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C H A P T E R  I .  

Along the soutlrern fringe of the Himalayas, where they rise abruptly from 
the  plains, and in the Gangetic plain itself, the force of gravity bas been found to 
possess, iu respect to intensily and direction, marked peculiarit,ies whose meaning 
has, for long, been the study of geodesists. Neither Bouguer's nor Bagford's 
11ypot.hesis completely explains the observed facts. 

According to Bouguer's hgpotllesis, the crust of the  Ear th  is snfficie~itly 
strong and rigid to mitllstand the condition of strain induced by the  irregularly 
distributed loads of surface topography ; elevations and depressions of the surface 
represenl real excesses and deficiencies of matter. Hagford's hypothesis of Isostasy 
assumes that the crust has no rigidity; that  whcre me find elevations or depressions, 
we are not to suppose real escesses or deficitsncies of mass, but  tha t  every such 
irregularity of' surface is accompanied by a subjacent conlpensating defect or excess 
of density, so that, a t  some stratunl below the surface, there is :r condition of 
equilibrium, each unit area of the stratum carrying the same load. 

The Bouguer l~ypotl~esis fails completely to accouut for the  facts observed 
in tlre Himalayan Gangetic regiol~. Hoyford's l~ypothesis, thougll i t  goes far 
towards interpreting them, still leaves us wit11 uuexplained residuals that  can~ io t  
be justifiably considered as accidentals, due to purely local departures from the  
general lam, until i t  has been shown that modifications of the initial hypotl~esis 
will not produce a closer agreement between the calculated and observed q~~ant i t ies .  
As based 011 this l~ypothesis, the  tl~eoretical values of deflection, as cornpared with 
the observed, a t  stations in the Himalayas and imn1edi:ltely a t  their foot are too 
small towards the north while, over north-n-est, north-central nnd north-east India, 
a t  distances of more tlran about 30 nliles from thc lrills, tlre values are too large 
towards th? north. This cllarncteristic oE the Il i~yford quantitirs and tlre mngni- 
tudes of tlre residuals t l ~ r y  give indicate that the particulars of tho l~gpotl~rsis ,  
which were found suitablc to the  phenomena observed in the Unitetl States of 
America, may still require some modification bcfore we acccpt them as constituting 
the  best approximation to the gencrnl lnw go~ern ing  tho actual distribution of 
dendties in India. 



Mr. Oldl~am, honevei~, in his 3Iemoir, "Tlie Structure of t l ~ e  Himalayas and 
of t,he Gangetic Plain, as elucidated by Geodetic observations in Indiam,* does not 
appear to consider that a reconsideration of the hypothesis may be necessary, but 
to be of tlie opinion that we need look no further than tlie Gangetic Trougll, filled with 
alluvium, for the explanation of the anomalies of plumb-line deflectioll and 
intensity of gravity. His investigation is directed, in t l ~ e  main, tonlards an estimate 
of what tlie dimensions of this trough must bc to suit the observed facts. The aim 
of tlie 3Ienloir is, perhaps, the evolution out of tlle material afforded by geodetic 
determinations, of the shape of the trough rather than the solving of tlle problem 
presented by the gravitational anomalies. T l ~ e  reliance that can be placed, how- 
ever, on details of structure deduced from geodetic anomalies depends on the degree 
of success with which these details explain the anomalies as well as on the nature 
of the metl~ods of enquiry. Mr. Oldham's Trough, alone, will not explain marly of 
the anomalies. Indeed i t  increases several of them, as a t  Agra, Hathras, Mut,tra, 
Gesupur, Allal~abad, Kisnapur and Chatra. The existence of a great depression 
in front of the Elimalayas is not doubted but, besides this depression, there are other 
causes of dist~urbancc, without a L-nowledge of nrllich the deflection and gravity 
al~omalics, as they no\\. stand, are not calculated to give reliable quantitative results 
as to the structure of the 'l'rougli. 

By reason of the method in which the matter is arranged the following of 
tlic developlnent of Mr. Oldl~anl's investigation is a little difficult and i t  is not made 
eahier for tho uniuitiated reader by the occurrence of several inaccuracies. 

