth of compensation (it should be remembered that compensation is assumed to begin a t  the 
surface of the ground and a t  the bottom of the sea, see page 10)) and with a value of 6, from - 

Ii', 
l -  h, in which H is the formula (3), page 8, substituted for 6, namely, 6 -6--2.6711 370 0001 

elevation of the surface above sea level (assumed to be the same as the elevation of the statibn). 
The isostatic compensation is thus treated as a cylinder of material of a negative density 6,, 

or, in other words, as a negative mass just equal to the positive mass which would exist in tliis 
zone above sea level if the actual density of all material in ,the zone above sea level were 2.67. 

For a land compartment the computed effect of the topography is positive, an increase in 
the downward attraction upon a unit mass (1 gram) a t  the station. The computed effect of 
the isostatic compensation is negative, a decrease in the downward attraction upon a unit mass 
a t  the station. The difference of the two is the resultant effect of the combined topography 
and isostatic compensation. This resultant effect was computed for various assumed values 
of the elevation of the station above sea level, and then the reduction table for zone A written 
as shown on page 30. An inspection of the table will make i t  clear that as soon as a few of 
the tabular values had been computed the remainder could be safely interpolated with the 
required degree of accuracy. 
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To apply formula (17) to a station a t  sea, such as those occupied by Dr. Hecker on the 
Atlantic and Pacific,* i t  is necessary in computing the effect of the topography to substitute 
for 6 in formula (17) the value (6- 6,) (see pp. 8-9, and illustration No. 2), the defect of 
density of sea water in comparison with solid earth. The value of h is zero, the station being 
assumed to be a t  sea level. The mass thus considered is a mass which is the difference between 
that actually contained in the cylinder of radius 200 centimeters extending from the station at 
sea level down to the bottom of the ocean, and the mass which would fill this same cylinder if 
solid earth with a density of 2.67 were substituted for the sea water. 

To apply formula (17) to a station a t  sea, in computing the effect of the isostatic com- 
pensation, i t  is necessary to substitute for the 6 of formula (17) the 

F~rst Case value of 6, computed by formula (6a), page 11, namely 

0 615 D a,=o": - 0.615 D 
h, -2'6711 370 000 

in which D is the depth of the water. In  this case the h of formula 
(17) is not zero but equal to D, as the upper limit of the compensa- 
tion is at  the ocean bottom a t  a distance D below the station. 

+-c +.-4 

t 
For an oceanic compartment the computed effect of the topog- 

Secondh Case raphy (in this case submerged topography, or hydrography) is 
negative, a decrease in the downward attraction upon a unit mass 
at  the station. That is, the attraction is less than i t  would be if 
in the compartment from the ocean bottom to sea level material of 
density 2.67 were substituted for the sea water which is actually in 
this space. The computed effect of the isostatic compensation is 
positive, an increase in the downward attraction upon a unit mass 
a t  the station, for the compensation is in this case an excess of 
density and of mass. The resultant effect is in this case again a .  
numerical difference. 

Th~rd Case Similarly formula (18) was used in computing the reduction 
tables for zones B to 0 inclusive. I t  was used separately for the 

B 
topography and the isostatic compensation, and the results were 
also combined. The values for the 6 of formula (IS) were the same 
as have been stated already in connection with the application of 

A 
formula (17). 

I n  using formula (18) to compute the effect of tho topography 
in land zones three cases arise. 

First, when the mean elevation of the surface of the ground in - 
ILLUSTRATION NO. 6.-Showing topog- 

raphy in land zones-three crises, 
the zone is the same as the elevation of the station, 7b is zero in 
formula (18). (See illustration No. 6.) In  this case the attracted 

point, the station, is in the plane of the upper end of the cylindrical shell considered. This 
cylindricd shell contains all the material in the zone, from the actual surface of the 
ground down to sea level, the inner and outer radii of the shell being the same as the inner and 
outer radii of the zone, and the length of an element of the cylindrical shell being the mean 
elevation of the surface of the ground. 

Second, when the station is above the mean elevation of the surface of the ground in the 
zone, as indicated in the second case in illustration No. 6, h is the differonce of elevation between 
the station and the mean surface of the ground in the zone, and in other respects this case is 
similar to the first one. For any land zone the computed effect of the topography in either 
the first or the second case is always positive, an increase in the downward attraction a t  the 
station. 

* nestirnmung der Schwerkrnft / nu! dem / Atlnntiiichen Ozean / Soulie in / Rio de Jnneiro, Lissabon nnd Madrid / Mit Noun Tnfeln I von 0. 
Hecker; Berlin, 1903. Bestimmnng der Schwerkraft 1 auf dem I Indischen nnd Groszen Qzenn I und I An Deren Kiisten I Sowie Erdmsgnetische 
Messungen / Mit Zwolf Tafcln. [ von Prof. Dr. 0. IIecker; Berlin, 1908. 
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Third, when the station is below the mean elevation of the surface of the ground in the 
zone, as indicated in the third case in illustration No. 6, the cylindrical shell containing the 
topography is considered broken into two separate cylindrical shells, one above the other, 
indicated as shell A and shell B in the illustration, and formula (18) is applied separately to the 
two shells. Shell A extends from sea level to the elevation of the station, and its effect is com- 
puted exactly as was that of the shell in the first case. Shell B contains the remainder of the 
material in >he zone above sea level. It extends from the level of the station up to the mean 
elevation of the surface of the ground in the zone. In  this shell c, and c, have the same values 
as in shell A, h is zero, the station being in the plane of the lower end of: tlie shell, and t is the 
difference between the elevation of the station and the mean elevation of the surface of the 
ground in the zone. The effect of the material in shell B is an upward attraction at the station. 
Hence the resultant effect at  the station of the topography in this case is the difference of the 
separate effects of shell A and shell B. This resultant effect will evidently be positive, a down- 
ward attraction, if shell A is longer than shell B, and will be negative if she11 B is the longer. 
If the station is at  an elevation exactly one-half of the mean elevation of the surface of the 
ground in the zone, shell A and shell B are of equal lengths, and the resultant effect is zero. 

For oceanic zones the first and second cases arise, but never the third case. I-Ience for 
oceanic zones the computed effect is always negative, the downward attraction at the station 
being always less than i t  would be if material of density 2.67 were substituted for sea water. 

I n  applying formula (18) to the computation of the effect of the isostatic compensation 
for land zones all three of the cases described above arise. Hence, in the third case, tho effect 
of the compensation was obtained by computing separately the effects of two shells correspond- 
ing to shell A and shell B. In computing the effect of the compensation the length of an element 
of the shell is 11 370 000 centimeters (the depth of compensation) in the first and second cases, 
11 370 000 centimeters minus the difference between the elevation of the station and the mean 
elevation of the ground in the zone in shell A of the third case, and simply the difference between 
the elevation of the station and the mean elevation of the surface of tho ground in the zone in 
shell B of the third case. In all these cases, including both ~~~~~~~~in the third case, the value 
to be used for 6 in formula (18) is that computed from formula (3), page S, in which the 
mean elevation of the surface of the zone is to be used for H and the assumed depth of corn- 
 ensa at ion for h,. As shell A is always much longer than shell B in connection with the corn- 
pensation, its effect always predominates, and the computed effect of the compensation for 
these zones is always negative, a decrease of downward attraction at the station. 

In  applying formula (18) to the computation of the effect of the isostatic compensation 
for oceanic zones the second case is the only one which arises, and the computed effect of the 
compensation is always positive, an increase in the downward attraction at the station. The 
value to be used for (2' in formula (18) is computed from formula (6a), page 11. 

For zones B to 0 the combined effect of topography and compensation is not always (I 
numerical difference of the separate effects. In a few rare cases for land zones, namely, when 
shell B of the third case happens to be longer than sliell A, the effects a t  the station of the 
topography and its compensation are both negative, and their combined effect is the numerical 
sum. 

To avoid circumlocutions a few paragraphs just preceding this have been worded as if 
the mean elevation for the whole of each zone was dealt with in the computation. In  zone E', 
see page 18, which is divided into 10 equd compartments, the effect of the topography or of the 
compensation in any one compartment upon the vertical component of the attraction a t  the 
station is evidently exactly one-tenth of that computed for the whole zone from formula (18), 
provided the elevation of the surface of the ground is the same throughout the zone. The 
actual practice was to use formula (18) in computing tho offects for a wholo zone a t  once, then 
to divide the result by the number of compartments in that zone (10 for zone I?) to obtain 
the effect of each compartment. These effects for sepax*ate cornpartlnents were then tabulated 
in the reduction tables, and in using these tables the mean elevation for each compartment 
was used, not the mean elevation for the wholo zme. 
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It was not found necessary to compute each separate value in the reduction tables for 
zones B to 0. For each of these tables a few scattered values, in each of several selected 
columns, were computed. For each selected column the points so computed were plotted on 
cross-section paper, using.the assumed mean elevation of the compartments as abscissae and 
the computed values as ordiflates. When the number of plotted points was sufficient to 
enable one to do so with the required degree of accuracy, a curve was drawn through these 
~ o i n t s  to represent all the required values corresponding to the column in question. ,The 
intermediate values for the column were then scaled from the curve and-entered in the table, 
together with the computed values. After the values in a few columns of the table had been 
so obtained, i t  obviously became possible to interpolate the values for the remaining columns 
with the required degree of accuracy. The vertical differences in the columns, filled in from 
the computations and curves, served as checks in making these interpolations. 

Illustration No. 7 shows the curves used as indicated above in connection with the reduction 
table for zone E. On each curve the computed points are indicated by small circles. The 
curves were drawn by eye, using a draftsman's flexible ruler. The shape of each curve and its 
position relative to the other curves furnish a sensitive check for detecting errors in the plotted 
values due to the computations or plotting. 

As the computations of the reduction tables by formula (18) could be made much more 
easily than by formala (101, (151, and (16), it was desired to extend the use of formula (IS) 
to as many zones as possible. It was found that out to zone L the errors secured by the use 
of formula (18) in the manner already described 'were within allowable limits. It appeared 
that when formula (18) was applied to zone 0 the principal error arose from the fact that a 
point in the middle of this zone which is at the same elevation as the station lies 4500 feet below 
the horizontal plane of the station on account of the curvature of the sea-level surface. It 
appeared that possibly this particular error could be eliminated and a very close approximation 
$0 the truth obtained by using for the h of formula (18) not the difference of elevation between 
the station and the mean surface of the ground in the zone, but instead the difference of elevation 
between the station and a point 4500 feet below the mean elevation of the zone. This would 
have the effect of making the second correction in the table zero if the mean surface of the corn- 
partment lay in the horizontal plane of the station. Accordingly, the column headed ''Station 
above compartment, 800 feet," in the reduction table for zone 0, was computed with a value 
4500 +$00 = 5300 feet fur h, the next column with a value 4500 + 1600 = 6100 feet for h, and so 
on. Similarly the values in the column headed "Station below compartment, 800 feet," were 
computed with the value 4500 - 800 = 3700 feet. The corrections in the column headed "Station 
a t  same elevation as compartment" are applicable to compartments in which the mean elevation 
of the sudace of the ground is the same as that of the station. These values were computed 
with h = 4500 feet in formula (18). 

Similar modifications to take account of the curvature approximately were made in the 
tables for zones M and N, but for zones nearer the station it appeared that such changes would 
not amount to as much as 0.0001 dyne, and they were therefore not computed. 

After computations for zone 0 were made by formula (18)) using the modified method 
indicated ih the preceding two paragraphs, in which method the curvature of the sea-level 
surface is taken into account in part, certain values of the table were also computed by formuloe 
(lo), (15), and (16), which are exact, the curvature being fuUy taken into account. This test 
showed that the tabular values as computed by formula (18) by the method described are each 
within 0.0002 dyne, and are in error by less than 1 part in 200 on an average. This made it 
certain that the errors in zones M and N, and other zones nearer the station than zone 0, are 
well within the adopted limits. The test in zone 0 also indicated that for the next larger zone 
the adopted limits of error might bo exceeded if formula (18) were used, even with the modifi- 
cation described. Therefore formulae (lo), (Is), and (16) were used for all zones beyond 0. 



ILLUSTRATION NO. 7.--GRAPHICAL COMPUTATION OF REDUCTION TABLE FOR ZONE E. 



ILLUSTRATION NO. 8.--GRAPHICAL REPRESENTATION OF VALUES OF E FOR VARIOUS DEPTHS. 
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COMPUTATION O F  REDUCTION TABLES F O R  DISTANT ZONES. 

To use these formulre in computing the effect of the topography within a given zone for a 
land area it is necessary to integrate the expression kdmE to include all elementary masses 
within that zone between the surface of the ground and sea level. E is understood in this 
statement to be the E of formula (lo), the El of formula (15)) or the E2 of formula (16) for each 
elementary mass according to whether it is at  the same level as the station, higher than the 
station or lower than the station, respectively. Since 7dmE is the vertical component of the 
attraction in dynes upon unit mass at  the station due to an elementary mass, dm, the integral 
stated is evidently the vertical component of the attraction due to all the elementary masses 
which combined constitute the material lying above sea level in the zone in question. I n  the 
integration k is a constant, and the sum of all the elementary masses, dm, is the total mass m, 
which is known in terms of the volume and density. No difficulty was encountered in dealing 
with these quantities. But the expression for E is a function of h and 0,  which can not, so far 
as the writers know, be directly integrated with respect to these quantities by calculus. There- 
fore, an integration by numerical computation was made. 

The vertical component of the attraction in dynes upon a unit mass at the station due to all 
the topography within any zone lying entirely in a land area was therefore expressed as the 
integral of MmE or 

km (average value of E for the zone) (19) 
in which it is understood that the various values of E, of which the average is taken, must. 
correspond to equal elementary masses, of which the sum is m, the total mass represented by 
the topography in the zone, 

Similarly the vertical component of the attraction in dynes upon a unit mass at  the station 
due to the isostatic compensation of the topography within any zone lying entirely in a land 
area is also represented by formula (19). The negative mass involved is m, the values of E are 
those fixed by the direction and distance of the compensation from the station, and h is made 
to vary to cover the whole range occupied by the compensation, namely, from sea level dom~n 
to the depth 113.7 kilometers below that surface. 

The effect of the topography and the effect of its compensation might have been computed 
separately from formula (19), but it was believed that greater rapidity would be secured without 
loss of accuracy by combining and dealing directly with the resultant difference of the effects 
of the topography and its compensation. Accordingly, the actual process followed is that 
described in the following paragraphs. 

The computation will be described first for land zones having an elevation of 100 feet and 
for the station assumed to be at  sea level. The modifications introduced for other elevations, 
for ocean zones, and for assumed positions of the station above sea level will be stated later. 

For a selected value of 0, E was computed by formulse (10) and (16) for several equally 
spaced values of k, varying from zero to the depth of compensation. Let the required mean 
value of an infinite number of such equally spaced values, covering the depth of compensation, 
be called Ifc. By successive trials with increasing numbers of equally spaced values of h it 
was ascertained how many values were necessary in order to secure the required degree of 
accuracy in the mean value, Ec, corresponding to the selected value of 8. As E varies con- 
tinuously according to a law which may be graphically expressed by a smooth and regular 
curve, i t  was not d%cult with the numerical values at  hand to make certain that one had 
secured the required degree of accuracy. Illustration NO. 8 is an example of such a curve, 
which corresponds to O =  lo 55'; that is, to compensation which lies in a part of zone 16. (See 
page 18.). The values of h are plotted as abscissre and the corresponding values of E as ordinates, 
The small circles each represent a computed value of E. A smooth curve has been drawn by 
eye through these computed points. It is evident that as the curve is nearly a straight line 
between successive computed points but little change would be secured in the mean by com- 
puting more points. This is still more, clearly and precisely shown in the following table, 
corresponding to illustration No, 8, and showing the computed values of E and their first and 
second differences. 
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Values of E for various depths, with 8 = 1 56'. 

Centimders 1 3684 1 I 1116Xl! 370 000 11 026 

If an infinite number of points were computed on tl>e curve shown in illustration No. 8 
and the mean taken, instead of the mean of the finite number of points there shown, the change 
in the computed mean would be represented by the average ordinate included between the 
curve and the series of chords joining the computed points wlich are shown in the illustration. 
As a convenient rough guide it was assumed +hat this average ordinate would usually be less 
than one-eighth of the average second difference shown in the preceding table. That this 
ratio, one-eighth, is a reasonably safe assumption in such a case may be verified either by trial 
or by geometry, assuming the short portion of the curve between successive points to be an 
arc of a circle. 

A similar process of reasoning was followed to obtain the mean value of E corresponding 
to the topography for the same selected value of 0. Let ET be the required mean value of an 
infinite number of equally spaced values covering the range from zero to the arbitrarily selected 
elevation, 100 feet. After E had been computed from formulae (10) and (15) it usually appeared 
that in order to secuye a sufficiently exact value of ET it was necessary to compute but two 
values, one for h = o and one for h = 100 feet, the mean of these two being sufficiently accurate. 

I t  will be shown later how topography of a greater elevation than 100 feet was dealt with. 
Keeping in mind that the negative mass, which is the isostatic compensation, is necessarily 

exactly equal to the positive surface excess of mass, which is the topography, formula (19) as 
applied to the topography and the compensation combined may be written 

km(ET- Ec) or 7cm En (20) 
E, being written for E T -  Ec. 

As this process of computing En, corresponding to a selected value of 0, is slow it was impor- 
tant to use good judgment in selecting the various values of 8 for which the computation was 
to be made. I t  was desired to obtain a sufficiently accurate value of ER for every possible 
value of 0 by computing a moderate number of values for selected values of 8. At first E, 
was computed for 8 = 180°, that is for the antipodes of the station, and for 0 = 90°, midway 
between the station and its antipodes. Then the computation was made for a few more values 
of 8 at large intervals. It soon became evident that E n  varies quite slowly and at nearly a 
uniform rate if 0 is near 180°, but that for small values of 0, ER varies at a large and rapidly 
changing rate. Therefore, to secure a given degree of accuracy in interpolated values it was 
evidently necessary to compute En for closely spaced small values of 0, but only for widely 
separated large values of 8. The following table shows the various values of En actually 
computed. The values of 8 shown in this table were selected by inspection by a step by step 
process, computations being made first for two values only of 8 as already stated, then for 
values spaced at intervals of 30°, then at intervals of lo0  for smaller values only, at intervals 
of 5' for still smaller values, and so on. All values of E n  intermediate between those shown 
in the table were obtained by interpolation. Illustration No. 9 shows a part of this table' 
expressed graphically. 



ILLUSTRATION NO. 9.--GRAPHICAL REPRESENTATION OF VALUES OF ER. 
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It was desired that each value of ER used in the computation, whether obtained directly 
or by interpolation, must be correct within 1 part in 200. 

Having sufficiently accurate values of EE for each separate value of B the next step is 
essentially an integration with respect to B as the variable. 

The area of any zone lying between the limiting values of 8, B,, and 8,) on the surface of 
the sphere which is being considered, one having a radius of 637 000 000 centimeters (see 
p. 15) is 

2 x e  (cos 01-cos 8,) (21) 

or (6.283186) (637000000)~(cos 8,-cos 0,) 
Hence for this zone formula (20) becomes 

kGH E(6.283186) (637000000)3(cos 0,-cos B,)] (mean value of ER for the zone) (32) 

in which for m there has been substituted its value in terms of density and volume, namely, 
GH (area). 

With the numerical values before one it is not difficult to determine that for zones of a 
moderate width the average value of ER for the zone is with sufficient accuracy the mean of its 
values a t  the two edges of the zone corresponding to 8, and 0,. Therefore, formula (22), which is 
an expression for the required vertical component of the attraction in dynes upon a unit mass 
a t  the station due to the combined effect of both the topography and its isostatic compensation 
lying in a zone, may be evaluated by making separate numerical computations for separate 
narrow zones and adding the values. 

By examination of the table showing values of ER i t  is evident that the separate zones 
which may be used in this process are wide near the antipodes and decrease in width as 0 
becomes smaller. The actual widths used did not exceed the following limits and were 
occasionally less. 

Limits of widths of subzones. 

e Limit of width 
of subzone 

0 / O I  

It was known from a reconnoissance of the problem that for all distant zones (beyond 
B= lo 29' 58") the value of the attraction computed from formula (22) would be nearly propor- 
tional to H. Therefore, as a time-saving device, i t  was decided to deternine such widths for 
the selected zones and fix the number of compartments in each zone so that an attraction of 
0.0001 dyne for any one compartment would correspond to a value for R of either 100, 1000, 
or 10 000 feet in that compartment. In  that case the computation would consist simply of 
estimating the mean elevation within the compartment in'feet and moving the decimal point 
a certain number of places to the left to obtain the attraction in dynes. 

The arbitrarily selected unit of elevation corresponding to 0.0001 dyne was 10 000 feet for 
zones 1 to 6 (see tables on pp. 44-46), 1000 feet for zones 7 to 13, and 100 feet for zones 14 to 18. 
The number of compartments in each zone was arbitrarily fixed as shown in the same tables. 
By formula (22) the Gidth of the zone was computed which would satisfy the condition that 
the attraction in one compartment corresponding to a unit of elevation was exactly 0.0001 
dyne. For example, for zone 3 having 10 compartments it must be 0.0010 dyne for the zone 
if the mean elevation in the zone is 10 000 feet. , 

No difficulty was found in making this computation. An example of the actual arrange- 
ment.of the numerical work is shown below for zone 12 having 10 compartments. 
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Hence the unit of depth shown for zones 1 to 1 8  in tha reduction tables on pages 44-46. 
The attraction computed from formula (22) for a given compartment is not strictly propor- 

tional to I$ as assumed for a first close approximation. The limits of h used in computing E~ 
must correspond to 11. For a land compartment, as H is made greater EF becomes smaller, 
as i t  is fm average value covering larger values of h in formula (15). . Also as I$, the assumed 
elevation, is made greater Ec tends to become smaller, for the isostatic compensation is assumed 
to commence a t  the solid surface of the ground (above sea level) (see illustration No. 2, page 
10)) and to extend to a depth of 113.7 kilometers measured from that level. The limits of h 
used in formulae (15) and (16) must be fixed accordingly. Similar modifications must be 
inserted for oceanic compartments, the compensation commencing in this case a t  the ocean 
bottom, not a t  the sea level. As ET and Ec, and their difference En, vary slightly for different 
values of I$, the computed attractions in formula (22) are not strictly proportional to H as they 
would be if Ex were independent of H. This departure from strict proportionality was found 

Computation of limit o f  zone Id .  

[km. =kh'H=O.00543061 for H=1000 feet.] 

The change for 1" is about 0.000 000 25, therefore, the inner limit of zone 12 is, to the- 
nearest second, 4' 19' 13". Wit11 that limit the above sum becomes 0.001 000 34 -0.000 000 25 
=0.001 000 09. 

The basis for the arbitrary decisions as to unit elevations and number of compartmerlts 
in each zone will be indicated under the topic "Discussion of errors." It suffices to state here 
that the selection was guided by the desirability of making the computations as rapidly as pos- 
sible subject to the chosen standard of accuracy. Errors of judgment in one direction would 
make the computation slow, and in the opposite direction would make the computation too 
inaccurate. 

The limits of zones 1 to 18 computed as indicated above are shown in the reduction tables 
on pages 44-46, as well as on page 18. 

To apply formula (22) to the computation for oceanic zones i t  was necessary merely to take 
into account the fact that the defect of density represented by sea water is 6-aW=0.615 6. 
(See p. 9.) Therefore, if the unit of elevation is 10 000 feet for a land compartment, correspond 
ing to an attraction of 0.0001 dyne, it will be for an oceanic compartment to produce the same 
effect 1 

lo  OoO feet= 16 260 feet=2710 fathoms. 0.615 

EIt (lorn) 

2198 
2310 
2413 
2522 
2636 
2758 
2888 
3024 
3170 
3330 
3504 
3690 
3888 
4097 
4321 
4564 
4822 
4987 

km 
(10-2") 

0.00000002638 
.00000001973 
.00000001945 
.00000001915 
.00000001887 
.00000001857 
.00000001829 
.00000001799 
.00000001769 
.00000001741 

. .00000001711 
.00000001682 
.00000001653 
.00000001624 
.00000001593 
.00000001566 
.00000001535 . .00000000244 

Area X km X ER 

0.00005798 
.WOO4558 
.00004693 
.00004830 
.00004974 
.00005122 
.00005282 
.00005440 
.00005608 
.00005798 
.00005995 
.00006207 
.00006427 
.00006654 
.00006883 
.00007147 
.00007401 
.00001217 

Sum=0.00100034 

Area in Cm X 
(10-9 

0.000004857 
.000003633 
.000003582 
.000003526 
.000003475 
.000003419 
.000003368 
.000003312 
.000003258 
.000003205 
.000003151 
.000003098 
.000003044 . 00 02991 
.00802934 
.000002884 
.000002827 
.000000449 

0' to 02 

o / / /  O / / I  

5 46 34 to 5 40 00 
5 40 00 to 5 35 00 
5 35 00 to 5 30 00 
5 30 00 to 5 25 00 
5 25 00 to 5 20 00 
5 20 00 to  5 15 00 
5 15 00 to 5 10  00 
5 10 00 to 5 05 00 
5 05 00 to 5 00 00 
5 00 00 to 4 55 00 
4 55 00 to 4 50 00 
4 50 00 to 4 45 00 
4 '45 00 to 4 40 00 
4 40 00 to 4 35 00 
4 35 00 to 4 30 00 
4 30 00 to 4 25 00 
4 25 00 to 4 20 00 
42OOOto4  19 12 

cos 0,-cos 01 

0.0001905 
.0001425 
.0001405 
.0001383 
.0001363 
.0001341 
.0001321 
.0001299 
.0001278 
.0001257 
.0001236 
.0001215 
.0001194 
.0001173 
.0001151 
.0001131 
.0001109 
.0000176 
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upon investigation to be inappreciable for zones 1 to 13. For zones 14 to 18 a few special com- 
putations were made to evaluate the correc+ions for departure from proportionality shown in 
the reduction tables on page 44. These special computations were made by using the proper 
limiting values of h as indicated above, comparing the computed values with the values based 
on the assumption of proportionality and the original computations with h = 100 feet, and tabu- 
lating the differences as shown in the reduction tables. A few computations onlywere necessary 
because the corrections were small, and regular in their variation. 

It was also assumed in order to secure a first close approximation to the attraction required 
that the station is a t  sea level. I n  general the station lies above sea level and, therefore, to 
secure exact results the values of h, used in formulae (15) and (16) in computing E T  and Ec, must 
be differences of elevation between the station and the elementary mass, not merely the elevation 

. of the elementary mass as was assumed in the first approximation. To secure the corrections 
for elevation shown in the reduction tables on page 44 a few special computations were made 
on the exact basis, compared with the first approximation, and the differences tabulated as 
corrections for elevation of the station. The corrections for elevation were found to be negligible 
for zones 1 to 13, and to be small as shown in the reduction tables for zones 14 to 18. Because 
the corrections are small and their variations regular but few special computations were necessary. 

EXPLANATION O F  REDUCTION TABLES. 

The complete reduction tables for all the zones are given in the following pages. All tabular 
values are the vertical components of the attraction upon a unit mass a t  the station expressed 
in units of the fourth decimal place in dynes. It is equally true that these are corrections in 
units of the fourth decimal place of centimeters, to the acceleration of gravity, expressed in the 
centimeter-gram-second system. 

These tables cover the whole of the earth's surface, from the station of observation to its 
antipodes. By their use one may quickly compute the effect upon the attraction of gravity, at 
any station on the earth, of all the topography of the earth and of its isostatic compensation 
assumed to be complete and uniformly distributed, with respect to depth, clown to a limiting 
depth of compensation of 113.7 kilometers. 

The radii of the zones A to 0 are given in meters, while those for zones 18 to 1 are in degreks, 
minutes, and seconds of %&arc of a great circle. 

The first column of each table from A to 0 contains values for the mean elevation of the 
compartment as read from the maps. The second, third, and fourth columns contain the 
corrections for the topography, the compensation, and the algebraic sum of the corrections for 
topography and the compensation respectively. These values are computed upon the assump- 
tion that the station is at  the same elevation as the compartment. For zone A the elevation of 
the zone is necessarily that of the station, as its radius is only two meters. I n  the tables for zones 
B to 0 corrections for the elevation of the stations above or below the compartments are shown, 

The corrections for the topography and compensation, the station being at the same eleva- 
tion as the compartments, are shown separately in columns 2 and 3 for the zones out to 0, in order . 
that certain comparisons may be made between the effects of the assumption of complete local 
isostatic compensation and of regional isostatic compensation complete within a stated distance 
from the station. (See pp. 98-102.) 

For the regular computations of the combined effect of topography and compensation, one 
correction is taken from column 4 of each table from zone A to zone 0 .  For zone A this is the 
only correction. For zones B to L, inclusive, a second correction must be applied, as indicated. 
to take account of the difference of elevation of the station and of the mean surfaces of the ground 
in the compartment. To the correction based upon the assumption that the station is at  the 
same elevation as the compartment, taken from the fourth column of the table, is added alge- 
braically the correction for elevation of station above or below the compartment in order to 
obtain the total effect of topography and compensation: Thus, in zone E, if the mean elevation 
of the surface of the ground in a compartment is 2000 feet, the first correction is + 0.0016 dyne, 
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and if in this case the elevation of the station is 3000 feet, 1000 feet above the compartment, the 
second correction is + 0.0007 dyne, and the total effect of both the topography of this compart- 
ment and its isostatic compensation is to increase the vertical component of the attraction on 
a unit mass a t  the station by 0.0023 dyne. 

It is understood that, for zones B to L, inclusive, the second correction, namely, for station 
above or station below compartment, is zero if the elevation of the station is the same as the mean 
elevation of the surface of the ground in the compartment. This fact is used in interpolation if 
necessary. For example, in the case just cited in zone E l  in which the mean elevation of the 
surface of the ground in the compartment is 2000 feet, if the station happens to be 100 feet above 
the compartment, the second correction would be +0.0001 dyne, since the table indicates i t  to be 
+0.0002 if the station is 200 feet above, and i t  is understood to be zero if tlle station is a t  tho 
same elevation as the compartment. Similarly, if in this case the station happens to be 100 feet 
below the compartment, the second correction would be -0.0001 dyne since the table shows it 
to be - 0.0002 dyne if the station is 200 feet below the compartment. 

For zones C to 0 the first column of the tables contains elevations in both fathoms and in 
fcet. Those in fathoms are depths below sea level and are marked minus. The values in the 
second, third, and fourth columns, corresponding to depths in fathoms, are computed on tho 
supposition that the station is a t  sea level and in the following columns, headed "Station above 
compartment," the station is assumed to be a t  the stated distances above sea level. Hence, 
for all water compartments, there will be two corrections in the regular computations, one from 
the fourth column and one from the proper column beyond tho fourth. Thus, in zone El  if the 
mean depth in the water compartnient is 200 fathoms, and the elevation of the station above 
sea level is 600 feet, the two corrections are -0.0004 dyne and -0.0002 dyne, and the total 
effect of both topography in this compartment and its isostatic compensation is to decrease the 
vertical component of the attraction on a unit mass at  the station by 0.0006 dyne. 

For zones M, N, and 0 ,  as already explained in connection wit11 the computation of the 
tables (p. 22), the second correction does not necessarily beconlo zero when tlle station is at  t1le 
s a p  elevation as the compartment. Instead it llas tlie value shown in the tables for theso zones 
in the extra column beaded "Station at  the same elevation as compartment." I n  taking out 
tlip second corrections for these three zones tlus extra colunln must be carefully noted, one must 
take tlle second correction from it when the station and compartnlent llappcn to be at  tho sunlo 
elevation, and one must uso the values in tllis colunln to control interpolations when the station 
and compartment are nearly at  the same elevation. Thus, if the mean elevation of the surface 
of a compartment-in zono h l  is 12 000 feet the second corl*oction is +0.0001 if the station 
is also at  tho elevation 12 000 feet, it  is bet~veen + 0.0001 and -+ 0.0002 if the station is less tllan 
700 feet above the compartmentj and it is between +0.0001 and -0.0002 if thc station is lcss 
than 700 feet below tlio compartment. 

For zones 18 to 14 tllree corrections nre appliccl. Tlle f i s t  is read directly from tho map, 
being 0.0001 dyne for cacb unit of clevation, the unit in cach case being 100 feet, as indicated in 
the l~eacling of this table. Tbe sccond is taken from tlie second column of tlle table, using tile 
first correction as an argument in entering the table. It takes account of tho slight del~arturo 
of t11e actual correction from being strictly proportionnl to the elevation. Tho t l i rd  correction 
is taken from the lnst part of tlle table and takes account of the correction due to tllc elevatior~ 
of the station above sea level. Thus, in zono 17, if .the correction as read from tbe map is 
-0.0100 dyne, tho clevation of tbo zone (the zone llas but one compartment) being 10 000 feet, 
tben the corroction for departure from proportionality is +0.0001, and if tho elevation of the 
station above sea level is also 10 000 feet tho correction for its eleration is + 0.0003 and tho total 
effect of topograplly and compensation of tllis zone, upon tlle vertical component of tho attrac- 
tion upon a unit mass, at  the station is - 0.0100 + 0.0001 + 0.0003 = - 0.0096 dyne. Similarly, 
if zone 17 is all upon the ocean, and the average cicptll of the water is 2710 fathoms (or 100 of 
tlle specified units of depth) tho correction as read from tho map is +0.0100 dyne, the correction 
for departure from proportionality is +0.0001, a ~ i d  if tho station is at tllo olovation of 5000 



3 0 EFFECT OF TOPOGRAPHY AND ISOSTATIC COMPENSATION O N  GRAVITY. 

feet the correction for elevation is - 0.0001 and the total effect of the topography in this zone and 
its isostatic compensation is + 0.0100 + 0.0001 - 0.0001 = 0.0100 dyne. 

The unit of elevation for zones 13 to 7 is 1000 feet, and for zones 6 to 1 is 10 000 feet. 
These large units of elevation make it easy to estimate quickly the mean elevation within each 
compartment with the required degree of accuracy. 

Note that for zones 13-1 there are no corrections for elevation of station and for departure 
from proportionality. 

The reduction tables thus far described are believed to cover all cases which will arise when 
the gravity station is on land. But in order'to provide for the computation of the effects of 
topography and isostatic compensation on the attraction at a gravity station on a vessel a t  
sea, such as those occupied by Dr. Hecker on the Atlantic and Pacific Oceans, the two supple- 
mentary tables for use in connection with gravity stations at  sea were prepared. These tables 
are computed on the supposition that the observation station is at  sea level, since the correction 
for the small elevation above sea level to which the station is limited on board a ship would be 
less than 0.0001 dyne in  every case. But one correction is to be taken out from these tables 
for each compartment. This correction is to be taken from the first table if that can be done 
without using any of the values marked with an asterisk. Otherwise it is to be taken from the 
second table in order to avoid large errors of interpolation which otherwise would occur on 
account of the large second differences in the first table. 

For the remaining zones 18 to 1 no such sea tables are necessary, as the regular tables pre- 
pared for land stations cover all cask which will arise. 

REDUCTION TABLES FOR LETTERED ZONES. 

Zone A. 
[Inner radius, zero; outer radius, 2 meters. One compartment.] 

For 2;one  t the correction to ,gravity is a function only of the elevation of the station, for 
all land stations, as shown by the above table. 

Elevation 
Correction for- 

of station 
and com- 

-- 
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Zone B. 
[Inner radius, 2 rneters; outer radius, 68 meters. Four compartments.~ 

Menn ele- 
vation of 

Correction for- 

compare 
ment Topogra- 

phy and 
com en- 
sa t in  

-- 

Correction lor elevation of station- 

Above compartment 1 Below compartment 

25 feet 50 feet 75 feet 100 feet 125 fed 25 feet 50 feet 75 feet 100 feet 125feet 

----------- 

0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 - 1 - 1 - 1 -3 
0 0 - 1 - 1 - 1 -3 

0 -1 -1 - 1 -2 1 -3 -0 0 - 1 -1 - 1 -2 -3 -6 
0 -1 -1 -2 -2 1 -3 -6 
0 -1 - 1 -2 -2 -3 -6 -9 - 1 - 1 -a -2 -3 I -3 -G -9 

- 1 - 1 -2 -2 -3 1 -3 -0 -B -12 
- 1 -2 -2 -3 -4 -2 -5 -8 -11 -14 
-1 -2 -3 -4 -5 -2 -5 -7 -10 -12 
-1 -2 -4 -5 -0 -2 -4 -6 - 8 -10 - 1 -3 -4 -5 -G -2 -4 -0 - 8 - 9 
- 1 -3 -4 -5 -7 -2 -3 -5 - 7 - 8 
-2 -3 -5 -G -7 -2 -3 -5 - 6 - 7 
-2 -3 -5 -0 -7 -2 -3 -5 - 6 - 7 
-2 -3 -5 -6 -7 -2 -3 -5 - 6 - 7 
-2 -3 -5 -6 -7 -2 -3 -5 - 6 - 7 
-2 -3 -5 -6 -7 -2 -3 -5 - 6 - 7 

-5 -6 -7 -2 -3 -5 - 6 - 7 
-5 -6 -7 -2 -3 -5 , 6 - 7 

-2 -3 -5 -6 -7 -2 -3 -5 - 6 - 7 
-2 -3, -5 -6 -7 -2 -3 -5 - 6 - 7 

It is assumed that the mean elevation for any compartment in this zone will never be 
negative (below sea level) for any gravity station on land. 

Zone C. 
[Inner radius, 68 meters; outer radius, 230 meters. Four compartments.] 

Correction lor- 
Correction for elevation of station- 

-- 
I -- 

- 
Above compnrtment Below compartment 



Zone D. 
[Inner radius, 230 meters; outer radius, 590 meters. S+ compartments.] 

Correction for elevation of station- 

Above compartment I Dclow campartment 

I Correction for- I 

1300 I 14W / lW / 200 1 feet feet feet feet- 

Mean ele- 
vation of 
compart- 

feet feet 

-4 
-5  
-0 - 6  
-5 - 7  

-6 - 8  
-6 - 9  
-7 - 9  
-7 - 9  
-7 - 9  

-7 - 9  
-7 -10 
-7 -10 
-7 -10 
-7 -10 

-8 -11 
-8 -11 
-8 -11 
-8 -11 
-8 -11 

-8 -11 
-8 -11 
-8 -11 
-7 -10 
-7 -10 

-6 - 9  
-6 - 9  
-6 - 8  
-5 - 8  
-5 - 8  

-5 - 7  
-5 - 7  
-5 - 7  
-4 

- 6 1  
-4 - 6  

'l'opog 

feet feet 

- ry1 

! 

- 10 
-11 
-11 -14 
-12 -15 
-12 -15 

-12 -15 
-13 -16 
-13 -16 
-14 -17 
-14 -17 

-14 -18 
-14 -18 
-14 -18 
-14 -18 
-15 -18 

-15 -18 
-15 -19 
-15 -19 
-14 -18 
-14 -18 

-13 -17 
-13 -17 
-12 -15 
-11 -14 
-10 -13 

-10 -13 
-10 -13 
-10 -13 
- 9 -12 
- 8 -11 

'z!Y menz Topog- 
"phy tion ;,"; 

tion 
700 
feet 

. -- 

-16 

- 17 
- 18 
-18 
-18 
-19 

-20 
-20 
-21 
-21 
-21 

-21 
-21 
-21 
-21 
-21 

-20 
-20 - 18 
-17 
-16 

-16 - 15 
- 15 
-14 
-13 

800 900 
feet feet 

-- 

-20 
-21 
-21 -24 
-22 -25 

-23 -25 
-23 -26 
-24 -27 
-24 -27 
-25 -28 

-25 -28 
-2.5 -29 
-25 -29 
-25 -29 
-25 -29 

-24 -28 
-23 -28 
-22 -26 
-20 -24 
-19 -23 

-18 -22 
-18 -21 
-18 -21 
-17 -20 
-16 -19 

1000 11M 
feet feel 

- - 

1400 
feet 

Fathoms 
-2M) 
-133 
- 100 - 50 

Feet 
n 



Zone E. 

Pnner radius, 590 meters; outer radius, 1280 meters. Eight compartments.] 

w I Correction for- I Correction for elevation of station- 
ol o l e  

Mean eleva- . 
o tion of con- Topofla- I Partment Topog- Cornpen- phy and - 

c1 raphy satlon cornpen- 
satlon 

Sbove compartment I Below compsrtment 
.- 

200 
feet 

-- 

-1 
-1 
-1 
-2 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-2 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

- 
lGOO 
feet 

1200 
feet 

-14 
-16 
-17 
-1% 
-20 

-21 
-21 
-21 
-21 
-21 

-m 
-20 
-20 
-19 
-19 

-18 
-18 
-17 
-17 
-17 

-16 
-16 
-16 
-15 
-14 

-14 
-13 
-13 
-13 
-13 

-12 
-12 
-12 
-11 
-10 

-10 
- 9 - 9 
- 8 - 8 

- 
1800 
feet 

1400 
feet 

-I8 
-20 
-22 
-23 

-25 
-25 
-25 
-26 
-26 

-is 
-25 
-21 
-24 
-23 

-22 
-22 
-21 
-21 
-20 

-20 
-20 
-19 
-18 
-18 

-17 
-17 
-16 
-16 
-36 

-15 
-15 
-15 
-14 
-13 

-12 
-11 
-11 
-11 
-10 

3300 
feet feet 

loo0 
feet 

-32 

-34 
-36 
-37 -45 
-3s -47 
-33 -49 -66 

-39 -50 -58 
-39 -50 -59 
-39 -50 -60 
-38 -50 -61 
-37 -49 -60 

-36 -48 -60 
-36 -48 -60 
-35 -47 -59 
-34 -46 -58 
-33 -45 -57 

-33 -44 -56 
-32 -43 -55 
-31 -42 -54 
-30 -41 -52 
-30 -41 -51 

-29 -40 -50 
-28 -39 -49 
-28 -38 -48 
-Zi -37 -47 

-24 -33 -42 
-23 -32 -40 
-22 -30 -38 

-21 -28 -36 
-20 -27 -34 
-19 -26 -33 
-19 -25 -32 
-18 -25 -32 

200025003000 
feet 

---- 

-2% 
-200 
-150 
-100 - 50 

Fed 
0 

400 
m 
800 

1000 

800 
feet 

- 6  
- 8  

- 9  
-10 
-11 
-12 
-13 

-13 
-13 
-13 
-13 
-13 

-12 
-12 
-12 
-12 
-11 

-11 
-10 
-10 
-10 
-10 

- 9  
- 9  
- 9  
- 8  
- 8  

- 8  
- 8  
- 8  
- 7  
- 7  

- 7  
- 6  
- 6  
- 6  
- 6  

- 5  
- 5  
- 4  
- 4  
- 4  

400 
feet 

I 
1 -2 

-2 
-3 
-4 

-5 
-5 
-5 
-5 
-6 

1 -6 
-6 
-6 
-5 
-5 

-5 
-5 
-5 
-5 
-4 

-4 
-4 
-4 
-4 
-4 

-4 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-1 
-1 
-1 

feet 
600 
feet 

--- 

- 4 
- 5  
- 6  

- 7  - 8 - 8 - 9 - 9 

-10 - 9 - 9 - 9 - 9 

- 9 - 8 - 8 - 8 
- 7  

- 7 - 7 - 1 - 7 - 6 

- 6  
- 6  
- 6  
- 5  
- 5  

- 5  
- 5  
- 5  
- 5  
- 5  

- 4  
- 4  
- 4  
- 4  
- 4  

- 3  
- 3  
- 3  
- 3  
- 3  



Zone F. 

[Inner radius, 1280 meters; outer radius, 2290 meters. Ten compartments.] 

Mean eleva- 
tion of 

compare 
merit 

Fathom8 
-500 
-450 
-400 
-350 
-300 

-250 
-200 
-150 
-100 
- 50 

Feet 
0 

4m 
800 

1200 
1600 

2000 
2200 
2400 
2 600 
2 800 

3 000 
3 200 
3 400 
3 600 
3 800 

4 000 
4200 
4400 
4 600 
4 800 

5 000 
5200 
5400 
5 600 
5 800 

6000 
6 200 
6 400 
6600 
6800 

Topog- 
'8Phy 

- 8  - 7 
- 6 - 4 
- 3 

- 2  
- 1  

Correction for elevation 

Above compartment 

of station- 

- 1  
0 
0 

0 
0 

+ 1  
+ 2  
+ 4  

+ 7  
+ 8  
+ 9  
+11 
+12 

+13 
+15 
+16 
+17 
+19 

+20 
+22 
+23 
+25 
+26 

+28 
+30 
+31 
+32 
+34 

+35 
+3A 
+38 
+39 

Correction for- 

2% 
feet 

- -  

-1 
-1 
-1 
-1 
-1 

-1 

I 250 500 
feet feet 

Compen- 
'"ion 

+1 
+l 
+1 

0 
0 

0 

500 
feet 

-2 
-2 
-2 
-2 

-1 

7 400 +43 -2 +41 +l +2 +2 +3 4-4 +4 +4 +3 +2 +2 +2 +1 -1 -3 -5 -7 -11 -14 -17 -19 -22 -25 -29 -33 

Topog- 

':tiy 
cornpen- 
satiou 

- 7 
- 6 
- 5 
- 4 
- 3  

- 2 
- 1  

750 
f 

-2 
-2 
-2 

-2 

9500 
10000 
10 5M) 
11 000 

11500 
12000 
13 000 
14000 
15000 

-1 -1 -1 

1500 
t 

-4 

750 
feet 

-3 

1000 
feet 

Below 

1250 
f a t  
- 2 1 

-2 
, -2 

-1 

+2 
+3 
+5 
+6 

+7 
+7 
+7 
+7 
+7 

+7 
4-7 
+7 
+7 
+7 

4-7 
+7 
+7 
+7 
+7 

+6 
+6 
+6 
+6 
+6 

+5 
+5 
+5 
+5 
+5 

-3 
-3 

-2 
-2 

0 
0 

-1 
-1 

-1 
-1 
-1 
-1 
-1 

-1 
-1 
-1 
-1 
-2 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-2 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

- 1  -1 -1 -1 
0 0 -1 -1 
0 0 -1 -1 

+ 2 +1 +2 +2 
+ 4  +l +2 +3 

+55 
+57 
+58 
+60 

+62 
+M 
+67 
+fig 
+Z 

1500 
feet 

-3 

1750 
feet 

-4 

-4 

-3 
-2 

-1 
-1 
-1 

0 
+1 
+2 
+3 
+4 

4-5 
+5 
+5 
+5 
+5 

+5 
+5 
+5 
+5 
+5 

+5 
+5 
+5 
+5 
+5 

4-5 
+4 
+4 
+4 
+4 

+4 
+4 
+4 
+4 
+4 

-1 
-2 
-2 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-3 
-3 
-3 

+52 
+54 
-I-55 
+57 

+59 
+60 
+63 
+65 
+68 

-3 
-3 
-3 
-3 

-3 
-4 
-4 
-4 
-4 

-2 
-3 
-4 

-5 
-5 
-5 
-5 
-6 

-6 
-7 
-6 
-6 
-6 

-6 
-6 
-6 
-6 
-6 

-6 
-6 
-6 
-6 
-6 

-6 
-6 
-6 
-6 
-6 

-3 

2000 
feet 

-2 
-2 
-1 

0 
+2 
+3 
+4 
+5 

+6 
+6 
+6 
+6 
+6 

+6 
+6 
+6 
+6 
+G 

+6 
3-6 
+6 
+6 
+6 

+6 
+5 
4-5 
+5 
+5 

+5 
+5 
+5 
+5 
+4 

i i-11 

-1 +12 
-1 / +14 
-1 1 +15 
-1 1 +16 
-1 1 +18 

+19 1 4-21 
-1 i-22 

4-24 / +25 

-1 +26 
-2 +28 
-2 / +29 

3000 
feet 

-4 
-5 

-6 
-7 
-7 
-7 
-8 

-8 
-8 
-8 
-8 
-9 

-9 
-9 
-9 
-9 
-9 

-9 
-9 
-9 
-9 
-9 

-9 
-9 
-9 
-8 

- 6  

- 8 
- 8 - 8 
- 9 
- 9 

-10 
-10 
-11 
-11 
-11 

-12 
-12 
-12 
-12 
-12 

-12 
-12 
-12 
-12 
-12 

-12 
-12 
-12 
-12 

compartment 

1750 
feet 

-2 
-2 
-1 

+2 
+3 
+5 
+6 

+7 
+7 
+7 
+8 
4-8 

+8 
+B 
+8 
+8 
+7 

+7 
+7 
+7 
+7 
+7 

+6 
+6 
+6 
+6 
+6 

+5 
+5 
+5 
+4 
+4 

+2 

+2 
+2 
+2 
+2 
+2 

+2 
+2 
+2 
f 2  
+1 

+1 
+1 
+1 
+l 
f l  

+1 

-2 
-2 

-2 
-2 
-2 
-2 / 

+1 
+l 
+1 
f l  

+1 
+1 
+1 

0 
0 

2750 
feet 

-2 
-2 
-1 

+2 
+4 
+5 
+G 

+7 
+7 
+8 
+8 
+8 

+8 
+8 
+8 
+8 
+8 

+7 
+7 
+7 
+7 
+7 

+6 
+6 
+6 
+5 
+5 

+5 
+4 
+4 
+4 
+4 

2250 
feet 

+30 
+32 

+33 
+34 
+36 
+37 

-2 

+3 
+5 
+ G  
+8 

+8 
+9 
+9 
+9 
+9 

+9 
+9 
+9 
+8 
+8 

+8 
+7 
+7 
+7 
+6 

+6 
+6 
+5 
+5 
+4 

+4 
+3 
+3 
+3 
+2 

- 8  

-10 
-10 
-11 
-12 
-12 

-12 
-13 
-13 
-14 
-14 

-14 
-15 
-15 
-15 
-15 

-15 
-15 
-16 
-15 
-15 

-15 
-15 
-15 
-15 

2000 
feet 

2500 
feet 

- - _ _ _ _ _ _ _ _ _ _  

+3 

+3 
+3 
+3 
$3 
4-3 

+3 
1 3  
+3 
+3 
+3 

+3 
+3 
f 3  
+3 
+3 

+3 

-2 +38 

+2 
+2 
+2 
+2 

+1 
+1 
+1 
+1 
+1 

-1 

+2 
+4 
+6 
+7 

+8 
+8 
+8 
+8 
+8 

+8 
+8 
+8 
+8 
+8 

+8 
+7 
+7 
+7 
+6 

+6 
+G 
+5 
+5 
+4 

+4 
+4 
+4 
+3 
+2 

-2 
-2 
-1 

0 0 0 0 0 0 0  
+2 
+4 
+5 
+7 

+7 
+8 
+8 
+8 
+8 

+8 
+8 
+8 
+8 
+8 

+7 
+7 
+7 
+7 
+6 

+6 
+6 
+6 
+5 
+5 

+5 
+4 
+4 
+4 
+4 

+4 

+4 
+4 
+4 
+4 
+4 

4-4 
+4 
+4 
+4 
+4 

+4 
+4 
+4 
+4 
+3 

+3 
+1 +3 

:: I +3 
+3 

4-1 +2 

-12 
-12 
-13 
-14 
-14 

-15 
-16 
-16 
-16 
-17 

-17 
-18 
-18 
-18 
-18 

-18 
-18 
-18 
-18 
-18 

-18 
-18 
-18 
-17 

2250 
feet 

-2 
-1 

+2 
+4 
+ G  
+7 

+8 
+8 
+8 
+8 
+8 

+8 
+8 
+8 
+8 
+8 

+8 
+7 
+7 
+7 
+6 

+6 
+6 
+5 
+5 
+5 

+4 
+4 
+4 
+3 
4-3 

+3 
+3 
+3 
+3 

+2 
+2 
+2 
+2 

+1 
+1 
+1 
+1 
+1 

-13 
-14 
-15 
-16 
-17 

-18 
-19 
-19 
-19 
-M 

-20 
-21 
-21 
-21 
-21 

-21 
-21 
-21 
-21 
-21 

- 9 - 1 2 - 1 5 - 1 8 - 2 1 - 2 4 - 2 7 - 3 1  
-21 
-21 
-20 
-20 

feet 

+2 
+2 
4-2 
+2 

+2 
+1 
+1 
+1 
+1 

-16 
-18 
-19 

-20 
-21 
-22 
-23 
-23 

-23 
-24 
-24 
-24 
-24 

-24 
-24 
-24 
-24 
-24 

-24 
-24 
-24 
-23 

ny~ 
f& 

4-2 
+2 
4-2 
+2 

+2 
+l 
+1 

0 
0 

I 
3000 
fwt 

-21 
-22 

-23 
-24 
-25 
-26 
-27 

-27 
-21 
-27 
-28 
-27 

-27 
-27 
-27 
-27 
-27 

-27 
-27 
-27 
-26 

+3 
+2 
+2 
+2 

+2 
+1 
+1 
0 
0 

-24 

-25 
-26 
-27 
-28 
-29 

-30 
-30 
-30 
-31 
-31 

-31 
-31 
-31 
-31 
-31 

-31 
-31 
-31 
-31 

+2 
+2 
+2 
+1 

+1 
0 
0 

-1 
-1 

-26 
-28 
-29 
-30 
-31 

-32 
--% 
-33 
-34 
-34 

-34 
-35 
-35 
-35 
-35 

-35 
-35 
-35 
-35 
-34 

+1 
+1 
+1 

0 

0 
0 

-1 
-2 
-2 

+1 
0 
0 

-1 

-1 
-1 
-2 
-3 
-4 

0 
-1 
-1 
-2 

-2 
-2 
-3 
-4 
-5 

-1 
-2 
-2 
-2 

-2 
-3 
-4 
-5 
-6 

-1 
-2 
-2 
-3 

-3 
-4  
-5 
-6 
-7 

-1 
-1 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

-2 
-2 
-2 
-2 

-2 
-2 
-2 
-2 
-2 

-4 
-4 
-4 
-4 

-4 
-3 
-3 
-3 
-3 

-7 
-6 
-5 
-5 

-5 
-5 
-5 
-5 
-5 

-10 
- 9 
- 8 
- 8 

- 7 
- 7 
- 7 
- 6 
- 6 

-13 
-12 
-11 
-10 

-10 
-10 - 9 
- 8 
- 8 

-15 
-14 
-13 
-12 

1-12 
-12 
-11 
-11 
-11 

-17 
-17 
-16 
-15 

-14 
-13 
-13 
-13 
-13 

-20 
-20 
-19 
-18 

-17 
-16 
-16 
-15 
-15 

-24 
-23 
-22 
-22 

-21 
-19 
-18 
-17 
-17 

-27 
-26 
-25 
-24 

-23 
-22 
-20 
-19 
-19 

-30 
-29 
-28 
-27 

-26 
-24 
-23 
-21 
-21 



Zone G. 

[Inner radius, 290 meters; outer radius, 3520 meters. Twelve compartments.] 

/ correction for- I Correction for elevation of station- 

I / TODOC- / Above compartment I Below comoartment 
Mean deva- /--- 

Compen- =$hi 
and 

sation compen- 2100 2800 3200 3(;00 4MW) 44W 4800 I t o  1 E E I E I n 1 E 1.. E I % I E E l  E 1 E 1 i t ,  feit \ . . t I w t I f e e t h t I h t  

t1on of 
compart- 

ment 

Fathoms 
-800 

-750 
-m 
-650 
-m 
-550 

-500 
-450 
-400 
-350 
-300 

-2.50 
-200 
-150 
-100 - 50 

Feel 
0 

500 
1000 
1500 
2000 

2500 
3000 
3 500 
4000 
4500 

5000 
5200 
5400 
5600 
5800 

60M) 
6200 
6400 
6600 
6800 

7OOO 
7400 
7800 
8200 
8600 

9000 
9500 

10 OM) 
10 500 
11 000 

11 500 
12 000 
12 500 
13 000 
13 5M) 

TOPOg- 
nphy 

1- 



Zone H .  
[Inner radius, 3520 meters; outer radius, 5240 meters. Sixteen compartments.] 

Mean el* 
vation of 
eompart- 

ment 

~ o m c t i o n  for- I Correction for elevation of station - 

Above compartment Below compartment 
- 
7200 
feet 
- 

600 1200 1800 
feet feet feet 

- 1 - 1 

2400 3000 
f ~ t  feet 
---- 

-3 
-3 -3 
-2 -3 

-2 -2 
-2 -2 
-1 -2 
-1 -1 
-1 -1 

- 
4800 
feet 

-3 
-2 
-2 
-1 

+1 
+2 
+3 
+4 

+5 
+6 
+7 
+7 
+8 

+8 
+8 
+8 
+8 
+S 

+8 
+9 
+9 
+9 
+9 

+9 
+9 
+9 
+9 
+9 

+9 
+9 
+8 
+8 
+8 

+8 
+7 
+7 
+7 
+7 

+7 
+7 
+7 
+6 
+6 

3600 
feet 

-4 

' -3 
-2 
-2 
-1 
-1 

1800 
feet 

-2 

-2 
-3 
-3 
-4 
-4 

-5 
-5 
-5 
-5 
-5 

-6 
-6 
-6 
-6 
-7 

-7 
-7 
-7 
-7 
-7 

-7 
-7 
-7 
-7 
-7 

-7 
-7 
-7 
-7 
-7 

-7 
-7 
-7 
-7 
-7 

4200 
feet 

-3 
-2 
-2 
-2 
-1 

5400 
feet 

-2 
-1 
-1 

+2 
+2 
+3 
+4 

+5 
+6 
+7 
+8 
+8 

+S 
+S 
+8 
+8 
+8 

+8 
+9 
+9 
+9 
+9 

+9 
+9 
+9 
+9 
+9 

+9 
+9 
+9 
+8 
+8 

+8 
+8 
+7 
+7 
+7 

+7 
+7 
+6 
+6 
+6 

600 
feet 
-- 

Feet. 
0 

500 
1000 
1 500 
2000 

1200 
feet 

6600 
feet 

-22 
-23 

-23 
-24 
-25 
-26 
-26 

-27 

-28 -28 
-29 
-30 

-30 
-31 
-31 
-31 
-32 

-32 
-32 
-32 
-32 
-32 
-- 

3600 
feet 

- 7  
- 9  

-10 
-10 
-10 
-11 
-11 

-12 
-12 
-13 
-13 
-13 

-13 
-13 
-14 
-14 
-14 

-14 
-15 
-15 
-15 
-15 

-15 
-15 
-15 
-15 . -15 

-15 
-15 
-15 
-15 
-15 

Goo0 
feet 

---- 

-1 
-1 

0 0 0 0  
+2 
+3 
+4 
+4 

+5 
+6 
+7 
+8 
+8 

+8 
+8 
+8 
+9 
+9 

+9 
+9 
+9 
+9 
+9 

+9 
+9 
+9 
+9 
+9 

+9 
+9 
+9 
+9 
+8 

+8 
+8 
+8 
+8 
+7 

+7 
+6 
+6 
+6 
+5 

2100 
feet 

---- 

- 3  
- 4  
- 5  
- 5  
- 6  

- 6  
- 7 
- 7  
- 7 
- 7 

- 8 - 8 - 8 - 9 
- 9 

- 9 
- 9 - 9 
- 9 
- 9 

- 9 
- 9 
-10 
-10 
-10 

-10 
-10 
-10 
-10 
-10 

-10 
-10 
-10 
-10 
-10 

7200 
feet 

-26 
-27 
-28 
-29 

-29 

-30 -30 
-31 
-33 

-33 
-34 
-34 
-34 
-35 

-36 
-36 
-36 
-36 
-36 

6fi0b 
feet 

- 1 

+ 2 + 3 + 4 + 5 

+ 6 + 7 + 8 + 9 + 9 

+ 9 + 9 + 9 
+10 
+10 

+10 
+10 
+10 
+10 
+10 

+10 
+10 
+10 
+10 
+10 

+I0 
+10 + 9 + 9 + 9 

+ 9 + 8 + 8 + 8 + 7 

+ 7 + 6 + 6 + 6 + 5 

3000 
feet 

- 5  
- 6  
- 7  
- 8  

- 8  
- 9 
- 9  
- 9 
- 9 

-10 
-10 
-11 
-11 
-11 

-11 
-11 
-11 
-12 
-12 

-12 
-12 
-12 
-12 
-I2 

-12 
-13 
-13 
-13 
-13 

-13 
-13 
-12 
-12 
-12 



Zone I.  

[Inner radius, 5210 meters; outer rsdius, 8440 meters. Twenty compartments.] 

1 comtron  for- I Correction for elevation of station- 

Mean ele- I I I \ I 

Feel. 

500 
1000 

+ 1 

Tow&'- 
mphy - 
and 

eompen- 1000 2000 
feet 1 22 1 

Abore compartment I Rclow compartment 

4000 
feet 

-- 

- 5 
- 5 

- 4 
- 4 - 3 
- 2 - 1 

0 + 1 + 2 + 2 + 3 

+ 3 + 4 + 5 + 5 + 6 

+ 6 
. + 6  + 7 + 7 + 8 

+ 8 + 8 + 8 + 8 + 8 

+ 9 + 9 + 9 
4- 9 + 9 

+ 9 + 9 + 9 + 9 + 9 

+ 9 + 9 + 9 + 10 
+lo 
+ 10 
+10 + 10 
+10 + 9 

5000 
feet 

-- 

- 6 

- 5 
- 4 
- 3 
- 2 
- 1 

0 + 1 + 2 + 2 + 3 

+ 4 + 5 + 5 + 6 + 6 

+ 7 + 7 + 8 + 8 + 9 

+ 9 + 9 + 9 + 9 
+lo 
+10 + 10 + 10 + 10 + 10 

+ 10 + 10 
+10 + 10 
+ll 

+ll 
+11 
+11 
+11 
+11 

+11 
+11 
+11 
+11 + 11 

1000 
feet 

2000 
feet 

3000 4000 5000 
feet feet feet 

I I 

8000 
feet 

6000 
feet 

- 13 
- 14 
-14 

-15 
-16 
-17 
-17 
-18 

-18 
-18 
-19 
-19 
-19 

-19 
-19 
-20 
-20 
-20 

-21 
-21 
-21 
-22 
-22 

-23 
-23 
-24 
-24 
-24 

9000 
feet 
- 

-26 
-27 
-27 
-28 

-28 
-29 
-29 
-30 
-30 

-31 
-31 
-32 
-33 
-34 

-35 
-36 
-36 
-37 
-38 
- 

7000 
feet 

1 

-16 

-17 
-18 
-19 
-19 
-20 

-20 
-21 
-21 
-22 
-22 

-22 
-22 
-23 
-23 
-24 

-24 
--25 
-25 
-26 
-26 

-27 
-27 
-28 
-28 
-28 

12000 
feet 

-43 
-45 

-46 
-47 
-48 
-49 
-50 

1m 
1 feet 

-32 
-32 
-33 
-33 

-34 
-34 
-35 
-37 
-38 

-39 
-40 
-41 
-41 
-42 

1 

11000 
feet 

--- 

-37 
-39 
-40 
-41 

-42 
-43 
-44 
-45 
-46 



Zone J .  
a 

[Inner radius, 8140 meters; outer radius, 12 400 meters. Sixteen compartments.] 9 



zone K. 
[Inner radius, 12 400 meters; outer radius, 18 800 meters. Twenty compartments.] 

Mean ele- 
vation of 
compart- 

merit 

F o t h  
-1 200 - 800 - 400 
Feet 

0 

2000 IMX) 
3000 
4 m  

50(M 
6000 
7000 
8000 
8500 

9000 
9500 

10000 
10500 
11000 

11500 
1 2 0 0  
12 500 
13 000 
13500 

14 000 
14 500 

Correction for- 

Topog- 

- a 
- 1 

0 

0 
0 
0 
0 

+ l  

+ 2  
+ 3  
+ 4  
+ 5  
+ 5  

+ 5  
+ 6  
+ 7  
+ 8  
+ 8  

f 9  
+10 
+lo 
+12 
-612 

+13 
+14 
+15 

Correction for elevation of station- 

Compen- 

-- 

+ 4 + 2 
+ 1  

0 
- 1  
- 1  
- 2  
- 3  

- 4  
- 5  
- 6  
- 7  
- 7  

- 7  
- 8  
- 8  
- 9  
- 9  

- 9  
-10 
-10 
-11 
-11 

-11 
-12 
-12 

Above compartment Topog- 

",P,!y 
cornpen- 
satioo 

+1 
+1 
+1 

0 
-1 
-1 
-2 
-2 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-1 
-1 
-1 

0 
0 
0 

+1 
+1 

+2 
+2 
+3 

600 
feet 

-1 
0 
0 

0 
0 
0 
0 
0 

0 
+1 
+1 
4-1 
-!-I 

+1 
+1 
+1 
+1 
+1 

+1 
41 
+1 
+1 
41 

+1 
+1 
+1 

BeIow compartment 

600 
feet 

0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 

-1 
-1 

-1 
-1 
-1 

1200 
feet 

-1 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

-1 
-1 
-1 
-1 
-1 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-2 

1200 1800 2400 
feet feet 1 feet 

3000 
feet 

-1 
-1 

0 
+1 
+1 
+2 
+2 

+2 
+3 
+3 
+3 
+3 

+3 
+4 
+4 
4-4 
+4 

+4 
+4 
4-5 
+5 
+5 

+5 
+5 
+5 

1800 
feet 

-1 
-1 
-2 

-2 
-2 
-2 
-2 
-2 

-2 
-2 
-2 
-2 
-3 

-3 
-3 
-3 
-3 
-4 

-4 
-4 
-4 

-1 
-1 
-1 

0 
0 

+1 
+1 
+1 

+1 
+1 
+1 
+1 

+1 

+1 
+1 
+2 

+2 
+2 
+2 
+2 
+2 

+2 
+2 
+2 

I 

3000 
feet 

-1 
-2 

-3 
-3 
-3 
-3  
-4 

-4 
-4 
-4 
-5 
-5 

-5 
-6 
-6 
-6 
-6 

-6 
-6 
-6 

2400 
feet 

-1 
-2 

-3 
-3 
-3 
-3 
-3 

-3 
-3 
-4 
-4 
-4 

-5 
-5 
-5 
-5 
-5 

-5 
-5 
-5 

3600 
feet 

-1 
-1 

+1 
+1 
+2 
+2 

+2 
+3 
+3 
+4 
+4 

+4 
+5 
+5 
4-5 
+5 

4-5 
i-5 
+6 
+6 
+6 

+6 
+6 
+6 

-1 
-1 
-1 

0 
0 

+1 
+1 
+1 

+1 
4-2 
+2 
+2 
+2 

+2 
+2 
+2 
+2 
+3 

4-3 
+3 
+3 
4-3 
+3 

+3 
4-3 
+3 

-1 
-1 

0 
0 

+1 
+1 
+1 

+1 
4-74 
+2 
-I-3 
+3 

+3 
+3 
4-3 
+3 
+4 

+4 
+4 
+4 
+4 
+4 

+4 
+4 
+4 

3600 
feet 

-2 

-3 
-3 
-4 
-4 
-4 

-4 
-4 
-5 
-5 
-5 

-6 
-6 
-6 
-7 
-7 

-7 
-7 
-7 

4200 
feet 

-1 
-1 

+1 
+1 
+2 
+2 

+3 
+3 
+4 
+5 
+5 

$5 
+6 
+6 
+6 
+6 

+6 
+6 
+6 
+7 
+7 

+7 
+7 
+7 

4UW) 
feet 

-4 
-4 
-4 
-5  
-5 

-5 
-5 
-6 
-6 
-6 

-7  
-7 
-7 
-8 
-8 

-8 
-8 
-9 

48M) 
feel 

-1 

+1 
+2 
+2 
+3 

+3 
+4 
3.4 
+5 
+5 

+5 
+6 
+6 
+6 
+7 

+7 
+7 
4-7 
+8 
+8 

+8 
4-8 
+8 

4800 
feet 

- 4 
- 5  
- 5 
- 6  
- 6  

- 6  
- 6  - 7 
- 7 - 7 

- 8 
- 8  - 8 
- Q - g 

-10 
-10 
-10 

7200 
feet 

- 1 

+ 1  + 2 
+ 3 
+ 4 

+ 5 
+ 6  + 7 
+ 7  
+ 8  

+ 8  
+ 9  
+ 9 + 9 
+10 

+lo 
+lo 
+11 
+ll 
+I1 

+I1 
+I2 
+12 

5400 
feet 

-1 

0 0 0 0 0 0 0  
+1 
+2 
+2 
+3 

+4 
+4 
+5 
+6 
+6 

+6 
+7 
+7 
+7 
+7 

+8 
+8 
f8 
+8 
f 9  

+9 
4-53 
+9 

5400 
feet 

- 5  - 6 
- 6  
- 7  

- 7  
- 7  - 8 - 8 - 8 

- g 
- 9  - g 
-10 
-10 

-11 
-11 
-12 

6000 
feet 

- 6  
- 6 
- 7  
- 8  

- 8  
- 8  
- g - g 
- g 

-10 
-10 
-10 
-11 
-11 

-12 
-12 
-13 

6000 
feet 

- 1 

;1 + 2 + 2 + 3 

+ 4 
+ 5  + 6 
+ 6  
+ 7  

4 - 7  
+ 8  
+ 8 + 8 + 8 

+ 9 
+ 9  + 9 + 9 
+10 

+lo 
+10 
+I0 

6600 
feet 

- 7 
- 8  
- 8  

- 9  
- 9  
-10 
-10 
-10 

-11 
-11 
-11 
-12 
-12 

-i3 
-13 
-14 

6600 
feet 

- 1 

+ l  + 2 + 3 
+ 4 

+ 5 
+ 5  + 6 
+ 7  
f 7 

+ 7  
+ 8  
+ 8 + 8 + 9 

+ 9 
+ 9  
+lo 
+10 
+10 

+lo 
+I1 
+11 

7200 
feet 

- 8  
- 9  

- 9  
-10 
-11 

-11 

-12 
-12 
-12 
-13 
-13 

-14 
-14 
-14 
- 



Zone L. 

[Inner radius, 18 800 meters; outer radius, 28 800 meters. Twenty-four compartments.] 

I ~orrection for- I Correction for elevation of station- 

--- 
vation of Topog- 
cornpart- 

merit ~opog- cornpen- ra&%y 
raphy sation cornpen- 

sahon 

Feet 
0 

I Above compartment 1 Below compartment 



zone M. 

[Inner radius, 28 8M) meters; outer radius, 58 800 meters. Fourteen compartments.] 

) ~orrection for- \ . Correction for elevation of station- 

The distance from the station to the middle of this zone is 43.8 km (=27.2 miles) and the curvature is 495 feet. 



Zone N. 

[Inner radius, 58800 meters; outer radius, 99 000 meters. Sixteen compartments.] 

I 1 correction for- Correction for elevation of station- 

Mean ele- 
vation of 
compart- 

ment 

Fathoms 
-1 500 
-1 200 
- 900 
- 600 - 300 
Feet 

n 

The distance from the station to the middle of this zone is 78.9 km (=49.0 miles) and the curvature is 1600 feet. 

Topog- 
raphy 

Compen- 
sat~on 

TOpoF- 

pEZ+ 

tieze 
tion as 

Above co.mpartment 

. 
2100 2800 3500 4200 4900 5600 6300 7000 7700 8400 i% 1 E$ 1 feet 1 feet 1 f e e 3  feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 

Belol\- compnrtmont 

700 1400 2100 2RM) 3500 4200 4900 5600 6300 7000 7700 &400 
feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 



Zone 0. 

[Inner radius, 99 000 meters; outer radius, 1% 700 meters. Twenty-eight compartments.] 

Correction for- I Correction lor elevation of station- 

Mean ele- 
vation of 
compart- 

ment 

Fathom 
-1 800 

~ o ~ m g -  

Fed 
0 

540 
1 M W )  
1m 
2000 

The distance from the station to the middle of this zone is 132.8 km (=82.5 miles) and the curvature is 4500 feet. 9 

compen- 

1 
I 

Typog- 

ai:P2Y,Y, 

- 

At same1 Above compartmen t 
eleva- 
tion w I 

Below compartment 

2400 3200 4000 4m .5600 6100 7200 Roo0 m 9600 E 1 E 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 ieet 1 ieet 1 feet 
800 1600 2400 3200 4000 4800 5600 6400 7200 m 8800 9600 
feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 1 feet 
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REDUCTION TABLES FOR NUMBERED ZONES. 

Zone 18. 

[Unit of elevation 100 feet (27.1 fathoms for depths). @=lo 41/ 13" to ld 29/ 58//. One compartment.] 

Correction Correction for elevation of station at- Correction for elevation of station at- 
for departure 
from propor- 

tionality 5 COO feet / I0 MI0 feet / 1.5 WO feet 5 OW feet 1 10 WO feet I 1.5 Oofeet 

Correction as 
read from map 

Zone 17. 

[Unit of elevation 100 feet (27.1 fathoms for depths). @=lo 54/ 52" to lo 41' 13". One compartment.] 

Zone 16. 

[Unit of elevation 100 feet (27.1 fathoms for depths). 8=2O 11/ 53/' to lo 54/ 52//. One compartment.] 

Zone 15. 

[Unit of elevation 100 feet (27.1 fathoms for depths). 8=z0 33/ 46" to 2O 11' 53//. One compartment.] 

Zone 1.4. 

[Unit of elevation 100 feet (27.1 fathoms for depths). 8=3O 03/ 05/' to 2O 33/ 46". One compartment.] 
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Zone I S .  

[Unit of elevation 1000 feet (271 fathoms for depths). 8=4O 19' 13" to, 3' 03' 05". Sixteen compartrnenta.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 12. 

[Unit of elevation 1000 feet (271 fathoms for depths). 8 =So 46' 34// to 4' 19' 13/'. Ten compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 11. 

[Unit of elevation 1000 feet (271 fathoms for depths). 8=7O 51' 30" to 5' 46' 34//. Eight compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 10. 

[Unit of elevation 1000 feet (27lfathoms for depths). 8=10° 44/ to 7O 51' 30/'. Six compar~enta.]  

No correction for elevation of station. No correction for departure from proportionality. 

Zone 9. 

[Unit of elevation 1000 feet (271 fathoms for depths). 8=14O 09/ to lo0 44'. Four compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 8. 

[Unit of elevation 1000 feet (271 fathoms for depths). 8=20° 41/ to 14' 09/. Four compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 7. 

[Unit of elevation 1000 feet (271 fathom for depths). 8 ~ 2 6 '  41' to 20' 41'. Two compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 6. 

[Unit of elevation 10 000 feet (2710 fathoms for depths). 8=3b0 58' to 26' 41'. Eighteen compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 6. 

[Unit of elevation 10 000 feet (2710 fathoms for depths). 8=51° 04' to 35' 58'. Sixteen compartments.] 

No correction for elevation of station. No correction for departure from proportionaIity. 

Zone 4. 
[Unit of elevation 10 000 feet (2710 fathoms for depths). 8=72O 13' to 51' 04'. Twelve compartments.] 

No correction for elevation of station. No correction for departure from proportionality. 

Zone 8. 

[Unit of elevation 10 000 feet (2710 fathoms for depths). 8=105° 48' to 72' 13'. Ten compartments.] 

No correction for e!evation of station. No correction for departure from proportionality. 
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Zone 2. 

[Unit of elevation 10 000 feet (2710 fathoms for depths). 8=150° 56' to 105' 48'. Six compartments.] 

No correction for elevation of station. No correction for departure from proportionality 

Zone 1 .  

[Unit of elevation 10 000 feet (2710 fathoms for depths). 8=180° to 150' 56'. One compartment only.] 

No correction for elevation of station. No correction for departure from proportionality 

[Corrections in dynes in units of the fourth decimal place. Station at sea level.] 

I Dppn I Zones 

Fathoms 
5 000 

li  
*Use table following br these values on account of Inrse second difference. 
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Suppbmentay table for use in connection with gravity stations at sea. 

[Correction in dynes in units of the fourth decimal place. Station at sea 1eveI.J 

/ Depth I Zone 

B C D  
- 25 

TTSE O F  TEMPLATES. 

For each scale of map or chart to be used in the eonlputations there was prepared a sheet 
of transparent celluloid with the circles and radial lines which define the limits of the zones 
and compartments drawn to the same scale. 

Such a template is shown in illustration No. 10a as used for maps on a scale of 1/10000. 
The zones are marked with their designating letters, and the scale of the template is ordinarily 
marked on each. No attempt has been made to reproduce the illustration to the proper scale. 

Each template consists of a sheet similar to that indicated in illustration No. 10a carrying 
lines bounding the compartments which lie on one side of the reference line. By turning the 
template 180" in azimuth on a map it serves also to fix the position of the remaining compart- 
ments. While in use the template is placed on a map with the center of the circles a t  the 
station and with the reference line lying in the meridian. 'As a convenient designation the 
compartments in any zone are numbered in the clockwise direction commencing with the first 
which is to the eastward of north from the station. 

Illustration No. lob shows a template such as was used on maps on a scale of 116013500. 
This necessarily shows.more distant zones than illustration No. 10a. The dotted radial lines 
in zones 14 to 18 are not compartment boundaries. Each of these zones has one compartment 
only. They are lines dividing each of the zones into ten equal parts, as it was found convenient 
in estimating the mean elevation for such large zones to make separate estimates for each part 
rather than to make an estimate at  once for the whole compartment or zone. For the same 
purpose dotted lints are shown in zone 7 separating each of its two compartments into five 
equal parts. 

By the use of these transparent (celluloid) templates the many circles and radial lines 
fixing the limits of the zones and compartments on a given map for any station were super- 
posed on the map by the mere process of laying the template on the map in the proper position. 
The use of the templates saved a very large amount of labor which would otherwise have been 
necessary in drawing the many zones and compartments on several hundred maps. It also 
left the maps without damage or defacement. 
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In  computing the correction for topography and isostatic compensation for a given station 
the computer places the appropriate template in the proper position on the best contour map 
available. He then estimates the mean elevation of the surface in each compartment from 
the contour lines on the map, seen through the template, and a t  once takes out from the reduc- 
tion tables the two corrections for that compartment and records them in the proper places 
on the computation forms. As he has the reduction tables constantly before. him he is con- 
tinually guided as to the accuracy with which the estimate of mean elevations must be made 
in order to secure the corrections with the required degree of accuracy. As a rule this estimate 

ILLUSTRA~ON No. 10 (a).-Template for maps of 
scale 1/10000 (reduced). 

ILLUSTRATION NO. 10 (b).-Template for maps of scale 
116013500 (reduced). 

may be made very quickly, for as indicated in the reduction tables, an approximate elevation 
of a compartment is sufficient. This is especially true in the numbered zones 13 to 1, for which 
the unit elevations are either 1000 or 10 000 feet. 

EXAMPLES OF COMPUTATIONS OF CORRECTIONS. 

The following table is a sample of the computations, and in i t  are given the values (in 
units of the fourth decimal place in dynes) of the correction for topography and isostatic 
compensation for each compartment of zones A to 1 a t  the San Fr~nciaco gravity station. 
This station is near the open coast, is 85 miles from the 1000-fathom line, and is only 375 feet 
above sea level. 
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San Francisco, Qal., gravity station No. 64. 

[4=37O 47' 22". 1=122O 25' 40/'. Elevat.ion=375 feet.] 

Sum of all zones = $446. 

At the top of the table are given the latitude, longitude, and elevation of the station. In 
actual practice the zones may be arranged in any convenient manner on a single sl~eet. Here 
they are placed in such a way as to show them in as compact a form as possible. 

The headings of the several columns indicate the zones by letter or number, i t  being under- 
stood that the zones are in the order of their distances from the station, namely, A to 0, and 
18 to 1, the zone A being at the station with its inner radius zero. 

In  a zone having more than one compnrtment, the compartments are numbered clock- 
wise, the first one being to the north of the station and just to tho oast of the meridian passing 
through the station. Having this arrangement of compartments in mind, one can readily see 

15593'-12--4 
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in the table for any station the effect of the different prominent topographic features. TlGs 
is noticeable in zone 0 for both the San Francisco and Pikes Peak gravity stations. 

At San Francisco for the first 13 compartments of zone 0 the corrections are all zero or 
negative. These are all land compartments. In  compartment 14, nearly due south from the 
station, a positive correction, due to the ocean, first appears. In  compartments 15 to 25, all 
to the westward of the station, the corrections are all positive, showing the influence of the 
deep waters of the Pacific. Compartments 26 to 28 are land compartments, showing the influ- 
ence of the Coast Range to the northwestward of San Francisco. The similar influence of the 
part of the Coast Range to the southeastward of San Francisco lying within this zone is shown 
in compartments 10 and 11. 

It will be noticed that there is a double column for each of the zones B to 0. The first 
column gives the effect on the intensity of gravity at the station, due to the topograplly 
and the isostatic compensation of the several compartments based upon the assumption that 
the station is, in each case, at  the same elevation as the compartment. The mean elevation 
of the compartment is obtained from the map or maps used. Entering the table for the par- 
ticular zone with this elevation, this correction is obtained from the fourth column, which is 
headed "Correction for topography and compensation." In the second column for zones B to 
0 is given the effect of the intensity of gravity due to the elevation of the station above 
or below the average elevation of each compartment. These quantities are given in the tables 
under the headings "Correction for elevation of station above compartment" and '(Correction 
for elevation of station below compartment." 

In taking out the second correction it must be kept in mind, as already noted on pages 
22 and 29, that i t  does not become zero in zones M, N, and 0 when tho station is at  the same 
elevation as the compartment, but, instead, has the values shown in the special column in the 
reduction tables for these zones. For zones B to 1; the second correction is zero when the 
station is at  the same elevation as the compartment. 

Two columns are given for each zone 18 to 14, the first one showing the correction as 
read from the map and given in the first columns of the reduction tables for those zones, while 
the second column contains the algebraic sum of the corrections for the departure from pro- 
portionality and for the elevation of the station above sea level. 

For each of the zones 13 to 1, there is only one column of figures, which are the corrections 
for the compartments as r&d from the map, each compartment of zones 13 to 7 having a cor- 
rection of 0.0001 dyne for each 1000 feet in elevation (271 fatlloms for depth), and zones 6 to 1 
having a correction of 0.0001 dyne for each 10 000 feet of elevation (2710 fathoms for depth). 

The algebraic sums for each column is given at the foot of the column and immediately 
below these separate sums is given the algebraic sum for the zone. The sum for all zones is 
+446 in the units used in the computation or +0.0446 dynes. This is the correction at San 
Francisco for the topography of the entire earth and its compensation. 

It was found a t  times to be desirable to treat in two parts the corrections for a compart- 
ment which contained both land and water areas. The corrections for land and water for the 
compartments treated in this way are connected in tho table by brackets, tho first number 
being for the land portion and tho second for the water portion of the compartment in question. 
In  determining the correction for any portion of a compartment the table is entered with the 
elevation of that portion as the argument as if it were the elevation of the whole compartment, 
but the correction entered jn the computations is only that proportion of the total correction 
which the area of the portion of the compartment bears to its total area. 

The elevations close to the gravity station at San Francisco are low and in no case inside 
of zone IJ is the height of a single compartment more than 700 feet above sea level. I n  zone L 
one compartment to the eastward of San Francisco, in the Coast Range, has an average elevation 
of about 800 feet. Zone 11 is just beyond the change of sign due to distance (see p. 65), and 
therefore the correction for that compartment is not over 0.0001 dyne. In  zone M there are 
several compartments near the compartments of zone L in the Coast Range, alroady referred to, 





Pikes Peak, Colo., Grawity Station No. 43. 

[+=38O W 18". 1=105O 02/ 00". Elevation=14 085 feet.] 

Sum of all zones = + 1871. 

N--~slues shown in italics were obtained by interpolation from gravity stations Nos. 42, 44, and 45, at Colorado Springs, Denver, and Gunnison, Colo., respectively. 
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The arrangement of this table is the same as that for the station at San Francisco, which 
was discussed in detail. The corrections for the zones A to 14, at  Pikes Peak, were computed 
from the elevations read from maps. For zones 13 to 1 they were interpolated (in the manner 
explained later under the heading "Saving of time by interpolation ") from stations Nos. 42,44, 
and 45, which are a t  Colorado Springs, Denver, and Gunnison, Colo., respectively. The total 
value of the effect of the topography and its isostatic compensation as obtained by the inter- 
polation is given in the table for each of the zones 13 to 1. The leaders shown in the columns 
for these zones indicate the number of compartments in each zone. 

As Pikes Peak is an inland station, there are no water compartments within the computed 
zones A to 14. 

As was the case in the table showing the corrections for the different zones at  the San 
Francisco gravity station, zones B to 14 at Pikes Peak have two columns of figures each. In 
each zone the first column shows the effect of the topography and compensation with the station 
at the same elevation as the several compartments, while the second column of figures shows 
the corrections due to the elevation of the station above or below the compartment. 

It is interesting to notice the change of sign at zone F of the correction for .elevation of 
station (see p. 52), the change of sign due to distance between zones J and K,  in the first column 
for these zones, also the change in the sign of the total-correction between zones K and L. 

Pikes Peak is a conical-shaped mountain, which accounts for the corrections for the several 
compartments of each of the near-by zones being of about the same size. The effect of the 
mountains to the westward is clearly shown in zones M, N, and 0, but especially in zone 0, the 
corrections being larger in the lower half of each column corresponding to compartments west 
of the station than in the upper half of tho column in each of these zones. 

CORRECTIONS FOR TOPOGRAPHY AND .ISOSTATIC COMPENSATION, SEPARATE ZONES. 

In  the following table are given the total corrections for each zone, for topography and its 
isostatic compensation, to the intensity of gravity at  each of the 89 gravity stations used in this 
investigation. There is also given the total correction for each station, this necessarily being 
the sum of the corrections for the ~eparate zones. The values are given in units of the fourth 
decimal place in dynes. 

The names and numbers of the stations are given in the headings of the table, while the 
letters or numbers of the zones are shown in the first column. The value for each zoneeat a .  
station was obtained from the computations of the corrections for the separate compartments 
of the zones. Samples of such computations made at a station are given in tables on pages 49 
and 52 for the gravity stations a t  San Francisco and on Pikes Peak. 

, The figures in italics represent the accepted interpolated values for the correction for 
topography and its compensation as explained on pages 58-60. The other figures are the values 
for the zones for which the corrections were obtained directly from maps and the reduction 
tables. 
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Correction for topography and isostatic compensation, separate zones 

Austin I Deer Zone Univ,.tsiiy, Mchlester, Little Rock, Cohlmbia, Atlanta, McCormick, Charleston, Beaufort, l o ~ ~ : j , e ,  I No. Il No. 12 / vo .  !3 I No. 14 1 No. 11 1 No. 16 I No. 17 I No. 18 1 nr lo / No. 2(, 

I 

Total I -11 1 

X 
L 
M 
N 
0 
18 
17 
16 
15 

. .. - - - -- - - 

B 
+ ;  + : I  + ;  + 2 +: + 2  + 2  + 4 + 5 6  

+ 2 

0 
+20 

0 0 0 0 0 + 50 
+56 

D 0 0 0 0 0 0 + 21 
+ 4 +64 

E 0 0 0 0 0 
+ 6 $34 

F 0 0 0 0 0 0 
0 + a  
0 0 

$15 

G 0 0 0 0 0 0 0 0 
H 0 0 0 0 0 0 0 0 

+: 
0 

I 0 0 0 0 0 0 0 0 
J ' 

0 
0 

+ 14 + 42 + 55 
$ 8  
+ 4  
$ 3  
+ 5  

0 
0 

+ 5  + 20 + 24 + 16 
+ 4  
+ 5  
+ 5  
$ 5  

$ 8  1 + 38 
+ 9  + $3 + 89 
+ 4 5  + 27 
$ 1 5  
+ 1 5  
$ 5  
$ 5  + 10 
+ 8  
+ 6  

0 

12 
11 
10 

9 
8 
7 
6 
5 
4 

0 
0 
0 
0 
0 
0 

+ 1  
+ 2  
+ 6  

+ 38 
+ 4 2  + 25 
+ 1 5  
+ 1 5  
+ 5  
+ 6  + 10 
$ 8  

+ l o  + $0 + $1 
+ 9 8  + 22 
+ 1 4  
+ I 8  
+ 5  
+ 6  + 10 
$ 8  

0 

3 + G  

Total 

0 
0 

' 0  
0 

+ G  
+ 2  
f . 3  
$ 4  
$ 9  

+ s  
$ 1  

. 

+77 

+11 

+ 9  + 14 
4-12 
+ l o  
+ 6  
4 - 8  + 10 
4 - 7  
+ 6  

0 

+322 1 f306 

0 
0 
0 
0 
0 

+ 2  
+ 2  
+ 5  
f 7  

+ 2  
+ I  

-- 

$74 +20l 1 +I51 / +I32 

I I 

+11 

+ $ 22 24 
f 7  + 3 
- 2  
$ 5  
$ 7  
+ l o  + 10 
$ 8  
+ 6  

0 
0 
0 
0 
0 
0 

- 1 
- 1  
- 1  
- 2  

-I- 2 + 1 

+I54 

- 3  + 5 
+ 5  

0 
- 1 
- 3  
+ $  
+ a  + 9 
$11 
+ 7  
+ 5  

0 
0 
0 
0 
0 
0 
0 

+ 2  
$ 3  
+ 4  

+ 2  
+ I  

+30 

+ G  + 6 
$ 4  
- 2  
- 5  
+ l  
+ 7  
+ 8  
+ l O  
+10 
$ 9  
+ 6  + 2 + 1 

-30 

0 
0 
0 
0 

- 1  
+ 27 
+ l O  
+ 1 2  
+ I 3  
f 1 5  

- 14 

$ 1 4  + 12 
- 1 
- 9  
- 5 + 5 
f 9 + 9 + 10 + 10 + 9 + 6 

- 4  
-10 
-24 
-26 
-21 
- 5  
- 6  
- 7  
-10 

-18 
- 22 
-41 
-43 
- 44 
- 8 
- 8 
- 7 
- 7 

- 8  
-21 
- 10 
-12 
- 4  
+ 4  
$10 
+ 9  
+ l O  
+10 
+ 9  
4 - 6  

- 7 
-12 
- 9 
- 7 
-11 + 1 + 7 + 9 
$10 
+ lo  + 9 + 6 
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Correction for  topography and isostatic compensation, separate zones-Continued. 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

K 
L 
M 
N 
O 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Total 

Zone 

A 
B 
C " 
E 
F 
G 
H 
I 
J 
K 
L 
M 
N 
0 

18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Total 

Washington 
~mi thson ia i  
Institution, 

NO. 22 

+ 2 + 8 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-12 
-17 
-25 
- 5 
- 8 
- 9 
- 8 
- 4 
+ 5  

+18 
+I5 

+17 

+12 + 6 + 6 + 7 + 6 + 6 
' + 4  .+ 1 

Washington, 
C. & G. S. 