I n  the 1al)ular statement on page 42, three of tlie quantities in the last 
column hare  been gi~yen t l ~ e  wrong algebraic sign and, on page 4,3, with reference 
to tllc compensated deflections given in Table 5, i t  is stated that "Major Cros- 
tlljiait's cnlculatious gire rather smaller ralues for the  nortl~erly deflections". For 
throe out of the eight stntioi~s dealt with, Major Crostl~n~ait's results sliow EalSger 
northerly deflections. I n  connection with the same group of figures, it is stated 
tllat for stations outside the Himalayas, the differences sl~om greater uniformity than 
for stations within the Eimalayan region proper. But n7e find the difference for 
Siliguri is + 2" and tlint for Jalpaiguri is - 3" sliowing a range of 5" for stations 
outside the Himalayas while t l ~ e  variation in the case of Himalayan stations is 4". 
On tile same page, Ire find i t  stated that "the greater difference a t  Jalpaiguri is 
tloul,tlcss due to t , l~c inclusion in Major Crosthnait's calculations of tlie southerly 
pull of the higlllands of the Assam ltange and the Peninsula". But Major 
Orostliwait's calculations show-8", that is 8" northerly deflection, a t  Jalpaiguri 
lVhile l l r .  Oldllam's Imaginary Range gives only-6". Crosthnrait's more northerly 
att~,action cannot he explained 1)y the pull of southern higlilands. 

On page 66, there is a statement that a t  the southern stations included in 
Table 19 and distant 140 to 180 miles or so from the northern boundary of tlie 
a l l ~ ~ v i u m ,  " t l~e  efl'cct of the Himalayas ...... ... is negligible". Tlie calculated effect 
of tllc Uimalayas a t  Noh, 138 miles from the edge of tlie hills, is 20"; nt Agra, nt  
168 milcs distance, we llnvc 17" and a t  Usira at  192 milcs, 16". l'hesc quantities 
are riot r~agligil~le. Mr. Oldham may 11a.ve meant to rcbfer to the compensated 
- - 
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Bimalayas. Compensation will certainly reduce the effects given nbove, b u t  by  
IIOW much are they reduced in reality? W h a t  particular hypothesis of compensation 
is truly appropriate to  the Himalayan-Tibetan mass 3 A t  the distances in question, 
what are the actual effects of tlie compensated Himalayas 3 These questions still 
await solution. Until me have before us the results produced by modifications of 
either the  terms of the  I~ypothesis or the initial assumption on which i t  is based, 
namely, t ha t  the Eartll's crust has no rigid~ty,  me shall not be in  a position to  say 
tha t  Hayford's hypotliesis represents the  most probable approximation to actual 
conditions or to malte the definite statement that, by reason of the compensation, 
tlie effect of the Himalayas, a t  140 or 150 miles distance, is negligible. 

I n  the footnote on page 67, Mr. Oldl~am writes tlrat, a t  Pa t l~a rd i  and Nimliar, 
Major Crosthwait's residuals, "after allowing for the  effect of' visible topograpl~y 
and its compensation, are -12" and +5" respectively, the valncs derived by using 
the  Imaginary Range were -9" and +.I". Tlre use of tlie Uessel-Clarlie spl~eroid 
would introduce a change of 1" in tlie values of the residuals. Evidently the 
Imaginary Range gives a larger dt3flection t l~aii  thtl actual topograpl~y of this part 
of the actual range, but i t  must I)e remembered that t l ~ e  nimalayas in Nepal territoly 
are qttite unsurreyed". 

Major Crosthwait's residuals of -12" and +5" rcfcr to tlre Everest spl~eroitl 
and depei~d on the assu~ription of a deflection of 4" to tlie south a t  tlle d:~tum btatic~n, 
Kalianpur. I n  the same t e ~ m s ,  the  obserred deflection a t  Pa t l~a id l  is -15" and 
a t  Niulliar +4". The residuals derived from the Irnagii~nry Range being -0" ant1 
+4", the effect of this 1:ange at  Pathardi is -G" and : ~ t  Xinikar 0". The effects 
calculated 11s JIajor Croslhrrnit are -3" a l ~ d  -1" respoctivelg. 'lllns, a t  Patl~nrtlr, 
the  Imaginary Range gires a larger nortlierly deflection than docs the  actual 
topograpl~y but  a t  Nimkar, i t  gives a smallcr. I h e  incl~cntio~is are cliscc~l~lant. 
Tlie statc~llcnt that  "eviclcntly the  Imaginary Range gircs a larger clcflcction th:~n 
the actual topography of tins pal t of the  actual range" is not 1 ery cleal l j  s i ~ p p o ~ t e d  
by the two examples selected 

A cliangc of tlie spl~eroid of refcrencc, tlic use ot the  Bessrl-Clarke instend 
of tlle Everest, w ~ l l  not alter tlie calculated eflecta of either the  real or tlje 
Imaginary Raiigc.. Only the I-allies of the ohse~red  deflections a le  altcrt~d b;r n 
cllange of spheroicl. 