Offlce 
NO. zi 

+ 2 
$12 + 2 

0 
0 
0 
0 
0 
0 
0 
0 
0 

- 12 
- 17 
-23 
- 5 
- 8 
- 9  
- 8 
- 4 + 8 
+IJ 

+I7 
+I1 
+ I 2  + 6 + 6 + 7 
4- 6 + 6 
+ 4  + 1 

+40 

Calab, 
NO. 31 

+ 2  + 25 
+ 4  

+ t 
0 
0 
0 
0 
0 
0 
0 

- 5  
- 4  
- 15 
- 3 
- 3 
- 3 
- 4 
- 3 
- 3 + 9 + 18 + 18 + 13 + 16 
+ 6  
+ 6  
$ 5  
+ 6  
+ 6  
+ 5  
+ 1  

+lo1 

Baltimore, 
No. 23 

-- 

+ 2 

Philadelphia, 
No. 24 

+ 2  

+93 

Cincinnstl, 
NO. 34 

+ 2 + 60 
+84 
+57 
$22 

0 
0 
0 
0 

-11 
- 17 
- 20 
-42 
- 50 
-48 
- 8 .  
- 8 
- 8 
- 8 - 8 
-15 - 8 
- 5 + 4 
f 4 + 6 + 6 + 7 + 9  + 7 + 5 + 8 + 1 

$23 

+34 1 +57 

$24 

$130 

Terre Haute, 
NO. 36 

+ 2 
$56 

$28 +" 
+12 

+; 
0 
0 

- 8 
- 10 
-12 - 30 - 37 
-35 
- 6 
- 6 
- 6 
- 6 
- 7 
-16 
- 9  
- 7 
- 2 + 1 + 4 + 7 + 8 + 9  + 7 + 5 + 5 + 1 

+ 6 

~ thaca ,  
NO. 32 

+ 2 
+GO + 88 + 59 
+27 +: 

0 
0 

-16 
- 20 
-32 
- 50 
-56 
- 58 - 8 
- 8 
- 9 
- 7 
- 7 
- 6 + 7 
$. 8 
+I1 + 8 
+12 + 6 + 6 + 7 + 6 + 6 + 4 + 1 

+49 

+12 

Princeton, 
No. 25 

+ 2 

+I78 

St. Louis 
NO. 3s 

----- 
$ 2  
$56 
+60 

SE 
0 
0 
0 

- 3 
-12 
-13 
-28 
-32 
-33 
- 5  
- 5  
- 5  
- 7  
- 9  
-16 
-10 
- 9  
- 5  
- 8  
+ 2  
$ 7  
+ 8  
$10 
+ 7  
+ 5  
+ 5  
+ 1  

/ +I0 

Cleveland, 
NO. 33 

+ 2 
+58 
4- 78 
+48 
+20 
+lo 

0 
0 
0 

-16 
- 20 
- 24 
-42 
-41 
- 45 - 9 
-10 
- 10 
- 11 
-11 
-18 
-10 
- 5 + 4 
f 5 + 8 + 6 + 7 + 8 + 7 + 5 + 5 + 1 

New York, 
No. 27 

+ 2  

IIoboken, 
No. 26 

+ 2  + 40 
4-16 
+ 6  

0 
0 
0 
0 
0 
0 
0 
0 

-11 
- 1 6  
- 2 2  
- 4  
- 6 
- 5  
- 1  
+ l  + 15 + 20 + 21 + 16 + 11 + 14 
4- 6 
-I- 6 + 6 + 6 
S 6 + 4 + 1 

+79 1 +I06 

+ 2 7  
$ 7  
+ 2  

0 
0 
0 
0 
0 
0 
0 
0 

- 1 2  
- 18 
- 26 
- 6  
- 5  
- 3  
f l  
+ 3  
$ 1 4  + sa + 21 + 16 + 11 + 15  
+ 6  
4 - 6  
$ 6  
+ 6  
4 - 6  
+ 4  
$ 1  

+: 
0 
0 
0 
0 
0 
0 
0 
0 
0 

-12 
-18 
-25 
- 6  
- 5  
- 9  
+ 1  
+ 5  
4-14. 
$22 
+dl 
+I6 
+11 
+15 
4 - 6  
4-6 
+ 6  
3 - 6  
4 - 6  
+ 4  
+ I  

+I33 

it99 

+ 2  
$64 
+97 
$72 
+30 

0 
0 

-16 
-20 
-24 
-53 
-47 
-55 
-10 
-10 
-10 
-11 
-11 
-20 
-13 
-14 
-14 
- 8  
- 1  
+ 8  
+ 9  
$11 
$ 7  
+ 5  
+ 5  
+ I  1 -12 

+ 4 + 4  

Chicago, 
NO. 36 

+ 2  
+56 
+72 
+42 
$16 

+ t  
0 
0 

- 7 
- 9  
-11 
-22 
-26 
-23 
- 6  
- 6  
- 7  
- 8  - 9 
-16 
-10 
- 4  
- 1  + 1 
$ 6  
$ 7  
+ 8  + 9 
$ 7  
$ 5  
$ 5  
+ I  

7 4  

TVorcester, 
No. 28 

---- 
$ 2  

+lo1 
- 

EIIsworth, 
NO. 40 

$ 2  

$1;; 
$140 + 82 
4- 40 + 12 

0 
0 

- 16 
- 20 - 47 
- 87 
- 85 - 95 
- 1 9  - 19 
- 1 9  
- 1 9  
- 2 0  
- 44 - 26 
- 1 9  
- 1 5  
- 4 + S + 7 + 9 + 10 
+ 8  + 5 
f + 1 

1 - 4 0  

0 
0 
0 

- 1  
- 2 
- 3 
-20 
- 16 
- 20 
- 6 
- 7  
A 9 - 8 - 3 

' $ 7  
$14 
+19 
4-17 
+ l O  
+I5 .+ 6 
-1- 6 + 7 + 6 + 6 + 4 + 1 

Madison, 
NO. 37 

$ 2  
$62 
+95 
+10 
+So 

+loo 
0 
0 

-16 
-20 
-24 
-57 
-48 
-49 
- 7  
- 7  
- 8  
- 8  
- 9  
-16 
-10 
- 9  
- 2  

0 
$ 6  
$ 7  
$ 8  
$ 9 
$ 7  
+ 5  
+ S  
+ 1  

+31 

+ 5 6  
$ 6 4  
$ 3 1  + 11 
+ 7  

0 
0 
0 

- 10 
- 13 
- 14 
- 2 7  - 25 
- 28 
- 2  
- 3  
- 4  
- 2  
- 2  + 9  + 24 + 29 + 17 + 12 + 17 
4 - 6  
+ 6  
+ 6  
+ 6  
+ 6  
$ 4  
+ 1  

0 

0 
0 
0 
0 
0 
0 
0 

- 6  
-10 
-19 
- 3  

, - 6  
- 6  
- 5  

0 
4-12 
$19 
+21 
+I6 
+11 
$14 + 6 
+ 6  
+ 6  
$ 6  
+ 6  
+ 4  
4 - 1  

Boston, 
No. 29 

$ 2  

gfi?;, 
No. 30 

$ 2  
+ l 6  
+ 4  
$ 1  

0 
0 
0 
0 
0 
0 
0 
0 

- 4  
- 12 
- 10 
- 2  
- 1  
- 1  
- 2  
- 2  
4-11 + 26 + 25 + 18 + 12 + 17 
4 - 6  
4 - 6  
4 - 6  
f 6  
4 - 6  
+ 4  
+ I  

+ $  
0 
0 
0 
0 
0 
0 

- 2  
- 5  
- 5  
- 9  - 15 
- 14 
- 2  
- 1  
- 2  
- 2  
- 2  
+ l o  + 25 + 25 + 18 + 12 + 17 
+ 6  
$ 6  
+ 6  
f 6  
+ 6  
+ 4  
$ 1  
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Correction for topography and isostatic c~rn~pensation, separate zma-Continued. 

G m d  
Canyon, 
Wyo., 
No. 50 

$ 2  + 68 
+I64 
$327 
+473 
+429 
+288 
+199 
+I32 + 25 - 39 
-125 
-420 
-389 
-308 
- 57 
- 60 
- 61 
- 60 
- 54 
- 86 - 51 
- 38 
- 22 
- 1  
4 - 9  
+ 6  
+ 8  
$ 8  
4 - 7  
+ 4  
$ 8  
+ I  

+382 

- 
'One 

A 
B 
0 
D 
E 
F 
G 
H 
I 
J 

K 
L 
M 
N 
0 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Total 

E +464 +459 
F +411 +403 
G +264 $254 
H +I84 +I76 
I +I15 +lo7 
J + 17 + 12 0 - 2  + 7 
K - 46 - 41 0 - 1  - 8  

-- 
Tofal +313 / +281 -205 1 +446 461200 -181 1 +l43 + 83 -89 I - 57 

Wallace, 
No. 41 

+ 2  + 68 
+I52 
+246 
+248 
+140 
+ 72 + 32 + 20 
- 16 - 40 
- 7 2  
-211 
-192 
-169 
- 36 
- 36 - 36 
- 37 
- 39 
- 69 
- 38 
- 25 
- 16 
- 2  
+ 6  

. + 7  
$ 9  
+ l o  
+ 8  
$ 5  
+ s  
+ I  

- 5 

COlomdo 

+ 2  

1 
+306 
+408 
+331 
+I92 
+I27 
+ 78 - 11 
- 71 
-147 
-369 
-342 
-339 
- 68 
- 69 - 69 
- 68 - 62 
- 81 - 48 - 30 - 17 

0 
+ 9  
+ 7  
+ 9  
+ 9  
+ 8  
+ 5  
+ s  
+ I  

- 68 

Pikas Peak, 
No. 43 

+ 2 + 72 
+ I 5 7  
+ 3 1 0  
+ 5 2 0  
+ 6 0 2  + 512 + 443 

Denver, 
No. 44 

3 . 2  
-j- 68 
+I60 
+300 
+384 
+290 
3.168 
3. 98 

';%zt 
Junction, 

No. 48 ---- 
$ 2  + 68 
$160 
$318 
$451 
$399 
$254 
+I74 

':?+ 

+ 2  + 68 
+I56 
+270 
$302 
+199 + 97 + 56 + 412 + 201 + 79 

- 3 2  
- 290 
- 3 3 4  
- 329 
- 68 - 68 
- 68 
- 64 
- 59 
- 88 
- 48 
- 80 
- 17 

0 
+ 9  + 7 + 9 + 9 + 8 + 5 + 8 + 1 

+I871 

Qunnlson, 
No. 45 

+ 2  + 68 
+I64 
$324 
+472 
+430 
$285 
+202 

Lake 

ii!29 

+ 2  + 68 
+156 
$276 
3.325 
3-216 
3-109 + 59 

+lo1 

2 4: 
-142 
-378 
-343 
-315 
- 59 
- 61 
- 63 
- 64 
- 65 
-104 - 58 
- 85 
- 14 
+ 4  

4 - 7  
4 - 9  
+ 9  
+ 8  
+ 5  
+ s  
$ 1  

+238 

Jy,"ff2 06n, 

+ 2  + 68 
+160 
+282 
+336 
$239 
4-120 + 66 + 19 - 18 

- 73 
-121 
-336 
-316 
-299 
- 65 
- 64 
- 63 - 65 
- 65 
-107 - 62 
- 36 - 12 
+ 5  
4-11 
4 - 7  
4 - 9  
3 . 9  
3 - 8  
+ s  
+ s  
3 . 1  

-414 

+ 60 +I30 

- 40 
- 9 8  

. -362 
-376 
-346 
- 68 - 67 - 67 
- 64 - 63 - 84 - 48 - 30 - 17 

0 
+ 9  
+ 7  
+ 9  
$ 1 0  
+ 8  
$ 5  
+ 8  
$ 1  

-148 

- 56 
-168 
-526 
-462 
-409 
- 76 
- 74 
- 68 
- 64 
- 62 
- 97 
- 52 
- 33 - 18 
+ 2  
4-11 
+ 7  
4 - 9  
$ 9  
+ 8  
+ 5  
+ 8  
+ I  

- 11 

- 65 
-132 
-391 
-374 
-349 
- 74 

. - 73 
- 72 
- 66 
- 65 
-101 - 55 
- 84 - 15  
+ s  
4-11 
4 - 7  
- I - 9  
+ 9  
4 - 8  
$ 5  
+ s  
+ l  

- 51 
-101 
-329 
-295 
-324 
- 65 
- 70 
- 67 
- 68 

, - 69 
-108 
- 59 
- 35 
- 12 
+ 4  
i-11 

. + 8  
- I - 9  
+ 9  
4 - 8  
+ 5  
+ s  
+ I  

-511 1 -434 
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Correction for  topography and isostatic cornpewation, separate zow-Continued. 

Zones 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

K 
L 
M 
N 
0 
18 
17 
16 
15 
14 
13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Total 

Zones 

A 
B 
C 
D 
E 
F 
G 
H 
I 
. J 
K 
L 
M 
N 
0 
18 
17 
16 
16 
14 
13 
12 
11 
10 

9 
8 
7 
6 
5 
4 
3 
2 
1 

Total 

Sweetwater, 
No, 61 

+ 2  

1 
+I91 
+I48 + 69 + 25 
-I- 

- 16 
- 2 4  - 54 
-123 
-100 
-107 - 24 - 22 - 21 
- 2 2  - - ' 2  - 38 
-- I1 
- 1 4  
-11 
+ a  
4 8  
+ 9  
+ l o  
+ l o  
+ 9  
+ 6  
+ 2  
+ 1  

+ 9 2  

Las Vegas, 
No. 71 

+ 2  

$1:; 
$312 
+424 
+361 
+217 

$ 88 

2 4," 
-128 
-377 
-329 
-297 - 62 

' - 62 - 62 - 59 
- 61 
- 89 - 43 - 26 - 18 
- 1  
$ 9  
+ 7  + 9 + 10 
+ 8  
+ 5  
+ s  
$ 1  

+I711 

El Paso, 
No. 63 

+ 2  + 68 
+I56 
+262 
+284 
3-177 + 86 
+ 45 + 20 - 16 
- 4 0  - 72 
-226 
-210 
-221 
- 46 - 45 - 44 
- 4 8  
- 4 9  - 75 - 32 
- 2 3  
- 7  
+ 3  
+ 1 4  
+ 5  
+ I 0  
+ l o  
+ 9  
4 - 6  
+ s  
+ 1  

+ 7 

Denison, 

K e d l e ,  
No. 62 

+ 2  + 68 
+128 
+I51 + 92 + 45 + 20 
+ l6 

0 
- 16 
- 2 0  
- 48 
-107 
- 76 
- 64 
- 12 
- 12 - 11 
- 1 8  
- 1 2  
- as - IS 
-11 
- 8  
+ 2  
$ 8  
+ 9  
+ 1 0  
+ l o  
+ 9  
4 - 6  
+ 2  
+ 1  

+I33 

Shamrock, 
No. 72 

+ 2  

$9 
+I98 
4-160 + 80 + 36 

+ - 16 - 27 
- 5 2  
-128 
-115 
-122 
- 24 
- 24 
- 24 - 24 
- 25 
' 44 
- I 5  
- 17 
- 14 
- I  
$ 6  
+ 8  
$ 1 0  
$ 10 
$ 9  
$ 6  
+ 2  
$ 1  

+ 7 0  

Nogales, 
No. 84 

+ 2  + 68 
+I56 
+264 
+288 
+183 + 93 
$ 48 + 20 
- 16 
- 4 0  
- 72 
-162 
-150 
-148 
- 30 - 24 - 24 
- 2 8  
- 2 8  - 49 
- 2 7  
- 1 2  

0 
+ 6  
+ 1 5  
+ 8  
+ 9  
+ 9  
4 - 8  
4 - 5  
+ 4  
+ I  

+377 

Minneap- 
No. 73 

+ 2 
+SO 
+84 
+54 
3.24 
+lo 

0 
0 
0 

-16 - 20 - 24 
-37 - 42 
-45 - 9 - 9 - 9 - 9 
- 9 
-20 
-18 
-11 
-18 - J + 8' + 8 
+I9 

+I1 + 8 + 5 + 8 + 1 

- 6 

Goldfield, 
No. 67 

+ 2  + 68 
4-160 
+295 
+394 
+308 
+171 
4-115 
$ 61 
-11 - 40 
- 96 
-313 
-277 
-301 - 61 
- 5 6  
- 5 1  
- 4 1  
- 4 0  - 61 
- 2 0  

* - 4  
+ 5  
+ a  
3 . 1 2  
4 - 9  
+ 9  
$ 9  
4 - 8  
+ 5  
+ 4  
+ I  

Yavapai, 
No. 68 

+ 2  + 68 
+122 
+261 
+379 
+324 + 227 
+152 
4-109 
+ 2 5  
- 26 
-107 
-294 
-289 
-256 - 56 
- 5 3  
- 4 8  
- 4 8  
- 5 0  - 81 
- 5 6  
- 2 5  
- 4  
$ 6  

4 - 8  

+ 8  
4 - 5  
+ s  
+ I  

Yuma 
No. d 

3 . 2  + 36 
+ 1 2  + 6 

0 
0 
0 
0 
0 
0 

- 6  - 12 
- 2 8  - 25 - 48 - 17 
- 1 7  - 18 
- 1 8  

' - 2 0  - 15 
- 9  
+ 3  
+ 3  
+ l o  
+ l s  
4-10 
C 9  
+ 9  
4 - 8  
+ 5  
+ 4  
+ 1  

Compton, 
No. 66 

+ 2  + 16 
+ 

0 
0 
0 
0 
0 
0 
0 

- 5 
- 2 5  
- 50 - 60 - 10 - 8 

0 
$ 6  
$ 7  + 18 
+ 1 4  
+ 9  
4-13 
+ I 1  
+ l s  
-I-11 
$ . 9  
+ 9  
+ 8  
+ 5  
+ 4  
+ I  

olis, No. 74 No. 75 No. 76 No. 77 No. 78 No. 74 No. 80 -- -- 

-102 

Lead 

Grand 
Canyon, 

Anz.. 
No. 69 

$ 2  + 68 
$148 
+I85 
$174 + 82 

2:; - 41 
- 4 6  
-112 
-154 
-357 
-299 
~ $ 5 6  - 56 
- 5 8  
- 4 8  
- 4 8  
- 5 0  - 81 
- 5 6  
- 8 5  
- 4  
+ 6  
+ l a  
+ 8  

$ 9 + 9  
+ 9 + 9  

+ 8  
$ 5  
+ s  
+ l  

+60 
+92 
+64 
+24 
4-10 

0 
0 
0 

-16 
-20 
-24 
-56 
-48 
-56 
-12 
-12 
-12 
-13 
-13 
-21 
-15 
-12 
- 9  
- 5  

O 
+ 6  
+ 9  
+I0 
+ 6  
+ 4  
+ 4  
+ 1  

+2721 +337 

Hlnsdale, Sandpoint, 

+ 5 

Bismarck, 

Gallup 
No. 70' 

-- 
+ 2  + 68 
$160 
+312 
+424 
+370 
+218 
+l43 + 88 + 4 - 45 
-121 
-383 
-343 
-312 - 63 
- 6 3  
- 6 5  
- 6 9  - 63 - 91  
- 4 7  
- 3 2  
- 9  
+ 4  
+ l a  
+ 7  
+ 9  
+ 9  
+ 8  
+ 5  
4 - 8  
+ 1  -- 

+ 64 
+I60 
4294 
+378 
+276 
$158 
+ 9 9  

+ 4; - - 35 - 88 
-233 
-199 
-174 - 36 
- 3 7  - 37 
- 3 9  - 40 . - 61 - 55 
- SO 
- 1 9  - 6 
+ 1  
+ 6  + 9 
+ l o  
+ 7  
+ 4  
+ s  
+ 1  

-957 

Boise 

-52 1 +443 

+141 

Astoria, 

+ 68 
, 1128  

+156 + 98 + 44 + 18 + 6 
0 

- 16 - 20 
- 48 
-112 
- 9 6  
-105 
- 20 
- 2 0  
- 19 
- 2 0  
- 20 
- 38 
- 16 
- 28 
- 1 7  
- 1 0  
- 8  
+ 5  + 9 
+ 1 0  
+ 7  
+ 4  
+ s  
$ 1  

- 54 

1 
+I90 
+I47 + 70 + 26 +:  - 16 - 25 - 54 
-149 
-145 
-135 - 31 
- 3 1  - 31 
- 3 2  - 33 - 66 - 40 - 30 
- 2 1  
- 1 3  
+ 2  
4 5  
+ l o  
+ 9  
+ 7  
+ S  
+ 4  
+ I  

-167 

+ 68 
+136 
+I86 
+140 + 63 + 24 + 10 
- 6  - 16 
- 43 
- 71 
-227 
-204 
-205 - 42 
- 4 2  - 40 
- 4 0  
- 40 - 70 - 39 - 21 
-11 

0 
$ 7  
$ 6  
-I- 8 
+ 8  
+ ?  
+ 3  
+ s  
+ 1  

-444 

+ 68 
+148 
$222 
+I93 
+I01 
+ 48 + 25 
- 2  - 14 - 55 - 85 
-223 
-227 
-233 - 53 
- 5 6  - 56 
- 5 4  
- 52 - 80 
- 57 - 24 - 8 + 2 
+ 9  
+ 7  + 8 
+ 8  
+ 7  
+ d  
+ s  
+ I  

0 
- 5  - 1 

0 
0 
0 
0 
0 
0 - 4 

-23 
+ 4  
+29 

+ 0" + 3 
+ 5  + 3 

0 - 1 + S 
$ 6  
$ 6  
$11 
$ 7  
$ 7  
+ 8  
+ 7  
$ 8  
4-8 
$ 1  -- 

-423 +76 



EFFECT OF TOPOGRAPHY AND ISOSTATIC COMPENSATION ON GRAVITY. 

Cbrrection for topography and isostatic compensation, separate zones-Continued. 

No. 84 

INTERPOLATION FOR OUTER ZONES." 

A 
B 
C 
D 
E 
F 
G 
H 
I 
J 

K 
L 
M 
N 
0 
18 
17 
16 
15 
14 
13 
12 
11 
10 

9 
8 
7 
6 
5 
4 
3 
2 
1 

To compute the effect of topography and its isostatic compensation upon the intensity of 
gravity for all zones at  all stations by the methods thus far described would be an unnecessary 
waste of time. Each figure in the table on pp. 54-58 is the value of the effect, on the intensity 
of gravity, of the topography and compensation of an entire zone. A comparison of the 
values for similar zones at  any two stations comparatively near each other shows that the effect 
produced by corresponding zones tend to be more nearly the same for the two stations the larger 
the zone considered. If the comparison be extended to include several stations in a group it 
becomes evident that it is possible to obtain with considerable accuracy the effect for any large 
zone, for a station near the center of the group, by interpolation from the computed effects for 
that zone at surrounding stations near it. 

For instance, the two values of each of zones 5 to 1 and zone 7 at Point Isabel (station No. 
8) and at Eerrville (station No. 62) are identical, while the two vdues of each of zones 6 and 8 
differ by only 0.0001 dyne. All the zones were computed at each of these two stations which are 
476 kilometers (296 miles) apart. 

* Pp. 36 to45 of The Figure of the Earth and Isostasy from Measurements in the United States, by John F. Hayford, contain in detail adescrip- 
tion of the interpolation for outer zones of the effect of topography and its isostatic compensation upon the deflections of the plumb line. 

+ 2 
$ 68 
+151 
+253 
$256 
+I59 + 72 + 32 
- 5 
- 32 
- 78 
- 103 
-241 
- 205 
-174 
- 29 
- 25 
- 21 
- 17 
- 7 
- 2 + 8 + 12 + 9 + 8 + 1.9 + 9 + 8 + 9 + 8 + 4 + 4 + 1 

Total / +I47 1 - 13 

+ 2  + 68 
+I60 
+309 
+417 
$350 
+210 
$129 + 86 
+ 9  
- 4 0  
-120 
-350 
-363 
-371 
- 7 3  
- 7 1  
- 7 1  
- 7 3  
- 6 7  
- 9 9  
- 5 5  
- 38 
- 16 
+ 2  
+ l o  
+ 7  
+ 9  
+ 9  
+ 8  
+ 5  
+ . 9  
+ I  

+ 17 

+ 2  + 68 
$152 
+240 
$228 
+130 
+ 60 + 32 

O 
- 1 6  
- 4 0  
- 7 2  
-183 
-170 
-155 
- 3 3  
- 3 4  
- 3 3  
- 3 3  
- 3 3  
- 5 9  
- 8 8  
- 26 
- 17 
- 4  
+ S  
+ 7  
$ 9  
+ l o  
+ 8  
+ 5  
i - 8  
+ I  

+I18 / -86 / +320 

+ 2  + 48 + 32 + 16 +:  
0 
0 
O 

- 1  
- 1  
- 2  
- 15  
- 1 9  
- 25 
- 5  
- 8  
- 9  
- 8  
- 4  
+ 2  
+ I S  + 18 + 17 
+ I 1  
+ I 2  
+ 6  

+ 6~ $ 7  
+ 6  
$ 6  
$ 4  
+ I  

-371 -18 

+ 2  
+24 
+ 4  
+ 6  

0 
0 
0 
0 
O 
0 
0 

- 3  
-32 
-44 
-48 
-10 
-10 
-11 
- 7  
- 7  
-16 
- 6  
+ S  

+I1 
+ G  

3 ;  
+ 6  
+ G  
+ 5  
+ I  

- 5 

+ 2 + 68 
+I36 
+I70 
+I16 + 52 + 25 + 15 
- 9  
- 16 
- 34 
- 5 0  
- 7 5  
- 5 2  
- 41 
- 10 
- 9  
- 9 
- 8  
- 7  
- IS 
- 8  + 4 
+ + 11 
+ 11 + 6 + G + + 6 + G + 5 + 1 

+ 2 
$56 + 52 
+22 +: 

0 
0 
O 

- 13 - 17 - 18 
-40 
-47 
-42 
- 8 
- 8 
- 9 
- 8 
- 9 
- 16 
- 5 + 1 + 8 + 7 
+I1 + 7 + 6 + 6 + 5 + 6 + 5 + 1 

+ 2 
+48 
+28 + 12 

0 
+ 8 

0 
0 
O 
0 
0 

- 8 
- 20 
- 33 
-46 
- 9 
- 10 
- 9 
-10 
-10 
-18 
- 8 
- 1 + 5 

$ 1  + 7 + 6 + 6 + 5 + 6 + 5 + 1 

+ 2 
$56 
+68 
+42 
+1; 

0 
0 
O 

- 16 
- 20 
- 24 
-35 
-36 
- 34 
- 7 
- 7 
- 7 
- 7 
- 8 
-15 
- 10 
- 5 
- 1 + 1 

+ + 6 + 7 + 7 + 5 + 5 + 5 + 1 



ILLUSTRATION No. 11. 
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The values of the effect of topography and its isostatic compensation for the separate zones 
for Point Isabel and Kerrville are shown in the following table: 

Comparison of separate zones at two close stations. 

Zone 

A 
B 
C 
D 
E 
F 

G 
H 
I 
J 
K 

1 : 1 
No. 8' 

Zone I<errville, 
No. OZ* 

Point 
Zone 1 Isabel, 

No. 8 
Kerrville, 
No. 62* 

-13 - 8 + 1 + 7 + 9 
+I1 
$10 + 9 + 6 + 2 + 1 

*The valuesfor Kerrville In the table on p. 57 were interpolated for zones 15 to 1. The values for those zones in the table above were directly 
computed for the purpose of comparison with directly computed values at Polnt Isabel. 

For zone 12 and smaller zones (meaning zones with smaller outer radii) there is no resem- 
blance between the computed effects for the two stations of topography and its compensation. 
For zone 12 and larger zones there is no contradiction in signs. Zone 17 and smaller zones for 
these stations do not intersect and consequently have no area in common. Zones 16 to 10 
overlap, but the percentage of area common to any two zones of the same number is very small. 
The overlapping becomes marked in zone 9, and in zone 8 the overlapping is approximately half 
of the zones. For the still larger zones, 7 to 1, the amount of overlapping increases rapidly and 
it is practically complete for the last five zones. 

In  the table above, which shows the values for the separate zones for stations Point Isabel 
and Kerrville, it will be noticed that where corresponding zones have a large percentage of 
overlapping the values at the two stations for that zone agree and that for corresponding zones 
whi'ch have little or no area in common there is no similarity in their values. 

Illustration No. 11 shows graphically some of the above statements. The two centers are 
476 kilometers (296 statute miles) apart, this being the distance between the two stations Point 
Isabel and Eerrville. It will be noticed that zone 16 is the first to overlap, that the percentage 
of overlapping is small until zone 9 is reached, and that the percentage of overlapping rapidly 
increases with the larger zones. 

In  general, for corresponding successively larger zones for any two given stations, the 
resemblance of values must tend to increase, for the larger the zones the greater is the percentage 
of overlapping of the two corresponding zones and the more insignificant becomes the fixed 
distance between the centers of the two stations, in comparison wit11 the widths of the zones. 
I t  is obvious also that the same considerations show that the tendency to a more and more close 
resemblance with increasing size of zones exists for all the stations of a group; hence, if the effect 
of topography and compensation on the intensity of gravity for successive zones for a station 
be interpolated from the values for the corresponding zones at  the stations surrounding it, these 
interpolated values will tend to agree with directly computed values, for the station in question, 
more closely as the zones are successively larger. 

These ideas were, at  first, a matter of pure theory, though the truth of similar ideas was 
established in the investigations connected with "The Figure of the Earth and Isostasy from 
Measurements in the United States." These ideas have, however, been thorougllly tested and 
proved to be correct in tho present investigation. Under the heading "Discussion of errors" 
will be given a statement regarding the nature and extent of the tests applied. 

A concrete example of interpolation is shown graphically in illustration No. 12, where it is 
proposed to obtain values by interpolation for station No. 71, Las Vegas, N. Mex., from stations 
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Nos. 41) 63, and 70 (Wallace, Kans.; El Paso, Tex.; and Gallup, N. Mex., respectively). These 
four stations are also indicated in the illustration by letters to make i t  easier to refer to them, in 
the text. 

For zones 18 to 7, a t  station No. 71, the effect of topography and compensation was com- 
puted directly and was also interpolated (by the method to be explained later) from the three 
galues for corresponding zones a t  the three surrounding stations Nos. 63, 70, and 41. The fol- 
lowing table shows the computed and interpolated values and their difference: 

Station No. 71. 

According to the evidence given by zones 9, 8, and 7, i t  was decided, in accordance with 
certain criteria given later, that it would be safe to stop the direct computation at zone 7 pro- 
ceeding outward, and to accept the interpolated values for zones 6 to 1 as sufficiently close to  
the truth. 

METHOD OF INTERPOLATING FOR OUTER ZONES. 

The purpose of obtaining the values for certain zones by interpolation is to save time in 
making the computations and, necessarily, the the number of zones for which the inter- 

polation is made the greater is the saving accomplished. 
On the other hand, i f  the amount of interpolation is made 
too great the accuracy will fall below that desired. It was 
necessary, therefore, to fix the amount and method of 
interpolation carefully in order to save as much time as 
possible and yet hold the accuracy to the required stand- 
ard. The following method of interpolation and criteria 

7 0 4 0  for determining when interpolations should be made, were 
adopted and used after having been tested during the com- 
putations for the first few stations. I t  will be noticed that 
they are very similar to the methods and criteria used in 
"The Figure of the Earth and Isostasy from Measurements 
in the United States" for determining when interpolations 
should be made in obtaining the topographic deflections of 
the vertical. The degree of accuracy secured will be indi- 

ILLU~TEA~ON No. 12.-Graphical illustration of in- 
terpolation. cated in connection with the ((Discussion of errors." 

The decision having been made to interpolate the cor- 
rections for some of the zones for staiion No. 71 from the corresponding values of the three sta- 
tions Nos. 63, 41, and 70, such a figure as that shown in illustration No. 12 was drawn upon a 
map on which the gravity stations had been plotted in their proper relative positions. Let the 
three stations from which the interpolation is to be made be called, in general, A, B, and C. 
I n  this case they are, respectively, No. 63, No. 41, and No. 70. Let the station for which the 
interpolation is to be made be called D (in this case No. 71). The figure, such as is indi- 
cated in illustration No. 12, is drawn in each case by first connecting two of the stations, A 
and B, by a straight line and then drawing the straight line C D until it intersects A B in X. 
A linear interpolation is first made between A and I3 (stations Nos. 63 and 41 in this case) to 

interpolated 

Dynes 
-0.0016 
- .0016 
- ,0016 
- .0010 - .0012 
- .0012 

Interpolated 

Dynes 
-0.0046 - .0046 - .0046 - .0049 - .0049 - .0077 

Zone 

18 
17 
16 
15 
14 
13 

Corn uted 
vnkw 

Dynes 
-0.0062 - .0062 - .0062 

. - ,0059 - .0061 - .0089 

Co,",g",* 
interpolated 

Dynes 
-0.0010 

. 0000 
- .0007 
- .OW2 
- .Owl 
3. .WO1 

Interpolated 
vaJues 

Dynes 
-0.0033 - .0026 
- .0011 
f .OOO1 + .OOlO + .OM6 

Zone 

12 
11 
10 
9 
8 
7 

Corn uted 
vnks 

Dynes 
-0.0043 
- ,0026 
- ,0018 
- . 0001 + ,0009 + .0007 
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obtain a value corresponding to X for each zone, and then a second linear interpolation between 
X and C to obtain the required value for each' zone a t  I). 

This process may be called interpolation along a plane. If the t h e e  values a t  A, B, and 
.C were represented graphically by ordinates above a reference plane in which A, B, and C were 
located in their proper relative positions, and if a plane were passed through the three points 
in space fixed by these ordinates, then the interpolated value for D is represented by the ordinate 
a t  I) limited by this plane. 

The numerical work of the interpolation for station No. 71 is shown in the following table: 
AX The factor 0.516 is .the ratio -; tlie factor 0.243 is tlie ratio 
AB 

XD These may, for con- r c '  
venience, be called interpolation factors. 

The decision may be made arbitrarily as to which two of the tliree stations shall be called 
A and B, and shall be utilized first by making a linear interpolation directly between them. 
Except for the effects of inaccuracy in scaling interpolation factors from the map, and inaccu- 
racies in numerical work, the final results will be independent of the clloice among three possible 
decisions. The effects of the smaII unavoidable inaccuracies in  the scaling of interpolation 
factors will, in general, be smaller the nearer the angle C X A approaches to a right angle. 
Hence, it is advisable to choose among three possible decisions so as to make C X A as nearly 
as possible a right angle. 

Interpolation of corrections due to topography and compensation at gravity station No. 71, Las Vegm, 
8. Mex. 

Zone 
Station 71; 
No. 70+(d1f- 

In applying this method of interpolation the order of proceeding was, first, to compute 
the corrections completely for three or four stations at the edges of the area to be covered, so 
selected that all, or nearly all, of the remaining stations were included within the lines joining 
these stations. Then successive stations were selected for computation and for each in turn the 
computation was made complete up to the zone for wlich the adopted criteria, stated later, 
showed the interpolation to be safe. Then the interpolated values were depended upon for the 
remaining zones. 

By inspection of the map on which the gravity stations were all plotted the order of com- 
putation was so selected as to insure, as far as possible, that each new station computed should 
be near the center of an area containing no stations for which the computation had already 
been made. The interpolation was then made (or attempted) from three stations among those 
already computed wliich lay nearest to it. Tlie interpolations for the first few stations within 
a new region were thus in general made (or attempted) from stations at a considerable distance. 
Later interpolations were made from much nearer stations as the area became more thickly 
covered with stations for wliich the computations were already made. 

In a few cases the point X in illustration No. 12 fell between D and C, and the last step of 
the interpolation was really an extrapolation. Similarly, in some cases the point X fell beyond 
A or beyond B, illstead of falling between them, and the first interpolation factor became nega- 
tive and really represented an extrapolation. 

Diffarenca 
X 0.610 

- 3 
-4 
+I - 1 

0 
-I 
-1 
0 
0 

Difference 
X 0.243 

-+I 
o 
0 
0 
0 
0 
O 
0 
0 

Station X 
No.63+(dif- 
ference X 

0 510) 

0 + 10 + 6 + 9 
+lo + 8 + 5 
4- 3 + 1 

Dlffemnm 
41-63 

- 5 - 8 
0 

-1 
- 1 

0 
0 

Station 
No. 63 

+ 3 + 14 

station 
No. 41 

- 2 + 6 
+ 4 + 12 + 7 + 9 + 9 + 8 + 5 + 3 + 1 

Diffomnce 
No. 70-S 

+4 
$2 

- 1 
0 
O 
0 
0 

+ 7 
f 9 

+ 9 + 6 + 3 + 1 
+ 5 
4- 3 + 1 
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The same criteria of safety were applied to these cases as to the others in which only direct 
interpolations were involved. The cases of extrapolation most frequently occur at stations 
lying near the edge of the area covered by the investigation. The total number of such cases 
was small. 

I n  the table of "Corrections for topography and isostatic compensation, separate zones," 
on pages 54-58, may be seen the extent of the agreement between values for corresponding 
zones at  adjacent stations. This table also serves as an illustration of the amount of compu- 
tation saved by interpolation. The interpolated values are shown in italics. For example, 
stations Nos. 1 to 11 are on or not very far from the Gulf of Mexico. Nos, 16 to 31 are on or close 
to the Atlantic coast. By consulting the table and illustration No. 13, which shows graphically 
the location of all the stations used in this investigation, other groups of adjacent stations may 
be found. 

The following table will serve as an illustration of the degree of agreement between values 
for corresponding zones at  adjacent stations and of the amount of computation saved by inter- 
polation for the 89 stations used in this investigation. The stations are placed in the table in 
the order in which the computations were made. At stations Nos. 1, 31, 53, 8, 54, and 59 no 
interpolation was attempted. 

Inner radius of 

","G!r[z$hf 
polation was 

accoptod 

I<ilometers 

5674 
642 

1572 
2298 
2298 
340 
340 
245 

8 
1194 
188 
99 
12 

2298 
1194 

3996 
2298 
340 
245 
481 
285 

1572 . 
245 

188 

2 
245 

1572 
340 
285 
245 
873 

2298 
1194 
340 

8 
340 
- 

Distance to near- 

~~i~~~ 
tion wasmade or 

attempted 

Kilometers 

2020 
625 

1245 
665 
445 
298 
280 
6.2 
5 

282 
140 
62 
10 

718 
375 

685 
456 
300 
202 
544 
258 
217 
172 

60 

1 
192 
530 
320 
262 
210 
318 

280 
355 
303 

1 
260 

too soon. 

Number of 
zones for which 

$zE!:G: 

4 
11 
8 
7 
7 

13 
13 
15 
24 
9 

17 
19 
23 
7 
9 

5 
7 

13 
15 

* 12 
14 
8 

15 

17 

27 
15 
8 

13 
14 
15 
10 

7 
9 

13 
24 
13 

accepted one zone 

Name of station 

Key West, Fla. 
Calais, Me. 
Seattle, Wash. (university) 
Kansas City, Mo. 
Madison, Wis. 
Beaufort, N. C. 
Cleveland, Ohio 
Boston, Mass. 
New York, N. Y. 
Ithaca, N. Y. 
Worcester, Mass. 
Cambridge, Mass. 
Baltimore, Md. 
Philadelphia, Pa. 
Princeton, N. J. 

.. 
Hoboken, N. J. 
Atlanta, Ga. 
Charleston, S. C. 
Point Isabel, Tex. 
New Orleans, La. 

alachicola, Fla. 
%st Palm Beach, Fla. 
Punta Gorda, Fla. 
Terre Haute, Ind. 
Cincinnati, Ohio 
Charlottesville, Va. 
Deer Park, Md. 
Washington, D. C. (Coast and 

Geodetic Survey Office) 
Washington, D. C. (Smith- 

sonian Institution) 
McCormick, S. C. 
Little Rock, Ark. 
Columbia, Tenn. 
St. Louis, Mo. 
Chicago, Ill. 
McAlester, Okla. 
San Francisco, Cal. 
Laredo, Tex. 
Austin, Tex. (university) 
Galveston, Tex. 
Austin, Tex. (capitol) 
Rayville, La. 

*According 

No. of sta- 
tion 

1 
31 
53 
39 
37 
18 
33 
29 
27 
32 
28 
30 
23 
24 
25 
26 
15 
17 
8 
5 
4 
2 
3 

35 
34 
19 
20 

21 

22 
16 
13 
14 
38 
36 
12 
54 
9 

11 
7 

10 
6 

to rule 1 the 

Stations from which 
inte olatlon was 
ma'e Or at- 
ternpted 

1 31 53 
31 53 39 
1 31 39 

18 31 37 
18 33 31 
29 18 33 
29 33 27 
29 27 32 
28 31 29 
27 18 33 
27 23 32 
24 27 32 
27 25 32 
18 1 39 
18 1 15 

15 8 1 
15 1 5 
1 17 4 
2 1 4  

33 39 15 
33 15 35 
18 34 23 
19 23 33 

23 19 20 

21 19 20 
15 17 19 
39 5 35 
15 35 13 
35 14 39 
35 33 37 
39 8 13 

8 54 13 
9 12 5 

11 8 5 
11 8 7 
5 7 13 

interpolation was 
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Name of station 

Grand Canyon, Wyo. 
Gunnison, Colo. 
Wallace, Kans. 
Ellsworth, Kans. 
Denver, Colo. 
Colorado Springs, Colo. 
Pikes Peak, Colo. 
Green River, Utah 
Salt Lake City, Utah 
Grand Junchon, Colo. 
Pleasant Valley Junction, 

Utah 
Lower Geyuer Basin, Wyo. 
Norris Geyser Basin, Wyo. 
Mt. Hamilton, Cal. 
Seattle, Wash. (high school) 
Pembina, N .  Dak. 
Iron River, Mich. 
Ely, Minn. 
Mitchell, S. Dak. 
Sweetwater, Tex. 
Kerrville, Tex. 
E l  Paso, Tex. 
Compton, Cal. 
Yuma, Ariz. 
No ales, Aria. 
~ofdfield,  Nev. 
Yava ai, Ariz. 
Grancf canyon, Arir. 
Gallup, N. Mex. 
Las Vegas, N. Mex. 
Shamrock, Tex. 
Denison, Tex. 
Minneapolis, Minn. 
Lead, S. Dak. 
Rock Springs, Wyo. 
Sisson, Cal. 
Paxton, Nebr. 
Hinsdale, Mont. 
Sandpoint, Idaho 
Bismarck, N. Dak. 
Boisel Idaho 
Autona, Oreg. 
Washington, D. C. (Bureau 

of Standards) 
North Hero, Vt. 
Wilson, N.  Y. 
Potsdam, N. Y. 
Lake Placid, N. Y .  
Alpena, Mich. 

*Fort Kent station. 

CRITERIA OF ACCEPTED INTERPOLATIONS. 

The computation for any station commenced with the small inner zones and proceeded 
outward. Tbe two rules used by the computers in deciding a t  what zone it was allowable to 
begin to accept the interpolated values and to accept them for all larger zones were as follows: 

Rule 1.-Commence to accept interpolated values as final with the first zone for which such 
interpolation is allowable under rule 2, provided i t  is beyond the zone containing the nearest of 
the three stations from which the interpolation is made. 

Rule ,$.--Let 0.0005 dyne be the interpolation limit for any zone. Subject to rule 1, 
acceptance of the interpolation may begin with a given zone if each of the three zones next 
within i t  shows an agreement between the interpolated and computed values which is within 
the interpolation limit. 

No. oista- 
tion 

50 
45 
41 
40 
44 
42 
43 

49 47 
46 

48 52 
51 
55 
56 
59 
57 
58 
60 
61 
62 
63 
66 
65 
64 
67 
68 
69 
70 
71 
72 
73 
74 
75 
82 
81 
83 
77 
78 
76 
79 
80 

84 
85 
88 
87 
86 
89 

.ill of the results 

Distance to near- 
est station from 
which intewola- 
lion was made or 

attempted 

Kilometers 
980 
747 
467 
290 
210 
95 
18 

283 
24 7 
138 

120 
30 
17 
81 
3 

732 
320 
590 
354 
138 
840 
497 
353 
382 
390 
372 

3 
407 
310 
307 
148 
328 
468 
240 
395 
252 
492 
440 
363 
447 
202 

8 
331 
220 
345 
82 

420 

for this investigation. 

Inner radius of 
smallest zono for 

inter- 
polation was 

accepted 

Kilometers 
2965 
2298 

642 
340 
873 
873 
340 

2298 
2298 
245 

340 
59 
99 

1194 
8 

1194 
481 

2298 
481 
244 

2965 
2965 
2965 
2298 
2298 
2965 
213 
873 

2965 
481 
481 
340 
481 
873 

1194 
340 

3996 
1572 
481 

2298 
642 

8 
340 
245 
481 
245 
642 

Stations from which 
inte olation was 
ma" 'I at- 
tempted 

53 54 37 
50 54 9 
45 50 39 
39 11 41 
41 50 45 
45 41 44 
42 45 44 
45 54 50 
47 54 50 
45 50 47 

46 47 49 
50 54 53 
50 52 53 
54 9 49 
53 54 51 

59 88 39 
57 59 39 
39 44 59 
10 47 12 
9 61 10 
9 55 41 

55 9 49 
66 63 47 
65 63 47 
55 65 49 
65 47 67 
68 67 47 
63 47 65 
63 41 70 
61 40 71 
12 10 72 
58 60 37 
60 50 44 
44 50 49 
54 53 49 
41 60 75 
59 53 50 
77 53 52 
60 77 59 
52 81 78 
81 53 79 

21 20 23 
32 * 29 
32 33 20 
88 * 28 
87 85 27 

of 
zones for which 

6 
7 

11 
13 
10 
10 
13 
7 
7 

15 

13 
20 
19 
9 

24 

9 
12 
7 

12 
15 
6 
6 
6 
7 
7 
6 

16 
10 
6 

12 
12 
13 
12 
10 
9 

13 
5 
8 

12 
7 

11 

24 
13 
15 

88 57 36 

for this station were not available 
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Rule 1 insures that the interpolation shall not be accepted for very small zones because of 
a chance agreement between interpolated and' computed values when there is no reason for sucl~ 
agreement. I t  insures that the first zone for which the interpolation is accepted will be one 
which somewhat overlaps the corresponding zone at the nearest station. 

Under rule 2, a t  any station, the maximum error made by accepting interpolated values 
would be in dynes, 0.0005 times the number of zones interpolated, if the error of interpolation 
I -C  (interpolated minus computed) always had the same sign. Experience showed, however, 
that the agreement between the interpolated and computed values (commencing with zones not 
smaller than those corltemplated under rule 1) tend to be closer and closer for successive zones 
proceeding outward. Experience also showed that the various differences between interpolated 
and computed values, for several zones such as are interpolated under rule 1, include values 
having both plus and minus signs, and, therefore, the errors in the accepted interpolations 
tend to be eliminated from the final results for the station. 

The difference between the computed and the interpolated values for each of the three 
zones next within the one for which the interpolation is accepted at any station is generally 
0.0002 dyne or less. The average number of zones per station for which interpolated values were 
accepted is 11, therefore it is probable that the error a t  any station caused by accepting interpo- 
lated values is in general less than 0.0022 dyne. 

An illustration of the application of rules 1 and 2 at station No. 71 is shown on page 60. 
Station No. 70 was the nearest of the three (70, 41, and 63) from which it was proposed to 
attempt an interpolation. Station 70 lies in zone 14, hence in so far as rule 1 is concerned, the 
interpolation might have commenced with zone 13, but the difference between the interpolated 
and computed values for zone 14 ( - 0.0012) was not within the interpolation limit (0.0005 dyne). 
Similarly for zones 13, 12, and 10 the differences between interpolated and computed values 
were outside the interpolation limit. For the three successive zones 9, 8, and 7, the agreement 
was within the interpolation limit and therefore under rule 2, the interpolated values were 
accepted for zones 6 to 1. 

SAVING BY INTERPOLATION OF OUTER ZONES. 

The following table indicates how huch  labor was saved by interpolation: 

*Number of computations out of the total of 89 in which the interpolated value was accepted for the zone specified. 

There are only six statibns for wl~icll no interpolations were accepted. 
For more than one-half of the computations out of 89 the interpolation was accepted for 

zones 11 to 1 and thus no direct computation was made for any topography a t  a greater distance 
from the station than 642 kilometers (399 miles), this being the inner radius of zone 11. 

Similarly, for more than one-third of the stations, 35 out of 89, the interpolation was 
accepted for zones 13 to 1 and no direct computation was made for any topography more than 
340 kilometers (211 miles) from the station. 

Zone 

G 
H 
I 
J 

K 
L 
M 
N 
0 
18 
17 
16 
15 
14 

&mputations* 

1 
1 
1 
5 
6 
6 
6 
7 
9 
9 

11 
12 
21 
21 

O u ~ ~ z ~ ~ i u a  

Kilometers. 
3.5 
5 .2  
8 .4  

12.4 
19 
29 
59 . 
99 

168 
188 
213 
244 
285 
340 

zone 

13 
12 
11 
10 
9 
8 
7 
6 
5 
4 
3 
2 
1 

Ou~f'z,",",ius 

Kilometers. 
481 
642 
874 

1 194 
1 572 
2 298 
2 965 
3 999 

' 5 674 
8 029 

11 763 
16780 
20 012 

computations* 

35 
43 
47 
52 
58 
62 
74 
80 
82 
83 
83 
83 
83 
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The interpolation was accepted for zone G (outer radius 3.5 kilometers or 2.2 miles) and 
for all larger zones at  station No. 22, Washington, Smithsonian Institution, the neaxest station 
from which the interpolation was made being No. 21, Washington, Coast and Geodetic Survey 
Office, distant only 1.46 kilometers. 

The interpolation was accepted for 978 zones out of a total of 2937, or for very nearly 
onsthird. The proportional part of the labor saved by interpolation is probably not so great 
as this, although the zones for which interpolation was accepted were, in 'general, much larger 
than those computed directly. The di5culty in reading elevations in the larger area is offset 
by the fact that for the outer zones only approximate elevations are necessary. The unit of 
elevation (see reduction tables) for zones beyond and including No. 13 is either 1000 or 10 000 
feet. After allowing for the fact that it takes approximately the same time for a large (outer) 
zone as for a small (inner) zone and also for the fact that the interpolation itself takes some time, 
it is estimated that the scheme of interpolation saved about one-fourth of the time which would 
otherwise have been necessary to make direct computations of the vertical component of the 
topographic effect complete to the antipodes. 

CHANGE OF SIGN DUE TO DISTANCE. 

Sixty-eight of the 89 gravity stations shown in the tables on pages 54-58, are more than 
100 kilometers from the sea coast.* For these stations, therefore, there are no oceanic compart- 
ments in any zone smaller than zone 0, the inner radius of this zone being 99 kilometers (p. 18). 
Yet for each of these stations, except one,? although the corrections for topography and isostatic 
compensation for zone A and for a few other zones near the station is positive, the correction for 
zone L is negative and a t  many stations it is also negative for zones J and K. At each of these 
stations, thesefo~e, if one considers the corrections for successive zones a change of sign from 
plus to minus, by passing through zero, is found before'reaching zone L in every case except one, 
and in 42 cases among the 89 the minus sign is.first found in zone J; that is, within less than 12 
kilometers of the station. This change of sign of the effect, without any change from land to 
ocean, should be carefully noted and the reasons for i t  studied, for otherwise one's general con- 
ception of the relations between the topography and isostatic compensation surrounding, the 
station, on the one hand, and the attraction of gravity at  the station, on the other haqd, is 
apt to be largely in error. 

Let the reduction tables for zones A to 0, pages 30-43, be examined to ascertain the reason 
for this change of sign, confining the examination to the portions of the tables which relate to 
land compartments, since land compartments only are concerned. f i r  each zone from A to I 
inclusive the corrections for topography and isostatic compensation, as given in the fourth 
column of each table, are all positive; in zones J and K the corrections are negative for small 
mean elevations (in the upper part of the column) and positive for large mean elevations; and in 
&ones L to 0 the corrections are all negative. Hence, according to these tables, i t  is clear that 
if the station is at  about the same elevation as the surface of the ground in zones J and K the 
minus sign should ordinarily appear first in one of these zones. 

If the station stands much above the surrounding country, the corrections in the tables for 
zones I to L for "Station above compartment" are large positive values and, therefore, tend to 
make the change to a minus sign occur later than would otherwise be the case. For example, 
in the extreme case the correction is + 0.0201 dyne for zone J, - 0.0079 for zone K and - 0.0032 
for zone L a t  station No. 43, Pikes Peak, Colo. (p. 52), a station on a high mountain summit. 
,There is no other station among the 89 having a positive correction for zone J greater than 
0.0025, The correction for"Station above compartment" was + 0,0010 for sachof compartments 
1 to 4 to the northeastward of the station Pikes Peak in zone J. 

* These 6B stations are Nos. 8,510, 19-23, 32-63,60-05, 07-79, 81-88. ' 

t This is station No. 0, Rayvifle, La. It is an apparent exception only in that the negative sign does not appear until zone 18, tho correotions 
belug zero for zones J to 0 inclusive. 

15593'-12-6 
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If the station lies much below the surrounding country, the corrections in the tables for 
zones H to.L for "Station below compartment" are large negative values and, therefore, tend 
to make the change to a minus sign occur nearer the station than it otherwise would occur. 
For example, in the extreme case at  station No. 69, Grand Canyon, Ariz., the correction is 
- 0.0012 for zone H,  this being the only case among the 89 in which there is a negative correc- 
tion for that zone. This station lies near the bottom of the Grand Canyon, far below the surround- 
ing country and 1300 meters lower than station No. 68, Yavapai, which is less than 3 lulometers 
distant. The correction for "Station below compartment" was - 0.0015 dynes for compartment 
No. 9 to the south of the station in zone H. 

Let the reason for this change of sign of the combined effect of topography and compensa- 
tion at distances from 4 to 20 kilometers from the station be examined from the theoretical point 
of view. Illustration No. 14 represents a case involving topography and compensation near a 
station and illustration No. 15 represents two cases for distant topography and compensation. 
In  each figure S is the gravity station, B is a vertical cross section of the mass above sea level 
in a compartment, 6 is a vertical cross section of the corresponding compensating defect of mass, 
/3, and p, are the angles of depression from the horizon of the station SH, to the effective centers 
of the two masses, respectively, and C is the center of the earth. 

Consider the fundamental formula (9), page 14, expressing the 
H LB, S vertical component of the attraction a t  the station and apply i t  to 

illustration No. 14. For this purpose the formula may be written 
sin L3 

Vertical component of the attraction = km -+ . D 
'The negative mass, 6, is numerically equal to the positive 

mass, B. In  illustration 14 as drawn sin P, = 0.3, sin p2 = 1.0, and 
the distance S6 is about 8 times SB. Hence in this case the 

quantity is about 21 times as large for the topograpl~y as 

for the compensation. I n  other words, although the topography 
lies at  a much smaller angle of depression from the station than 
the compensation i t  lies so much nearer that the vertical com- 
ponent of its effect (positive) is 21 times that of the compensa- 
tion (negative). The combined effect of the topography and 
>ompensation is, therefore, an increase in the vertical component 

ILLU8-T10NN0. phy and compensation 14.-sh0wing near station. of the attraction at the station. Illustration NO. 14 is drawn to 
scale to represent topography a t  an elevation of about 5000 

meters above sea level in zone I, the station being at the same elevation as the compartinent 
and the compensation extending to a depth of 113.7 kilometers. In  practice the compensation 
is assumed to extend 113.7 kilometers below the actual surface of the ground. (See p. 10.) . 

This illustrative statement is approximate and has been made in this form merely for the 
sake of simplicity and clearness. The exact computation must be made by an integration of 
many such quantities as are indicated in formula (9)) page 14, and in more detail in formula (lo), 
(15), and (16), pages 15 and 16. The results of the exact integration will be considerably greater 
than that indicated in the preceding paragraph for the compensation. The results of the exact 
computation in a case similar to that shown in illustration No. 14 are given in the reduction tables 
for zone I (distance from station 5.2 to 8.4 kilometers) (p. 37). In  the second and third columns 
of this table i t  is shown that if the station and topography have each an elevation of 15 000 feet 
(nearly 5000 meters) the effect of the topography in one compartinent of the zone is +0.0031 
dyne and of the compensation -0.0007, the positive effect of the topography being therefore 
more than 4 times the negative effect of the compensation. 

Now consider such a case as that indicated on the left-hand side of illustration No. 15, in 
which the topography and compensation are a t  a considerable distance, say 40" of a great circle, 
from the station. The distances to the topography and compensation, SB and Sb, are nearly 

sin /3 
the same, but sin.& is approximately 413 sin P,. Hence the quantity 7 is nearly 413 as large 
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for the compensation as for the topography. In other words, the positive mass (topography) 
and the negative mass (compensation) are in this case so nearly at  the same distance that the 
excess in the angle of depression of the compensation over that of the topography makes the 
vertical component of its effect greater than that of the topography. The combined effect is 
therefore a decrease in the vertical component of the attraction a t  the station. 

In  this figure the depth of compensation has been greatly exaggerated, as otherwise it would 
be difficult to make the illustration clear. The illustration, if considered as being drawn to scale, 
represents the compensation as extending to a depth of more than 1000 kilometers. If there be 
substituted for this by imagination an illustration drawn to'scale in which the depth of compensa- 
tion is only 113.7 kilometers i t  will be found that sin ,8, is approximately 24/23 sin PI, and the 
resultant effect will therefore be a decrease in the vertical attraction at the station about 1/23 
as great as the increase which would be produced by the topography alone. 

This also is an approximate statement made in this form for the sake of clearness and 
simplicity. Again .the results of the complicated, exact computation are available. In  tile 
table on page 25 are shown values of ET and E, corresponding to the distance 8=40° from 
the station and their algebraic sum E R ,  these values being, respectively, +180.138(10-*), 
-187.877(10-20), and -7.739(10-20). The 
effects of the topography, of the compensa- 
tion, and the resultant effect are propor- 
tional to these quantities. Note that E, is 
the negative of ET and is about 24/23 E T ,  and 
that E R  is therefore negative and about 1/23 
ET. In other words, the exact computation 
shows that in this case the resultant effect of 
topography and compensation is a decrease 
in vertical attraction about 1/23 as great as 
the increase which would be produced by the 
topography alone. 

Next consider such a case as that shown 
on the right-hand side of illustration No. 15, 

wliich topography and compensation are 
at  B, and b, near the antipodes of the station. 
In  this case the two angles of depression are 
very nearly the same, but sin P2 is slightly 
greater than sin PI and Sb, is sliglltly less 
than SB,. For both these reasons the verti- 
cal component the effect of the cornpen- ILLU~TRATIOI? No. 15.-Showing distant topography and compensation. 
sation is slightly greater than that of the 
topograpliy. The combined effect is therefore a slight gecrease of the vertical component of 
the attraction at the station. Again it sliould be kept in mind that in illustration No. 15 the depth 
of compensation is shown greatly exaggerated, and that therefore the actual resultant effect is 
'even less than the illustration indicates. The results of the exact computation are avail- 
able, page 25, where it is shown that for 8= 150°, E T =  +63.7846(10-20), Ec= - 64.3793(10-20)' 
and their algebraic sum is -0.5947(10-20), indicating tllat the resultant effect is opposite 
to that of the topography alone and about 1/107 as great. 

The second, third, and fourth columns of the reduction tables for the lettered zones, pages 
30-43, and a table showing certain values of ET, E,, and E R ,  page 25, show the relative values 
of the effects of topograplly and of compensation and of their resultant effect at various dis- 
tances from the stations, as fixed by the exact computations. 

For example, in zones A to D, at clistances from the station not greater than 590 meters, 
the effect of the compensation is less than 1/20 as great as that of the topograplly. The ratio 
gradually increases to about 1/10 in zone G at 2 to 4 kilometers from the station, and to approxi- 
mately unity at 12 to 19 kilometers from the station in zone K. In zone I< the resultant is 
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therefore nearly zero. In each of these cases the value of the ratio varies with the elevation 
of the station and topography as shown in the tables. At still greater distances from the 
station the effect of the topography is smaller than that of the compensation and the resultant 
is negative. The effect of the topography in zone N a t  59 to 99 kilometers from the station is 
in general less than 1/10 that of the compensation. 

Let the tables of ET, EC, and EE, shown on page 25, be now examined. It wil l  be noted 
that both E and EC, and therefore the effects of topograplly and compensation, decrease rapidly 
as the distance from the station increases and that they also approach equality. Hence their 
algebraic sum EE and also the rekultant of both topography and compensation decrease 

ET 1 still more rapidly. Ea retains the negative sign even to the antipodes. The ratio- is - at 
E c  22 

9= 1" 25'. This value of 19 falls in zone 0. Compare t l is  ratio 1/22 with columns 2 and 3 
ET of the reduction table f a r  zone 0 (p. -). Tho rntio --is nbout 1/10 at 0 = 2 O  201, approxi- 
PC 

mately 112 at 8= 7 O  45', approximately 9/10 nt 8= 24O, and approximately 111/112 at the 
antipodes, where 8 = 180°. 

The relation of the effect of topograplly to the effect of its compellsation is indicatcd in 
another way in the following table: 

E$ect of 1 square meter of topographz/ having an elevation of 5000 feet and of its compensation at 
a statzon also having an elevation of 6000 feet.* 

*The quantities in this table have been compulcd approxlmatelv from the values given in the reduction tables and from other values available 
In the computations. The table is not of a high degree o f ~ u n r c y ,  hut is sulllcient for the purposes of Illustmtlon, for which it k intended. 

The effect of the topograplly decreases continuously without change of sign as tho distance 
from the station is increased. This is also true of tho effect of the compensation. These two 
effects decrease according to different laws. At a near station the effect of the topography is 
very large in comparison with that of compensation. Tlle ratio of the two effects is unity at  a 
distance of about 10 kilometers from the station. The ratio continues to decrease until it 
reaches a minimum of nbout 0.04 at about 139 kilometers (lo 25') from tho station. I t  then 
increases continuou'sly again to a value (0.99) which is nearly unity at  the antipodes. The 
positive resultant effect shown in tlle last column decreases very rapidly from 200 000(10-lo) 
at the station to zero at a distance of about 10 kilometers where tlle effects of topography and 
compensation just counterbalance each other. For all greater distances the resultant effect 

Resultant effect 

Dynes 
+200000(10-10) 

+6(1V"J) 

-. 0029(1V1") 

-. 0008(10~'") 

Rntioofeffects, 

:f$g,'3,h$,t~ 
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60 
4 G " 

1 
. 5  
. 2  
. 1  
.07 
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. 1  

. 5  

. 7  

.93  
.98  

I 
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station to center 
of topography 

Meters 
0 
35 
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2900 
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10 
16 
24 
44 
79 
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0 I 

2 20 
7 45 

13 
29 
70 
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ERect of topography 
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' +200000(10-'") 

+5000(10-LU) + llOO(10-lo) 
+90(10-1u) 
+7(10-lo) ' 

+. 2(10-I") +. 06 lo-'") ' +. 02[10-lo) 

+. 0001(10-'") 

+. OOO1(lO~'U) +. 000025(-Lu) +. O00015(10-1u~ +. 0000067(10-~") 

Effect of compensation 

-- - - .- - 

Dyms 
Very mall 
Very emnll 

I -18(10-1u) 

-. 2(10-'0) 

-. 030 lo-'" 
-. Ol4llO-'"] 
-. 0030(10-lU) 

-. 0009(10-'") 
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is negative, the effect of the colnpensation being greater than that of the topography. As 
the distance from the station is increased beyond 10 kilometers the negative resultant effect 
increases to a negative maximum at about 20 kilometers from the station and then decreases 
continuously to a very small value, -0.00000002(10-'0), at  the antipodes. 

The above table is computed and tlie comments are written 'for topography having an 
elevation of 5000 feet, and the elevation of t l ~ e  station is assumed to be 5000 feet. If a different 
elevation were assumed either for the topography or for the station tha characteristic points 
of tlio curve which might be drawn representing the resultant effect would be sonlewliat changed 
in position-that is, the change of sign might occur at a less or g~eater distance than 10 kilo- 
meters and the negative maximum might be found to occur at a less or a greater distance than 
that indicated in the t a b l e b u t  the general form of the curve would not be changed. 

It must be clear from the preceding that as successive zones of topography and compensa- 
tion are considered the resultant effect changes sign comparatively near the station even if 
there is no change from land to ocean. This change of sign due to distance occurs between 
8 and 20 kilometers from the station, and usually a t  about 10 kilometers. I t  is important to 
keep this prominently before one when considering the relation betweon the value of gravity 
a t  a station and tho surroundq topography, for with this in mind i t  is evident that a proper 
consideration of near topography and compensation not only fails to give a good approximation 
to the effoct of all topography and compensation but that it may even give an estimate which 
is opposite in sign to the actual effect. 

Station No. 49, Salt Lake City, Utah (p. 56), furnishes an extreme illustration. All of the 
topography and compensation within 8.4 kilometers of the station, out to zone I inclusive, 
has the effect of increasing the vertical component of the attraction upon a unit mass a t  the 
station by $0.1230 dyne, this being the sum of the corrections for the separate zones as shown 
in the table. Moreover, since for zones E to I the effects are in order $0.0325, +0.0216, 
+0,0109, +0.0059, and +0.0019, it is easy to conclude, as these values are evidently approach- 
ing zero, that it is safe to neglect the values for more distant zones. But if one knows of the 
change of sign due to distance and, therefore, carries the computation out to zone 17, it is found 
that the sum of the corrections for zones J to 17 is - 0.1292, and the total effect of all topography 
and compensation from the station out to zone 17 inclusive-that is, to a distance lo 54' 52" 
(212 kilometers) from the station-is -0.0062, of the sign contrary to that of the effect of the 
topography and compensation within 8.4 kilometers of the station. The largest positive 
correction for a near zone is +0.0325 for zone E. This is excseded by the negative correction 
of -0.0336 for the much more distant zone M. In considering the preceding statements it is 
important to note that no oceanic areas are encountered a t  this station until one reaches zone 10 
a t  a distance from the station more than four times as great as for the most distant parts of 
zone 17. At this station, if one carries the computation to the antipodes, the total correction 
found is - 0.0414, in extreme contrast to the correction + 0.1230 found for the first nine zones. 
At this station a hasty decision, made in ignorance of the fundamental change of sign due to 
distance, to  stop the computation at 8.4 kilometers from the station would have given a com- 
puted effect of +0.1230 dyne; a docision to extend the computation to the distance of 213 
kilometers would have given a computed effect of -0.0062 dyne; and the safe decision to carry 
the computation to the antipodes gave the true correction of -0.0414 dyne. I n  considering 
the preceding Bentence it is well to keep in mind that the vertical component of the attraction 
upon a unit mass at  the station is determined by the pendulum observations with an error 
which is usually less than 0.004 dyne and very rarely exceeds 0.010 dyne. (See p. 87.) 

Aside from the unfamiliar change of sign thus far commented upon,,due entirely to increase 
of distance from the station, there is another which occurs a t  nearly every station 'due to an 
ontirely different and ordinarily well-recognized cause, namely, the change from land to  oceanic 
zones. Since about three-fourths of tlie world's surface is covered with deep oceans, sooner 
or later, as successively more zones are taken, a zone is reached in which the water in tho zone 
predominates largely over the land. This produces a change in tho sign of the resultant effect, 
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upon the vertical component of the attraction a t  the station. (See pp. 20 and 27, and also 
consult the reduction tables, pp. 30-47.) 

I n  general, therefore, a t  every station situated on land, as successively larger zones are 
considered, two changes of sign are found-one due simply to increase of distance from the station 
and one due to a change fr;m land zones to  water zones. 

Stption No. 49, Salt Lake City, Utah, is a typical inland station a t  a large elevation. The 
change of sign, from plus to minus, due to  distance, occurs t ~ t  this station (see p. 56) between 
zones I and J. The second change of sign, from minus to  plus, occurs between zones 10 and 9. 
I n  zone 9, of which the inner and outer radii are 1190 and 1570 lrilometers, the effect of the 
deep water of the Pacific in the western part of the zone predominutes over the effect of the 
topography (mainly of small elevation) in the remainder of the zone. For all larger zones out 
t o  the antipodes the water effect predominates. 

At stations Nos. 58, 59, and 60, which are still farther from the ocean, being in Minnesotc~ 
and South Dakota, the first change of sign, from plus to minus, due to distance, occurs between 
zones I and J. The second change, from minus to plus, due to change from lnnd to water, 
does not occur until zone 7 is reached. The radii of zone 7 are 2300 and 2960 kilometers. 

On the other hand, a t  station No. 54, San Francisco, the change of sign due to distance 
occurs between zones I and J, and that due to change from lnnd to water occurs between zones 
hrE and N. The predominating influence of water effects is first seen in this cnse in compart- 
ments 11 and 12 of zone N (consult the computation shown on p. 49), which lie slightly south of 
west from San Francisco and in which the mean depths of water are about 900 fathoms, giving 
for each of these compartments a correction of +0.0010. (See reduction table, p. 42.) The 
computation shows that  in zone 0 seven compartments to the westward of the station have posi- 
tive corrections greater than 0.0010, but that  those to the eastward of the station, mainly on 
land, have negative corrections with a single exception. The negative corrections persist in one 
or more compartn~ents of ench zone from 13 to 8. Commencing with zone 7 all comprirtments 
have either zero corrections or positive corrections, showing the predominance of water in ull 
compartments. Zone 7 has radii of 2300 ant1 2960 kilometers and, therefore, the eastern com- 
partment of this zone includes portions of the Gulf of Mexico as well as portions of the Pacific 
Ocean to  the southeastward of San Francisco. 

San Francisco is a shore station, with mountains near i t  on the land side. I n  contrast to 
San Francisco, stations Nos. 2 to 5 and 18 are shore stations, with low topography near them 
on the land side. Hence a t  ench of them the change of sign due to change from land to water 
comes a t  so small a zone as to be confused with the change of sign due to distance. At these 
stations there is apparently no change of sign. A long series of zeros occurs in each case, which 
extends from zone B to  zone IC for station No. 2 and from B to 0 for station Ko. 5, and the 
plus signs then reappear. 

At station No. 1, Key West, Fla., where the topography is very low and the station very 
near the shore, the change of sign due to change from land to water occurs between zones B and C 
and the change due to distance occurs much farther away, between zones L and 11. 

At station No. 17, Charleston, S. C., the change due to predominance of water occurs 
before zone N and that  due to  distance comes slightly further away, between zones N and 0. 

At stntions Nos. 6, 8, and 55 besides the change of sign due to distance there are in each 
case three changes of sign due to  alternating predominance of land and water effects. 

The foreign gravity stntions Nos. 2, 3, 4, and 5, for which the corrections for separate zones 
are shown on page 84, were located on a vessel out on the Pacific Ocean. For these stations 
the water effects predominate in every zone. IIence in zones near the station the signs ure 
minus, and the change of sign due to distance (in this case from minus to plus) occurs somewhere 
between zones J and hI for each station. 



DISTANT TOPOGRAPHY NECESSARILY CONSIDERED. 

It should be evident from the preceding discussion of the chnnge of sign due to distance 
that any treatment of the problem of computing the effect of topogruphy and conlpensation 
upon gravity is liable to lead LO errors so large as to make the conclusions reached unreliable 
if it  is based upon the theory that because the computed effects for certain zones a t  moderate 
distances from the station are very small, the effect of zoncs a t  great distances is neghgible. 
The effects of topography and compensation a t  8 to 12 kilonleters from the station (zone J) 
are usually small simply because a change of sign duo to distance takes place about there. 

For each of the 89 stations in the Unitcd States the wnter effects expressed by positive 
corrections predominate in all zones from 7 to 1, the antipodes of each stntion (in tlie inidde of 
zone 1) being in the deep water of the Indian Ocean south of Asia. Hence if all the topography 
and conlpensation in zone 7 and beyond were neglected-that is, dl topography and com- 
pensntion more than 2300 kilometers from the stntion were neglected-the error made would, 
for every station in the United States, be either 0.004 or 0.005 dyne, n quantity larger in Inany 
cases than the error of observation. It is important to noto that this error would be of one sign 
for all statioils in the United States, the neglected quantity being in each case an increase in the 
computed vnluc of gravity a t  the station. Even in the 18 foreign stations shown on pages 84, 
widely scattered over the world, the error would be 0.004, 0.005, or 0.006 dyne for each of the 
stations 1 to 10 and 12, and 0.002 or 0.003 dyne for stations 11 and 13 to 16. The sign would 
be in each case the samo as for stations in the United States. 

An instance has already been given (11. 69)) in which if dl topography and compensation 
beyond zone 17-that is, beyond 213 kilo~neters from the station-were ignored, the error 
introduced would be + 0.035 dyne or at  loast nino times ns great as the average error of the 
determination of tho intensity of gravity a t  a station. 

At each of stations 41 to 52 (see p. 66) the neglect of the single zone M (inner radius 
28.8, outer radius 58.8 kilometers) would introduce an error greater than 0.020 dyno or a t  least 
fivo times as great as the average error of the observed value of the intensity of gravity a t  the 
station. Also there are many still moro distant zones at thcse stations for each of which tho 
computed effect of topography and compensation is rnore than 0.020 dyne. 

If ono wishes to secure reliable conclusions i t  is certainly necessary to extend to great dis- 
tances the computations of the effects of topography and compensation. Tlie only safe rule 
is to extond the computations to cover the whole earth. 

CURVATURE MUST BE CONSIDERED. 

As soon as it is concoded that  tho coinputation of the effects of topography and compen- 
sation must be extended to cover the whole earth i t  is evident t,I~nt the curvature of tile sea- 
level surface must be considered. Any formuloe basod upon the supposition that tho sea-level 
surface is a plane must be grossly in error when applied to very distant toporgaphy and corn- 
pensation. 

A propor considoration of the curvature places topography a t  a distance of 20 000 kilo- 
meters from the station directly below the station a t  the nntipodes, wllereas if the sen-level 
surface wcro a plane i t  Cvould bo in the horizon of the station. I n  tho actual case tho whole 
of the attrnction due to this topogral~lly is in the vertical of the station ant1 is a direct cor- 
rection to the vertical component of the attraction a t  the stntion, ~vliereas a formula ignoring 
curvature would make i t  a horizontal forco a t  the station. 

Similarly, if curvature is neglected topography a t  10 000 kilometers (one-fourth the cir- 
cumforenco of the earth) from tho station is treated as being in tlie liorizon of tho station, whe~eas 
in fact it lies 45' below tho horizon of.the station. 

I n  connoction with the two preceding paragraphs consult illustration No. 15 (p. 67). 
Even for topograi)hy within 50 kilometers of the stntion the computations connected with 

the prosont invostigation hnve shown that curvkturo must bo considered if results are to be 
secured which are in error by less than 1 part in 200. (See 11. 22.) 
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I n  the exact formulae (lo), (15), and (16) (pp. 15 and 16), which were used to make the 
computations of this investigation, B becomes zero in every case if the curvature of the sea-level 
surface is neglected. If 0 is made zero E becomes zero in all cases in formula (lo), and the 
computed effect of any material lying a t  the same elevation as the station becomes zero. As a 
matter of fact, by the exact formula E is found to be much too large to be negligible. In  for- 
mula (15) i t  is evident that the effects of curvature predominate over the effects of difference 
of elevation (between the station and topography and represented by h) if in the numerator of 

e 
the fraction El, 3 becomes largerthan 

The latter quantity tends to decrease as the distance from the station increases, becoming 
very small a t  great distances on account of the very large value of Dl. On the other hand, 
e e - increases in proportion to the distance from the station. Hence a t  great distances 5 becomes 2 
much greater than the quantity referred to above with. which i t  is combined by subtraction. 

This is shown in another form by the reduction tables (pp. 30-46), in whiclr i t  is evident 
that a,change of elevation of the station makes a large change in the computed corrections in 
a near zone, such as zone E a t  0.6 to 1.3 kilometers from the station, and makes very little 
change, always less than 10 per cent, in zone 0 a t  99 to 167 kilometers from the station. More- 
over (see p. 45) in zone 13 and beyond-that is, a t  distances greater than 340 kilometers- 
the relative elevation of the station and the topography may be entirely ignored without intro- 
ducing appreciable error, into the computation. 

It would be difEcult to show satisfactorily by pure theory without numerical values why 
and to what extent the curvature and distant topography and compensation must be con- 
sidered. I n  the present investigation no such attempt has been made. Instead the com- 
putations have been made to cover the whole earth by formuls which are practically exact, 
curvature being adequately taken into account. This having been done the numerical results, 
as shown on pages 54-58, demonstrate conclusively and clearly that both distant topography 
and curvature must be considered if one is to secure even a fair approximation to the truth. 

Complete computations, taking into account all of the topography of the world and its 
compensation, have been made for 89 stations in the United States with the results shown in 
the two tables which follow. 

The theoretical value of gravity a t  sea level was computed by Helmert's formula of 1901 
(see p. 12), namely: 

TO= 978.046(1+ .005302 sin2+- 0.000007 sin2 24) 

The correction for elevation of station was computed by the formula -0.0003086H, in 
which H is the elevation in meters. (See p. 13.) Note that this is the reduction from sea 
level, to the station, a correction to the theoretical value not to the observed value. I t  takes 
account of the increased distance of the station from the attracting mass, the earth, as if the 
station were in the air a t  the stated elevation and there were no topography on the earth. 

The correction for topography and compensation was computed with the new reduction 
tables. This is also a correction to be applied to the theoretical vallie a t  sea level. The cor- 
rections referred to in the preceding two paragraphs are applied in the reverse of the customary 
way. Usually corrections are applied to the observed values of the intensity of gravity to 
reduce them to sea level and to correct for the supposed influence of topography. I n  this pub- 
lication the corrections are applied to the theoretical value of the intensity of gravity a t  
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sea level to obtain the theoretical value a t  the station, a value which is directly comparable 
with the observed value. This seems to the authors to be a more logical method and more 
conducive to clear thinking than the usual method. 

The computed value of gravity at  the station g, is the theoretical value of gravity a t  
sea level, yo, corrected for elevation and for topography and compensation. I t  is therefore 
directly comparable with the observed value of gravity at the station g. The column g-g, 
therefore represents the departures of the observed values from computed values based upon 
the Helmert formula of 1901, upon the usual reduction for elevation, and upon the new 
reductions that take account of topography and compensation. 

All observed values, g, in the following table depend upon relative determinations with 
the half-second pendulums and are based on 980.11 1 dynes (in centimeter-gram-second units) 
as the absolute value of gravity at  the Coast and Geodetic Survey Office at Washington. 
This value depends upon the absolute determination of the value of gravity at  Potsdam," 
Germany, and upon the relative values of gravity at  Potsdam and Washington, as  deter- 
mined by Mr. G. R. Putnam in 1900.f 

The gravity observations for stations Nos. 22, 26, 54, 55, and 56 were made by Dr. T. C. 
Mendenhall, formerly Superintendent of the Coast and Geodetic Survey. The details of the 
observations at  these stations are published in Appendix 15, Report of the Coast and Geodetic 
Survey for 1891. 

The observations at s ta t io~s  Nos. 27, 28, 37 were made by Assistant E. Smith, of the 
Coast and Geodetic Survey. The details of the observations for stations Nos. 27 and 28 are 
published in Appendix 4 of the Report for 1899, while those for station No. 37 are not yet in 
print. 

The observations at  station No. 23 were made by Mr. E. D. Preston, of the Coast and 
Geodetic Survey, and the details of the observations are published in Appendix 2 of the Report 
for 1894. 

The observations a t  the following stations were made by Mr. G. R. Putnam, assistant, 
Coast and Geodetic Survey, and the details are published in Appendix 1, Report for 1894, and 
Appendix 6, Report for 1897, except station No. 53, the details of which are not in print: Nos. 
1, 5, 7, 9, 10, 11, 13, 15, 17, 19, 20, 24, 25, 29-36, 38-52, and 53. 

The observations at  stations Xos. 2 4 ,  6, 8, 12, 14, 16, 18, 57-73, 84-89 were made in 
1909-10 by Mr. William H. Burger, and the dbservations at  stations Nos. 74-83 were made 
in 1910 by Mr. Harold D. King, both assistants in the Coast and Geodetic Survey. Mr. King 
also reoccupied, in 1910, stations Nos. 57 and 85. (See p. 87.) None of the details for the 
stations established by XSessm. Burger and King have been published. 

The gravity observations a t  each of the stations used in this investigation were made 
with the half-second pendulum apparatus.$ The methods used by Mr. Putnam are described 
by him in Appendix 1, Report for 1894. These same methods were employed by Messrs. 
Burger and King with very few exceptions. They were instructed to obtain a probable error 
for the adopted mean value a t  a station of not more than f 0.004 dyne. The flexure of the 
pendulum case and pier was determined by them, in terms of the wave length of light, with 
an interferometer, 'as described in Appendix 6, Report for 1910. 

* Bestlmmung der Absoluton Gr8sze dor Bchnrorkraft zu Potsdm mlt Rorerslonspondeln von ProL Dr. F. KUbnen und Prof. Dr. Ph. Furt- 
wllnglor, Bolt0 380. 

t Dokrminntion of RelativoVnluo of Gravity in Europe and tho Unlted Btah In 1800,O. R. Putnam, Appendix &,Coast and Qoodetlo Burvey 
Report, 1801, pp. 954-365. 

$ Described in Appondlx 16, Report lor 1881. 





EFFECT OF TOPOGRAPHY AND ISOSTATIC COMPENSATION ON GRAVITY. 

CORRECTION TO ~ELMERT'S  FORMULA OF 1901. 

The mean of tho above 89 values of g -go is - 0.009 dyno and tho probable error of a single 
value is f 0.017 dyne. The two residuals from this moan for stations KO. 53 and No. 56 a t  
Seattle are each - 0.093 dyne, which is more than five times the probable error of a single value. 
Honco, i t  is believed that these two values should be rejected, as being due to some very unusual 
disturbance. 

After rejecting tlle two Seattle stations the mean value of g-g, is -0.007 f 0.0015 dyne 
and tho probable error of a single value is f 0.014 dyno. -As this mean is five times its own 
probable error i t  is believed that it represents a real correction to the Helnlert formula of 1901 
for tho theoretical value of gravity a t  sea level, and that this correction sllould be applied in 
connection with tho new method of reduction for topography and compensation. Accordingly, 
in the following tables tlio quantities called '(Anomaly, now method," aro (g-go) f0.007 dyne. 
Tllase are, tliorefore, the anomalies in gravity as given by the new reduction and referred to 
the following formula for the tlleorotict~l valuo of gravity ut sea levol: 

this being I-Ielmert's formula of 1901 wit11 a constant correction of -0.007.* A plus sign on 
the anomaly means that a t  the station in question the intensity of gravity is in excess of that 
wliich would occur thero if  the isostatic compensation wore complete and uniformly distributed 
to the depth of 113.7 kilometers, whilo if the anomaly is minus t,he intensity of gravity is less 
than i t  would bo if the compensation were complete and uniformly distributed to the depth of 
113.7 kilometers. 

CObfPARISON OF APPARENT AXTOMALIES BY THE NEW AND OLD hlETIIODS. 

Tho values go" - yo and of go - yo in the following tables have the same meaning as in tho 
1906 report of the International Geodetic Association. 

The quantity goJJ - yo is the apparent anomaly when the Helmert formula of 1901 and tlio 
Bouguer reduction are used. The Bouguer reduction "has been very generally applied in 

reducing pendulum observations to the level of the sea. This formula is dg= 

where dg is the correction to observed gravity, g is gravity at  sea level, H is elevation above 
sea level, r is radius of the earth, 8 is density of mattec lying above sen level, and A is mean 
density of the earth. The first term takes account of the distance from the earth's center, 
and the socond term of the .vertical attraction of the matter lying between the sea level and 
station, on the supposition that the latter is located on an indefinitely oxtonded horizontal 
plain. Wherever the topography about a station departs materially from this condition of a 
I~orizontal plain a third term must be added to the above formula, being a correction to the 
second term or to observed gravity on account of such irregularities." t The Bouguer reduc- 
tion thus takes no account of isostatic compensation and neglects all curvature of the sea-level 
surface, tho topography being treated as if it were standing on a plane of i nde f i t e  axtent, 

The quantity go-ro js the apparent anomaly when the I3ehnert formula of 1901 is used in 
connection with the so-callod roductioli to sea level in free air only, (0.000 308 6 11). This 
reduction ignores both the topography and the isostatic compensntion. I t  takes account 
simply of the increased distance of the station from the earth's center when tlio station is above 
sea level. 

A comparison of the anomalies by tho now method, on tho one hand, with those by the 
two older methods, as slio~vn in the colums headed go" -7, and go- yo on the otlier hand, will 

- 

v The correction to hls own formula of 1001, communlcntcd Ily Dr. lIelmert in the lettrr printed in the footnote on p. 12, changrs the Ilrst term 
only of the formula, making It 078.030 Instead of 078.040. The flrst term, as derived from the gravity determlnatlons hi thc United States, namely, 
878.038, therefore diners from t l ~ e  IIelmert formula of 1001, as referred to Potsdnm, by only 0.00(1 nnd lies almost midmuy between the valueson tho 
Vienna nnd Potsdnm systems. 

t This excellent statement of thc nnture of tho Bouguer reduction is quoted from hlr. G. R .  Putnam. (See Appendix 1 of the Coast and Geodetlo 
Bwvey Rcport for 1884, pp. 21-22.) 
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therefore show the merits of the new method of reduction in comparison with the Bouguer 
and the free-air methods. 

The comparison of the new method is made with the Bouguer and free-air reductions, lor 
the Bouguer postulates a total lack of compensation and a consequent high rigidity of the earth's 
crust while the free-air method assumes that each piece of topography is completely compen- 
sated for a t  zero depth. In his investigation, published in Appendix 1, Report for 1894, hh. 
Putnam used what he called Faye's reduction, which is a modification of the free-air reduction, 
in that a correction is applied for the lack of compensation. This correction is added to or 
subtracted from the observed value and is equal to the vertical effect a t  the station of the 
attraction of an indefinitely extended horizontal plane of a thickness equal to the difference 
in elevation between tho station and the surrounding country and of a density equal to the 
mean density of the surface of the earth. By this reduction, Mr. Putnaln obtained anomalies 
which were, in general, much smaller than those obtained by either the Bouguer or free-air 
reduction. (See pp. 25-27, Appendix 1, Report for 1894.) 

For all of the 89 stations considered as a single group the means are as follows: 

Number and name of atation 

1 Key West Fla. 
2' W e t  Beach Fla. 
3' Punts Qorda  la.' 
4' Apalaohloola ' Fls. 
6: New orleaus; La. 
6. Ra Ule, La. 
7. QaGton Tex. 
8. Polnt Isadel, Tex. 
9. Laredo Tex. 

10.  ust tin: Tex. capltol) 
11. Austin Tex. [uolversity) 
12. Mc~ladter Okla. 
13. Little ~ o c k  Irk. 
14. Columbla denn. 
16 Atlanta 6s 
16: Mc~om'ick '8. C. 
17. Charleston '8 C. 
18. Beaufon k. C. 
19. ~hsrlot&llle VR. 
ZJ. Deer Park ~ d .  
a. washhgtdn D. C. (coast 

and ~eohetlc  ~ U N ~ Y  I 
OWm) 

22. Washington D. C (dmlth- 
sonian ~ n s i ~ t u t ~ i n )  

23 Baltimore Md 
24: ~hlladel~Aia ~ a .  
25. princeton N: J. 
24 Boboken 'N J 
n: ~ e w  ~ o r k  k.k. 
18. worcader  ass. 
29. Boston Ifass. 
80. ~ a m b d d  e, Mass. 
al. calais &. 
az. ~ t h d  N. Y. 
83. ~ l e v e l ~ n d  Ohio 
84. ~lncinnati Ohio 
86. Tern n s u b ,  Ind. 
a. chicago, nl. 
3. Madison  is. 
88. 8t. LOU& Mo. 
38 ~ a n s s s  city YO. 
40: Ellsworth &US. 
41 wal~aca h. 
42: &loradd 8prJn.y: &lo. 
43. Pikes Peak Co 0 
44. Denver Coio. 
4. ~ u n n d n ,  &lo. 

* The last two llnes of table show the means wlth the two Seattle statlons omltted. 

I 

Mean with re rd to s lw 
~ e a n  wlthou~$rd to a g  
Mean with re to slgn 

I Mean wlthouf&ard to slgn * 

Sew method 
@-oc+O.W7) 

+0.000 + .016 
+ .008 
-.W - .015 + .014 - .011 + .025 - .OZ - .010 - ,012 - .029 + .029 + .OU - .025 + .013 - .023 - .023 - .015 + .008 

+ .036 
+ .037 - .013 + .020 - .MI 
+ ,022 + ,020 
- .OZZ + .003 + .OQ7 - .010 
- .OZA 
- .MI5 - .On - .a11 - .008 - .om - .007 - .OM + .012 - .014 - .009 + .019 - .018 + .OM 

Number and namo of statlon 

- 
44 Grand Junctlon Colo. 
47: Green Rlver  ah 
48. Pleasant ~ a i l e y  Junction, 

Utah 
49 Salt Lake City Utah 
60' Orand canyon9W o. 
61: NOITIS Geyser b a s g , ~ y o .  
52 Lower GeyserBasln Wgo 
63' Geattle wash. (univdrsityj 
M' 8an F&ncisco Cal 
55: Mount ~ a m i l b n ,  kal. 
66. Seattle Wash. (hlgh 

schodl) 
67 Iron River Mich. 
68' Ely Minn.' 
59' ~en;blna N Dak. 
80' Mitohell '8. D&. 
61' ~wmtwalter Tex. 
62' ~errvi l le  ?(ex.- 
83' EI.Paso +ex 
64' ~oga~es' A&: 
M' ~ l l m a  Adz. 
08' Corn ion Cal 
87: QoldHeld' ~ e ; .  
68. Yava a1 ' ~ r i z .  
6% aranxchn on, Adz. 
70. Qallu , N.&ex. 
71.  as d g a s  N.  ex. 
72. Shnrnrock' Tex. 
73. Denison +ex. 
74. Mlnnes ' Iis Mlnn. 
76. Lead S?D&. 
78 ~isrnkrck N Dek. 
77: 1~insdale,'M6nt. 
78. Bandpolnt ~ d a h o  
79 D o h  ~ d a i o  
80:  sto or in Oreg. 
81. Slsson bal. 
82 neck 4prin wyo. 
8a.  axt ton ~ e &  
84: washinkton, D. C. (Bu- 

real, of Btandards) 
85 North Hero Vt 
~ c r '  Lake r>lacid N.' Y. 
87' l>otsdam N' Y. 
EE: wileon k Y. 
88. ~lpena :  Mich. 

Anomaly 

-4nomaly 

-- .. 

,?cod 
- 0.002 

.018 

.000 
,017 

1 Anomaly 

nouguer 
(goV-ro) 

+O. 031 + . MO . + ,021 
+.M)F, - .OW + .012 - .011 + .032 - .me - .038 - .M0 - .082 + .013 

.000 - .053 

.000 - .014 + .008 - .038 - .OM 

+ .031 

+ .032 - .017 + . O Z l  - .021 + .OZZ + .020 - .03l + ,007 + .005 - .011 

05 1% - .051 - .a33 - .w - .MI - .031 - ,055 - .MA - . I=  - ,205 - .221 - .1W - 

Sew method 
(O-Oc+0.0@7) 

+0.022 
-.023 

f .002 + .008 
-.001 + .019 - ,003 
- ,005 
- .025 
- .005 

- ,095 
+ . W  
+.021 + .017 
-.W1 
- .031 
+.028 + .005 - .052 
+ . W 7  
-.052 - .OI5 
- . W I  
- .012 
-.016 + .001 
+.030 
+.@I3 + .057 + ,050 

.WO + .027 

.M)O 
+ .OM 
- .016 - ,012 + ,011 - ,008 

+ .035 
- .W1  + .W + ,019 
-.012 - .OZ 

In fm air 
(PO-TO) -- 
+O. 031 + .040 + .021 
+.000 - .OW 
+ .016 - .011 + .033 - .0% - . MO - .020 - .035 + .022 + .023 - .018 + .018 - .014 + .OM - . MO + .042 

+ .032 

+ .033 - .014 + 022 - : 015 
+ .W + .W - 0 1  + .008 + .DW) - .om - .W 
- .012 - .028 - .017 - .00g - .011 
- .013 - ,028 - ,001 - . m i  - .OZ + .188 - 0 + .OIO 

.- 

nouguer 

- 0.085 
.073 - .OM 
.072 

--- 
In free alr 

-- 
- 0.001 . Cne + .002 . W20 

Bouycr 
(OO"-TO) 

-0.176 
- . I97  

--.204 - .I63 
-.22C, - .1W - .210 - .128 
+.002 - .014 

- .I28 
-.W 
-.On - ,025 
-.057 
- . l o1  
-.Om - .I28 - .. 149 

In fm air 
(90-~OJ -- 
-0.0% 
-.013 

+.Ole .- .M0 
+ . O n  
+ .Oq3 + .018 - .122 
-.013 + . lo8 

- .I20 
+ . M 3  + .022 + .&I1 
-.014 
-.028 
+.035 - .001 - .021 

-.016 / - .010 
- . 0 5 8  - .I83 
- . I79  
- . I80  
- .228  - . 2 ~  
- . M a  
-.028 + ,017 - .089 
-.080 - .070 - .I22 - .I34 - .014 - ,120 -  MI - .116 

+ .029 
-.021 - .034 - .008 
- .a31 - .049 

--.We 
i- .006 
+ . w  
-.I15 
-.W + .011 
-+.NO 
- .W + .045 + .087 
-.012 
+.003 - .051 - .W3 - .014 - ,004 + ,003 - .ola 

+ .WO 
-.017 + .028 + .008 
-.021 - .029 



For the 89 stations the mean anomaly without regard to sign for the new method of reduc- 
tion is about six-tenths as large as for the f w a i r  method of reduction, and is about one-fourth 
as large as for the Bouguer method. ~ 

At 60 stations out of 89 the new-method anomaly is less than the free-air anomaly, and 
.at 3 other stations the two are equal. At 68 stations out of 89 the new-method anomaly is less 
than the Bouguer anomaly, and a t  5 other stations the anomalies of the two methods are equal. 