I t  is to be noted that no reliable estimate of tlre relalion between t l ~ c  en'ects 
of the Inlagilla~ y Range and the ]seal Himalajan mass can be dmrrn frolu compnri- 
sons such as tllat m:~clc above. Major C~.osthn~nit's quantities are derived S l o n ~  n 
consideration of all masses, Himalayan and ot l~~rmibe,  \\itlrin 2664 miles of the 
station concerned. Mr. Oldl~am's Irnagi~lary Range is intenclctl to represent on l r  
t he  Himalayan mass and of this Rnnge he  takrs into a c c o u ~ ~ t  o ~ l l y  such part as 
falls within 100 miles of the station. 

I t  inay be noted also that, in connection wit11 in~estigntions such ns t l ~ n t  
dealt with by the Memoir, i t  is not correct to say that  " the Etimalayns in  Kepal 
Territory nre quite unsurveyed". Maps on the scale of 1/1000000 based on accurate 



triangulat.ion are available and reliable foi' geodetic purposes and i t  may be safely 
afirmed that Major Crosthnrait's estimation of the effect of this part of tlle Hima- 
laya is newer t.he truth tlian t , l~at based on the Imaginary Range. 

On page 81, the Uouguer anomnlics for Kisnapur and Cl~atra are given :IS 

+0.033 dyne and +0.009 dyne, respectively, aud the Hayford anomirlies as +0.08'3 
dyue and +0.003 dyne. These t\vo set,s of quantities are not directly c~n~parab le .  
The Bouguer anomalies are based onHelmert's 1884 forniula for y, while the Ilagford 
quantities are dependent on that of 1901. (All tlie gravity dctcrminatioils i l l  India, 
have now been referred to this Inter formula and the results published in Prolessional 
P a , ~ e r  No. 15, Survey of India, 1915. "The Pendulum Operations in Illdin and 
Burma, 1908-1913"). Mr. Oldl~anl recognises that "tho anomalies allowing for 
compensation are not directb comparable with those in which it is not considered" 
(p. 29 of the Memoir) but, for the betler understanding of the cornparisoils I)et\reen 
Bouguer and Hayford anomalies, this point could, with advantage, have bee11 more 
defiuitely empl~nsised. 

011 page 9 i ,  Mr. Old11~1n says it must 11e remembered that the no~,tl~erly 
deflections a t  Dntairi and Bostan "are only northerly i f  the tleflection a t  Kali:~npur 
is a,ssumed to be as n~ucl i  as 4" so~~t l r '~ .  This is not the case. Any decrease in the 
assunled southerly deflection at  Kalianpur will make the deflections a t  Datairi and 
Bostnn still more northerly. 

111 calculating tlleorctical effects, Mr. Oldham has adopted nlcthods of 
co~rsiclerablg lrss precision than those usually employed and tbe results n.ould llave 
1136 g~ .c ;~ te~ .  mcigl~t 11:td t,llcy bcen supported by a clear exposition of the Iiuiits of 
error t>o wl1ic11 sucll nietl~ods may be liable. The main features of t l ~ e  procedure 
adopted are the s~tbstitution of an Imaginary Range for t l ~ e  actual contours of 
~ la tu re ;  tllc omission from the calculation of masses begontl 100 miles from the 
station uutler cor~sideration, on t l ~ e  assumption that the effects of sucl~ nlasses ore, 
by reason of coruplete local compensation, negligible; and the assumption that tlie 
Gungetic 'I'rough, itself, - is  not compensated. 