The maximum anomaly by the now method is - 0.095 (stations 53 and 56, both a t  Seattle, 
Wash.), by the free-air method is +0.199 (station 43, Pikes Peak), and by 'the Bouguer rnetbd 
- 0.246 (station 45, Gunnison, Colo.). 

The compnrisons and the table on which they are based show clearly that the new method 
of reduction is n. much closer approximation to the truth than either of the older methods. 

I t  is important to h o w  whether tlle anomalies as determined by the new method of 
reduction show any relation to the topography. Therefore, in the following tables the 89 
stations have been arranged in groups with reference to their relation to the topography. 

I 

Sixteen coast stations, in the order of their distance from the 1000-fathom line. 

Eighteen stations near the coast, in the order of t7~eir distances from the open coast. 

Name and number 
of station 

64. 8an h n c h  Cal. 
18 ~eaufort  N d. 
80: Astorla, bne' 
1 ~e west #in 
8: PO& lsabbl ?ox. 
5. ~ e w  0r1em.4, ~ a .  
4. A alachlcola Fla 
n. d w  Y O I ~ ,  d .  Y. 
dC Compton Cnl. 
26: ~oboken '  N. J. 
2. West palm Beach, 

F I ~ .  

Numberandname 
of station 

31 calnls b~e. 
2.5. ~ r l n d t o n  N. J. 
23' Baltimod Md 
28' ~orcss ta r )  M w .  
24' Phlladel {)In, Pa. 
81.  iss son &I 
21: ~ashi)o&, D. C. 

Const and 080- 6 etlc811my Omca) 
a, Washin n, D. C. 

(smiti%nian In- 
stitution) 

84. Washington D. C .  
(Durenu di Stand- 
ard )  

Dlstanca 
from l W  

"gem 

Kilo- 
mdna 

85 
85 
120 
160 
1BI) 
210 
225 
2% 
230 
230 

243 

Name and number 
of stat~ons 

3. Punta Gorda Fla. 
7. Galveston Tex. 
28. Boston, dm 
30. Cambridge Mnss. 
17. ~hnrleaton; S. C. 

Mean with regard to 
sim 

Mean wlthout re- 
gnrd to slgn 

Distance 
from 1W 

laF2 

Kilo- 
mdnt 

260 
330 
300 
300 
306 

Anomaly 

Dlstance 
Irom 

:st 

Kfl, 
meter8 

M)  
00 
76 
85 
80 

142 

170 

170 

175 

Anomnlp 

New 
method 

+0.008 - .011 
+.m3 
+.003 
-.023 

- 
.017 

New 
method 

Jg:&) 

-0.026 - .023 - .015 + .008 + .OZB 
-.01b 
-.002 + .om 
-.052 
+.on 
+ .oie 

Bouguer 
((oo"-r~) 

---- 
+0.021 - .011 
+.ow 
+.005 
-.Old 

+ . m  
.OlQ 

Anomaly 

Bouguor 
(00"-ro) 

---- 
+O. 002 + ,008 - .014 + .031 + .032 
-.m 
+.@I6 + .MO 
- .W 
+.022 

+ .o40 

'nap 

+0.021 - .011 
+ . m  
+.W 
-.014 

+ . m  
. 020 

h'umber and name 
of station 

8. Laredo, Tex. 
05 Yuma Arlz 
ln: ~cCo;mick.'S. C. 
lo. Austln,Tex.(ospltol) 
11. Austin, Tex. (uaiver- 

sa ) 
19. ~ha~ottesvl l le ,  Va. 
32. Ith-, N. Y. 
02. Kem7111e, Tex. 
0. Rayvilie, Lo. 

Mean \r7ith regard to 
sign 

Noon without r+ 
gnrd to sign 

New 
method 

;{-& 

-0.010 - .021 - .013 - .on + .020 
-.012 

+ .a35 

+.a7 

+.a5 

@o-r,,) 

-0.013 + .OW - .014 + .031 + 0 
-.m 
+.OM) + . ~ 4  
-.058 
+.ma 
+ . oro 

Dlstanca 
'Iom 

:ct 

Ktlo- 
meter8 
215 
2m 
235 
246 

246 
250 
805 
310 
326 

~ouguer  
(90"-rd 

---- 

-0.011 - .21 - .017 - .031 + .020 
-.1m 

+ .a1 

+ . W  

+.OB 

1n~i~88 
(go-re) 

-0.007 - .015 - .014 - 0 + .022 
-.m 

+ -032 

+.033 

+.DL0 

Anomaly 

InaP 
(go-ro) 

-0.020 
-.OlO 
+.018 - .020 

-.om - .020 
-.On 
+.036 + .016 

+.W1 

.020 

New 
method 

if,:&) ---- 
-0.022 
+.007 
+.013 - .010 
-.012 - .018 - .025 
+.02Q + .014 

+.CHI2 

,020 

Bonyor 
(vol'-ro) 

-0.030 
-.Ole 

.000 - .a38 
-.WO - .038 - .050 
-.020 + ,012 
-.018 

.031 
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This particular method of separating the stations into fivo groups has 'been chosen in 
order to show clearly whether for these stations there is any perceptible relation between the 
anomalies by the new method and the topography, and because i t  was desired especially to  
ascertain whether the particular relations known to exist between the anomalies by the two 
older methods of reduction and the topography still persist when the new method is employed. 

I n  all that  follou~s the comments are mado, unless otherwise stated, upon the figures as 
they stand after the two Seattle stations (Nos. 53 and 56) have boon omitted. No conclusions 
would be changed, however, by including those stations. 

As shown on page 76, the mean without regard to sign of the new-method anomalies is 
0.017 for the 87 stations. For the five separate groups, as shown in the preceding tables, the 
corresponding means arc 0.017, 0.020, 0.018, 0.012, and 0.014, of which no one is much above 
the general mean for d l .  

The means with regard t o  sign for the five groups are: - 0.004, + 0.002, + 0.002, - 0.002, 
+ 0.003. The probable error of a single value being f 0.014, as shown on page 75, the probable 
error of the mean of each of the fiist three groups is f 0.003 and of each of the last two groups 
is f 0.004. I n  every group except tlio first, therefore, the mean is slndler than its own probable 
error, a strong proof that  there are no systematic errors peculiar to each group. 

Within each group the writers find no tendency to a progressive chango in passing down 
the column of new anomalies. I n  other words, in tlio f iq t  group the anomalies show no relation 
to the distance from the 1000-fathom lino, in tlle second group no relation to the distance 
from the open coast, in the third group no relation to tho elevation, and in the fourth and fdth 
groups no relation to tho distance below or above the general level of the surrounding country. 
I n  tho fourth and fifth gr&ps a rertrrangelnont in ordor of elevations, not here shown, indicated 
no apparent rolation between anomalies by tlle new method and elevations. 

The general conclusion from tho examination is that the anomalies by the new method, 
of which the mean without regard to sign is only 0.017, sllow no relation to the topography either 
in sign or average m a g ~ t u d e .  This shows that in general tho eflocts of the topography and its 
compensation have been fully and correctly taken into account in the new method of compu- 
tation and that  the remaining anomalies are due to some cause or cnuses having no fixed rolation 
to topography. 

I n  considering small anomalies by the new method i t  should be remembered that  the 
errors of observation and computation may frequently exceed 0.004 dyne and may be as great 
as 0.010 dyne in rare cases. 

For theso samo 89 stations it is shown on the following pages that the Bouguer and fro+ 
air anomalies show the definite relations to the topography which have frequently been noted 

. in connection with them. 

COMPARISON OF BOUGUER ANOMALIES WITH NEW-METIIOD ANOMALIES. 

The moan of the Bouguer anomdios without regard to sign is 0.072. (See p. 76.) For 
the separate groups in the preceding tables tho corresponding means are 0.019, 0.031, 0.045, 
0.171, and 0.147. The last two means, for stations in mountdnous country, aro excessively 
large. Although the mean for all stations by the Bouguer method, 0.072, is four and one- 
fourth times the corresponding moan for the new method, 0.017, yet for tho first two groups, 
stations on the coast nnd stations near tho coast, the Bouguer means, 0.019 and 0.031, are 
but little larger than by the new method. It is important to note that  the stations in these 
two groups havo smnll elevations. 

The mean of tlle Bouguer anomalies with regard to sign is - 0.064 for all stations (see p. 76) 
and for the separate groups is + 0.005, - 0.018, - 0.043, - 0.171, cmd - 0.147, showing a wide 
divergence botwcen groups. Tl is  divergence shows the general tendency for the anomalies 
computed by this mothod to be negative, and larger the greater the elevation of the station, 
tho groups being arranged in the order of the menn elevations. Even within somo of tho 
scparato groups this relation of Bouguer anomalies to elevations is evident. For exnmple, 
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in the third group the mean anomaly for the first seven stations, all of which are at  elevations 
less than 200 meters, is -0.024, for the next 14, a t  each of which the elevation is between 200 
and 500 meters, the mean anomaly is - 0.033, and for the last 6 stations, a t  each of which the 
elevation is more than 500 meten, the mean anomaly is - 0.088. I n  the fourth group the mean 
anomaly for the 8 stations a t  elevations less than 1400 mete& is - 0.141 and for the remaining 6 
a t  greater elevations the mean is -0.212. I n  the fifth group the mean anomrlly for the 6 
stations a t  elevations less than 2000 meters is - 0.076, and for the 6 stations of greater elevation 

-0.205. 
I n  short, the Bouguer anomalies show a deh i t e  relation to the topography, being in general 

negative and larger the greater the elevation of the station, whereas the new-method anom- 
alies show no relation to the topography; the Bouguer anomalies are four and one-fourth times 
as large on an average as the new-method anomalies; and if the compar'iion be limited to 
stations in mountainous regions, the fourth and fifth groups, the Bouguer anomalies are twelve 
times as large as the new-method anomalies (without regard to sign). This is clear and positive 
proof that the new method of computation is a much closer approximation to the truth than 
the Bouguer method. 

The means without regard to s i g ~  of the free-air anomalies are 0.020,0.020, and 0.019 for the 
h t ,  second, and third groups, respectively (pp. 77 and 78), being in each case but little greater 
than the corresponding mean of the new-method anomaly, 0.017,0.020, or 0.018. On the other 
hand, in the fourth group the mean without regard to sign is 0.033 for the free-air method in 
contrast with 0.012 for the new method, and in the fifth group it is 0.052 in sharp contrast with 
0.014 for the new method. In  other words, although there is little difference in the average 
magnitude of these two kinds of anomdies at  the coast and plains stations of the first three 
groups, the new-method anomalies are less than one-third as large on an average as the free-air 
method anomalies for the stations in mountainous regions comprised in the last two groups. 

Even in the first three groups a clear advantag& of the new method over the free-air method 
is shown; for in the first group the new-method anomaly'is s m d e r  than the free-air anomaly 
a t  10 stations out of 16, in the second group at 12 stations out of 18, and in the third group at 
16 stations out of 27. 

The mean of the free-air anomalies with regard to sign is + 0.002 for all stations, and for the 
separate groups is + 0.005 for the comt stations, + 0.001 for the stations near the coast, - 0.004 
for the interior stations not in mountainous regions, - 0.031 for the stations in mountainous 
regions and below the general level, and + 0.049 for stations in mountainous regions and above 
the generd level. These means show faintly the well-known contrast by this method between 
coast stations and low inland stations. They also show very strongly tho well-known contrast 
by this method between stations below and stations above the general level in mountainous 
regions.* The farther the station is below the general level the larger the negative anomaly 
ten& to be by this method, and the farther the station is above the general level the larger 
the positive anomaly tends to be, as may be seen by examining the fourth and fifth groups in 
detail. I n  tho fourth group the mean is - 0.004 for the first 7 stations, all less than 500 meters 
below the general level, and - 0.057 for the remaining 7 stations, d more than 500 meters below 
the general level. Similarly, in the fifth group the mean is + 0.024 for the first 5 stations, all 
less than 250 meters above the general level, and +0.067 for the remaining 7 stations all more 
than 250 meters above. Neither t l h  relation nor the tendency for coast stations to have 
positive anomalies appears in the new-method anomalies. 

* &a p. 25 of Appendlx 1 of the Coast and Oeodetio B w e y  Report for 1884, "Relative detmminatlons of grsvity with half-nd pendulums," 
by O. R. Putnam. 



TEST BY STATIONS NOT IN THE UNITED STATES. 

The evidence from 89 stations in the United States has been supplemented by applying 
tlle new method of reduction to a few selected determinations of gravity at  other stations. 
For this additional test the stations selected have been, as a rule, those for which the older 
methods of reduction gave unusually large apparent anomalies. 

In  the following tables the quantities have the same meanings as in the preceding tables 
for stations in the United States. 

The observed value of gravity at  tho Japanese station was taken from a printed leaflet 
received from Prof. H. Nngaoka in 1909. The remaining observed values of gravity have been 
taken unchanged from the reports of the International Geocletic Association and from the 
report in 1910 by Dr. 0. I-Iecker on determinations of gravity at sea.* 

For I-Ieckerls observations at  sea the Bouguer reduction has been computed by the formula 

2gD 3(6-1'03) in which D is the depth of water i t  the station. For thise stations the +T 44 
reduction in frec air has been assumed to be zero. 

The computations of the corrections for topography and compensation given in the 
following table may be improved in some cases by tho use of better and more complete maps 
than were available to tlle writers when tho computations were made: 

QeneraZ summary for gravity stations not in i7te United States. 

For these 16 stations the mean anomaly without regard to sign for the new method of reduc- 
tion is about one-half as large as for the free-air method of reduction, and four-tenths as large 
as for the Bouguer methdd. There is no station a t  which the anomaly by the new method 
is larger than by the free-air method. There is only one station, No. 4, the first of the Tonga 
Deep stations, a t  which the anomaly by the new method is larger than by the Bouguer method; 

The mean anomaly without regard to sign for the new method of reduction is much larger 
a t  these 16 stations (0.107) than for the 89 United States stations (0.018). This indicates that 
in selecting foreign stations a t  which the apparent anomalies by the older methods of reduction 
are ynusually large there has been a decided tendency to secure abnormal stations. 

In  the preceding table the mean anomaly without regard to sign for the new method of reduc- 
tion is much larger for the,seven stations a t  sea (0.148) than for the nine stations on land (0.075). 

* Bestimmung der Bchwerkrtlit auf dem Bchwamn Meem und an dwsen Ktlste sowle neue Ausgleiohung dw Ebh~~~Iwftsnassungen aul dem 
Atlantischen Indlschen und Oroszen O w n  mlt vier Taleln von Prot Dr. 0. Heokw, pp. 1 W l M .  
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8 2 EFFECT O F  TOPOQRAPHY AND ISOSTATIC COMPENSATION ON GRAVITY. 

Possibly this is due to the greater difficulties encountered a t  sea than on land in making the 
gravity observations. 

The first station of the table, between Honolulu and San Francisco, is typical of stations 
far from land and over a part of the ocean bottom which is nearly level. The correction 
for topography and compensation is very small, +0.004 dyne. The anomaly is also small, 
-0.007 dyne. 

At the two stations over the Tonga Plateau and two over the Tonga Deep (Nos. 2-5) 
though the anomalies by the new method are clearly much smaller upon an average than by the 
two older methods, yet they are so large as to indicate a considerable departure from perfect 
isostatic compensation within the depth, 113.7 kilometers. 

At the two stations near the Hawaiian Islands and a t  the two stations on these islands 
(Nos. 6-9) the anomalies by the new method all have the plus sign, indicating nn excess of 
gravity, but in each case they are clearly smaller than the apparent anomalies by the older 
methods. 

At Hachinohe, Japan (No. lo), the anomaly by the new method is seven-tenths as large 
as by the older methods and indicates an excess of gravity. 

In  marked contrast to the two stations on the Hawaiian Islands and the Japanese station 
(Nos. 8-10), in regions in which vulcanism has been active in recent geologic times, and a t  
which there is a comparatively large excess of gravity in each case, note the small anomalies 
by the new method at the Bermuda Islands (+0.018) and a t  St. Helena Island ($0.058) 
(Nos. 11 and 12). These are small excesses only, though the stations are on small oceanic 
islands. At these two stations the apparent anomalies by the older methods of reduction are 
nearly +0.230 dyne, largo apparent excesses, which correspond to the general experience 
with these methods of reduction when applied to stations on small oceanic islands. 

At the Norway station (No. 13) the new reduction shows but a slight advantage over the 
older reductions. 

At the selected station in Turkestan (No. 14) the anomaly by the new method is only 
-0.053, 0.093 less than by the free-air method of reduction. This station, a t  an elevation of 
1345 meters, is in the midst of-a group of 28 stations in this region, at  a mean elevation of 1320 
meters, recently mentioned by Dr. Helmert* as having an average apparent negative anomaly 
by the free-air method of reduction of 0.106 dyne. If the new method of reduction wero 
applied to all of these 28 stations, it is reasonably certain that all of tho anomalies would be 
reduced, and if  the apparent anomalies were reduced on an average by 0.093 dyne (the reduc- 
tion of anomaly a t  station No. 14), then the mean anomaly for the group would be -0.013 
dyne instead of -0.106 dyne, as given by Dr. Helmert. 

At Gornergrat and St. Maurice in Switzerland (Nos. 15 and 16) the new method of reduc- 
tion shows anomalies much smaller than either of tho older meth0ds.f 

At Gornergrat (No. 15), the anomaly by the new method $0.049 corresponds to an excess 
of mass beneath the station. Since the computations were made i t  hns come to the attention 
of the writers that the density of the mountain upon which this station stands has been esti- 
mated from geological evidence to be 2.73,$ 0.06, or nearly one-fortieth part greater than that 
d u m e d  in making the computations, namely, 2.67. The geologic evidence thus corroborates 
that given by the gravity observations reduced by the new method. 

Inconnection with this test by 16 stations outside the United States i t  is important to note 
the general relation of each of the stations to the surrounding topography. 

- 

* Unvollkommenhelten im Qlefchgewlchtszustande der Erdbuste von F. R. Helmert, Bltzungsberlchte der Khlgllch Preussischen Akademle 
der Wissenschaften, 1908, XLN, Bltzung der Physlkallsch-Xathematlschen Clacw: vom 6, November, p. 1086. 

t In the Proces-Verbal de la &me Seance de la Commission GBod&lque Bulsse tenue au Palais FBd6ral a Bernc le 30 AvdI 1910, p. 47, there la 
prlnted a table whlch shows that for 13 stations in Switzerland, including St. Maurfce and Oornergrat, the new-method anomaly bin every case 
leca than the Bouguer anomaly, being upon an average less than oneflfth as large as the Bouguer anomaly. Pages 48-49 of the Pms-Verbal 
should be consulted In connection with the table on p. 47, as the conclusions drawn are not those which one mlght expect from a study of thk table 
alone. 

t Astronomisch-geodiitfsche Arbelten in der Bchwelz. herausgegeben von der Bchwelzerischen geodlittschen Kommlasion, ZwOlfter Band 
Bchwerebestimmungen in den Jshten 1800-1907. p. 4. 



EFFECT OF TOPOGRAPHY AND ISOSTATIC COMPENSATION ON GRAVITY. 83 

Station No. 1, between San Francisco and Honolulu, is far from the land, over a deep part 
of the ocean, where the bottom is nearly level to a great distance from the station. 

Stations Nos. 2 and 3 are over moderate depths in the ocean and not far from the Tonga 
Deep, one of the most remarkable of the deep areas found in the oceans. Stations Nos. 4 and 5 
are over the Tonga Deep, the sounding a t  the latter station being 8500 meters, a depth exceeded 
in but few places on the earth. 

Station KO. 6, near the Hawaiian Islands, is over deep water, 4000 meters, but near to  
shallow water, and No. 7 is over shallow water of moderate depth, 1700 meters, with great 
depths not far  away in one direction and with land near in another direction. 

The observations a t  these seven stations were all made upon a ship a t  sea. 
Station No. 8, I~onolulu, is a t  the coast of an oceanic island on which there are hlgh, 

steep mountains and which is surrounded on all sides to a great tlistance by a deep ocean. 
Station No. 9, Mauna Kea, is on a similar island a t  the top of a very high mountain, a t  an 
elevation of 3981 meters. 

Station No. 10, Hacllinohe, Japan, is near the coast of a large island near which there 
is a steep submarine slope from the coast to great depths. 

Stations Nos. 11 and 12 are both on small oceanic islands surrounded by water of great 
depth, a type of location in which one is reasonably certain to  find a large excess of gravity 
by the older methods of computation. 

Stdtion No. 13 is on one of tho Lofoden Islands about 80 kilometers from a steep part 
of the coast of Norway. The 1000-fathom curve lies about 130 kilometers to the northwestr 
ward of tlus station. 

Station No. 14 is on one of the extensive, high plateaus of the world. 
Stations Nos. 15 and 16 are both in the Alps, in the midst of some of the most rugged 

topography in the world. From among the many gravity stations available in the Alps these 
two were chosen as extremes. Gornergrat, No. 15, is one of the highest available stations, 
standing on a prominent summit. St. Maurice, No. 16, on the other hand, is near the bottom 
of a very deep valley and is, therefore, far below the general level of the surrounding country. 

The 16 stations bear widely differing relations to the topography surrounding them. 
At these 16 widely scattered stations, located in various relations to the topography, the 

anomalics by the new method of computation are much smaller on an average than by either 
of the older methods of reduction, just as was found to be the case for the 89 stations in the 
United States. I n  consequence of this it seems to the writers that it is safo t o  extend the con- 
clusions drawn for the United States to tho whole world. The writela are, therefore, confident 
that  if the new method of reduction is applied to a considerable number of stations in any 
part of the world, i t  will show apparent anomalies which are smaller than those computed by 
either of the two older methods and thoreby show that as a rule, the world over, it is a close 
approximation to the truth to state that  the isostatic compensation is completo and uniformly 
distributed to a depth of about 114 kilometers. 

The following table shows some of the details of the computations a t  the 16 stations out- 
side the United States. The table is directly comparable with the one printed on pages 54-58, 
and tho explanation given for that  table applies to this one as well. The values in the tables 
are all expressed in units 'of the fourth decimal place in dynes. 
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Note that for the ocean stations, Nos. 1 to 7, there is in each case but one change of sign 
as successive zones are considered, namely, tho change of sign due to distance. The water 
compartments predominate in their effects in every zone. 

At station No. 1, over a deep part of the ocean where the bottom is nearly level to a great 
distance from the station, the positive corrections beyond the change of sign due to distance 
have nearly the same aggregate as the negative corrections before the change of sign, and, 
therefore, the total correction for topography and compensation is small. At stations Nos. 2 
and 3, near the Tonga Deep, this balance of positive and negative corrections is slightly dis- 
turbed in one sense-the positive correction predominates; and at stations Nos. 4 and 5, over 
the Tonga Deep, the balance is greatly disturbed in the opposite sense, the negative corrections 
being largely in excess. These are probably typical cases. 

Note that stations Nos. 6 to 9 constitute a progressive series of four in relation to topogra- 
phy. No. 6 is over deep water near an oceanic island, No. 7 over water of moderate depth 
nearer to the oceanic island, No. 8 near sea level on the coast'of a high oceanic island, and No. 9 
on a high summit of such an island. Note that the corrections for topography and compensa- 
tion stand in order, namely, +0.019, +0.078, +0.162, and +0.469. A comparison of values 
for corresponding zones in the preceding table for these four stations will indicate the manner 
in which the positive corrections gradually gain predominance as the station is made to approach 
from deep water to the summit of an oceanic island. While making this comparison i t  will bo 
well to consult pages 65-71 in regard to the change of sign due to distance. 

Stations Nos. 11 and 12 are like station No. 8 in being near sea level on the shore of an 
oceanic island surrounded by deep water. Note the resemblance between these three stations 
as to the correction for separate zones. In  each case the sum of the corrections out to zone L 
is small, but beyond that large positive corrections appear and the total correction for each 
station is positive and large, corresponding to the known fact that large values of gravity are 
ordinarily observed in such a locntion. 

Station No. 13 is remarkablo for having unusually s m d  corrections in every zone-all 
positive. 

Station No. 14 shows a succession of values characteristic of stations on a high plateau 
far from any ocean. The large positive corrections for near zones are more than offset by still 
larger and more numerous negative corrections beyond the change of sign due to distance, 
which occurs at zone J, and the total correction is, therefore, large and negative. The very 
large negative values in zones K to 0 are due to the fact that the high plateau extends far 
enough from the station to fill these zones. The negative corrections are numerous because, 
the station being far from the nearest ocean, the water effects do not predominate and positive 
corrections do not appear again until a very large zone is reached, namely, No. 6, of which the 
inner radius is 2900 kilometers. 

A comparison in detail of the corrections for separate zones at  stations Nos. 15 and 16 
will show why the corrections for topography and compensation tend to bo lnrge and positive 
for a station above tho general lovel in a mountainous country and negntivo for a station far 
below the general lovel in the same region. Note that the positive corrections for small zones 
are much smaller at station No. 16 at the bottom of ono of the deep valleys than at station 
No. 15 on a high summit df the Alps, and that the change of sign due to distance occurs before 
zone G at No. 16 and after zone J at No. 15. These two differences between the two stations 
are due largely to the effect of corrections due to the differences of elevation of the station and 
the zone ("station below compartment" and "station above compartment") shown in the 
reduction tables on pages 30-43. Consult especially the reduction table for zone G on pago 35 in 
connection with the correction for zone G at these two stations. It will also be noted that for 
the same reason the negative corrections, beyond the change of sign due to distance and before 
the water effects begin to predominate, are larger for corresponding zones at  station No. 16 as 
a rule. This is especially fioticeable for zones K, L, If, and N. 



EFFECT OF TOPOGRAPHY AND ISOST.4TIC COMPENSATION ON GRAVITY. 

DISCUSSION OF ERRORS. 

As the methods of computation used in t l i s  investigation are novel in many respects, it 
is important to consider the accuracy of each part of the process. As it has been stated that 
the desirability of selecting such methods as would give the required results with the minimum 
expenditure of time has been continually kept in mind, it may seem probable that this close 
attention to the economics of the problem has diverted attention from the requirements of the 
problem as to accuracy. 

Throughout the investigation very close attention has been paid at  every step to insuring 
the maintenance of the required degree of accuracy. It is not feasible within the allowed 
limit of length of t l i s  publication, and without printing all the details of the computation, to put 
before the reader all the evidence which has been considered by the writers in estimating the 
magnitude of errors from various sources. The discussion of errors which follows serves, 
however, to show in a general way the methods by which the estimates of error were made 
and to put the estimates on record for future reference and for reexamination by othels. 

Let i t  be assumed for the moment that the purpose of the present investigation is to 
compute the value of gravity a t  oach observnti.on station by taking adequately into account 
the effect of every portion of the earth's mass in producing an attraction at  the station. I n  
order to accomplish t l i s  the computation must take into account adequately all the facts as to 
the shape of the earth's surface (its topography) and all the facts as to density a t  all points 
within the earth. These two sets of facts serve to locate with reference to the station every 
portion of the attracting rnass. 

If this be considered the true purpose of the investigation, the real measures of the total 
errors made in the attempt are the residuals of the attempt, namely, the apparent anomalies 
by the new method sho\vn in the table on page 74. Each anonlaly is the diiference between 
the computed value of the attraction upon a unit mass (1 gram) at  the station and the directly 
observed value of that attraction. The degree of accuracy attained may be exl>ressed by 
saying that the largest anomaly is -0.095 dyne (at stations Nos. 53 and 56, Seattle, Wash.), 
that  the mem anomaly without regard to sign is 0.017 (p. 76), and that as computed from 
these anomalies considered as errors the probable error of the result at  a single station is f 0.014 
(p. 75).* , 

The total error, as defined above, the apparent anomnly n t  cnch station, is the aggregate of 
errors of three different classes. The first class comprises the errors in the observed value of 
the attraction a t  the slation. The second class includes all errors in the computed values of 
the attraction a t  the station. Among these are errors due to numericd inaccuracy in the 
computations, due to errors of approximation in the formula used, and errors due to the faults 
and incompletenes~ of the maps which were used. The third clnss includes such errors as ure 
due to the difference between the actual arrangement of density in the earth an4 the arrange- 
ment which has been assumed. Thc assumed distribution of densities is that fixed by the 
statement that under every p t~ r t  of the earth's surface the isostatic compensation is complete 
and uniformly clistributed with respect to depth clown to a limiting depth of 113.7 kilometers 
(P. 10). 

The purpose of t l i s  discussion is to give the rcuder un estimate of the probable average 
magnitude of the errors of the first and second dasses and t,o compare this with the t o td  error 
as expresssd by the anomalies, thereby securing an estimate of the magnitude of the errors of 
the third class. From tllis point of view the errors of the third class are the portions of tho 
apparent anomdies which may not be accounted for as due to errors of the first or second 
Class. The smaller the errors of this third class are found to be tho niore nearly tho assumed 
distribution of densities agrees with the actual. Tho errors of this class furnish a good basis 
for further investigation as to the actual distribution of densities in the earth. 

- - - -- -- - - 
* Thh mcan and probnble error nro based upon the anomllw at 8istnt i01~ in tho United Stctos, the two stetl0nS Nos. 53 and 60, at Seattle, 

Wash., belng rejected. 
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ERRORS OF OBSERVATION. 

The half-second pendulums, described in Appendix 15, Coast and Geodetic Survey Report 
for 1891, were used in the relative determination of gravity a t  each of the 89 stations in the 
United States used in this investigation. The observations were made during seasons of less 
than 6 months each, and the pendulums were standardized a t  the bme station (in the basement 
of tho ofice of thecoast and Geodetic Survey a t  Washington) both beforo and after each season. 
Three pendulums constituted a set, each pendulum being swung through a t  least two periods 
of approximately eight hours each in determining the intensity of gravity at  a station or 
while obtaining the periods of the pendulums at the base stations. The necessary time observa- 
tions were mado with a portable astronomical transit set up in the vicinity of the gravity station. 
The apparatus was used during standardizations in tho same inanner as in the field. 

The following table shows tho magnitude of the probablo errors of the relative intensity of 
gravity a t  85 of the stations in the Lrnited States used in this investigation. Tho stations for 
which no probnblo errors were computed are the base stations, the Smithsonian Institution, 
Washington, D, C. ,  Baltimore, and Seattlo University. 

Tlle probable errors shown above are thoso duo to the accidental errors made a t  the stations 
in the field. Let it be assumed that the accideptnl errors in obtaining the mean periods a t  Wash- 
ington from the standardizations of tho pendulums are approximately equal to the probable 
errors in the field means. Then the total probable error for a station may be considered as a 
combination of the probable error of the standardizntion and the probable error of the field 
station. On this assumption the maximum probable error is k0.004, and the average probable 
error is f 0.0018 for tho mean result a t  any station. Tho actual error is probably a t  no station 
more than four times the average probable error, or 0.0072 dyno, and the average actual error is 
much lower than that. It is believed that tho assumption stated above tends to give estimates 
which are too largo rather than too small. 

The following special statement is necessary for the sevon stations, Ely, Pembina, hlitchell 
Lake Placid, Potsdam, Wilson, and Alpena. Upon tho return of the gravity party to the base 
station, in November, 1909, after having observed a t  these stations, i t  was found that tho' period 
of each of the three pendulums used during the season had considerably shortened. After having 
made two complete determinations of the periods a very thin film of foreign substance was dis- 
covered on the supporting plane of each of the three pendulums. Upon the removal of this 
substance the pendulums resumed their former periods. In  addition to tho stations mentioned 
above, North Hero and Iron River wero occupied wllile the pendulums were probably affected 
by the foreign substance on the planes. These two stations u7ero reoccupied during a subsequent 
season, and the values obtained for the intensity of gravity agreed closely with thoso obtuincd 
during the first occupation of those stations, provided it was assumed that the foreign substance 
affected the periods of tho pendulums to the same extent a t  those stations as during tlle f m t  
determination of tho periods at  Washington in November. North Hero and Iron River were 
considered as base stations in determining the value of the intensity of gravity a t  Lake Placid, 
Potsdnm, PITiIson, and Alpena, which stations had been occupied aftcr Korth Hero and before 
Iron River. Iron River and Washington were considered as base stations for Ely, Pembinu, nnd 
Mitchell, these three stations having been occupied after Iron River and just before tl;e.return to 
Washington after tho close of the season. The intensity of gravity used for Xorth I-Iero and Iron 
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River was that determined during the reoccupation of those stations in 191 0, and the value of the 
period a t  the base station was that determined by the first standardization after the close of the 
season in 1909. 

The periods for the first and second occupation of North Hero differed by 0.0000057 second, 
while a t  Iron River they differed by 0.0000042 second, and a t  the base station the difference 
between the period given by the first standardization in November, 1909, and the mean period 
of the two standardizations in May and October, 1910, was 0.0000033 second. This seems 
to indicate that the effect of the foreign substance on the periods a t  the stations between North 
Hero and the base station gradually decreased during the season between July and November, 
1909. If the error in the adopted mean period a t  any of these stations is as much as 0.000 002 5 
second, then the error in the value of the intensity of gravity a t  the stations from this cause 
is 0.010 dyne. If a similar error was made a t  one of the base stations (North Hero, Iron River, 
or Washington), the error due to this cause is 0.005 dyne. Hence, i t  is possible that there may 
be errors as great as 0.015 dyne in the adopted values of the intensity of gravity a t  the 
stations.Lake Placid, Potsdam, Wilson, Alpena, Ely, Pembina, and Mitchell. It is believed, 
however, that the actual error for each of those stations from all causes is less than 0.010 dyne. 

In  general the pendulums show approximately the same period a t  the base station in Wash- 
ington during successive standardizations. There is given below a table showing the mean 
period of the three pendulums forming the "A" set for the base station: 

Date 01 stand- Perlod In 
ardlzadon seconds 

- - - .. -- 
Jan., 1909 0.500 707 6 
June, 1909 .500 707 7 
Dec., 1909 .500 706 4 
May, 1910 .500 705 7 
Oct., 1910 .500 707 0 

Mean . .500 706 9 

.. 
It was assumed in each case that the pendulums were in normal condition. The values 

obtained a t  the bnse stations in November, 1909, were not included in this table, on account of 
the presence of foreign substance on the planes in the heads of the pendulums during those 
standardizations. For the gravity work done during the years 1909 and 1910, the period 
adopted for the base station reducing a season's work (except the season between July and 
November, 1909) was the mean of the periods obtained a t  the beginning and a t  the end of the 
season. 

ERRORS OF COMPUTATION. 

The first step in computing the attraction a t  a station was to compute by the Helmert 
formula of 1901 the attraction r,, a t  a point on an ideal earth a t  sea level in the same latitude as 
the actual station. The ideal earth referred to is one having the same size and shape as the 
ellipsoid of revolution which most nearly coincides with the sea-level surface of the real earth, 
and having no topography and no variations in density a t  any given depth below the surface. 
(See p. 12.) 

The Helmert formula of 1901 is based upon many gravity determinations widely distributed 
over the earth's surface, and in consequence probably gives a close approximation to the desired 
values. The available indiiect evidence gives strong support to the belief that this formula, in 
which the constants are computed from gravity observations, is of a very high degree of accuracy. 
For example, the values of the flattening of the earth, as computed by this formula and as com- 
puted from geodetic observations in the United States, are of about the same degree of accuracy 
and agree closely. The value of the reciprocal of the flattening derived from the Helmert 
formula of 1901 is 298.3f 0.7, and from geodetic observations in the United States is 297.0&0.5.* 

- 
*Supplementary Inveatlgatlon In 1- of the Flgure of the Earth and laoatnay, p. 00. 
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This is a confirmation, by independent obsepations of a different kind from those on which the 
formula is based, of the accuracy of the second constant in the Helmert formula. 

But, on the other hand, the Helmert formula of 1901 is based upon selected coast and 
inland stations. The present investigation indicates that even at these carefully selected 
stations there is probably small systematic error due to the failure, by the methods of reduction 
used in connection with the derivation of the Helmert formula, to take account properly of 
tlie effects of the topography and its isostatic compensation. A correction (0.007) serving to 
eliminate this systematic error as completely as is possible a t  present, has been derived from 
the observations in tho United States and applied to the first constant in the Helmert formula 
of 1901. (See p. 75.) I t  is believed that the I3elmert formula of 1901 so corrected is a true 
representation within less tlian 0.003 dyne on an average of the attraction a t  sea lovel on the 
ideal earth, if tlie fornlula is limited in application to the range of latitudes occurring in the 
United States. 

The correction for elevation (p. 13)) the next step in the computation, is of such a nature 
that i t  is reasonably certain that the errors made in computing it are very small, usually not 
more than 0.001 dyne. An error of 3 meters in the elevation makes but 0.001 dyne error in 
the computed correction. For the gravity stations in the United States tho elevations are 
known as a rule within 3 meters and at very few if any of tlie station8 is the error in elevation 
more than 15 meters. 

The value of tho gravitntion constant (k) adopted in this investigation is 6673 (10-11), 
and it is estimated that the probable error of this adopted vnlue is one part in 1330. (See 
p. 14.) This constant enters directly as a faotor into each formula for computing the correction 
for topography and isostatic compensation. (See formula: (lo), (15), (16), (17), and (18), 
pp. 15-17.) Hence, tlie probableerror of one part in 1330 in the gravitation constant produces an 
error of the same proportional part in each computed correction for topography and compensation. 
The largest of these corrections (see p. 74) is only 0.187 for station KO. 43, Pikes Peak. Even 
for this case the probable error in the correction due to error in the gravitation co~istant is only 
0.0001 dyne (0.187/1330), and is therefore negligible in connection wit11 tho present investigation. 

Similarly, any error in the assumed mean surface density of the eartli will produce an 
error of the same proportional part in the computed correction for topography and compensa- 
tion corresponding to each land compartment. The mean surface density has been assumed 
to be 2.67 in this investigation. I t  is rensonably certain that the mean density of the whole 
of that portion of tho earth which lies above sea lovel does not differ from this by as much as 
one-twentieth part.* At Pikes Peak, station No. 43, the sum of tlie corrections for all land 
compartments is probably gronter than for any other one of the 80 stations in the United States 
used in this investigation. At this station this sum is about +0.180 dyn0.t An errorof one- 
twentietli part in tllis would be only 0.009 dyne. An inspection of the tables on pages 54-58 
indicates that as a rulo tlie sum of the corroctiqns for land compartments for stations in the 
United States is less tllan 0.020 and an error of onetwentieth part would, therefore, ordinarily 
be loss than 0.001 d p e .  

In  general tlie density of sedimentary rocks tends to be less tlian 2.67, not unfrequently 
as much as one-tenth part less.$ On the other hand, igneous rocks and rocks which have been 
buried to a great depth tend to be of density greater than 267. These local departures of the 
densities from tlie assumed mean, 2.67, produce errors of the third class, which have been 
defined as errors due to tho diil'erence between the nctual arrangement of densities in the earth 
and the assumed arrangement. These effects of locnl dopartura of density from the mean 
are a part of the anomaly at the station rather than errors in determining tlie anomaly. Hence, 
the discussion of them will bo taken up later as a part of tlie discussion of the meming of the 
anomalies. 

The adopted d u e  of the mean aurface denaity of the earth, 2.87, and thls estimateof its uncertainty are based largely upon the information 
glven in The Solar Parallax and It8 Related Constants, by Wllllam Harkneas, Washington, Government Printing Ollloe, 1881, pp. 81-92. 

t The sum in o.1sa for zones A to 10 at thls station. (Sea p. (18.) Zone 8 la the neareet mne contslning any oceanlo wmpartmenta. 
For example, consult the estlmn+s of denslty of rocks In the vlclnity of 10 of the gravlty etntions here treated as glven on p. 6301 Appendlx I 

of the Coaat nnd Geodetic Survey Report for 1884, "Relative determlnatlom of gravity with hall-second penduluma and other pendulum o b m e -  
tlona," by O. R. Putnam and Q. K. Gilbert. 
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On page 15 attention is cnlled to the fact that i r ~  deriving the formulze by which all compu- 
tations for distant zones have been made the earth is treated ns a sphere with a rtrdius of 
637 000 000 centimeters, although i t  is nctunlly a spheroid. 

In zones M, N, and 0 errors due to this approximation are evidently negligible for, as 
shown on page 22 and in the reduction tables for those zones, pages 41-43 (consult tho column 
headed "Station a t  same elevation as compartment"), if all of the curvature were neglected 
and the earth's surface treated as a plane, the error introduced would be only 0.0001 dyne in 
any one compartment of these zones. The curvnture of the actual spheroid in any azimuth 
within the limits of the United States differs by loss tlian one five-hundredth part from that of 
the assumed sphere and, therefore, tlie error for any compartment due to tho cause under 
discussion must necessarily be much less thnn 11500 of 0.0001 dyne in zones M, N, and 0. The 
errors must be still smaller for near zones. 

For moro distant zones a general considerution of the geometric relations, shown in illus- 
tration No. 15, page 67, indicates that the error is probably considernbly greater. Without a 
detailed investigation the three following considerations seem to tlie writers sufiicient to assure 
one that the total error due to this cause is probably less than 0.001 dyne a t  every station. 
First, the total correction for topography and isostatic compensation beyond zone 0 is less 
than -0.060 dyne a t  every onc of the 89 stations. Second, the actual radius of the earth 
varies Erom 6357 kilometers a t  the pole to 6378 kilometers at  tlio equutor; that is, from 13 kilo- 
meters less (11490 part) to 8 kilometers greater (11800 part) than the assumed radius. These 
dxerences may be considered as maximum vertical displacements of muterial in very distant 
zones from its assumed position. The displacements are smnll in comparison with the distance 
to tho zone in these cases. Third, on the actual spheroid the radii in various azimuths from 
the station are different. For example, for a station in the central portion of the United States 
in latitude 39' the radius of curvature in the meridian is 6361 kilometers, 9 kilometors less (one 
part in 710) than the assumed value, 6370 kilometers, and in tlie prime vcrticnl s t  tliis same 
station the radius of curvature is 6387 kilometers, 17 kilometers grenter (one part in 370) tlian 
the assumed value. Hence, in each zone the errors of tlie kind undor considerntion tend to be 
compensating to n considerable axtent, some parts of tlie zone lying farther from tlie center of 
the earth than the assumed curvature places them and other parts of the same zone, lying in 
different azimuths, being nearer to the center than the assumed curvature would place them. 

Assuming for the moment that the elevations and depths shown on the maps and charts 
used are correct, the errors made by tlie computer in estimating the mean elevation or mean 
depth within each compartment did not, as a rule, produce any error even in the fourth decimal 
place in dynes. In  zone A nn error of a t  least 5 feet in estimated elevation is necessary in order 
to make an error of 0.0001 dyne in the computed correction even if the elevation of the station 
is less than 10 feet. In  this zone if the station has an elovation greater tlian 10 foot, tlie cor- 
rection is 0.0002 dyne in every case. In zone F i t  takes an orror of 200 feet or more in the 
estimated elevation to produce an error of 0.0001 dyne in the computed correction; in zone M 
500 feet or moro; in zones 18 to 14,100 feet; and in zones beyond 14,1000 feot or more. (Consult 
the reduction tables, pp. 30-47.) In  many cases the total range of elevation within a compart- 
ment, as shown by the mnp, is less than that necessnry to produce a change of 0.0001 dyne in the 
correction taken from the reduction table. In these cases no error in tlie correction arose from 
the estimation of tlie mean elevation. Still more frequently the range of olevation within the 
compartment is not more than threo or four times that necessary to produce a change of 0.0001 
dyne. It is probable that in such cases the estimate of mean elevation was rarely in error by 
more than the quantity corresponding to 0.0001 dyno. For perliaps one-tenth of all the com- 
partments the computer found so large a range of elevations slio\vn on tlie map that his estimate 
of mean elevations was necessarily made with considerable care and attention to the details of 
the contour lines, and even tlien tlle correction taken from the reduction table may be in error 
by two or more units in tho fourth decimal place. It is believed that the aggregate of such 
errors for a station is seldom grenter than 0.001 dyno. For, as indicated above, difIiculties were 
encountered in making tlie estimate of the moan elevation with sufficient accuracy at only a 
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small percentage of the compartments; the errors so made tend to be in the accidental class; 
the difficulties were obvious to the computer and he, therefore, exercised unusual care in the 
extraordinary cases, even to the oxtent of subdividing the compartments and making a separate 
estimate for each subcompartment; and fmally for each station a second computer inspected 
the computation made by tho first and mado a second estimate covering some of the compartr 
ments in which there were obvious dificulties in making a suificiently accurate estimate. For 
compartments for which two estimates were made the meaii of the two was used, unless they 
differed so much as to lead to detection of an error in one or the other. 

In  muking the computations for topography and isostatic compensation, the elevations of 
compartments were read from the maps without making any allowance for the fact that glaciers 
have a much lower density than the land. A computation was made to show the effect upon 
the intensity of 'gravity at  station Gornergrat of the defect of density of the glacial ice in its 
vicinity in comparison with solid earth of the assumed density, 2.67. An inspection of the 
maps of this region showed that 37 of the 102 compartments in the zones E to K were over 
ice, and the shapes of the clear portions of tho valleys indicated that the average thickness of 
this ice in the several compartments varies from a few feet to more than 600 feet. The'presence 
of ice in the zones closer to the station than zone E and farther from tlie station than zone K 
was believed not to affect tho intensity of gravity &t the station. 

An average density of unity was assumed for the glacial materinl in making this computa- 
tion. This is believed to be near the truth, for the heavy materinl carried by the glacier (sand 
and gravel) is probably approximately balanced by cavities rtnd the lightness of the clear ice 
in comparison with water. This makes a defect of density of approsimately 1.67 in portions 
of the topography of certain compartments. This should make a minus correction to the 
computed effect of the topography and a plus correction to the effect of the isostatic compen- 
sation. The largest correction found for any one compartnlent due to this lack of density was 
0.0004 dyne, whilo the averngc correction for a compartment was less than 0.0001 dyne. In  
the near zones the effect of ignoring the lack of density in the glacier made the computed value 
of gravity too great, while, owing to the change of sign with distance from tho station (see pp. 
65-70), the effect of such neglect in the more distant zo~les was to decrease the computed value 
of gravity. The total result for station Gornergrnt was to make the computed value of gravity 
too great by 0.0006 dyne, a negligible quantity. I t  is probable that tho oifcct on the intensity 
of gravity of assuming glacial ice to have a density of 2.67 in the conlputntions of the effect 
of topography and isostatic compensation upon the intensity of gravity has not caused an 
error of more than 0.0010 dyne at any one of the stations treated in this investigation. 

In  using the mean elevation within a compartment as the argument in entering the reduc- 
tion tables on pages 30-47, i t  is tacitly assumed that the influence of a unit of area of a given 
elevation is the same wherever i t  is located in the compartment. This is only approsimately 
true. For example, in zone 13 (limiting radii 3' 03' 05" and 4' 19' 13") ElL is 5000 a t  tlie 
outer edge of the zone and 13 600 at the inner edge. (See p. 25.) The influence of a unit of 
area of a given elevation on the outer edge of the zone is, therefore, 5000/13600 - 0.37 as great 
as on the innor edge. If, therefore, in this zone the elevations nearer the outer edge in one com- 
partment happen to be much greater than elevations nearer tho inner edge, the correction 
taken from the table by 'using the mean elevation as an argument will be too large. Similarly, 
if tlle slope in the compnrtmont happens to be downward from the inner edge toward the outer 
edge the correction taken from the table will be too small. 

When the arbitrary selection of radii of zones and of number of compartnlents in each 
zone was being made the danger of errors from tllis source wus kept constantly in mind (see p. 
18)) and each compartment was made so small that tlie estimated errors due to this cause in 
any compartment would ordinarily be less than 0.0002 dyne. The details of the manner in 
which this es t iwte  was made can not be conveniently shown here. Evidently the narrower 
tho zone is made the smaller the error from this cause, both because En will be more nearly 
the same on tho two edges of the zone and because the difference between the average elevation 
of the near topography and of the distant topogrepliy in each of tho compartments of a zone 
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tends to be small. Similarly, after the width of the zone is fixed, the smaller the compartments 
are made within the zone the smaller will be the error, for the less will be the range of elevations 
included within the compartment and the larger will be the change of elevation corresponding 
to an effect of 0.0001 dyne. The values of ER were before the investigator for all outer zones 
a t  the time each decision was made. For inner zones for which formula 18, page 17, was used, 
an indirect method of obtaining the equivalent of the change in ER was utilized. The investi- 
gator also had before him the experience and data obtained in connection with the previous 
investigation of the figure of the earth * which enabled him to estimate the maximum difference 
of elevation between the inner and outer edges of any given compartment which would probably 
be found a t  any station. 

Errors due to this cause will evidently be of the accidental class, since in some zones a 
downward slope toward the station will produce an error of one sign and in others the reverse dope 
will produce an error of the opposite sign. In  the 317 compartments concerned in the compu- 
tation a t  a given station there will be but few compartments, sometimes none, in which this 
error is as great as 0.0001 dyne, and errors of both signs will probably occur among these few. 
It is believed that the aggregate error due to this cause a t  a station seldom exceeds 0.0005 dyne. 

The errors due to the faults and incompleteness of the maps and charts used are believed 
to be very small as a rule. The aggregate -error for all numbered zones is probably seldom, 
if ever, greater than 0.002 dyne. For the lettered zones, zones which lie near the station, the 
aggregate error in some cuses may be two or three times this limit. The reduction tables (pp. 
30-47) show that for the nearer lettered zones the elevations must be known with greater accuracy 
in general than for the more distant numbered zones, and since the compartments are small 
in the lettered zones i t  is necessary to know the details of the topography. The magnitude of 
the aggregate error a t  a given station, due to faults and incompleteness of maps and charts, 
therefore, depends principally upon the accuracy of the maps and charts covering the region 
close to the station rather than that of those covering distant regi0ns.t 

Some errors are made in locating the compartment boundaries on the maps, due to 
unavoidable inaccuracy in constructing the templates, to inaccuracy in placing the templates 
on the maps, to special difficulties encountered in connection with the distortion of scale on 
Mercator charts, and to shrinkage and, therefore, error of scale of the maps and charts. With 
the templates and maps before one i t  is evident that the aggregate effect of these errors a t  a 
station is ordinarily negligible. In  general the effect of an error in locating a compartment 
boundary is simply to throw a small part of the area which belongs in one compartment into 
an adjoining compartment, where its influence on the computed correction is nearly the same 
as if i t  had been placed in its proper compartment. 

The methods followed in computing the reduction tables have been stated on pages 19-28. 
The precautions taken were such as to insure that no tabular value is in error by more than 0.0002 
dyne, and that in general the tabular values are correct to within 0.0001 dyne. The intervals 
between tabulated values have been so selected, with due regard to second differences, as to 
insure that the errors made in interpolating between them, using first differences only, shall 
ordinarily be less than 0.0001 dyne. 

How large are the errors introduced into the computed topographic effect on the intensity 
of gravity by the interpolation of values corresponding to outer zones? The complete com- 
putation was made for only six stations. Each new station to be computed was so chosen, 
if possible, as to lie within the triangle defined by the nearest three stations for which the 
computation had already been made, and near the center of said triangle. From these three 
surrounding stations the interpolation, if any, was made. 

The computation was commenced with the inner smaller zones and proceeded outward. 
The two rules used by the computers in deciding a t  what zone it was allowable to begin to 
accept the interpolated values and to accept them for all larger zones were, stated on page 
63, as follows: 

- 
* The Flgure of the Earth and Isostasy, eb., pp. 123-127. 
t For a more detailed statement of the conslderatlons upon whlah the Judgment arprensed in thla paragraph is founded, see The Figure of the 

Earth and Isostasy, etc., p. 1%. 



Rule 1 .-Commence to accept the interpolated values as final with the first zone for which 
such interpolation is allowable under rule 2, provided that i t  is beyond the zone containing 
the nearest of the three stations from which the interpolation is made. 

Rule %'.-Let 0.0005 dyne be the interpolation limit f o ~  any zone. Subject to rule 1 ,  
acceptance of the interpolation may begin with a given zone if each of the three zones next 
within i t  shows an agreement between the interpolated and computed values which is within 
the interpolation limit. 

Under rule 2, a t  any station the maximum error made by accepting interpolated values 
would be, in dynes, 0.0005 times the number of zones interpolated, if the error of interpolation 
I - C  (interpolated minus computed) always had the same sign. It wtrs believed, however, 
that the agreement between the interpolated and computed values (commencing with zones 
not smaller than those contemplated under rule 1) would tend strongly to be closer and closer 
for successive zones proceeding outward. It was also believed that there would be a strong 
tendency for the various differences between interpolated and computed values for several 
'z'ones such as are interpolated under the rules to include values having botll the plus and minus 
signs, and, therefore, for the errors in the accepted interpolation to tend to be eliminated from 
the final result for the station. 

The correctness of these beliefs is established by the results secured during tho progress 
of the.computations. From the results of the computations of 48 stations a comparison between 
the computed and interpolated values was secured a t  each station on from 2 to 10 zones. In 
81 per cent of the cases the average value, without regard to the sign of I -C (interpolated 
minus computed) was less for the outer ono-half of the zones on which both interpolation and 
computation was made a t  that station than for the inner half of such zones. Also in. 56 per 
cent of tho cuses there were found to be both plus and minus signs of the values of I -C  a t  
the station. 

These tests confirm the theory to such an extent that i t  is believed that the total error 
introduced into the computed effect of topography and compensation a t  a station by the 
acceptance of interpolated values is seldom greator than 0.0022 dyne and is, as a rule, not 
more than one-half that amount. In  addition to the evidence stated in the paragraph abovo, 
this estimate of 0.0022 dyne is based upon the fact that the averago difference between the 
computed and the interpolated values for the three zones (see rule 2) next within the one for 
which the interpolation is accepted, a t  any station, is in .general 0.0002 dyne or less. The 
average number of zones per station for which interpolated values were accepted is 11. If 
the error for each interpolated zone were 0.0002 and all were of the same sign, the error would 
be 0.0022 on an average. However, as the outer zones have more overlapping of areas, the 
interpolated and computed values for those zones should agree on an average more closely 
than these values for tlle three zones next preceding the zone a t  which interpolation begins, 
and as these errors are of the accidental class and not all of the same sign, there is a tendency 
for the errors of interpolation to be eliminated from the h a 1  result for the station. One may, 
therefore, conclude that the total error caused by accepting the interpolated values is so small 
as to  be negligible. 

The depth to which tlle isostatic compensation extends has been assumed to be fixed by 
a surface which lies 113.7 kilometers below sea level, but, as noted on page 10, in order to sim- 
plify and to facilitate the computations the depth of compensation bas in the computations 
really been reckoned from the solid surface of the earth, not from sea level. This computing 
device has, therefore, virtually displaced the isostatic compensation upward on land areas by 
a distance equal to the elevation of the surface of the area above sea level, and downward for 
ocean areas by a distance equal to the depth of the particular part of the ocean considered. 
For near zones this displacement of the compensation produces negligible effects because the 
total effect of the compensation is small (consult the reduction tables for zones A to I, pp. 30-37). 
For the very distant zones, 13 to 1, this displacement of tlle compensation produces effects which 
aro certainly negligible, since the reduction tables, pagos 45 and 46, show that there is no 
appreciablo correction for elevation in these zones. For intermediate zones J to 14 small appre- 



ciable effects are probably produced in some cases by the virtual displacement of the isostatic 
compensation introduced as a computing device. Though no special investigation of the 
aggregate of effects has been made i t  is believed to be small. In other words, the actual 
computation made on the supposition that tho depth of compensation is 113.7 kilometers 
measured from the solid surface, is believed to be practically in agreement as to numerical 
results with the computation which theoretically should have been made on the supposition 
that the depth of compensation is 113.7 kilometers measured from sea level. 

Within the great depth, 113.7 kilometers, to which isostatic compensntion extends there 
is probably a slight increase of density with increase of depth, clue to increased pressure. Xo 
account has been taken of this in the process of computation, as already noted on pago 7. I t  
may appear a t  first sight that this neglect introduces some error into the computed rosults, 
but it does not. The isostatic compensation as used in the computation is essentially an excess 
or defect of density referred to tho normal density for each level concerned within tile depth 
of compensation. It matters not in the computation of the effects of topography and iso- 
static compensation whether the normal relation of density to depth is such that tliero is no 
appreciable increase of density within the depth of compensation or whether there is consid- 
erable increase within that depth, for the excesses and defects of density constituting the 
isostatic compensation are referred to this normal law, not to a constant density for all depths. 
The point a t  which the relation of density to depth enters this investigation, though not explic- 
itly, is in the derivation of the I-Ielmert formula of 1901. Any actual change in tho distribu- 
tion of density with respect to depth would in general change the observed value of the intensity 
of gravity and would cause one or more of the constants of this formula to change. There- 
fore, the constants in this formula as derived from observations correspond to the actual relation 
between depth and density, though that relation is nof known. 

XATURE OIQPPARENT ANOMAIJIES. 

There have been discussed on the preceding pages the principal possible sources of error of 
the first and second classes, defined on page 86. Among these sources are the errors in the in- 
strumental determinations of gravity at  each station, errors in the corrected Helmert formula 
of 1901, errors in the corrections for elevation, errors in the adopted values of the gravitation 
constant and the mean surface density, the erroneous assumption in certain parts of the compu- 
tation that the sea-level surface is a sphere rather than a spheroid, errors in tho estimated mean 
elevations in the different compartments, errors due to variations of elevation within each com- 
partment, errors in the maps and charts ised, errors in locating compartment boundaries, errors 
of interpolation for outer zones, and errors in computing the reduction tables. Tho errors of each 
of these kinds are nearly or quite independent of the others, and follow different laws of distribu- 
tion. In  estimating the effects of all these errors at a station one must therefore consider them 
as accidental errors and that their combined effect is the square root of the sum of their squares 
rather than merely their sum. On this basis the writers estimate that the probable error of the 
computed anamaly a t  a station by the new method is about f 0.003 dyne on an average. In  
other words, the chances are even for and against tho proposition that the actual error in the 
computed anomaly at a station is greater than 0.003. 
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The basis for this estimate is in part indicated in the following table: 

Estimate of errors of t?~e$rst and second classes. 

Source of error 

Observations of grnvity 
Helmert formula of 1901, corrected 
Correction for elevation 
Gravitation constant 
Mean eurface densit 
Defecfs and ineompLteneea of maps ' 

Acceptance of interpolation 
From all other causes 

The square root of the 
squares, or tlie probable 
the final result subject to 
rate errors enumerated 

If the wliole anomaly be considered as an error, then the probable error for all stations due 
to all causes is f 0.014 (see p. 75), this probable error being computed from the 87 Apparent 
anomalies available in the United States after rejecting the two Seattle stations. I t  should be 
noted that this computation includes the third class of errors defined on pago 86, thosa due to 
the departures of the actual arrangement of densities beneath the surface from the arrangement 
which has been assumed. Tho magnitude of the errors of this third class, the real anomalies 
sought, may be estimated as that part of the total error computed, as indicated above, from the 
apparent anomalies, which is not accounted for by errors of the first and second classes, namely, 

J(0.014)'- (0.003)'= 20.0137. 
These two values, f 0.003 and f 0.0137, may be interpreted as follows: The second being 

about five times the first, the apparent anomalies shown on page 76 under the designation 
'LAn~mal ie~ ,  new method," are upon an average composed of one part errors of observation and 
computation to five parts actual anomaly at the station, due to tho departure of the actual 
arrangement of densities from the assumed arrangement. The quantities labeled "Anomalies, 
new method," are therefore a close approximation to the real anomnlies sought. They are a 
possible basis for further investigation ns to the actual distribution of density within the earth. 

T H E  METHOD NOT SUBJECT TO HIDDEN ERRORS. 

This discussion of errors would be seriously incomplete if it wTere closed without calling at- 
tention to certain characteristics of tlie computations on which this investigation is based which 
insure safety against certain classes of obscure but serious errors. 

The process of integration by the method of computing a large number of soparate valucs of 
the function (see pp. 23-27), which has been used in this investigation,is very clumsy and inele- 
gant, as seen from the mathematical point of view, but from the practical point of view of one 
who desires to solve the problem of computing the effect of all the topography of the world and 
of its isostatic compensatron upon the intensity of gravity nt a given station, it has a very differ- 
ent aspect. . From the latter point of view it appears that the method is sufficiently rapid to 
make its use permissible tlnd that it is clearly safo against errors, whereas tlie alternative mathe- 
matically elegant method is unsafe. 

As to tho rapidity of the method, it was found in practice that the necessary reduction tables 
for zones covering the whole earth were computed in the equivalent of about 800 hours of time 
for one computer. This seems to be a reasonable time when one considers the importance 
and daculty of the problem solved. Moreover, these tables made i t  possible to make the 
remaining portions of the computation very rapidly. They enabled the computor in 17 hours 
to compute the effect of all the topography of the world and its isostatic compensation upon 
the intensity of gravity at any given station on the earth's surface, and to be certain that the 
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errors of the computed result are confined within the very narrow limits indicated by the pre- 
ceding discussion of errors. This in turn furnishes a safe basis, and in the opinion of the writers 
the only safe basis yet available, for an accurate determination of the flattening of the earth 
from gravity observations; for any effective investigation of the theory of isostasy by means 
of gravity observations; for any investigation of the real meaning of the apparent anomalies 
of gravity, such, for example, as those on small oceanic islands; and in fact for any safe general 
conclurions from observations of the intensity of gravity on the earth's surface. 

The method used'in this investigation of obtaining the integrals of the expressions (9), (15), 
and (16), pages 14-16, by computing many numerical values, is safe against excessive or unseen 
errors because of the fact that tho computer has before him in these many numerical values a 
clear and definite means of knowing how large. are his errors of approximation. For example, 
when facing the actual problem of determining the mean value B, (see p. 23) with various com- 
puted values of E before him, there is little difficulty in deciding safely how many values of E 
to compute in order to be certain of a given degree of acduracy in the mean value. Various 
similar+ examples from this investigation might be cited. 

On the other hand, if the computer resorts to the more elegant method, from the mathe- 
matical point of view, and first transforms f o r m u l ~  (9), (Is), and (16) by simplification into 
forms which can be integrated by calculus, he is, while making the simplification, in grave danger 
of introducing errors of approximation which he believes to be small, but which are in reality 
large. The writers believe that in this particular problem this danger has not been escaped in 
the past. For example, the conclusion that it is not necessary to take distant topography into 
account, a conclusion which has been acted upon in many previous investigations, and which 
this investigation shows to be erroneous, has apparently been reached in the past by dealing 
with unsafe approximations in the literal or symbolic form. So, too, it seems to the writers that 
one can not overlook the necessity of takmg curvature very fully into account if one has the 
numerical values before him, but may easily overlook it if he is dealing with symbols and 
formulee only. 

Another characteristic of the method of computation used in this investigation, which is 
very important as a means of securing safety against unseen errors, is the fact thnt it deals with 
the actual irregular surfaco of ihe earth rather than with a geometrical surface which is assumed 
to fit the earth's surfnce in tile vicinity of the station. I t  is true that the irregular auklace 
actually used in the computation is made up of 317 level surfaces, one for each compartment 
of ench zone, the mean elevation in each compartment being the argument with which the 
reduction tables are entered. But the compartments near the station are so small that the 
surface upon which the computation is based is, in these zones, tt very close approximation to 
the actual irregular surfrtce. The one compartment of zone A is a circle w i ~ h  a 2-meter radius. 
Each of the four compartments of zone B has an aroa of less than 4000 square meters. The 
agreement between the n&umed surfnce and the fictual irregular surfnce of the earth is less 
close for the more distant topogrnphy, but there is still, even for the most distant zones, an 
approximation to the actual irregular surface. The precautions taken in fixing tbe size and 
shape of the separate compartments insure, in fact, that even for these distnnt zones the approx- 
imation to the actual irregular surface is sufficiently exact to keep the errors in the computed 
effects of topography and compensation well within the allownble limits. 

In  any computation of the effects of topography and compensation in which any part of 
the earth's surface is nssumed to conform to the geometrical surface, in which, for example, a 
mountain or an oceanic island is assumed 60 have a conical shape, or the distant topography 
is assumed to ke a plain of indefinite extent, i t  is desirable to consider witb extreme care how 
much error may be introduced into the computations by such assumptions, to consider care- 
fully what evidence the computer has that these errors are small in each separate case. Such 
errors once introdnc,ed into an investigation remain there regardless of the degree of mathe- 
matical elegance and precision which may be maintained thereafter. The writers believe that 
the more carefully this point is examined the more fully the adv~ntages of the methods of com- 
putation used in the present investigation will be appreciated. 
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EFFECTS OF TOPOGRAPHY AND COMPENSATION-WHY COMBINED. 

In  the investigation of the figuri of the earth nnd isostnsy by means of observed deflections 
of the vertical, the whole effect of the topograplly was first computed and later the effect of the 
isostatic compensation was oombined with it.* In tho present investigation, based on gravity 
determinations, the effects of topography and of compensation have been combined as early as 
was fensiblo in tho processos of deriving formulae and of computing. Thus, as indicated on 
pages 23 and 24, instead of computing the two effects separately for distant zones thoy were 
combiner1 in formula (20) and the resultant effect computed at once and tabulated in the reduc- 
tion tables on pages 44-47. So, too, for near zones the principal part of the reduction tables 
(pp. 30-43) refers to resultant effects, not to sepnrate effects. The only columns in these tablos 
sl~owing separate effects are columns 2 and 3, and these were not used in the regular com- 
putntions: 

IVhy wns this depurture made from the methods of the earlier investigation? 
This departure was decided upon immedintely after n proliminnry reconnoissanco of tlle 

problem. I t  then appeared probable that, for all zones except for those very near the station, 
the two opposing effects of topography and compensation would be nearly equal, and their dif- 
ference, therefore, much smaller than either one. Under tllese circumstances it appeared that 
to compute each of the opposing effects with sufficient nccurncy to secure tho required degree 
of accuracy in their differonce i t  would be necessary to secure several significant figures in tho 
computation. If tllis supposition were true, it would be necessary in making the separate 
computations, either to make t l~o  compartments of tho separate zones very small and numerous, 
and hence tho computation very slow, or, otherwise, if large compartments were used, i t  would 
bo necessary to make tlie estimate of moan elevation in eacll compartment with such a high 
degree of accuracy as to be both slow and difficult. On tho other hand, it appeared that in 
the direct computation of the resultant difference of effects, it would be necessary to use but 
two or three significant figures in the computation, that the compartments could be made large 
and therefore not vory numerous, and that only an approximate estimate of the mean elevation 
in each compartment would be required and could, therefore, be made quickly and easily. 
I t  seomed, therefore, that so much would bo gained in rapidity and oaso of computation by 
tho proposed departure from the earlier practice that these gains should outweigh all other 
considerations. 

Now, this investigation being complete, the writers have an opportunity to review tlie deci- 
sion in the light of accumulated facts and greater experience. In  that light it appears that 
the decision was wise for zones which are more than 26" from the station-zones 6 to 1 of the 
present investigation. For theso zones the differonce of the effect of the topography and the 
effect of the compensation is less than one-tenth of either; that is, EB is less than one-tenth of 
either ET or EC (p. 25). For nearer zones the difference, as a rule, is a much greater propor- 
tional part. Hence, for these nearer zones the gain in rapidity and ease made by dealing 
directly with the differonce of effects rather than with the separate effects was not great, and 
tllerefore the decision was not wise. Moreover, i t  appears now that if the separnte effects had 
been computed for theso nearer zones i t  would have given the investigator a clearer nnd more 
precise insight into tho problems involved. I t  would also have fncilitated studies of the reln- 
tion of the computed results to the assumption as to the depth of compensation and possibly 
to some other assumptions. 

If, therefore, an entire new investigation were being made tllo writers believe it would be 
wise to compute the two effects separately for zones A to 0 and 18 to 7, but the gain to be 
socured does not seem to be sufficiently great to warrant the revision of tho present investiga- 
tion and the remodeling of the reduction tables hero printed. 
-- - - - - -- - - - - - - -- . . - - - .- 

* The F l y r u  of the Earth and Isostasy from Measurernonu in tho Uultud Stntos pp. G8-73. 

15593'-12-7 
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REGIONAL VERSUS LOCAL DISTRIBUTION OF COMPENSATION.' 

The question whether each topographic feature is completely compensated for by a defect 
or excess of mass exactly equal in amount directly under it, or whether the topographic feature 
is compensated for by a defect or excess of mass distributed through a more extensive portion 
of the earth's crust than that which lies directly beneath it, is a very important one. The 
theory of local compensation postulates that the defect or excess of mass under any topogmplic 
feature is uniformly distributed in a column extending from the topographic feature to a depth 
of 113.7 kilometers below sea level. The theory of regional compensation postulates, on the 
other hand, that the individual topographic features are not compensated for locally, but. that 
compensation does exist for regions of considerable area considered as a whole. 

In  order to have local compensation there must be a lower effective rigidity in the earth's 
crust than under the theory of regional compensation only. In  the latter case there must be 
sufficient rigidity in the earth's crust to support individual features, such as Pikes Peak, for 
instance, but not rigidity enough to support the topography covering large areas. 

Certain computations ht-ive been made to ascertain which is more nearly correct, the 
assumption of local compensation or the assumption of regional compensation only. In  making 
such computations it is necessary to adopt limits for the areas within which compensation is 
to be considered complete. A reconnoissance showed that the distant topography and com- 
pensation need not be considered, for their effect would be practically the same for both kinds 
of dist4bution. As a result of this reconnoissance it was decided to make the test for three 
areas, the first extending from the station to the outer Limit of zone K (18.8 kilometers), the 
second from the station to the outer limit of zone M (58.8 kilometers), and the third, to the 
outer limit of zone 0 (166.7 kilometers). 

The computed effect of the topography in each compartment and zone is the same under 
the two methods. The effect of compensation is assumed to be the same for each compartment 
and zone which is beyond the limit of the area adopted for the test. The effect of compensation 
within that limit is computed for each compartment in 'the case of the theory of complete local 
compensation, while in the case of regional compensation only, it is obtained from one operation 
after the average elevation witlfin the area considered is known. 

The regular computations of the effect of topography and compensation had been completed 
at 56 stations in the United States, Nos. 1 to 56, inclusive, and at all of the stations not in the 
United States, used in this investigation, before it was planned to make computations based on 
the theory of regional compensation within limited areas. In  the regular computations for 
these stations the effect of topography and compensation for zones A to 0 was taken from the 
fourth column of the reduction tables (see pp. 30-43), and no record was made of the elevations 
of the several compartments as read from the maps. In  making the supplemental computations 
these tables were entered wit11 the previously computed values of the combined effect of the 
topography and compensation as arguments, and the approximate values of the elevations of 
the several compartments of zones A to 0 were taken from column 1 of the reduction tables, 
and the values of the effect of compensation taken from column 3. The supplementary com- 
putations were not made for all of the stations between Nos. 1 and 56 on account of the large 
amount of work involved. 

While making the computations of the effect of topography and compensation for stations 
Nos. 57 to 89 (except station No. 84)) a table was made for each station, giving the elevation 
of each compartment out to zone 0 as read from the map. With theso elevations the reduction 
tables were entered ant1 the effect of compensation was taken out separately from column 3. 
The total effect of compensation under the theory of local distribution was obtained for each 
of the areas considered by adding the values of the effect of compensation for tho several com- 
partments of each of the zones. The mean value of the elevation of each zone was obtained 
by taking the mean of the elevations of its several compartments, and the mean elevation of 

The lnvastlgatlon under thls hoadlng was made at the mggestlon of Mr. G. R. Putnam, of the Coaet and Geodetlo Survey. 
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each of tlie three areas considered (limited by zones K, M, and 0) was obtained by combining 
the elevations of the various zones, the elevation of each zone being given a weight equal to its 
percentage of tlle total area under consideration. 

Tho regionnl compensation for tlie totnl amount of topography in the aren considered was 
assumed to be uniformly distributed both vertically and horizontally throughout a column of 
depth 113.7 kilometers and of a cross section equal to  tho area of tho topography-that is, 
successively from the station to the outer limits of zones K, hl, and 0. Tlle effect of tho com- 
pensation upon the intensity of gravity a t  the station was computetl by formula (17), in wliich 
the several terms have tlie same significance as stated on pagc 17. 

The table following shows the comparison of the effects of local compensation and regional 
compensation for 41 stations in the Uniteci States and 4 stations not in tlie United States. 
I t  also sliows the anomalies by tlie first method 'and for 3 cases a t  each station by tho s e c o d  
method. Tile first column gives tho number and name of tho station. The second column 
gives the total correction for topography and compensation by the metliod of local compensa- 
tion. I n  the third column are shown the values of thc compensation for the topography 
included in the area extending from the station out to zone K, the compensation being assunled 
to be complete and local. I n  the fourth columli are given the values of the compensation for 
the topography within the same area, but with regional compensation only, wliich is assumed 
to be uniformly clistributed and complete, wvitllin the area limited by the outer circumference 
of zone K. 

Columns 5 and 8 are similar to  3 and 4, except that tho area considered extends from the 
station to  the outer limit of zone M. Tile same statement applies to columns 7 anci 8, except 
that  the area considered extends from tlie station to the outer limits of zonc 0. The ninth 
column contains the new-methocl anomalies, based upon coinplete local compensation, and the 
last three columns show the anomalies for the t l~rce cases under the theory of regiond coinpen- 
sation only. 
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1 See p. 74. Sc*p.91. 

, 

The mean, wvitllout regard to sign, of the anomalies by tho new method for the 41 stations 
in the United States shown in the above table is 0.017 dync. For the regional compensation 
the means, without segard'to sign, for the anomalies of the same stations are 0.017 dync, 0.017 
dyne, and 0.019 dyne, respectively, for tlie three cases of areas limited by zones K, M, and 0, 

The mean anomaly, without regard to sign, for these 41 stations in the United States is 
practically the same for the two methods of distribution of compensation. Tho mean, without 
regard to sign, for the regional compensation only, with zones K and M limiting the area, is 
the same as for the local compensation-that is, 0.017 dyne-while the mean, without regard to 
sign, for the regional compensation is 0.019 dyne for zone 0. 
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The means, without regard to sign, of the anomalies for the six stations, Nos. 54, 62, 65, 
66, 80, 81, on or near the coast, are as follows: Local compensation, 0.023 dyne; regional com- 
pensation to zones K, M, and 0, 0.023, 0.023, and 0.028 dyne, respectively. 

The means, without regard to sign, of the anomalies for the 14 stations, Xos. 57, 58, 59, 60, 
61, 73, 73, 74, 76, 77, 83, 87, 88, 89, which are in the interior of the United States and not in 
mountainous regions, are: Local compensation, 0.020 dyne; regional compensation to zones K, 
M, and 0 ,  0.020, 0.021, and 0.020 dyne, respectively. 

The means, without regard to sign, of the anomalies for the 21 stations, Nos. 43, 43, 44, 
45, 46, 48, 49, 55, 63, 64, 67, 68,69, 70, 71, 75, 78, 79, 82, 85, 86, in the above table, which are 
in the mountainous regions, are: Local compensation, 0.013 dyne; regional compensation to 
zones K, M, and 0, 0.013, 0.014, and 0.017 dyne, respectively. 

The means for the stations in the interior not in mountainous regions show that there are 
no differences of importance in the four mean anomalies. This is what one ~vould expect with 
no prominent topographic features near a station, the effect of the compensation being prac- 
tically the same whether the compensation is local or distributed uniformly over an area of 
greater extent. 

The results for the stations at  or near the coast and those in mountainous regions show 
that the mean, without regard to sign, is psactically the same for the nletllod of local distribu- 
tion and for regional distribution with zones K and M limiting the area considered. The mean 
anomaly for the method of regional distribution, with zonc 0 limiting the area in the case of 
stations on or near the coast, is 23 per cent larger than the anomaly of the method of local com- 
pensation. The mean anomaly for the mountaiil stations in the case of regional distribution 
to zone 0 is 31 per cent greater than the unomaly for the local compensation. 

If the separate anomalies in tho United States be compared, it is found that in 16 cases 
out of 41 the anomaly with local compensation assumed is smaller than with regional compen- 
sation assumed uniformly distributed to zone K (18.8 kilometers), and only 13 cases in which 
i t  is larger. Similarly, there are 20 cases out of 41 in which the anomaly with local compensa- 
tion is smaller than with regional compensation extending to zone M (58.8 kilometers), nnd only 
15 cases in which i t  is larger. There are 26 cases out of 41 in which the anomaly with local 
compensation assumed is smaller than with regional compensation assumed to extend to zono 
0 (166.7 kilometers), and only 12 cases in which i t  is larger. In  all other cases the two nnomaIies 
compared are identical to tlle last decimal place used, the third. 

The evidenco either for or against local compensation in conlparison wit11 such regional 
compensation distributed uniformly over these moderate distances is necessarily slight and 
possibly inconclusive. For, as shown in the table, the difference between computed effects of 
compensation in the two cases compared is very small upon an average. The whole evidenco 
is furnished by these very small differences, which are frequently less than the errors of obser- 
vation and computation. As shown by thc table, there is but one station among tho 41- 
namely, No. 43, Pikes Peak-at wLich the difference between the computed effect of local com- 
pensation and the computed effect of regional compensation uniformly distribukd to zono I< 
exceeds 0.004. Such a difference tends to become greater as thc distance over which tho 
regional compensation is supposed to bo unifol-mly distributed is increased, but columns 7 and 8 
of tlle table show that even when the regional compensation is assumed to extend to zone 0, 
a distance of 166.7 kilometers from tlle station, there is only one station among the 41-namely, 
station No. 54, San Francisco-at which the difference between tho computed effect of local 
compensation and the computed effect of regional compensation exceeds 0.017 dyne. 

Nevertheless the evidence, slight as i t  necessarily is, indicates tlmt the assumption of loctll 
compensation is nearer tlie truth than the assumption of regional compensation uniformly 
distributed to zonc K (18.8 ltilometers). The evidence is still stronger in the same direction 
when the comparison is made between local compensation and regional compensation extending 
uniformly to the greater distances, 58.8 and 166.7 kilomoters, represented by zones M and 0. 

It is possible tllnt the assumption of regional compensation only, extending uniformly to 
somo distance from the station less than 18.8 kilomoters, may bc netirer the truth tllun tho 
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assumption of local compensation. But i t  is evident that i t  would be exceedingly difEicult to 
test this supposition effectively by gravity observations, for the evidence available would neces- 
sarily consist in general of still smaller differences than the very small differences dealt with 
above in connection with the comparison of local compensation and regional co~~~pensation 
extending to zone K. I t  appears to the writers, therefore, that the large amount of labor 
necessary to extend this investigation to the remaining 48 stations in the United States, or to 
smaller assumed distances as limits for the assumed regional compensation, would not be justi- 
fied at  this time by the results, as the evidence secured would probably be inconclusive. At 
some future time, when more evidence is available from additional gravity stations, an exten- 
sion of the investigation may be advisable. 

The evidence shown a t  the bottom of the table from four stations not in the United States 
is conflicting and inconclusive. In  this connection one sllould consider the peculiar conditions 
a t  the two stations on the I-Iawaiian ~slands. These are islands which are evidently of volcanic 
origin and where the processes of vulcanism are still apparently active. 

I t  is stafRd above, in substance, to be tho belief of the writers that the evidence indicates, 
though i t  does not prove, that the assumption of local compensation is nearer the truth than 
the assumption of regional compensation only, distributed uniformly to a distance of 166.7 kilo- 
meters, or 58.8 kilometers, or even to the small distance 18.8 kilometers from the station. I t  
is also admitted as a possibility that an assumption of regional compensation only, distributed 
to some still smaller distance from the station, may be nearer the truth than the assumption 
of local compensation.' If the writers stopped their statement of the case here their real views 
might be misunderstood. I t  is hoped, therefore, that the following quotations from page 11 of 
this publication will prevent misunderstanding: 

"The authors do not believe that any one of these mumptions upon which the computations arc based is absolutely 
accurate." 

"It is especially improbable that the compeneation is complete under each separate small area, under each hill, 
each narrow valley, and each little depreesion in the sea bottom. I t  is exceedingly improbable, for example, that 
as each ton of material ia eroded from a land area, carried out of a river mouth, and deposited on the ocean bottom, 
the corresponding changw of isostatic compenaation occur a t  the same time under the eroded area and under the area 
of deposition a t  just such a rato as to keep the compensation complete under each. The authors believe that the 
mumptions upon which the computations are bmed are a cloee approximation to the truth." 

The following paragraph,* written before the investigation of this particular question by 
means of gravity observations was commenced, expresses the belief of tho writers of the 
present publication: 

"In the above statement that the separate topographic features of the continent are compenclated, it  is not intended 
to assert that every minute topographic feature, such, for example, as a hill covering a single square mile, is separately 
compensated. I t  is believed that the larger topographic features are compensated. I t  is an interesting and impor- 
tant problem for future study to dotermine the maximum size, in the horizorital sense, which a topographic feature 
may have and still not have beneath it  an approximation to complete isostatic compenaation. I t  is certain from the 
results of this investigation that the continent aa a whole is closely compensated and that a r w  as large as States are 
also closely compeneated. I t  is the writer's belief that each area aa large aa one degree square is generally largely 
compeusated. The writer predicts that future investigatio~ls will show that the maximum horizontal extent which 
a topogmphic feature may have and still escape compensation is between one square mile and one square degree. 
This prediction is based, in  part, upon n contideration of the mechanics of the problem." 

It seems clear to the writers that if tho area talien bo sufficiently small immediately sur- 
rounding a station, the assumption of regional compensation only, uniformly distributed over 
this area will be nearer tho truth than local compensation distributed strictly in accordance 
with the elevations within an area. I t  appears, however, from tho inconcIusive evidonce fur- 
nished by the gravity observations that the radius of this area is probabIy less than 18.8 kilo- 
meters, which radius is within the outer limit indicated in the preceding paragraph. It also 
appears that the gravity observations will probably not yield conclusivo ovidence as to which 
hypothesis is nearer tho truth for still smaller areas since the differences between the effects 
according to tho two hypotheses applied to thoso very small areas aro so minute as to bo very 
difficult td  observe. 

From p. 160 of The Flguro of tho Earth nnd Isostasy from h~edurements In the Unltod BlsW. 
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TEST OF DEPTH OF COMPENSATIOK. 

I n  this investigation, as stated on page 10, the isostatic compensation hm been assumed 
to be complete and uniformly distributod to the depth of 113.7 kilometers. This was the most 
probable value of the dopth of compensation available a t  tho time the investigation was com- 
monced. This dopth had boon obtained from investigations basod entirely upon observed 
deflections of the vertical in the United States. Later portions of those investigations have 
shown that the most probable value now available for the depth of compensation is 122 kilo- 
meters.* 

I t  is evidently desirable, before concluding the present investigation, to ascertain whether 
i t  is possible to determine the depth of compensation from the gravity obsorvations with as 
great accuracy as i t  has already boen determined from the observed dofloctions of the vertical, 
and whethor numerical corrections of importance would result from che,nging the nssumod 
depth from 113.7 to 122 kilometers. Accordingly, the approximate test here reported upon 
was made to settle these two questions. 

For tho assumed depth of compensation, 85.3 kilometers, the values of ER were computed 
for a few values of 0 ( 0  being the distance from the station oxpressed in angular measure) by 
the methods and formuls sot forth on pages 23 and 24. Each of these valuos was comparod with 
.the corresponding valuos, as shown on page 25, computod for the assumed depth of compensation, 
113.7 kilomotors. The comparisons indicated that the roduction in ER caused by changing 
the assumed dopth from 113.7 to 85.3 kilometers, if expressed as a percentage, varied but little 
from zone to zone among the numbered zones. Accordingly, a few computations only, made 
it possiblo to construct the part of the table shown below which refers to numbered zones. 

Similarly, the effect of compensation alone was computed for some of the lettered zones 
on the assumption that the dopth of compensation is 85.3. I t  appoared that the change of the 
assumed depth from 113.7 to 85.3 reduced the computed effect of compensation by amounts 
which, exprossed as a percentage, wore practically constant (at 33 per cent) from zones A to 
zone F, and boyond that point changed in a regular mannor, ns shown in the fist part of the 
tablo printed bolow. 

Percentuge of change in com ensation and in ER when the assumed depth of compensation is 
ellonged f r o m  115.7 to 85.5 kilometers. 

Ry use of this table the changes shown in the following table for 10 stations in the United 
States and 1 in the Hawaiian Islands were computed. I n  making the special investigations 
stated under the heading, "Regional vorsus local distribution of compensation," the effect of 

* Supplementary Invostlgatlon of tho Flgutu of the Earth, p. 77. 
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compensation alone for each lettered zone had already been computed for certain stations, 
including the 11 used in the present test. Hence, for these zones the required change, as shown 
below, was obtained a t  once by multiplying tho effect of compensation for a given zone by tho 
percentage shown in the procoding table for that zone. For each numbered zone a t  a station 
tho total correction for that zone, as shown in tho tables on pages 54-58 and 84, was multiplied 
by the percentage of reduction in En for the zone, as shown in the above table, the total 
correction for the zono being sensibly proportional to En. 

Changes in  computed correction for topography and compensation produced by changing t7~e 
assumed depth of compensatzon from 113.7 to 86.3 kilometers. 

[All tnbulnr values aro in units of tho fourth decimal place in dynes.] 

Grnnd 1 Pikes 6nn Ornnd Mount a L a  Lake Imn MWna 
' 

Zone PkTb2 Citnyon, Peak. Francisco, &zian Junction, Hamilton, City, Plncid, River, 
No. 69 No. 43 No. 54 No. 46 No. 55 No. 40 No. 80 No. 57 Islands 
----- -- 

A 0 0 ' ;  0 0 O i  0 0 0 0 0 0 
B 0 0 - 2  0 - 1  I 0 0 0 0 0 0 
C 0 - 2 0 - 3  1 - 1  - 1  0 - 1  0 0 
D 0 - 6 '  - 2  - 2  -2 - 2  0 0 
E 0 - 3 ,  - 8  0 - 8  - 5  - 3  -3 - 3  - 1  0 
I' O - 3 ,  -12 0 -13 - 7  - 3  -3 - 3  - 2  O 
G 0 - 5  1 - 1 3  0 -16 - 8  - 5  -4 - 5  - 4  0 
I3 0 - 8 ,  -18 0 -18 -10 - 7  -5 # - 7  - 2  0 
I 0 -15 ' -28 0 -30 -19 -13 -6 -13 - 6  

1 - 6  J -5 -18 1 -28 0 -23 -23 -15 -6 -17 - 7 - 5 
K -5 -29 -38 0 -30 -32 -26 -8 -25 -11 -10 
L -5 -34 -42 - 2  -26 -39 -36 -4 -32 -12 -10 
M -7 -50 U I  - 3  -15 -58 -56 -3 -49 -10 - 1 2  
N 0 0 - 1  0 0 - 1  - 1  0 - 1  0 0 
0 +7 +29 $40 -11 -37 $35 +38 0 +33 + 5  ! + G  
18 +2 +10 +12 - 4 -12 +ll +13 0 $11 
17 +2 +lo +12 - 4 -14 +11 +14 
16 +2 + 9 +I3 - 4 -16 4-12 +14 
15 +3 +10 +13 - 4 -17 +14 +14 0 $14 + 2 :  + l  
14 $3 +11 +13 - 4 -18 +14 $14 -2 +I4 + 2 I + 2 
13 +6 +19 +19- - 6 -36 $21 $23 -5 +25 + 3 I + 4 
12 +3 i +13 +12 - 6 -24 +11 +I3 -5 +15 + I i + 3 1 11 +3 + 6  $ 7  - 5  -20 + 8  + 8  -5 + 9  - 1  1 4 - 2  
10 $3 $ 1  + 4  - 3  -15 $ 2  $ 4  -4 $ 3  - 3  i + 2  
9 +2 - 1 0 - 2  - 9  I - 1  -2 - 1  - 2  I 0 

5 2 
4 
3 
2 
1 

ppp,p---.---- 

~otal.1 +5 1 -64 -124 1 -72 1 -432 / -80 1 -27 -81 -24 i -55 1 -28 
I -.. . . . . .- .... - -- - . ..- -- 

The total change shown for each station at the bottom of the above table is repeated to 
three decimal places in the third column of the following table. The vdues in the second 
column were obtained from the table on page 74. The values in the fourth column were 
obtained by combining those in the second and third columns. The values in the fifth 
column were obtained horn tho table on pago 76. The values in the last column were 
obtained by combining those in the third and fifth columns. 
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Xurn1)er nnti name of station topography and Effect ofchange topography and +0.007, dep% , +0.007, depth $,"FfiT;kz. d%%.fl?~. ~ $ ~ ~ ~ ' ~ ~  113.7 !an. 1 8.5.3 h. 

59. Pembina 
69. Grand Canyon 
43. Pikes Peak 
54. San Francisco 
70. Gallu 
46. ~ r a n f ~ u n c t i o n  
65. Mount IIamilton 
49. Salt Lake City 
86. Lake Placid 
57. Iron River 

Dynes 
-0.009 
- .096 + .187 + .045  + .014 - .051 + ,120  - .041 + .032 + .014  

Dynes 
$0.001 
- .006 
- .012  
- .007 
- .008 
- .003 
- .008  
- .002  
- .006 
- ,003  

Dynes 
-0.008 
- . 102 + . 175 + .038  + .006 
- .054 + . I 1 2  
- .044 
- .026 + . O l l  

Dynes 
+O. 016 
- .006 + .031  
- .018  
- .007 + .025  + .003  + .010  + .OlO + ,039  

Means without regard I 
to sign .016  

The maximum change at any ono station is only 0.012 dyne nnd tho mean of tho changes 
without regard to sign is only 0.006. These changes, tl~ough due to a large change in assumed 
depth of compensation, namely, from 113.7 to 85.3. are all smaller tlian the average anomaly 
without regard to sign, 0.017. (See p. 76.j 

A comparison of the anomalies in the last two columns shows very little advantage of 
either column over tlle other. The mean without regard to sign is 0.016 in each case. Five 
valuos in the last column arc larger and five smaller than tho corresponding values in the 
proceding column. The sum of the squares of the quantities in the last column is, however, 
0.003 981, which is larger than the corresponding sum 0.003 529 of the preceding column. 
This last tost furnishes a slight indication that the assumed deptli 113.7 is nearer the truth 
than 85.3. * 

On the whole, the figures indicate that the depth of compensation can not be determined 
from these 10 stations, and probably could not be determined from all of the 89 gravity stations 
available in tho United States, with an accuracy nearly as great as that with which it has 
already beon determined from the 765 deflections of the vertical observed in tho Unitcd States. 
ITence, it does not seem desirable to make the attempt. 

As the average effect of changing the assumed depth by 28.4 kilometers from 113.7 to 
85.3 was a change of only 0.006 dyno, it appears that a change of 8 kilometers in the assumed 
depth from 113.7, that used in this publication, to 122, the best value now available, would 
produce a cllango of less than 0.002 dyne in the computed anomalies on an average. Such 
changes are too smtlll to bo of importance in t110 present investigation. They would not affect 
any of the conclusions drawn. 

I t  should bo noted that the values in the third column in the nbovo table are a11 nega- 
tive save one; that is, a docrense in the assumed depth of compensation produces a negative 
change as a rule in the computed effect of topography and compensation and a positive change 
in tho computed anomaly. Hence, if the assumed depth wore changcd from 113.7 to tlio more 
probable vnlue, 122 kilometers, the general tendency would be to produce a negative change 
in tlie computed anomdies probably little more tlinn 0.001 dyno on an averago. 