'l'he iulnginary liauge, representing the real Ilitnalagan-'l'ibetan mass, is 
uniform in section from c ~ ~ d  to end. Figs. 1 and 2, faciug this page and 3 and 41, 
Pacing p:ige 5 sl~o\\r how the Imaginary shape conlpares wit11 cross sections of the 
actuxl mou11t:rin ranges. I n  fig. 1 are the two sections given in the Xemoir, across 
the i1234S from, possiI)ly, Dchra Dun and Siliguri. The positions of the sectiorls 
shown iu figs. 2, 3 and 4 arc marked on the map a t  the end of this Paper. 'l'l~ese 
last three cross-sections indicate t l ~ a t  one feature of Rlr. Oldham's generalisation of 
the actual ranges is t l ~ e  accumulation of considerably more than the natural amouut 
of nt:& Along t l ~ e  edge of the l~ills and in proximity to the Gangetic plain in \\vllich 
the group of stations dealt with is situated. 

A co111l)nrison between t l ~ e  deflection effects due to the Imaginary Rauga 
and tlrose produced by the actual masses will be made later. Geuerully spealciiig, 
the Imaginary Itange gives larger r~ortllerly deflections that1 do the reill masses 
within 100 miles of each station and very much smaller northerly deflections t l~al l  
those produced by -all the masses in the Himalayan4"betan region. 







The propriety of ignoring masses beyond 100 miles from each station nnc\ of 
asssuming that such masses have complete local compensation is discussed later. 
Hayford's liypothesis of cornpensation llus been shown to be closely equivalent, in  
point of cffect,~ produced, to the actual conditions in the United States of America, 
but the same cannot be said of it in regard to the Indo-Tibetan area. Compensa- 
tion iu some form does undoubtedly exist here but i t  is almost certainly, not local, 
i t  is not uniform between sea level and the "depth of compensation" and i t  uray 
not be complete. Our knowledge of conditions is too indefinite to allow of reliable 
quantitative estinlates of local structural details being formed from the present 
Hayfyd deflection and gravity anonialies. 

Mr. Oldlrarn's assumptions iuvolve a very marked difference between the 
conditions unjerlyillg the Gangetic !lbougll aud tlrose appertaiuing to all other 
masses. While tlie latter are considered to be completely and locally compensated, 
the former is not compeusated at  all. Tlris assumption is s t  variance with the 
IIayford anomalies found a t  gravity stations in the Gangetic plain which tend, at  
first sight, to indicate over-compensation. 

Tliis procedure irivolve\ us in the anomaly of one part of the crust, tens of 
thousands of square nllles in area, I~aving n lriglr degree of rigidity, capable of 
withstanding tlie strains set 11p 1)y a d(4iciency equivalent to tlie n cight of n stratum 
01 rock averaging 1b00 feet in tlricliness, nrlrilc all surrounding parts of the crust 
art. unable to support any strain at all, failart, being preveuted by n condition of 
isostatic: flotation. The supposition of no compensation to the Gangetic Trouglr is 
difficult to reconcile nritll tlie assnml)tioil that tlie effects of all masses bejond 
100 miles from the station are nentralised by complcte local compensation. 

Tlris question ol coinpensatioll is an all iinportant one in the in\-estigntiorl 
ol the actual tliickuess of the alluviunl. IF tlrere be compensation of the deficiency 
of the alluvium, the gravity anonlalies will indicate very inucll greater thiclincsses 
than tlrose deduced by Mr. Oldhain. I11 Table 23 and some of the snbscqnent 
tables of t l i ~  RIeinoir thicl~nesses of alluvinn~ are calculated fro111 the gravity 
anomalies. Tlle density of the alluviuin being taken to be 3.1G. or four-fifths of 
normal crustal density, the ano~naly is considered as due to a deficiency of density 
anlounting to one-fifth of normal. On this basis, i t  is deduced that a thickness of 
500 Ieet of alluvium mould produce an effect of 0.0033 dyne and it is a t  this ratio 
that the calculatio~is hare bcen made. Tliis ratio makes no dlomance for tlre 
~ossibility of the coll~pensation of the deficiency of density of the allnvium hp 
appropriate excesses of density at  lo~vcr depths. 

Let us suppose the case of a station S, situated on a stratum of nlluvium, 
1000 feet thick, with the upper surface 500 feet above sea-level. Suppose tlre 
alluvium to stretch in all directions rou~ld the station to a distance of GO miles and 
let the compensation depth be 70 miles. 



Sea - . . - Level 

The eEect of the 1000 feet of alluvium below S, together with it.s subjacent 
compensation will b e  

$0.0047 dyne. 
The Hayford correction for this station, 600 feet above sea-level, for the 

area up to GO miles distance and for a density of the surface material =2.67, will be 
+Om 0078 dyne. 