As it appears from this approximate test that the deptli of compensation may bo dotermined 
from tho gravity observations with n low tlegrco of accuracy only, so dso it seems evident that 
there is littlo hope of determining from tho gravity observations tlio distribution of the com- 
pensation with respect to depth. Sucli an invcstigatio~l wns nttcmpted by the use of observed 
deflections of the vertical with but littlo success. t 

-- 
*For Maunn Kea, In the Rawnllnn Islnnds, it wns found that the change of assullied depth of co~npensntlon from 113.7 to 85.3 decreard the 

correction for topography and compensntiotl by 0.043 dyne, The computed nnomnly comspondlng to depth 113.7 was found to I)e +0.183 dyno 
and for depth 85.3 was found to be +0.220 dyne. ' 

t The Figure of the Enrth and Isostasy, etc., p. 149-103, 176. 
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GRAPHICAL COMPARISON OF THREE KINDS O F  ANOMALIES. 

A comparison of illustrations Nos. 16, 17, and 18, contained in the pocket at the end of 
this volume, will supplement the comparisons of the three kinds of anomalies mnde on pages 
39 and 80. 

On each of tllese illustrations the location of each station is shown by a black circle and 
near it the number of the station (see table on p. 76) is shown in black. The anomaly 
at the station is shown in black. In  order to bring out more clearly the information contained 
in the anomalies as printed on these maps, lines of equal anomaly at intervals of 0.010 dyne 
have been drawn througll points fixed by interpolating between adjacent stations. In  con- 
structing these contour lines of the surface representing anomalies, each station was connected 
by straight lines with tho stations nearest it in each direction. Interpolations were then made 
along each of these lines to fix points through which the contours were drawn. This method 
is arbitrary in part, and it leads in some rare cases to apparent absurdities. In  a few cases 
only have contours been changed and the apparent absurdities thereby eliminated. These 
few cases will be noted later. The contours aro to be considered as generalized. Without 
doubt numerous chnnges would be made in them if there were many more stations in the area 
under consideration. 

The positive contours are shoun in black and tho minus contours in red. The zero contour 
is shown by a heavy red line. A positive anomaly corresponds to an excess of observed gravity 
and a negative anomaly to a defect. 

Illustration No. 16 shows the anomaly contours for the new method of reduction. In  
each of several places where two or more stations are very close together the mean anomaly 
was used in the interpolation of contour points. These pairs and groups were Nos. 10 and 
11; Nos. 21, 22, and 84; Nos. 26 and 27; Nos. 29 and 30; Kos. 42 and 43; Nos. 50, 51, and 
52; and Nos. 68 and 69. After being fixed by direct interpolation the contours were modified 
somewhat, in southern Texas, and also in New York southeast of station No. 32, where the 
-0.020 contour was modifibd to avoid an absurdity. 

Note that on this illustration, as well as on illustrations Nos. 17 and 18, the stations Nos. 
53 and 56 at Seattle, Wash., have been used in constructing the contours, although in certain 
other parts of this investigation these two stations have been rejected. 

There is no apparent relation between the contours on illustration No. 16 and the topography 
and there is no great preponderance of positive over negative areas or vico versa. 

The Bouguer anomalies are shown in illustration No. 17. In  each of several places where 
two or more stations are very close together the mean anomaly was used in the interpolation 
of contour points. These pairs and groups are Nos. 10 and 11; Nos. 21, 22, and 84; Nos. 
26 and 27; Nos. 29 and 30; Nos. 42 and 43; Nos. 50, 51, and 52; and Nos. 68 and 69. The 
zero contour in the southeastern part of the United States was somewhat modified, from the 
form given by direct interpolation only along stated lines between stations, in order to avoid 
s very slender strip of positive area which would have appeared to extend from station No. 4 
to station No. 18 past station No. 16, a t  wliich point it would have had zero width. 

Illustration No. 17, showing the Bouguer anomalies, stands in decided contrast to illus- 
tration No. 16, showing new-method anomalies, in the following respects: 

First, on illustration No. 17, the negative (red) areas cover nearly the whole map, the only 
positive (black) areas in the interior being a small one surrounding station No. 74 in Minnesota 
and one of moderate size surrounding stations No. 13 and No. 6 in Louisiana and Arkansas. 
All other positive areas are confined to the vicinity of tho coasts, and in tlle aggregate they 
are small. There is no such great preponderance of negative areas on illustration No. 16, though 
the negative areas cover somewhat more than one half of the map. 

Second, it is evident from illustration No. 17 that the negative Bouguer anomalies tend 
to be greater, the greater is the elevation of the earth's surface. Their average value along tho 
coasts is nearly zero. In  the interior in the comparatively low eastern one-half of the United 
States their average value is apparently between - 0.020 and - 0.030, but in the comparatively 
high western one-half of the country the average value is more than - 0.100. Two large negativo 
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Positive areas, gravity in excess. 

* These 2 are the only cnses out of 11 In whlch the maximum in a given nren is less on illustration So.  18 than on lllustrntlon No. 16. 

, 

In  general the anomalies by the free-air method are distributed in much the same way 
as those by the new method, but they are clearly larger as a rule. The assumptions upon 
which the new-method computations are based are evidently somewhnt nearer the truth than 
those on which the free-air method is based. 

Illustrations Nos. 16, 17, and 18 thus confirm the conclusions reacliecl on pages 76-80. 

INTERPRETATION OF ANOMALIES IN TERMS OF MASSES. 

Stntes in whlch the maximum nnomnlles occur 

New York 
New Jersey, New York 
District of Columbia, Maryland 
South Carolina 
Florida 
Arkansas, Tennessee 
hlinnesota 
South Dakota 
Texas 
Texas 
Texas 

Mean 

In  order to obtain a clear conception of the meaning of the new-method anomalies it is 
desirable to interpret them in terms of excesses and deficiencies of mass. . , 

If, after computation by the new method, the anomaly at every station was found to be 
zero, one would be certain that everywhere the isostatic compensation is complete and uni; 
formly distributed to the depth of 113.7 kilometers, that being the assumption on \vliich the 
computation was made. 

In  the actual cnse the anomaly at each station by the new method is found to be smal? 
but not zero. This indicates that there exists a close approach to the condition indicated in 
the preceding paragraph. The departures from this condition may be expressed in terms of 
excesses and deficiencies of density, or in equivalent terms of excesses and deficiencies of mass, 
these being reckoned from the condition of complete compensation expressed in the preceding 
paragraph as a standard. 

I n  general a positive anomaly-that is, an excess of gravity-must be produced by a net 
effective excess of mass below the horizon of the station. In  some rare cases in wlicll the 
station is 'below the general level of the region surrounding it a positive anomaly may be 
produced by a defect of mass in tliat portion of the topography lying above the station, tho 
material above the station liaving a density less than that assumed in the computations, namely, 
2.67. Similarly a negative anomaly-a defect of gravity-must in general be produced by a 
net effective deficiency of mass below the horizon of the station, but may possibly bo produced 
by an excess of mass above the station. 

The guarded expression "net effective excess of mass" is necessary for correctness. I t  
has been shown that to compute gravity at  a station with the required degree of accuracy 
it is necessary to take into account both the topography and its isostatic compensation to a 
long distance from the station (p. 71). So it is necessary in interpreting the anomaly in terms 
of excesses and deficiencies of mass to consider the excesses and deficiencies to a great distance 
from the station. Within the large area of influence considered for any one station thero are 
in general both excesses and deficiencies. It is, therefore, tlle net excess or the balance of 
excesses over deficiencies below the horizon of a given station that produces an. excess of gravity 

Mnximum New hlcthod Llnxlmum Freoalr Ctnomaly, 
anomaly, lllustrntion 16 illustration 18 

Amount 

+O. 029 + .024 + .042 + .Ol8 
+ . a 0  

* + .023 *+ .045 + .087 + .030 
+ . 0 3 5  
+ . 0 3 3 ;  

. . -. 

Station I Arnount Gtntlon 

1 + .030 I .037 

87 
26 
22 
16 
2 

13 
74 
75 j + .050 75 + .030 73 

+ . 0 3 9 1  62 
8 + .025 8 

! 

$0.019 + .022 + .037 + .013 + .016 
+ . 0 2 8  + .057 

86 
27 
20 
16 
2 

14 
74 
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at that  station. hloreover, a given mass lias a maximum effect in increasing gravity if i t  is 
immediately below the station and in the same vertical as tlle station; i t  has a smaller effect 
if i t  is in that vertical but far below the station, 10 miles or perllaps 50 miles below; its effect 
is still smaller if i t  is displaced liorizontally from either of these positions so that the line join- 
ing tlle station with it is not vertical; and the effect is zero if tlle line from the station to the 
mass is horizontal at  the station. I n  other words, a given mass is more or less effective in 
producing a vertical attraction at  a station according to its distance and direction with refer- 
ence to the horizontal from the station. All of these considerations must be kept in inind 
in connection with the statement that an excess of gravity at  a given station must in general 
be produced by a net effective excess of mass below tlle horizon of tlle station. 

The effectiveness of masses in different locations with reference to tlle station is indicated 
in convenient form for the present purpose in the following table: 

[Each tubular vnluo is the vwtlcnl nttractlon In dynes producod nt a station by a Inass equlvnlent to a strntuxnlOOfeet thlck,of denslty 2.07, nnd of 
the horlwntnl extent lndlcated In the left-hnnd argument, If that mass Is uniformly dlstrlbuted from the lovcl of tho stntlon down to tho depth 
lndlcated In tho top nrylnent nnd from the statlon In nll directions horlzontnlly to tho distnnce indlcnted In the lefthnnd argument.] 

/ IKIO ket 1 feet 
I 

1280 meters (tho outer radius of zone E). 0.0029 0.0018 
166.7 kilometers (the outer radius of zone 0). 1 . 0037 , .0034 
1190 kilometers (or 10' 44', the outer radius of 

zone 10). 1 .0040 .0037 
I 

I 
10 000 feet 15 000 feet 113.7 kilo- 

nietcrs 

The value 0.0029 dyne in the first line and the second colunln nlcans that a mass 
equivalent to a circular disk 100 fcet thick ~vith a radius of 1280 meters uniformly distributed 
around tlle station to the outer limit of zone E (outer radius 1280 mcters) and, to a depth of 
1'000 feet would produce a vertical attraction at  tlie station of 0.0029 dyne. If, however, tlie 
mass were equivalent to a circular disk * 100 fcet thick witli a radius of 1190 kilonleters dis- 
t'ributcd around the station througl~out zone 10 and smaller zones to a depth of 1000 feet, it  
would produce a vertical attraction a t  the station of 0.0040 dyne, as sllowv~i by the last vdue  
1 in the second column. The very large additional mass beyond zonc E in this case as compared 
witli the first case has increased tlie vertical attraction by only 0.0011 dyne (from 0.0029 to 
0.0040). Corresponding interpretations apply to each of the values in tlie table. 

I n  each of the cases represented in tlie second column tlie mass consideredis equivalent to 
a stratum 100 feet thick but is assumed to be uniformly distributcd through a depth of 1000 
feet. I t  corresponds, therefore, to an excess of density of 1/10 of 2.67 or 0.27. Similarly the 
values in tlic fourth column for tlie equivalcnt of a stratum 100 feet tliick distributed througli 
a tleptll of 10 000 feet correspontl to an excess of density of 1/100 of 2.67 or 0.03. Tho values 
in tlie last column correspond to very small ctsccsses in density, 1 part in 3700, 100 feet being 
113700 of 113.7 kilometers. 

If in any one of these cases the excess of mass consiclcretl corresponcls to a stratum 200 
fcet (or 300 feet) thicli writ11 all other conditions as above, the escess of. density is twice (or 
thrice) tliut indicated in the preceding paragraph, anti tho vertical attraction proctuced is twice 
(or thrice) that shown in the tablc. 

The tablc also ap1)lics to deficiencies of muss, it being undcl.stootl that a deficiency of mass 
corrcspontls to a reduction in the vertict~l attraction a t  tlie station. 

The sccorid line of tllc table shows that a mnss cquivalcnt to a circular disk 100 feet thick 
with a radius of 166.7 kilometers uniformly distributctl around tlio station to the outer limit 
of zonc 0 woultl procluce a vertical attraction a t  tlio station of 0.0037 dyne if distributed uni- 
formly from tllc station rlow~i to tlle depth of 1000 feet, 0.0034 if uniformly distributed down to a 

* Strlctly thodlsk In thlscke is supposed lo bo saucer-shnped to lltthesphere,ns thnl IS the bnslsonwhlchnll thecornputntlonsl~ave been n~nde. 
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depth of between 5000 and 15 000 feet, and only 0.0024 if uniformly distributed to a depth of 
113.7 kilometers. 

Let this table be now applied to an approximate interpretation of observed new-method 
anomalies in terms of excesses and deficiencies of mass. 

The mean new-method anomaly without regard to sign is 0.017 dyne. (See p. 76 and 
illustration No. 16.) I t  is certain that a positive anomaly of this magnitude, 0.017 dyne, is 
not entirely produced by excess of density confined to the fist 1000 feet of depth. For, if so 
limited, the last value (0.0040 dyne) in the column of the preceding table headed 1000 feet 
shows that even if the excess extended continuously in all directions from the station to a 
distance of 1190 kilometers, it would necessarily be equivalent to a stratum more than 400 
feet thick added to the normal stratum 1000 feet thick, or in other words, the density of tlie 
1000 foot stratum nearest the surface of the earth must bo 40 per cent greater than the normal 
(2.67), namely, 3.74. I t  is certain that so great a mean density as this for so large a mass 
does not exist near the surface of the earth. Therefore, any actual positive anomaly of this 
magnitude must be produced in part at least by excesses of mass more than 1000 feet below the 
surface. 

The other two values in the column headed 1000 feet show that if the excess of mass is 
supposed to be limited to the shorter horizontal distance from the station, to 166.7 kilometers, 
or 1280 meters, the excess of density necessary to account for the anomaly would be still greater. 

Similar reasoning may be applied to a negative anomaly of 0.017 dyne and it may be shown 
that such an anomaly can not be produced by deficiencies of density confined to the first 1000 
feet below the earth's surface. 

On the other hand, it is possible that a positive anomaly of 0.017 dyne may be produced 
by excesses of density confined to the fist 15 000 feet below the surface of the earth. The 
second value (0.0034 dyne) in the column headed 15 000 feet in the preceding table sllo~vs 
that an excess of mass equivalent to a stratum of normal density 500 feet thick * extending for 
166.7'kilometers in every direction from the station and uniformly distributed to the depth of 
15 000 feet would produce a positive anomaly of 0.017 dyne. Such a 500-foot stratum added to 
the normal stratum 15 000 feet thick without increase of volume would increase its density by 
only 1 part in 30 or from 2.67 to 2.76. I t  is possible that such an excess of density for a 
mass of this magnitude does exist at  some places in the earth. Similarly it is possible that a 
negative anomaly of 0.017 may be produced by deficiencies of density confined to the first 
15 000 feet below the earth's surface. 

The last value in the column, 15 000 feet, shows that if the excess of density extends 
even to so great a distance as 1190 kilometers from the station each equivalent of a 100-foot 
stratum produces a vertical attraction of 0.0037 dyne, and the equivalent of a 460-foot stratum 
is necessary to produce an anomaly of 0.017 dyne. 

The preceding considerations show that the typical mean new-method anomaly of 0.017 
dyne may be produced by excesses (or cleficiencies) of density confmetl to depths less than 
15 000 feet but more than 1000 feet. But the evidence of the observed deflections of the ver- 
tical f indicates that probably these typical anomalies are ordinarily produced in part, possibly 
largely, by excesses (or deficiencies) of density more than 15 000 feet below the earth's surface, 
probably as far as 113.7, or 122, kilometers below, for the deflections of the vertical have shown 
that the isostatic compensation if uniformly distributed with respect to depth extends to a 
depth of 122 kilometers (113.7 according to the earlier investigation). Down to this depth there 
is a relation of subsurface densities to surface elevations. Inasmuch as this relation is appar- 
ently maintained with considerable accuracy even u~hen the surface elevations change greatly 
during the progress of geologic time $ there is an apparent changing from time to time of 
subsurface densities to a depth of 122 kilometers. It is probable, therefore, that the typical 

* The vertlcal attraction at thestation produced by a mass equlvnlent ton stratum 100 feet thick k ing  0.0034 dyne, that produced by a mass 
equivalent to a stratum WO feet thlck is Ave times as great, or 0.017 dyne. 

t Thls evldence Isdlscussed In Tho Flguro of the Enrth and Isostasy IromMeaaurementa IntheUnltedBtates andsupplementary Invsstlgstlon 
In 1808 of The Figure of the Enrth and Isostasy. 

8 The Flgure of the Earth and Isostasy, etc., pp. 106-1138. 
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anomalies of 0.017 dyne are produced in part at least by very small excesses (or deficiencies) of 
density which extend to as great a depth as the isostatic compensation itself, 122 kilometers, 
and that the anomalies are produced in part at least by the failure of the processes (whatever 
they are), which produced isostatic compensation, to maintain the densities a t  the preciye 
values necessary for perfect isostatic compensation. 

The last column of the preceding table shows that if a positive anomaly of 0.017 dyne is 
produced by an excess of density extending 1190 kilometers in every direction from the station 
and uniformly distributed throughout a depth of 113.7 kilometers tho excess of mass is equi- 
valent to the stratum only 490 feet thick, and that if i t  extends only 166.7 kilometers from the 
station i t  is still equivalent to a stratum only 710 feet thick. In  the first case as 490 feet is 
only 11760 of 113.7 kilometers the excess of density is only one part in 760. In the second 
cnse the excess of density is only one part in 530. 

There is some evidence given later in this publication (under the heading "Relations 
between gravity anomalies and geological formations") which indicates that there is a relation 
between the new-method anomalies and surface geology. This evidence tends to indicate that 
the anomalies are produced in part by excesses and deficiencies of density near the surface. 

The greater the distance from the station to which the continuous excesses (or deficiencies) 
of density extend the larger one should expect to find the sepamte continuous areas of positive 
(or negative) anomaly on illustration No. 16. This illustration indicates, tllerefore, that prob- 
ably the continuous excesses (or deficiencies) of density around a station, producing its anomaly, 
are limited ordinarily to a distance much less than 1190 kilometers, possibly to a distance of 
the same order of magnitude as 166.7 kilometers. 

Taking everything known to the writers into account, including the considerations enu- 
merated above, it appears that the best mean value to adopt from the preceding table is 0.0030 
dyne. As a mean working hypothesis it will be assumed therefore, that ordinarily each 0.0030 
dyne of anomaly is due to an excess (or deficiency) of mass equivalent to a stratum 100 feet 
thick. This working hypothesis is equivalent, as may be seen by inspection of the table on 
page 109, either to the assumption that the excess (or deficiency) of mass is uniformly distri- 
buted to a depth of 113.7 kilometers and extends to a distance of more than 166.7 kilometers 
and less than 1190 kilometers from the station, or that it extends to a distance of 166.7 kilo- 
meters from the station and is distributed to an effective mean depth of more than 15 000 feet 
and lass than 113.7 kilometers, or the working hypothesis may be considered to be a combi- 
nation of these two nssumptions. 

On this adopted working hypothesis that 0.0030 dyne of anomaly corresponds to 100 feet 
of stratum the typical mean anomaly of 0.017 dyne corresponds to a stratum only 570 feet 
thick. In this typical mean case then the isostatic compensation is so nearly complete that 
a t  the depth of compensation (122 kilometers) the pressure &,in excess of (or less than) the 
normal for that depth by the pressure due to a weight of a stratum 570 feet thick of density 
2.67. This pressure is only 660 pounds per square inch. A safe working load for good granite 
used in engineering structures is stated by good authority to be 1200 pounds per squaro inch, 
and its ultimate crushing strength 19 000 pounds per square inch.* On this same working 
hypothesis the maximum anomaly observed in the United States, -0.095 dyne at stations 
Nos. 53 and 56 at Seattle, Wash., corresponds to a defect of mass represented by a stratum 
3200 feet thick, corresponding to a deficiency of pressure at  the depth of compensation of 
3700 pounds per square inch, less than one-fifth of the ultimate crushing strength of good 
granite. 

The new-method anomalies indicate, tlierefore, that at  the depth of compensation the 
excesses and deficiencies in pressure, referred to the mean value, are upon an average but 
little more than one-half the safe working load imposed on good granite in engineering struc- 
tures, which are expected to last indefinitely without deterioration, and that tho maximum 
excess or deficiency in pressure a t  that depth yet indicated by observations in the-United 

* Amoilcan Clrll Englnocr's Pocket-Dwk, Nansflold Monlman, edltor In chlef, pp. 488 and 577. 
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States is only about tliree times the safo working load for good granite and less than one-fifth 
its ultimate crushing strength. These excesses and deficiencies of pressure are a measure of 
tho stress differences a t  that  depth available to produce rupture. These considerations indi- 
cate that  the material down to tho depth of compensation behaves as if i t  were considerably 
wealror than is granite under the conditions existing a t  tho surface. 

From the evidence given by deflections of the vertical the conclusion has been drawn that 
in the United States the average departure from complete compensation corresponds to excesses 
or deficiencies of mass represented by a stratum only 250 feet thick on an average." The 
gravity determinations indicnte tliis average to be 570 feet instead of 250 feet. I n  neitlier 
case is the average value determined or defined with a high grade of accuracy. The difference 
between tho two determinations of the average value is, therefore, of little importance, The 
determination given by the gravity observations is probably tlie more reliable of tlie two. 
Each determination is significant mainly as showing that  the isostatic compensation is nearly 
perfect. 

POSSIBLE RETJ.4TION OF NEW METHOD ANOMALIES TO OTHER THINGS. 

Tho new-method anomalies though smaller than the anomalies by other methods are not 
zero. They represent, aside from errors of observation and computation, tlle departures of 
the actual arrangement of density beneath the surface from that postulated by this method of 
computation, namely, that  the isostatic compensation is complete and uniformly distributed 
to the limiting depth, 113.7 kilometers. Are there no discoverable relations between tliese 
anomalies and other things? If any such relation can be found i t  may make i t  possible to 
take one more forward step in this investigation. 

The following paragraphs are a summary of some attempts to discover such a relation. 
Relation of anomalies to topography.-On illustration No. 19, showing the gravity anomnlies 

nnd the residuals of solution H, in the Supplementary Investigation in 1909 of the Figure of 
the Earth and Isostasy, certain selected contour lines are drawn in order that  one may note 
any general relation of the gravity anomalies to the topography. The writers have been 
unable to find any relation between the character of the topography, as indicated by the con- 
tours, and the sign and size of 'the gravity anomalies. Illustration No. 16 sliould also be con- 
sulted in tliis connection. 

Relation of anomalies to the dejections of the vertical.-This subject is rather fully covered 
by the topic, "Discussion of other regional peculiarities." (See pp. 117-121 .) It is sufficient to 
say here that  the gravity anomalies corroborate the evidence given by the deflections. I n  no 
important case are the anomalies and deflections contradictory. 

Relation of anomalies to erosion.-The writers can see no relation between the size and 
sign of the anomalies and the areas of erosion. I t  is possible that tliere is such a relation, but 
the effect of erosion apparently is so small in comparison with other effects that  tlio connection 
can not be discovered. One might be inclined to expect that  in the areas in which there has 
been much erosion in recent times gravity would be found in defect. 

Rehtion of anomalies to deposition.-Similarly, one might expect the anomalies to indicate 
an exccss of gravity a t  stations located a t  the mouths of rivers where there has been much 
recent deposition of materials. Station No. 8, a t  the mouth of tlle Rio Grande, hns an anomaly 
of +0.025 dyne; station No. 5, a t  New Orleans, near the mouth of the Blississippi River, lins 
an anomaly of -0.015 dyne; station No. 65, a t  Yuma, a t  the edge of a large region of deposi- 
tion near the mouth of the Colorado River, has an anomaly of +0.007 dyne; and station 
No. 80, a t  the mouth of tho Columbia River, has an anomaly of -0.015 dyne. One must 
conclude from these four cnses and from a general examination of illustration KO. 16 that there 
is no appreciable tendency for gravity to be in excess in regions in which there lias been much 
recent deposition. 

Relation of anamlies to the contours of t7~e ged.-A study was mnde to see if a possible 
relation could be discovered between tlle gravity anomalies (shown on illustration No. 16) 

T h e  Flguro of the Earth and Isostasy, etc., pp. 164-160, nnd Supplementary Investlgntlon In leOB of the I;lburcol the Enrth and Isostasy, p. 59. 
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on the one hand, and the geoid contours (as shown on illustration KO. 17 of The Figuro of the 
Earth and Isostnsy) on the other hand. Though the evidence is not clear that  thero is a rela- 
tion, there are four points of resemblanco which seem to indicate thnt regions of excess of 
grnvity (even after the corrections for topography and compensation have been applied) tend 
to coincide with high areas on tlio geoid. 

First, the center of tlle area of escessive gravity in nortllern Sew York on illustrntion 
KO. 16 coincides with a summit on the geoid. 

Second, according to illustration KO. 10, as one proceeds from east to west along the 
thirty-ninth parallel in Colorado the anomaly in gravity changes from negative to positive 
and reaches a positive maximum between longitudes 10s' and 109'. This area of excess has 
a long extension to the northwestward. Similarly on tho geoid u masi~num elevation ill 

Colorado along the thirty-nintll parallcl is found in longitude 107', but little to the eastward 
of the maximum excess of gravity, and an extension of tliis sunlmit to the northwcstwvard is 
indicated by the geoid contours. 

Tllird, on illustration No. 16 n ncg~~tivo nnonlnly in gravity is sllown in Utah in latitude 
39' nnd longitudo 110'. Similarly on tho gooid a point, lowor tlinn its si~rroundings is shown 
not far from tliis location in lntitudo 32)' nnd longitudo 114'. 

Fourth, on illustrntion No. 16 a woll-mnrkod doioct of gravity is shown in the southern 
pnrt of California noar station No. 66, Compto~l. On tho gcoid tho contours in this vicinity 
all haw~o a sllnrp curvature around this locntion, indicuting n \rnlloy on tho geoid with stoop slopos. 

It is bolioved, howovor, that  thoso coincidcncos aro in part accidental. Tlie contours of the 
gooirl are drawn from doflections of tho vertical, uncorrected for tho effect of oitliur topograplly 
or compensation, and are Iargoly dopondont upon tho topography for tlloir position and slinpo. 
Tho gravity corltours show no ilpprociublo relation to topography. (See p. 112.) Hence, tllougli 
tho geoid contours may corroborate to a certain oxtont the ovidonce given by tlie gravity 
contours, yot tho guoid contours probably can not bo usod with i!luch succoss far predicting tlic 
sign or amount of tllo gravity nnomalios. Tllc effects 011 tho geoid contours of tho cscossos 
and dofmts of mass below sen lore1 (wvl~icll produce gravity nnomalios) nlust ordinnrily bo 
ninslicd by t l ~ e  grantor ttffocts of tho topograpliy and its compunsation. 

RE1,ATION UET\irEE.U NE\Ir-METHOD ANOMALIES ASD GEOLOGIC 1"ORAIATIOR'S. 

Tho SS stations * usod in this investigation srd locnted goologically as follows: Suvon 
stt~tions (90s. 15, 16, 43, 45, 57, 58, nnd 75) aro in uroas of tllc pre-Canlbrian fornlntion; 19 
stations (Nos. 13, 14, 20, 28, 29, 30, 32, 33, 34, 35, 36, 37, 38, 39, 74, 75, 85, SS, and 89) nro in 
the Palcoxoic; 17 stations (Nos. 10, 11, 23, 24, 25, 40, 44, 46, 47, 55, 60, 61, 62, 70, 71, 76, and 
77) are ill tho I\lesozoic; 20 stotions (Nos. 1, 2, 3, 4, 5, 6, 7, 8, 9, 17, 18, 48, 53, 59, 64, 65, G6, 
79, 80, and 83) aro in tho Cenozoic; 19 stations ( P s .  13, 19, 21, 22, 26, 27, 41, 42, 49. 54, 63, 
67, 68, 69, 7% 73, 8" 884. and 57) are unclnssifiod, as it was found in oacli case that tllero are two 
or  nloro forlnations nour tlle station; and 6 stations (Nos. 31, 50, 51, 52, 81, and 86) aro in intru- 
sive and effusive lornlntions. 

Tho decision as to tllo surfnco goological formation on which the station is located was 
basocl ontiroly upori tlio geological map of Nortli Amorica bearing the follo~ving titlo: " C ~ ~ r t o  
G15ologiqno dc LIAniBriqde du Nord, Dress60 dlupres lcs sources officollos dos Etats Unis, du 
Canada, de la RQpubliquo du hloxique, do la Con~nussion du Chenlin do For Intercontinental, 
otc., JIoliry Gannett, GtSographo, et Bailey Willis, Crkologuo, Echello, I : Fj 000 000, 1906." I n  
using this map nll formations from pro-('ambrian to Noo-Algonkinn woro clnssod as pro-Cam1)rian; 
all from Paleozoic-JIetnniorpIlk to PornJan, incl usi vo, woro clnssod as Pnlcoxoic; nll from 
Triassic to Laramio as ;\lcsozoic; clnd all from Eocono to Quntc~rnary as Cenozoic. 

Among tho 19 stations wllicll nro placed in tllo unclassified group t811ero may bo nwntionod 
as typical tlio 3 stntions, Nos. 21, 22, and S-t at  I'Tasllington, D. C., station No. 41 nt Wullaco, 

*Them om mnlly 89 stnllons. but only ono 01 tho two stntlons n t  Scntllo was wnsidomd, ns they om vory nour together, and tho snlno w r y  lnt'ge 
nnomnly, -0.005 dyno, is found at cnch. Tho introduction of th6 othor stntlon in tho table would hnvo mndo tho rncnns for tho fourtll group slightly 
lnrgcr nnd so would hnvo momly emphusizod tho wnclusions drawn. 

15593O-12-8 
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Kans., and station No. 73 at Dennison, Tex. -4 boundary between formatioas of very different 
age runs through Washington. Each 01 the Washington stations is oithur very near this 
boundary or else in such a position that i t  is known that both formations underlie the stations, 
one a t  tho surface and tlie ot l~sr  at  a small depth below the surface. In these cases it is uncertain 
lvlvllich of the formations should ho expected to have the greator influence at the station. Each 
of tho other two stations cited, Nos. 41 and 73, stands on a long nurrow strip of one formation 
bordered on each side by another formation of much greater horizontal extent on the surface. 
In  those cases also it is uncertain which formation should be oxpectod to have the greater 
influence upon gravity at  tho station. It seems best to include in tho unclassified list stations at  
which there are such uncertainties. 

Stations No. 31 at Calais, Me., and NO. 86 at Lako Placid, N. Y., have been classified as 
being on intrusive and effusive formations, as they nre 80 shown on tho map citod above. Other 
authority indicates that these should bo classed as being on pre-Cambrian formations. There 
are other stations on which authorities differ as to tho formation; also there are various 
stations for which i t  is diff~cult to decide whothor the station sllould bo put in the unclassified 
list. The writers believe, however, that while the clussification here givon would probably bo 
changed in a number of cases by substituting other geologic authorities for the map used, and 
by substituting judgment of other persons for that of the writers,* the net result of the rovision 
would he sin~ply to make minor changes in the figures in the following table without changing 
any of the conclusions drawn from tho tablo. 

The table shown below gives the means of the anomalies with and without regard to sign 
for the several groups mentioned above. 

I Geological formation Stations 

Pre-Cambrian 
Paleozoic 
Mesozoic 
Cenozoic 
Unclaeaifred 
Intrusive and effu~ive 

Mean with 
ward to sign 

Mean without 
regard to sign I 

The evidencegiven by the above tablo is clear that, on an avorage, at  the stations located 
on the oldost geological formations, tho pre-Cambrian, the topography is undercompensatod 
and gravity is in excess, and that on the most recent formations, the Cenozoic, the topography 
is slightly overcompensated and gravity is in defect. The means with regard to sign, +0,.019 
and -0.011 dyno, are so large as.to make it reasonably certain that they are not due to accident. 
It is noticeable also that the means without regard to sign for these two groups, 0.026 and 0.021 
dyne, are larger than those for any of tho othor groups. Of the 6 stations among the 89 having 
positive anomalies greater than +0.030, two, Nos. 57 and 75, are on pre-Carnbrisn formation; 
one, No. 74, is on a Paleozoic formation; and three, Nos. 21, 22, and 84, are at  the edge of 

Paleozoic-hfetamorphic aroa. These excoptionally large positive anomalies confirm the 
general conclusion drawn from the table that stations on very old geological formations tend 
to have large positive anomalies. 

The only one of the 7 gravity stations on pre-Cambrian formations which has a negative 
anomaly is No. 16, a t  Atlanta, Ga. It is noticeable that this station is in the prolongation of a 
narrow area of ~a.leozoic formation nearly 200 miles long, which apparently ends within 10 
miles of Atlanta, according to the map used. 

Of the 5 stations among the 80 having negative anomalies grenter than -0.030, four, Nos. 
63, 56, 64, and 66, are on Cenozoic formations ar~d the remaining one, No. 61, is on a Mesozoic 

*The writers gratefully aclmowledga here valuable assiatanm given them by DI. U. 8. Grant, of Northwestern Unlverslty, in pre- this toplc 
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formation. Thoso exc~ptionally large negative anomalies confirm the general conclusion tlrawn 
from the table that stations on recent goologic formations tend to have large negative anomalies. 

Of the 20 gravity stations which stand on Cenozoic formations, 0, nearly one-half of tllonl, 
have positive anomalies, but tlie remaining 11 llegatire anonlalies are suificiently large to 
mako the mean of the 20 equal to -0.011, as shown in the table. 

Among the 19 stations on Pdoozoic formation, No. 74 at hlinneapolis, Minn., has tho 
largest anomaly, namely, +0.057 dyne. This statiorl is noar the edge of a great Paleozoic 
area in a point estonding from the main body of that arm into a pro-Cambrian area. The 
large positive anonldy found nt this station is the prevailing characteristic: of stations in pre- 
Caulbrian aroris. 

The evidence of correlation between the prevailing signs of new method anomalies and 
the geologic formations on &ch the stations stand wllich has here been set forth is weak in 
certain respects. I t  deals with present surface geology only, as seen in large areas on a small 
scale geologic map. A thorough study of the evidence should deal with past as well as present 
surface geology, should deal with the subsurface geology taking into account as far as possible 
the thickness of the strata of various formations, and possibly also the details of the geology 
in the immediate vicinity of the station should be considered. 

Nevertheless, it is believed that further evidence will support tho generalization now 
made for the Unitod States that at  stations in pre-Cambrian arem gravity tends to be in excess 
and at stations in Cenozoic areas tends to be in defect. The first case corresponds to excess 
of mass or undercompensation of topography for all land stations, and the second case to defect 
of mass or ovcrcompensation of topography for all land stations. 

In  general pre-Cambrian formatio~ls are of greater density than Cenozoic formations. 
Hence, the correlation noted is of the character to be expected if one considers that surface 
densities, that is the density of masses near tho station, have more influence over gravity a t  
the station than the density of masses lying deeper and, th2refor0, farther from the station. 
This slightly predominating effect of surfaco densities is very clearly shown in the first line 
of the table on page 109, the mass being collsidered limited to a horizontal distance of 1280 
meters from tho station. On the other hand, in the last line of the same table in which the 
masses considered are assumed to extend to a great distance (1190 kilometers) horizontally 
from the station, the predominance of surface effects is much less pronounced. In the latter 
case the attracting mass is, to the first approximation, a flat plate of indefmite extent. The 
attraction of such a plate upon a point outside it in the direction perpendicular to the plane 
of the plate is independent of the distance of the point from tho plato. It matters compnratively 
little, therefore, in the case represented by the last line of the table whether the attracting 
mass is distributed through a large depth or is concentrated near the surface. Even in this 
case, however, variations of density near the surface have greater proportionate effects than 
variations of density which may occur deep beneath the surface. 

Measured in terms of strata of normal density on tlie hypothesis used on page 11 1 the excess 
of mass in pro-Cambrian areas corresponds on an average to a stratum somewhat more than 
600 feet thick and the defect of mass in the Cenozoic areas to n stratum somewhat less than 
400 feet thick. Tho considerations stated on pages 109-111 indicate that thk excess or defect 
of mass is probably distributed through a depth at least as great as 15 000 feet. 

When one attempts to study tho possible correlation of new method anomalies and geologic 
formations simply by comparing illustrations Nos. 16 and 19 (in the pocket nt the end of the 
volume) with the geologic map of North America which was used, two apparently significant 
coincidences are noted. 

First, three comparatively small detached areas of pre-Cambrian formation are shown 
in the United States on the geologic map, each far from any other outcrop of the same formation, 
on; a t  the Black I-Fills noar the boundary botween South Dakota and Wyoming, ono in Texas 
west of Austin, and one in Missouri about 50 miles to the southwestward of Chester, Ill.* 

- - 

* On tho mnp thls a m  Is so small that it Is dimcult lo be wrtnin about tho goologlcnl symbol wlth whlch I t  Is marked. Tho wrltors hnve, how- 
e v e r , b n  assumd by a geologist that thls ls a pmCnmbrian nres md that the nu tho^ of this map must have Intended to have it so mnrkod. 
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Ulustration No. 16 shows a region of positive anomaly surrounding station No. 75 near the 
Black Hills, and another surrounding station No. 62 in Texas and overlapping tha  re-Cambrian 
area mentioned. No gravity station exists near the &Lissouri pre-Cambrian area, but on illus- 
tration No. 19 an area of supposed excess of mass is shown in this locality which was drawn 
originally * on the basis of evidence given by deflections of the vertical before the author knew 
of the existence of the fiIissouri pre-Cambrian area. 

Second, a great Paleozoic aren is shown on tho geologic map extending continuously from 
New York State wcstward and south\vcstward and including parts of Pennsylvania and West 
Virginia, nearly all of Ohio, ICentucky, Indiana, soutllcrn &tichigun, Illinois, hlissouri, and parts 
of Tennessee, Arkansas, and Oklahoma. On illustration NO. 16 tliere is a corresponding con- 
tinuous area of small negative anomaly. 

It is a very interesting fact that of the anomalies a t  the six stations in areas of intrusive 
or effusive rock formation, the mean with regard to sign is practically zero nnd the mean without 
regard to sign is only 0.009 dyne. Tlis indicates, though not with much certainty, since tlle 
evidence from only six stations is slight, that areas of intrusive and elfusive rock formation 
are very nearly in a state of cornpleto isostatic compensation. 

As the glacial ico which formerly covered the northern part of the United States was a 
large temporary load which has since, been removed, and as tho total amount of rock and earth 
moved to new locations by glaciers was largc, i t  appeared desirable to look for a possible relation 
between the gravity anomalies and the ice sheet. The southern limit of the ice shcct was talren 
from the geologic map bearing the title, "Reconnoissanco map of the United States showing 
the distribution of tho geologic system so far as known, compiled from data in the possession 
of tho United States Geological Survey by W J hIcGee, 1893." I t  was found that the following 
28 t gravity stations are within the area which has been covered by tlle ice: Nos. 26-39, 53, 56, 
57-60,74, 76-78, 85-89. The mean anomaly with regard to sign for these 28 stations is - 0.002 
dyne and the mean without regard to sign, 0.017 dyne, agreeing very closely ~vith the correspond- 
ing means for all stations, and thus indicating that no correlation exists betwcen the ice sheot 
and the gravity anomalies. 

On illust:.ation No. 16 a yery large area of negative anomaly is shown in tho western part 
of the United States including all tho region between the Pacific coast and a zero line which 
runs southward through eastern Washington and Oregon and southeastward through Utah 
and New Mexico, with tho exception of a small area near Yuma, Aliz. Tho geologic map used 
shows that in this region intrusive and effusive formations predominate and next in order of 
extent are Cenozoic formations. Less than one-fifth of this region is covered by geologic 
formations which are not effusive or intrusive and are older than Cenozoic. According to the 
generalizations which precede, this region should, therefore, be expected to be one of small 
anomalies with negative values predominating slightly. In  fact the anomalies are all negative 
save one, and several of them are unusually largo negative values. The most decided geologic 
characteristic of this region in contrast to other parts of tho United States is the activity of 
recent mountain fonnation accompanied by increased elevation as a rule and tho fact that 
this region is now subject to relatively frequent and scvero earthquakes. I t  is possible that 
thero is a relation between these particular characteristics and the largc prevailing negative 
anomalies. 

Ln lookin$ for a possible relation of the very largo negative anomaly a t  station KO. 66 a t  
Compton, Cal., to the geologic history of this region it wns noted that according to good geologic 
authority $ a portion of the State of California in the vicinity of Compton was continuously 
submerged during a long interval of geologic time from upper Georgic (Cambrian) to tho lower 
Mississipic (Paleozoic). During much of this time, according to tho evidence cited, tbe portion 
of tho present California coast which was submerged was a short section from 100 or 200 miles 

-- 
* Scc? illustration No. 3, Supplementnry Investigation in 11109, of tho F~gurc of tho Enrth nnd Isostnsy. 
t Stntions Nos. 63 and 56 nm wunkd us one, bccauso they nm closo togothcr nnd hnvo tho mrne nnomnly. 
f I'nlwgcomphy of North America, by Charles Schuchort, Uullotin of tho Gcologicnl fioclety of America, vol. 20, pp. 427-6~~. S w  especwy 

plstes 51-78 and 80 at tho end of this publication. 
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long having its center sometimes as far southeast as Compton and at other tinlcs as far north- 
west as Point Conception. The submerged region included Compton continuously, and much 
of the Santa Barbara Channel (which tho deflections of the vertical also indicato as a probable 
region of defcctivo density *) was includcd as a rule. During much of this long period tho 
submerged area oxtended across the present coast line nearly a t  right anglcs and far northeast 
and northward across tho present States of California, fievada, and Utah. The contour lines 
on illustration No. 16 indicate that along a lino extending from station No. 66 a t  Compton, 
Cal., to station No. 47 a t  Green River, Utah, and approximntcly following the line of this old 
submerged area, the negative gravity anomaly is greater than i t  is in tho adjacent areas either 
to the northwest or the southonst of this line. This apparent rclation between the present 
gravity anomaly and the geologic history may possibly bo a mero accidental coincidence, 
but it seems improbable that it is so. ~ 1 1 o  evidence of later observations of gravity and of 
deflections of the vertical in this region will be studied with interest. 

DISCUSSION OF OTHER REGIONAL PECULIARITIES. 

Illustration No. 16 shows by contours tho regional characteristics as to sign and size of tho 
gravity anomalies. Some comments on this illustration have dreacly boon mado. (See pp. 
106-108.) 

From studies of deflections of the vertical corrected for topography nnd compensation the 
conclusion was reached, before this prosent investigation basod on gravity observations was 
commenced, that there aro 11 areas of exccssive density and 5 areas of deficient donsity in 
specified locations in the United States. For 7 of these areas tho indications are considered to 
bo uncertain, but for tho romainibg areas tho evidonco was believed to be conclusive. Tho 
regions of excess or deficiency aro stated on pages 73-76 of tho Supplementary Investigation in 
1909 of the Figure of the Earth and Isostasy, and tho evidence is there commented upon. Tho 
areas are also shown on illustration No. 3 of that publication, which is reproduced hero as 
illustration No. 19. On illustration No. 19 each gravity station and its anomdy are also shown 
in red. This illustration and illustration No. 16 may conveniently bo used to ascertain whether 
tho gravity observations conflrm or contradict tho observations of the doflections of the vorticd. 
On illustration No. 19 an area of exccssive donsity surrountlod by n rod lino and marked by a 
plus sign is understood to be one beneath which, according to tho evidence given by tho deflec- 
tions of tho vertical, tho moan density to tho depth of compensation is greater than i t  would bo 
if tho compensation wore completo (perfect). Similarly, undor an area marked by a minus sign 
tho donsity according to deflections of tho vertical is less than i t  would be if tho compensation 
wcro complete. If, then, tho gravity anomalies by the new method aro found to bo positive in or 
near areas of excossivo density and nugativo in or noar areas of defoctivo density, as markod 
on illustration No. 19, the gravity observations will thereby clearly confirm tho deflection 
observations. 

In  the following paragraphs tho 16 aroas of excess or dofcioncy of density commented 
upon on pages 74-76 of the Supplomentary Invostigation, etc., nro taken up in tho same order 
as in that publication. 

Southern Nevada.-The deflections of the vertical indicato that there is a defect of donsity 
within the area bounded by parallels 36O and 39' and meridians 112' and 118O, as shown on 
illustration No. 19. A gravity station, No. 67, was established within this nroa a t  Goldfield, 
Nev. Its anomaly is -0.015 dyne, which confirms tho conclusion drawn from the evidence 
given by the deflections. Gravity stations Nos. 68 and 69, at  the Grand Canyon of tho Colorado, 
which aro but slightly boyond tho odge of this aroa of defectivo density as drawn on illustration 
No. 19, both have negative anomnlies, thus furnishing additional confirmation. The contour 
lines on illustration No. 16 indicate that this area of deficient density is probably much lnrger 
than rts drawn on illustration No. 19. I t  probably includes thogravity station, KO. 66, atComp- 
ton, Cal., and possibly includes nearly all of Arizona, Californin, Novndn, Oregon, and Wash- 

* SIX p. 120 of this publlcetion and illustrntion No. 3, and p. 70 of tho Supplomontnry Investigation in 193 of t h o e i b ~ m  of tho Enrth allti Isoslssy. 
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ington. On the mean hypothesis, explained on page 111, that each 0.003 dyne of anomaly 
corresponds to the equivalent of an added or subtracted stratum 100 feet thick, the anomaly 
-0.015 a t  Goldfield corresponds to ri missing stratum 500 feet thick. 