The first of t b ~ s e  quantities is the correction that should have been applied 
in deducing the tlleoretical value of gravity, the second i s  tlie correction actually 
applied. The difference of tbe tnro, 

-0.0331 dyne 
is tllc: residual that mould be apparent. This, i f  we use Mr. Oldham's ratio, would 
srem to indicate 476, say 500 feet of alluvium. The real thickness is 1000 feet. 
I t s  eflect is partially maslied by the compensation. 

The following table gives a comparison of the real thicknesses of alluvium 
with those calculated by Mr. Oldham's ratio which postulates no compensation. 

T A B L E  I. 

I n  each case the station is supposed to be on the upper surface of the 
alluvium a t  GOO feet above sea-level and the alluvium to extend 60 miles in all 
directions. 

It is thus socn to b3 essontial, before attempting to dcduce the real thicltness 
of the alluvium, to have a o ~ r r e c t  idea of the a3tual degree of componsation, 

1:enl lllickncrs 
of 

nlluvium. 

feet 

1000 
1500 
2500 
5500 
12000 

I,nylord 
nnoma'y' 

dynes 

- 0081 
.0047 
-0078 
.0170 
.OX5 

Thickness derired 
from 

.Mr. Oldham's ratio. 

feet 

500 
700 
1200 
2600 
6500 

20000 1 .Of323 9500 



The figures i n  Tables 23 and 27 of the Memoir, representing tllickne8aea of 
alluvium, deduced by a. Oldham from the gravity anomalies are dependent On the 
supposition that these masses are not compensated. The gravity anomalie% them- 
selves, however, lrave been derived on the assumption of complete local compensation 
and it mould be logical to interpret them in conformity wit11 this hypotl~esis. Tile 

Hayford corrections which give rise to them are calculated npon a consideration of 
the visible masses. It mould be more appropriate to regard the  anomalies as the 
effects, still under the same initial hypothesis, of masses that are not visible than 
to conclude a t  once that they indicate departures from the hypothesis. 

I n  discussing the quantities of Table 23, Mr. Oldliam says (p. 70 of tile 
Memoir) "tire figures given in the table may be regarded not merely as comparative, 
but as not far from tlle actual depth, or at  least of about the same order of magnitude 
as it. There are, however, two considerations mhicl~ may introduce a inodification 
of this conclusion. 

The first of these is tlre effect of distant topograpliy and its con~pt.nsation. 
As has been meutioned, this is greater by about .030 dyne a t  Dehra Dun, jnbt 
north of tlre stations included in the table, tllan at Arralr, and as the difference is 
probably very largely due to the greater proxilnity of Dehra Don to the Himalapas, 
i t  is also probably greatest a t  tlie northrrn stations of each group, and dccrrases 
progressively in the southern. As the effect of tliis cor~~ection nronld he to drcr~nse 
tlie apparent tl~ickness of tlie alluvium, it, is evident that the variation in its alrlonnt 
mould decrease the differencr between the apparent deptl~s a t  the nortl~prn and 
southern stations; and, as the thiclrness a t  the southern edge must necessarily be 
nothing, tlie result moult1 be an apparent decrease in the dept l~ a t  tile nortl!era 
stations of each group by some 3000 to 4000 feet. 

Serondlv we lrave to consider the effect of a separate compt.nsation of tlre 
trough. The amount of this effect is indicated by tlie figures giren 011 page 62 
~vhiclr show that it mould ainount to abont .015 dyne at  the southern margin, and to 
about .040 a t  thirty or forty miles fro111 the nortl~errl nlnrgin, or more vllere tllo 
trougll li:~s a greater width t b n n  100 niilei or a greater maximum clcptll tb:rn 150O0 
fcet. The forn~er of these figures wonld neutrnlise the effect of abollt 2000 feet of 
alluvium, tile latter abont 5500 feet to perliaps 7000 ill the central portion of tllc 
t rougl~;  and so tlre difference between the northern and the southern stations, or 
the apparent deptlr a t  the northern stations of each group, n-ouid be increased by 
about 3000 to 6000 feet. 

Prom tlris it will be seen that the modifications introdnced l,g tllese two 
cousiderations practically neutralise caclr other and the figurcs in tlie table remaiu 
as t l ~ c  closest approximation to the actual depth of the alluvium which can 
attained by this metl~od ". 