Southern Florida.-The deflections of the vertical a t  astronomic stations south of latitude 
28" indicate a region of excessive donsity as outlined on illustration No. 19. This area includes 
Key West and extends along the coast from Cape Sable to Tampa and reaches oastward across 
Florida to the east coast in latitude 263". Gravity stations Nos. 1 and 3, with anomalies of 
+0.006 and +0.008, respectively, are within this area, and station No. 2, with an anomaly of 
$1.0.016, is just outside of it. These gravity anomalies confirm the evidence given by the deflec- 
tions. Illustrations Nos. 19 and 16 agree as to the latitudes in southern Florida in which there 
is excessive density. Illustration No. 16 indicates that the centor of the area of excess is prob- 
ably somewhat farther east than i t  is located on illustration No. 19. The anomaly a t  West 
Palm Beach (No. 2), +0.016 dyne, corresponds to a stratum 530 feet thick in excess. The 
average anomaly indicated on illustration No. 16 for the part of Florida which lies south of 
latitude 28" is about + 0.009, corresponding to a stratum 300 feet thick in excess. No elevation 
as great as 300 feet oxists in this vicinity. 

The mouth of the Rw Grade.-There is a region of excessive density, as indicated by the 
deflections, of uncertain extent along the Gulf shore in the vicinity of the mouth of the Rio 
Grande. Gravity station No. 8, just to the westward of this area, has an anomaly of +0.025 
dyne. This is in agreement with the deflections of the vertical and indicates that this area of 
excess extends inland to the westward, as shown on illustration No. 16. The anomaly +0.025 
dyne a t  station No. 8 corresponds to a stratum 830 feet thick in excess. No elevation as great 
as 830 feet oxists within several hundred miles of this point. 

Mobile, Ah.-Xo gravity station is located within or close to the oval outlining an area of 
defective density as indicated by the deflections in the vicinity of Mobile, Ala. Rence, no 
direct confirmation or contradiction is possible. It is interesting to note that tho contour lines 
drawn on illustration No. 16 indicate that in this region gravity is probably in defect by about, 
0.017 dyne. 

Relation cf anoma1.ies to thefhlf of Mexico.-From the deflections of the vertical the conclu- 
sion had been drawn that the isostatic compensation is nearly complete under the Gulf as a 
whole and that the two areas of excossive density noar the shores of the Gulf are merely shore 
phenomena, not extending to deep water. This conclusion is confirmed by the gravity obser- 
vations, since, as shown on illustrations Nos. 19 and 16, of the six gravity stations on the shores 
of the Gulf three (Nos. 8,3, and 1) have positive anomalies, and the other three (Nos. 7,5, and 
4) have negativo anomalies, thus giving an even balance of the evidence in so far as the Gulf 
as a whole is concerned. 

McCormick, S. C.-The observed deflections of the vertical proved with considerable 
certainty that within a small area in the vicinity of McCormick, S. C., as shown on illustration 
No. 19, the density is excessive. A gravity station, KO. 16, established on the edge of this area 
confirms the evidence given by deflections of the vertical, for i t  has an anomaly of +0.013 
dyne, corresponding to a stratum 430 feet thick in excess. Compare illustration No. 16 with 
illustration No. 19 and note that the anomaly contours on No. 16, k e d  by gravity observations, 
indicate that the area of excess is small, in agreement with the conclusion from the observed 
deflections of the vertical. 

Savannah, Ga., and Femndina, Fh.-The deflections of the vertical furnished somewhat 
uncertain indications that an area of deficient density exists noar Savannah, lying mainly on 
the seaward side of the coast line, and that there is a small area of excessive density near Fernan- 
dim, as shown on illustration No. 19. The gravity station a t  Charleston, S. C. (No. I?), just 
outside the Savannah area of defective density, as drawn on illustration No. 19, has an anomaly 
of - 0.023 dyne, thvs c o h m i n g  the evidence given by the deflections. As shown on illustration 
No. 16, the gravity observations indicate that this area of deficient density extends northward 
along the coast to include Beaufort, N. C. This is an oxtension into an area in which no deflec- 
tions of the vertical are available. The gravity stations do not furnish a definite test of the 
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possible extent of the small area of excessive density noar Fernandina which is indicated by 
deflections of the vertical. 

The Adirondacks.-The deflections of the vertical proved with considerable certainty that 
an area of excessive density coincides approximately with the mountains, and the limits of the 
area seemed to be fairly well defined. The gravity stations Nos. 85,86, and 87, in this immediate 
vicinity, together with stations Nos. 28, 32, and 88, a t  a moderate distance, serve to show the 
distribution of gravity in this region more definitely than for most p p t s  of the United States. 
As indicated on illustration No. 16, the gravity observations agree with the deflection observa- 
tions in showing that northern New York is a region of excessive density. The gravity obser- 
vations differ from the deflection observations simply in indicating that the region of excess 
does not extend so far to the southward and does extend farther to the westward and the north- 
ward than i t  had been drawn on illustration No. 19, based upon deflections alone. This is not a 
direct conflict of evidence, for a reexamination of the residuals of deflection observations, as 
shown by the arrows on illustration No. 19, reveals that thoy are not inconsistent with the 
supposition that the area of excess has the shapo and size indicated on illustration No. 16. 
Illustration No. 16 indicates that the positive anomaly in the Adirondacks is less than 0.010 
dyne, corresponding to the stratum in excess only 330 feet thick. The mean elevation in the 
Adirondacks is much more than 330 feet. On tho other hand, the anomaly + 0.019 a t  Potsdam 
(No. 87) corresponds to a stratum in excess 630 foet thick, whereas the elevations in this region 
are much less than 630 foot. 

Coast of Maine, New Hampshire, and Massachusetts.-There are no gravity stations within 
the area along the coast of New England shown on illustration No. 19 as an area of excessive 
density on the evidence of deflections of the vertical. Stations Nos. 28-31, all near this area, 
have anomalies which do not contradict the evidence given by the deflections of the vertical. 

Rock Springs, Tex.--From deflection observations the conclusion had been reached that 
an area of excessive density exists in Texas, having its center in latitude 30' and longitude 100°, 
as shown on illustration No. 19. Gravity station No. 62, Rerrville, located within the indicated 
limits of this area has an anomaly of +0.029 dyne and thus decisively confirms the evidence 
given by the deflections. I n  connection with tlie discussion of the deflections attention was 
called to tho fact that the only area of prscambrian rocks shown in Texas on a certain geologic 
map of North America lies about 100 kilometers to the northeastward of the center of this area 
of excessive density, as shown on illustration No. 19. Gravity station No. 62 lies still nearer 
this lono area of pre-Cambrian rocks. The region of excessive density around station No. 62 
limited by the zero contour, as drawn on illustration No. 16 on the basis of the evidence from 
gravity observations alone, extends far enough north to overlap the pre-Cambrian area. This 
suggests that possibly there is a real connection between tho geological history of this region 
and the arrangement of densities put in evidence by the deflections and gravity observations. 
(See p. 115.) On the basis of 0.003 dyne being equivalent to 100 feet of strata the anomaly 
+0.029 at station No. 62 is equivalent to a stratum in excess 970 feet thick. On the other 
hand, if this anomaly be due to excesses of density confined to the first 15 000 feet of depth, as 
is suggested by the relation to surface geology commented upon, and if this area of excess 
extends for somewhat more than 166.7 kilometers around the station, then the table on page 
109 indicates that each 100 feet of excess stratum would correspond to more than 0.0034 in the 
anomaly and that thorefore the anomaly of +0.029 would correspond to a stratum of about 
800 feet added to the first 15 000 feet. This would produce an increase in density of about 
8 parts in 150, or from 2.67 to 2.81. This is within tho rango of possibility. 

S?~mnan, Tex.-A possible area of excessive density in tho vicinity of Sherman, Tex., with 
its center in latitude 33a0 and longitude 96i0, of which the existence was considered to be 
doubtful when the evidence of deflections alone was available, has a gravity'station, No. 73, 
near its center for which the anomaly is +0.003 dyne. This anomaly is so sniall that i t  can 
hardly be considered sufficient proof of the existence of this area of excessive density; but the 
evidence, though slight, is in harmony with that furnished by deflections of tlie vertical. The 
contours on illustration No. 16 show this region of excessive density as merely a connection 
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between a much larger region of the same kind to the eastward including gravity stations Nos. 
13, 14, and 6, and another to the westward including stations Nos. 72 and 40. 

Chester, IU.-There is a region in the vicinity of Chester, Ill., latitudo 38') longitude 90" 
(see illustration No. 19)) where the deflections of the vertical indicate that  possibly there was 
excessive density. No gravity station is located in or near enough to this area to furnish a 
decisive test. 

Southern Michigan.-The deflections of the vertical furnished doubtful evidence that a 
region of excessivo densit? exists in southern ach igan ,  as shown on illustration No. 19. The 
existing gravity stations do not furnish a decisive test as to the existence of this region of 
excessive density. I t  is interesting to note, though possibly i t  has little meaning, that tho con- 
tour lines, as drawn on illustration No. 16, based on gravity observations done, indicate gravity 
to be greater in this region than on either side, to tho southward or to tho northward. 

Los Angeles, Ca1.-The evidence given by deflections of the vertical made i t  reasonably 
certain that a very small area having a considerable deficiency of density existed near Los An- 
geles with its center about in latitudo 33' 57' and longitude 118' 14' as indicated on illustration 
So. 19. To furnish a decisive test, gravity station No. 66 a t  Compton, Cal., was located as near 
as convenient to the supposed center, in fact only 4 miles south and 1 mile east of it. The 
anomaly there was found to be - 0.052 dyne, one of the largest in the United States, a strong 
confirmation of the evidence given by the deflections. This anomaly corresponds to a missing 
stratum about 1700 feet thick. 

Santa Barbara Cl~annel, Ca1.-There are no gravity stations within or close to the areaof 
deficient density which the deflections of the vertical indicate as approximately coinciding 
with tho Santa Barbara Channel. I-Ience the gravity observutions furnish no test of the evidence 
given by deflections of the vertical. 

Norti~ern California, Oregon, and Washington.-The deflections of tile vertical indicate that 
there is either a belt of excessivo density to tho westward of the primary triangulation paralleling 
the Pacific coast or a belt of deficient density to the eastward of this triangulation in northern 
California, Oregon, and Washington. There aro four gravity stations, Kos. 53, 56, 80, and 81, 
within the affected region, but their anomalies throw vely little light on the question because 
of the fact that  they are withi6 the belt covered by tho triangulation. To test the question 
raised by tho deflections of tho vertical the most .favorable locations for the gravity stations 
are on each side of the triangulation, to the westward close to the coast, or to the eastward 
well beyond the limit of tho triangulation. 

TVmhington, D. C.-Tho deflections of the vertical indicate a narrow area of excessive 
density in the vicinity of Washington and in Maryland and Virginia. Three gravity stations, 
Kos. 21, 22, and 84, in District of Columbia have anomalics of + 0.035, + 0.037, and +0.035 
dyne, respectively, corresponding to an excess stratum about 1200 feet thick. Gravity stations 
Nos. 19 and 23 in Virginia and hfaryland, respectively, are outside the indicated area and have 
minus anomalies. All of the evidence from the gravity anomalies confirms the conclusions 
reached from the evidence furnished by deflections regarding the existence and extent of this 
area. It is interesting t o  note that  the area of excessive density near McCormiclc, S. C., as 
shown on iuustration No. 19, which bears the same relation to  certain Paleozoic-Metamorphic 
formations as does this Washington area, has also been proved to be such by the gravity 
observations. 

Lake Superior.-The anomalies a t  gravity stations Nos. 57 and 58, the only ones yet avail- 
able in tho Lako Superior region, do not serve to locate definitely the arcas of excessive or 
deficient densities which apparently must cause the vely large deflection residuals in this region. 
The evidence given by these two gravity anomalies conforms in a general way to that given 
by the deflection residuals. There are no conflicts in the evidence. 

I n  10 of tho areas of excessivo or deficient density as indicated by the deflections of tho 
vertical and shown by areas inclosed in rcd lines on illustration No. 19, there are gravity 
stations the anomalies of which confirm the evidence given by the deflections. I n  eight of theso 
10 areas the gravity anomaly was not known until after illustration No. 3 of the Supplementary 
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Investigation in 1909 of the Figure of the Earth and Isostasy had been drawn and the areas 
located thereon. I n  several other instances wllere the areas of excessive or deficient density 
were too uncertain to justify locating them on the map the evidence furnished by the gravity 
anomalies confirms the slight evidence given by deflections of the vertical. 

A study of the gravity anomalies outside of tho areas of excessive or deficient density 
drawn on illustration KO. 19 shows that the evidence furnislled by the gravity anomalies is 
consistent with that furnished by the deflection observations as n rule and serves to confirm 
and supplement it. Each of tho two kinds of observations is evidently conlpetent in many 
cases to locate regions in wllicll there are small departures of the density from the mean values 
corresponding to complete isostatic compensation. Used together in the study of a givon 
region the mutual support given by the two kinds of observations makes tho conclusions drawn 
much more reliable than they otherwise would be. 

Attention has been concentrated in tho preceding paragraphs on tho departuresfrom perfect 
isostatic compensation, partly to ascertain how close an agreement there is between the evidence 
from the two kinds of observations, partly because theso departures, slight as they are, may 
furnish a basis for future studies of the process of isostatic readjustment, and partly for 
the purpose of ascertaining whether they indicate any systematic errors in the processes of 
logic and computation used. Tl is  concentration of the attention on the departures must not 
be allowed to obscure the fact that the most significant thing about them is their smallness. 
Thougll the average elevation in the United States above sea level is 2500 feet, the departures 
from complete compensation as measured by the gravity anomalies are represented by strata 
of which tho maximum thickness is 3200 feet corresponding to the clefect of gravity a t  Seattle, 
and of which tho average tlickness is only 570 feet (1). 111). The pressure due to the 
weight of superincumbent masses is everywhere so nearly the uniform value a t  the depth of 
compensation (122 ltilometers) which i t  would have if the isostatic compensation were perfect, 
that tho departures are as &.rule less thnn 1200 pounds per square inch. This is a safe working 
stress for good granite under compression in engineering structures which are expected to last 
indefinitely without deterioration due to prcssuro. 

IIYPOTHESIS OF IiORlZONTAL DISPLACEhlEh'T OF COMPENSATION. 

I n  literaturo of isostasy tlie llypotliesis has with various dogreos of tlefiitonoss been put 
forward at  various times and places that it may be tliat, altliougll for oacli of tlie larger topo- 
grapllic features of a continent there is comploto isostatic compensation, tliat componsation 
may not be directly below tho features concerned. I t  is npparontly bolievod tliat tho compon- 
sation may bo displacetl llorizontally many milos or even hund~-orls of milos from tlle topography 
to whicll it  cosrospontls. I t  is apparently bclievod that the compensation for a mountain range 
may extend over a much larger aroa tlian tlie baso of tho nlountnin range, may oven bo to a 
considorable extent beneatli an adjacent plain. This llypotliosis hns boon mado a basis of an 
exprossod doubt as to tlio applicability to tho gravity doterminations which havo beon made 
in Switzerland of tho method of computation set forth in this publication. Attontion llas boon 
called to tho fact tliat tho computations of this publication are based on tho supposition that 
tho isostatic compensatiop of eacll topographic feature lies directly benonth that foature. I t  has 
boon statod tliat modern geological theorios indicate that tlicro liavo boon considorablo hori- 
zontal displacements of tho material now covposing tlie Alps nncl tliat tlieroforo tlio mothod 
of computation used in this publication is not a1)plicablo in Switzorlnntl.* 

I t  is dcsirablo to test tlie truth of tlio hypothesis that tlio isostatic componsation for large 
topograpllic features or a considorablo part of that compensution is in some cases displaced 
horizontally far beyond tho liorizontal limits of tllo topograpllic feature itself. 

* Prcobs-Verbnl do In 551.. Mnna, do In Co~nmlsslon Obdblquo Sulsso tonuo all Pnlnis FddBrnl n Berno lo 30 umil 1010, pp. 4840. '(Toute la 
mdthodo de M. IIayford repose sur l'hypothbse quo lcs masses soulevh proviennent directernont dos &ions sous-Jacentes. 11 n'ost donc tonu 
compte quo do d6plncoments dens le sens do la vortlcalo. Cette hypothbse pe11t Otre conslddrdo commo s~lffisarnnient exacte ponr rlno bterldue de 
tomin relntivement plat et elle donno de bons rbultnts pour los $tots-Cnls d'Amdrlquo. hlnis ollo no correspond pas gdndmlumont h a, qr~i se 
passe ets'ost passdon pays rnontngnoux. . . . Los thdories gblogiques modem- des ddplncomonts considdrnblo tlos plis dnns lo sans I~orfzo~~hl ,  
pour les A l p  on particullor, no petmottent pus uno application hmbdiate do la mdthode do hi. IItrybrd nux cnlc~lls relatits anx stotlons suisses." 
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For the United States this publication furnishes a decisive test of this question. The 
values of gravity have been computed for 89 stations on the supposition that there is complete 
isostatic compensation directly beneath each separate feature of the topography large or small. 
These computed values have been compared with observed values of gravity, and tho differences 
(observed minus computed) known as anomalies, are shown in tabular form on page 76 and 
graphically on illustration No. 16. If the hypothesis of horizontal displacement of compen- 
sation were true, evidence of that fact would be found in this table and this illustration. In 
regions adjacent to great mountain masses, for example, negative anomalies should be found 
corresponding to displaced isostatic compensation for the mountains in the form of deficiency 
of density underlying the outlying foothills and adjacent plains. An examination of the table 
and illustration fails to disclose to the writers any such arrangement of anomalies. Moreover, 
the anomalies found are so small, corresponding to a stratum only 570 feet thick on an average, 
that even if the negative anomalies were found to be adjacent to great mountain masses (which 
they are not) they would reprosent but a very small part of the compensation for the mountains, 
since the mountain masses in question in the United States rise much higher than 570 feet 
above the general love1 of the surrounding country. 

In the great mass of evidence available from dofloctions of the vertical in the Unitod States 
the writers also fail to find evidence of horizontal displacement, of an appreciable part of the 
isostatic compensation for topographic features. 

In  Switzerland the method of computation advocated in this publication has been applied 
at 13 stations. This is too small a number to give strong evidence, but such evidence as these 
stations give seems to the writers to indicate that the method is as applicable in Switzerland 
as in the United States. The anomalies by tho new method and by the Bouguer method of 
computation are shown in parallel columns for tlieso 13 stations on page 47 of the Swiss Proch- 
Verbal, already referred to. Among the now-method anomalies for these 13 stations both 
algebraic signs are found and the mean without regard to sign is .only 0.021 dyne, but little 
larger than the corresponding mean for the 89 stations in the United States (0.017 dyne). On 
the other hand, the Bouguer anomalies for these 13 stations are a11 negat ive the  smallest is 
- 0.095 dyne and the mean without regard to sign is 0.1 18 dyne, more than five times as large 
as for the new-method anomalies. In  Switzerland, as in tho United States, the direct appeal 
to the facts seems to the writers to bring a positive response to the effect that the isostatic 
compensation is nearly perfect and that the isostatic compensation for each feature of the 
topography lies in general directly beneath that feature, not displaced horizontally. (See 
p. 103.) 

, COMMENT ON BOUGUER AND FREE-AIR ANOMALIES. 

There is abundant evidence in this publication that the new method of computation of 
gravity is a closer approximation to the truth than either the Bouguer or the free-air method. 
The new-method anomalies are smaller than the anomalies by either of tho other two methods. 
Tho anomalies by each of the other two methods show definite relations to the topography 
which are essentially indications of systematic error in the method of computation. The new- 
method anomalies show no relation to topography. 

Are the observed relations between Bouguer anomalies and topography and between free- 
air anomalies and topography what one would predict upon the supposition that the new 
method of computation is a vbry close approximation to the truth? If so, these observed 
relations are in themselves evidence of the validity of tho new method of coniputation. 

The Bouguer method of reduction diffors from the new method in that the Bouguer method 
(p. 75) takes no account of isostatic compensation and neglects all curvature of the sea-level 
surface in taking account of the effect of topography, the topography being treated as if i t  were 
standing upon a plane of indefinite extent. The new method of reduction takes full account 
of isostatic compensation, which is assumed to be complete and uniformly distributed to the 
depth of 113.7 kilometers, and in taking account of the topography assumes it to be on a sphere 
of radius 6370 kilometers, a close approximation to the actual spheroid. 
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On the basis therefore that the new method of computation represents a very close approxi- 
mation to the truth, one should expect tile Bouguer anomalies to contain tho neglected effects 
of isostatic compensation (comparatively large quantities) and to contain tho differences between 
the effect of distant topography computed as being on  a sphere and computed as being on a 
plano of indefiite extent (comparatively small quantities). 

Consider f i s t  tlle neglected effects of isostatic compensation, especially for areas within 2000 
kilometers of tho station. As shown on pages 10,20,23, and 24, and in tho reduction tables on 
pages 3047, the effect of isostatic compensation under a land area is to decrease gravity at  the 
station of observation, and under an ocean area to increase it. Tliere should, therefore, be nega- 
tive Bouguer anomalies a t  inland stations around which land areas predominate; there sllould be 
positive Bouguer anomalies at  stations at  sea or on small oceanic islands around which ocean 
areas predominate, and the Bouguer anomalies at  stations on the coasts of cont,inents sliould 
be small as a rule, and should be positive if ocean areas prodonlinate and negative if land areas 
predominate around the station. Moreover, since the amount of isostatic compensation is 
proportional to the elevation of the land surface, the neglected effects of isostatic compensation 
a t  land stations are in each zone around the station proportional to the elovati011 of the land 
in that zone. Henco one should expect the negative Bouguer anomalies at  inland stations to 
be greater the lligher the general level of the region surrounding the station and the higher the 
station itself. All these relations between Bouguer anomalies and topography exist. (Consult the 
tables on pp. 77 and 78 and the text on pp. 79-82.) For 16 coast stations the mean Bouguer 
anomaly without regard to sign is small, 0.01 9 dyne; for 18 stations near the coast i t  is larger, 
0.031 ; and for the remaining inland stations much larger, 0.171 for ono group (pp. 77 and 78). For 
the 16 coast stations the mean Bouguer anomaly with regard to sign is + 0.005 dyne, correspond- 
ing to a slight predorninanco of oceanic effects. For 18 stations near tho coast, tho most distant 
being 325 kilometers from the coast, the mean Bouguer anomaly with regard to sign is - 0.018 
dyne, corresponding to a considerable predominance of land effects. Among the remaining 55 
stations in the United States, all inland stations, there are 52 having negative Bouguer anom- 
alies. The mean Bouguer anomaly with regard to sign for the 27 of these 55 stations which are 
not in mountainous regions is -0.043 dyne nnd for the two groups of stations in mountainous 
regions is -0.166 and -0.141, respectively. hforeover, even within some of these sepa;ate 
groups (see p. 80) there is an evident tendency for the negative Bouguer anomaly to bo larger 
the greater is tlle elevation of the station. These relations are shown graphically on illustration 
No. 17 (in the pocket a t  the end of the volume). Note that on this illustration positive Bouguer 
anomalies are confined almost exclusively to tho vicinity of the coast; that no negative Bouguer 
anomaly as great as -0.100 dyne exists east of the one hundredth meridian, in tlle lower half 
of the United States; that, on the other hand, in much of the region west of the one hundredth 
meridian, in the higher half of the United States, the Bouguer anomalies are negative and 
greator than -0.100; that in two areas of considerable size in the liighest parts of the Rocky 
Mountain region all Bouguer anomalies are negative and greater tllnn -0.200 dyne; and that 
the negative Bouguer anomalies decrease very rapidly from -0.100 dyne to about zero as the 
Pacific coast line is approached from the east. In  the table on page 81 for 16 gravity stations 
not in the United States note that at  11 stations on oceans or on small oceanic islands the 
Bouguer anomalies are all positive and very large, that the minimum is +0.167 and that the 
maximum is +0.447 dyne. 

Consider now the differences between the effects of distant topography computed as being 
on a sphere and computed as being on the plane of indefinite extent. For topography in zones 
7 to 1, all at distances from the station greater than 2000 kilometers, the computed effect is 
practically zero if the topography is assumed, as in the Bouguer method of computation, to be 
on a plane tangent to the seallevel surface a t  the station, since that assumption places such 
topography very nearly in the horizon of the station. The Bouguer method, therefore, practi- 
cally neglects the whole effect of such topography. As already noted, the Bouguer method also 
neglects the effect of the isostatic compensation of this topography, an effect of the opposite 
sign from that of the topography itself. The net result is therefore the neglect of the difference 
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of the effects of the topography of distant zones and of its isostatic compensation. This differ- 
ence is small, usually not greater than 0.005 dyne in the aggregate for zones 7 to 1, including 
all topography more than 20° 41' from the station. (See p. 71.) These small differences are 
too small to be easily discovered when merged with the much larger neglected effects com- 
mented upon in the preceding paragraph. 

The free-air method of reduction differs from the new method in that the free-air method 
ignores both the topography and its isostatic compensation, and these are both taken into 
account fully in the new method. On the basis, therefore, that the new method of computation 
represents a very close approximation to the truth, one slloultl expect to find in the free-air 
anomalies the neglected effects of topography and compenstttion which are shown in the seventh 
column of the table on page 74, headed "Correction for topography and compensation." 
These corrections follow rather complicated laws which are taken into account in the compu- 
tation of the correction. The best available method of ascertaining whether the free-air 
anomalies include these corrections, and *little eke, is to compare three sets of values: First, 
the corrections for topography and compensation shown in the tables just referred to on page 
74; second, the free-air anomalies shown in the last column of the table on page 76 and 
those on pages 77 and 78; and, third, the new-method anomalies, which are shown in the 
third column from the end in the tables on pages 76-78.* 

Of the 89 corrections for topography and compensation only 22 are greater than 0.020 
dyne. One must expect, therefore, that the effects of the omission of the remaining 67 correc- 
tions, none greater than 0.020 dyne and with an average value of probably less than 0.010 
dyne, will be difficult to detect. At these 67 stations the free-air anomalies and the new- 
method anomalies differ but little. 

Inthe group of 16 coast stations (p. 77) there are only 4 (Nos. 54, 18, 1, and 2) for which 
the correction for topography and compensation is greater than 0.020 dyne. For two of these 
(Nos. 54 and 18) the free-air anomaly is less than the new-method anomaly, and for the other 
two (Nos. 1 and 2) the application of the correction for topography and compensation made 
the new-method anomalies less than the free-air anomalies. In  this group the' balance of 
evidence is a l m s t  perfect. , 

In the two groups of stations, 18 near the coast and 27 in the interior (pp. 77 and 78)) 
not a single correction for topography and compensation is greater than 0.020 dyne. Hence, 
little evidence on the point now in question is available in these groups. I 

Of the 16 stations in the mountainous regions and below the general level (p. 78) 7 out of 
14 (after rejecting two Seattle stations) have corrections for topography and compensation 
greater than 0.020. Of these 7, 6 (Nos. 49, 79, 78, 69, 46, and 47) have new.method anom- 
alies much smaller than the free-air anomalies, and only 1 (Xo. 67) larger. Alloreover, in this 
group the means with and without regard to sign are -0.031 and 0.033, respectively, for tho 
free-air anomalies, and tho corresponding means for the new-method anomalies are much 
smaller, namely, -0.002 and 0.012 dyne. In  this group the evidence is strong that the free- 
air anomalies are largely neglected corrections for topography and compensation. 

The evidence is similarly strong in the group of 12 stations in mountainous regions and 
above the general level (p. 78). Eleven of these 12 stations have corrections for topography 
and compensation greater than 0.020 dyne. Of these 11, 10 (Nos. 52, 51, 48, 50, 20, 86, 75, 
68, 55, and 43) have new-method anomalies much smaller than the free-air anomalies and only 1 
(No. 64) larger. In this group the means with and without regard to sign are +0.049 and 
0.055,' respectively, for free-air anomalies and the corresponding means for the new method 
anomalies are much smaller, namely, +0.003 and 0.014 dyne, respectively. 

Attention hns already been called (p. 80) to the fact that within each of these groups the free- 
air anomaly tends to be larger the greater the difference between the elevation of the station 
and the general elevation of the region surrounding it. The anomaly is negative if the station 

*The dltYerenoo between any new-method anomaly and the corresponding free-air anomaly in these tables k nearly, but not exactly, the same 
8.3 the correction for topowphy and compensation shown in the seventh column of the tnble on p. 74. There is a uniform discrepancy of 0.007 
dyne (see p. 75) due to the fact that a constant correction of thisamount wasapplled to the Helmert formula of 1901 incomputlng the new-method 
anomalies, whereas the Helmert formula was used uncorrected in computing the free-air anomalies In mordanoo with standard past practioe. 
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is below and positive if the station is above tho general level. This is also true of the corrections 
for topography and compensation. Among tlle 14 stations in mountainous regions below the 
general level, after excluding the 2 Seattle stations (p. 78), the mean correction for topography 
and compensation is +0.003 dyne for the frrst 7 stations, all less than 500 meters below the gen- 
eral level, and is -0.047 for the remaining 7, all more than 500 meters below the general level. 
Similarly in the group of 12 stations in mountainous regions and nbove the general level (p. 78) 
the mean correction for topography and compensation is +0.028 for the first 5 stations, all 
less than 250 meters above the general level and +0.071 for the remaining 7 stations, all more 
than 250 meters above. (Compare these means with the corresponding means of the free-air 
anomalies given on p. 80.) 

The relations to ~vhich attention is called in the preceding paragraphs may be seen also 
in part by comparing illustrations Nos. 18 and 16 (in the pocket a t  tlle end of the volume). As 
the corrections for topography and compensation are small, less than 0.020 dyne, a t  three- 
fourths of all the stations these two illustrations have a general resemblance to each other. 
East of the one hundredth meridian the resemblance is rather close. West of the one hun- 
dredth meridian, wllere the country is mountainous and a large proportion of the stations lie 
far below or far above the general level of tlie surrounding country, there is much less resem- 
blance. It is very significant tliat even tlie general resemblance \vest of the one hundredth 
meridian would largcly disappear if illustration No. 18 were drawn using all stations in tliat 
area, for the lines of equal anomaly on that illustration would then become very irregular and 
close together. In  drawing these lines of equal anomaly on illustration No. 18, stations Nos. 
43, 55, and 69, each lying either far above or far below the general level of the country, were 
rejected. 

The evidence seems to be strong that a t  any station where the correction for topography 
and compensation is large this neglected correction forms a large part of the fresair anomaly 
fgr that station. 

On the whole, it appears that the observed relations between Bouguer anomalies and 
topography, and between free-nir anomalies and topography, are what one would predict on 
tlie supposition tliat the new metllod of computation is a very close approximation to the truth. 
Tllerefore, these obserred relations are in tllemselves evidence of the validity of the new method 
of computation. As tliese particular observed relations of Bouguer and free-'air anomalies to 
topography are lmown to be world-wide, having long been known and frequently commented 
upon in connection with gravity observations in other countries than tllo TJnitod States, this 
line of evidence in favor of the new method of computation is world-wide nnd correspondingly 
strong. 

COMMENT ON THE FAYE BIETIIOD O F  REDUCTION. 

The new metllod of reduc,tion llns been compareci with the Bouguor and froo-air methods 
of roduction, since tllese are tho two methods which llaro \wen used as a rule during the past few 
years in  the reports of the International Geodetic Association and elsewhere. The Bouguer 
method postulates a total lack of compensation and n consequent higll rigidity of the earth's 
crust. The free-air method assumes that  each piece of topography is completely compensated 
for a t  zero depth. I n  his investigation, published in Appendix I, Const and Geodetic Survey 
Roport for 1894,* Assistant G. R. Putnnm also used Faye's method of roduction, which is a 
modificntion of tllo free-air method in that a correction is applied for lack of compensation. 
This correction is equnl to tlle vertical effect a t  the station of the positive or negative nttraction 
of an indefinitely extended llorizontal plane of a tliickness equnl to tlle difference in elevation 
between the station and tho surrounding country and of a density equal to tlie menn surface 
density of the earth. By this reduction Mr. Putnam obtained anomalies wliich were in general 
much smaller than those obtained by  him in using either tlle Bouguer or the free-air reduction. 
After calling attention to this fact, Mr. Putnam, in tlie publication referred to, states tliat 
"it is probable tlint no particular significance attaclies to tllese resitlunls remnining nftcr t11n 

* See espeolally pp. 24-27 and 20. 
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application of Faye's reduction for several reasons; other values would certainly result if a dif- 
ferent area 'were considered in estimating the average surrounding elevation, or if weight were 
given according to proximity to tho station in making this estimation; and the average eleva- 
tions here given are subject to some uncertainty, as they were obtained from a small-scale 
map." None of the reasons given by Blr.  Putnam for declining to attach particular si&icance 
to the smallness of the Faye anomalies applies to the new method of reduction set forth in 
this publication. A comparison indicates that the now-method anomalies are of about the same 
average size as tlle Faye anomalies at  the 14 stations in the United States for which Mr. Putnam 
computed them. 

SUPII3IARY. 

This summary is written to help one to secure 'a comprehensive view in good perspective of 
this whole investigation. The page references given serve to help one in consulting the detailed 
statements. 

This investigation is based upon determinations of the intensity of gravity made at 89 sta- 
tions in the United States and a t  16 selected stations not in the United States, 105 stations in all. 

I n  the principal computations of the investigation full account is taken of the effect upon the 
vertical component of the attraction of gravity at  the station, of all the topography of the 
world, and of the isostatic compensation of that topography assumed to be complete and uni- 
formly distributed to tlle limiting depth of con~pensation, 113.7 kilometers. 

For definitions of isostasy, isostatic compensation, and allied terms, see pages 6-10. 
The most important novel features of the principal computations of this investigation are, 

first, that all of the topography of the world is adequately taken into account, not simply that 
which lies in the vicinity of the station, and, second, that the isostatic compensation of the 
topography is adequately taken into account. 

The differences between the observed values of gravity at  each station and the computed 
values by the new method of computation, differences knowvn in this publication as new-method 
anomalies, are tabulated and fully discussed, since they necessarily contain evidence as to the 
validity and accuracy of the new method of computation (pp. 74-79). 

For comparison purposes- the gravity anomalies for these same 105 stations are also 
given as computed by the two methods of computation most generally accepted in recent years- 
the Bouguer method of reduction and the free-air method of reduction. The Bouguer and 
free-air anomalies are fully discussed in comparison with the new-method anomalies, with a 
view to ascertaining which of the three methods of computation is the nearest approximation 
to'the truth (pp. 75-80). 

The ~ r i n c i ~ a l  forrnuls used in the newr method of computations are derived directly from 
m m  

the fundamental formula F=k--+ expressing in absolute units of force, according to the New- 

tonian law of gravitation, the attraction of gravitation between two masses m, and m, of dimen- 
sions which are infinitesimal in comparison wit11 the distance D between them. The quantity 
k is the gravitation constant (pp. 13-1 7). 

At various stages in the course of tlie derivation of the formula?, and of the computations, 
i t  was found necessary to make an integration by one or tho other of two methods, namely, by 
the calculus method after introducing such approximations-as are necessary to make the problem 
found in nature fall within tlle grasp of known integral forms, or otherwise by the numerical 
method; that is, by computing a sufficient number of numerical values of the function to insure 
that by taking their sum an integration, within the required degree of accuracy is obtained. 
I n  every case in which there was the slightest doubt of the ultimate accuracy of integration by 
the first or calculus method the second or direct numerical method was employed. Such cases 
were numerous and of fundamental importance (pp. 23-27). 

The topography and its isostatic compensation were dealt with in 317 units of area each 
consisting of one compartment of one zone. Each zone is limited by two circles each having 
the station a t  its center. Each zone is divided into compartments by division lines which are 
parts of radial lines from the station. The 317 compartments together cover the whole earth 
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froin the station to its antipodes. The limits of the zones and compartments are so fixed as to 
insure that the errors made by dealing with all the topography and conlpensation within one 
compartment as a single unit are within the allowable limits (pp. 17-19, 27, 01, and 92). 

A numerical reduction table was prepared for each zone. From these tables the vertical 
component of the attraction produced a t  any station by the topography nnd isostatic com- 
pensation within any one compartment was taken out directly, using as known arguments 
the mean elevation of the surface of the earth within the compartment and the difference 
between this mean elevation and the elevation of the station (pp. 30-47). 

The locations of the boundaries of each compartment for a given station were quickly 
obtained by the use of transparent templates of celluloid. On these transparent templates, one 
for each scale of map or chart used, all compartment boundaries are drawn to scale. By 
superposing the proper transparent template in the proper position on a map showing the 
station and looking through the template a t  the map the location of each boundary became 
evident (pp. 47 and 48). 

The attraction produced a t  the station by the topography and isostatic compensation 
within distant large compartments, such attractions being nearly the same for adjacent stations 
for the corresponding zone and varying from station to station in a regular manner, were 
computed for many stations by interpolation from the corresponding values for surrounding 
stations. Criteria for limiting the amount of such interpolation, adequate to insure that the 
errors of interpolation were within the allowable limits, were used. The substitution of such 
interpolations for distant zones in the place of the direct use of the reduction tables saved 
much time in the computations (pp. 58-65, 92, and 93). 

By the new method a computer in 17 hours of work obtained the effect of all the topography 
of the world and its isostatic compensation upon the vertical component of the attraction of 
gravity nt a given station. This is the degree of rapidity attained on an average a t  the 
89 stations in the United States for which the computations were made (p. 95). 

The principal facts in regard to the observations a t  the 105 gravity stations are given on 
pages 72-76 and 81. For each station in the United States is given the latitude and longi- 
tude, the elevation, the observed value of gravity, the correction to gravity for elevation, the 
computed effect of all topography and its isostatic compensation, snd the gravity anomalies a t  
the station as computed by the new method, by the Bouper  method, and by the free-air method. 

In connection with the new method of computation a small constant correction (0.007 dyne) 
to the Helmert formula of 1901, expressing the relation between gravity a t  sea level and the 
latitude of the station, was derived from the observations and applied (pp. 12 and 75). 

The preceding paragraphs are a statement of the methods used in this investigation. 
The paragraphs whicll follow are statements of some of the conclusions reached. 

There is no discernible relation between the new-method anomalies and the topography 
(pp. 77-79, 106, and 112). 

At these same stations the Bouguer anomalies sllow the definite relations to topography 
which have long been recognized in connection with this method, namely, the Bouguer anomtilies 
tend to be negative a t  inland stations, to be greater the greater is the elevation of the station 
(being very large for high mountain stations in the interior of a continent) and to have large 
positive values a t  stationsan small oceanic islands (pp. 79, 80, 106, and 107). 

Similarly, at  these same stations, at which there is no discernible relation between the 
new-method anomalies and the topography, the free-air anomalies show the definite relations 
to topography which have long been recognized in connection with this method, namely, the 
free-air anomaly tends to be greater the greater is the difference between the elevation of the 
station and the mean elevation of the surrounding region, being negative for stations below the 
pneral level and positive for those which are above tho general level (pp. 80 and 107). 

The relations between Bouguer anomalies and topography and between free-air anomalies 
and topography to which attention is called in the two paragraphs which precede, and wlGch 
have been noticed in connection wit11 gravity observations in all parts of the world, are what 
one would predict on the supposition that the new method of computation is a very olose 
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approximation to the trutli. Tliereforo the observed relations of Bouguer and of free-air 
anomalies to topograplly are evidence from all parts of the world of the vt~lidity of the new 
method of computation (pp. 122-125). 

The new methorl anomalies are on an average much smaller than the Bouguer anomalies; 
about one-fourth as large as the Rouguer anomalies if tllo comparison is made for all stations, 
and about one-twelfth as large if tile comparison is limited to stations in mountainous regions 
(pp. 77 and 80). 

The new-method anomalies are slightly smaller upon an average than the free-air anomalies 
even a t  stations on the coasts or on plains. At stcttions in mountainous regions the new- 
method anomalies are less than one-third as large on an average as tlie free-air anomalies 
(pp. 77 and SO). 

Tbe mean without regarc1 to sign of the new-method anomalies a t  the 89 stations in the 
United States is only 0.017 tlyne. An anomaly of +0.017 dyne would bo produced by an 
excess of mass corresponding in amount to a stratum about 570 feet thick of density 2.67 (the 
mean surface density of tlie earth). An anomaly of -0.017 dyne would be produced similarly 
by a deficiency of mass corresponding to a stratum about 570 feet thick. Tlie gravity observa- 
tions indicate, therefore, that the isostatic compensation is everywhere so nearly conlplete 
that the excesses and deficiencies of mass above tlle limiting deptli of compensation correspond 
upon an average to a straturn only 570 feet thick. The average elevation of the surface of the 
ground in the United States is about 2500 feet, more than four times 570 feet (pp. 108-111). 

Expressing the preceding paragraph in terms of stresses, tho isostatic compensation is so 
nearly complete under all parts of the United States that at the depth of compensation the 
excesses and deficiencies in pressure, referred to the mean value, are upon an average but little 
more than one-half the safe working load imposed on good granite in engineering structures, 
which are expected to last indefinitely without deterioration, and that the maximum excess 
or deficiency in pressure a t  that depth yet indicated by observations in the United States is 
only about three times tlle safe working load for good granite and less than one-fifth its ultimate 
cruslling strength. These excesses and deficiences of pressuro are a measure of the stress- 
differences a t  that depth available to produce rupture. These considerations indicate that 
the material down to the depth of compensation behaves as if i t  were considerably weaker 
than is granite under the conditions existing at tlie surface (pp. 11 1-1 12). 

The new method anomalies as tabulated and discussed include, of course, tho errors of 
observation and computation. But a study in detail of the possible errors of observation and 
computation, including all errors of formula: and tables and d l  errors due to faults and in- 
completeness of maps and charts, shows that the new method anomdies are upon an average 
composed of one part errors of observation and computation to five parts actud anomaly at the 
station due to the departure of the actual arrangement of density from the assumed arrange- 
ment. Tlie errors of observation and computation are therefore too small to appreciably weaken 
any of the conclusions d r a m  (pp. 86-95). 

The nine paragraphs whicll precede this contain the most important conclusions from this 
investigation. The essence of these conclusions is that the new method of reduction is a very 
close approximation to the whole truth, a much closer approximation than either of the two 
methods of reduction which have been most generally accepted in recent years, namely, the 
Bouguer method and tlie free-air method. 

The following paragraphs contain other less important ,conclusions reached during the course 
of the investigation. 

The evidence furnished by tho gravity anomalies in regard to the location and extent of 
the continuous areas of excess or deficiency of mass in the TTnited States-that is, of under- 
compensation or of overcompensation-confirms and supplements that giren by the deflection 
observations previously considered and publislled.* Together the two kinds of evidence locate 
10 areas of excess or deficiency with reasonable certainty, and severaI more with various 

,degrees of uncertainty (yp. 117-121). 
d 

* Tho Flmro of the Earth and Isostasy from Moasurcmonts in tho United Btates,and Supplementary Invastlgatlon in 1909 of tho Elgumof the 
Earth and h t a s y ,  both published by tho Coast and Geodetlo Survey. 
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In this investigation it has been assumed in the principal computations that the isostatic 
compensation for each separate topographic feature, however small, lies directly below that 
feature. If the area considered immediately surrounding the station be sufficiently small, an 
assumption of regional compensation only, uniformly distributed over this area, will be nearer 
the truth than local compensation distributed strictly in accordance wit11 tlie elevation in each 
separate part of the area. The radius of such a sufficiently small area is probably less than 
18.8 kilometers. Within such an area tho difference between the twd assumptions will rarely 
exceed 0.004 dyne in the computed value of gravity at  tho station. Hence, the improvement 
wliich it is possible to make in this manner upon the qethod of computation followed in this 
investigation is very slight and uncertain (pp. 98-102). 

The writers fmd no evidence that the isostatic compensation for a large topograpliic 
feature, or a cbnsiderable portion of that compensation, is in any case displaced horizontally 
far beyond the horizontal limits of the topograpliic feature itself. No evidence is found, for 
example, to show that the isostatic compensation for any mountain mass lies beneath an 
adjacent plain (pp. 121 and 122). 

The limiting depth of compensation probably can not be determined from the S9 gravity 
.observations available in the United States with as great accuracy as it has already been deter- 
mined from deflections of the vertical (pp. 103-105). 

There is little hope of determining by the use of gravity observations the manner of the. 
distribution of the isostatic compensation with respect to depth (p. 105). 

At stations in pre-Cambrian areas gravity tends to be in excess, and at stations in Cenozoic 
areas it tends to be in defect. The first case corresponds to excess of mass, or undercompensation 
of topography for all land stations, and the second to defect of mass, or overcompensation of 
topography for all land areas (pp. 113-116). 

The new method gravity anomalies certainly can not be due to purely surface anomalies of 
density limited to the first 1000 feet of depth below the surface. It is possible that they are 
due to anomalies of density limited to the first 15 000 feet of depth, but it is probable that they 
are produced in part, at least, by anomalies of density extending as far down as the limiting 
depth of compensation (122 kilometers) (pp. 108-1 10). 

The new method of computation set forth in this publication is not subject to obscure 
but serious errors such as have vitiated the conclusions from other methods of computation. 
The investigator has before him in using this method clear and definite means of ascertaining 
how large are his errors of approximation (pp. 95 and 96). 

If successive zones are considered at increasing distances from the station, tlie resultant 
effect of both the topograpliy and its compensation changes sign comparatively near the station 
even if there is no change from land to ocean. This change of sign due to distance occurs 
between 8 and 20 kilometers from the station and usually at  about 10 kilometers. For land 
stations the resultant effect is positive for zones immediately around the station and negative for 
more distant zones. It is important to keep this cliange of sign prominently before one when con- 
sidering the relation between tho value of gravity at  a station and the surrounding topography, 
for with this in mind it is evident that a proper consideration of near topography and com- 
pensation not only fails to give a good approximation to the effect of all topograpliy and com- 
pensation, but that it may efren give an estimate wliich is opposite in sign to the actual effect 
(pp. 65-70). 

If one wishes to secure reliable conclusions it is certainly necessary to extend to great dis- 
tances the computations of the effects of topography and compensation. The only safe rule is 
to extend the computations to cover the whole earth (pp. 71 and 96). 

The curvature of tlie sea-level surface must be considered and adequately taken into 
account in the method of computation if one is to secure a fair approximation to the truth in 
computing the effects of topography and its compensation upon tlie intensity of gravity 
(pp. 71, 72, and 96). 
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