Whctller the effects of the two considerations do or do not neutmlise 0110 

anotlrer need not concern us here. What is to be noted is that, tllougll tile ralne 
of the gravity anomaly, or difference of auornnlies, may or may not be altered by 
taking count, on the one hand, of distant topography with its compensation and, on 



the other, of compensation of tlie trougli, its meaning is now changed. It now, 
the trougli being supposed compensated, mcans a certain tl~ickness of conlpensated 
alluvium, far greater tlian tlie figure calculated by Mr. Oldliarn. The " cornpeusation 
of the trough", otherwise, becomes meaningless. Tlie consideration that the trough 
.is compensated trill now make the gravity anomalies indicate a t  least twice the 
thicknesses of alluvium given in Table 23. 

The same mistake has been made in arriving a t  the figures of the last column 
of the table, "Thickness of the alluvium deduced fro111 Hayford anomaly". The 
Hayford anomalies are dtlrived on the I~ypothcsis of completc local cornpens a t' lon 
and in cdnformity with this Irypotl~esis, the gravity anomalies indicate very much 
grcsater depths than those arrived a t  by RIr. Oltll~alri. For Roorkee, for example, RIr. 
'Oldham has calculated a thiclcness of 6600 feet ant1 for Goraklipur, a thiclrness of 
10500 feet. ( In arriving a t  the figures in tlle talde, to both of these quantities, an 
arbitrary correction of $3000 feet has been applied). Interpreting the Hayford 
auomalies a t  Roorliee and Goraklipur in conformity ~ ~ i t l i  tlie Hayford Ilypothesis, 
we get tl~icknesses of 14200 and 22G00 feet instead of 6500 and 10500 feet. 

3x1.. Oldl~arn basrs on Basevi's g r a ~ i t y  determination s t  Mor6 and the latitude 
ol~servations a t  Gogipiltri and Poshlrar in Kaslimir the tlieory of overcompensation 
of tlie central Himala) an mass. References to publications of the Survey of Intlia 
show t l ~ a t  noue of tliese dcterrninations are suitable for use in investigations of 
crustal structure, far less call they be justifiably considered as sound bases for 
important deductions. 

Mr. Olclliam says, (page 110) of Basevi's work a t  Mort5 "the results obtained 
this obst.rver, after having bec,n discredited, have been reinstated and, the cause 
the discrepancies between his values and those of later observers llavirlg been 

detected, i t  is once more possible to make use or his rc~sults", and that Basevi's 
detc.rmination gives us a "good indication" of wliat, the val~re of gravity is liltely to 
be. Mr. Oldliam is, here, under a misapprellensio~i. Basevi's \vork has never 
been "discredited" and t11el.e never has been, on the part of responsible autl~orities, a 
question of "reinstating" his results. Opinion regarding them has not cl~anged. 
His results are merely incotnplete and they mill al\\.ays remain incomplete. 

I n  Uasevi's day no method had been devised of determining the amount of 
coi.rection that sl~ould be allowed for flexure, or sway, of tile stand supporting the 
swinging pendulum, and all his determir~ations have been rendered obsolete by 
modern apparatus and metl~ods which permit of   he tleterlnination of the necessary 
corrcction. l h e r c  are no means of ascertaining wliat the flexure of Basevi's 
pendulum stand actually was a t  More or of applying such a correction to his More 
work as mill justify t l ~ e  inclusion of the result in evidence as to mass distribution 
or the degree of compensation. 

The redetermination 'of the value of gravity a t  one of Basevi's stations by 
mcans of modern apparatus does.not enable us to apply appropriate corrections to  
hi8 determinations a t  other stationrl, for the amount of the flexure varies from 
station to  tati ion with each fresh setting up of the pendulum stand. The particular 



stand used by Dasevi at  Mort5 was eniployed a t  only one otller place, Misn Mir. St 
3Iian Afir, the conditions, atmospheric and material, were very difftlrent from 
those a t  Mor6. Moreover, in the interval between the two sets of observations, 

the stand bad been subjected to experiences calculated to affect its rigidity and 
condition of molecular strain. Tile comparison between the modern determination 
and Basevi's result a t  Mian Mir gives us an indication of the nature of tho 
flexure of his pendulum stand a t  that place, but there is no justification fop 
supposing that a t  MorB the flexure was the same in amount or even of tlle sarne 
order of magnitude as a t  Mian Mir. The flexure correction for 3 heavy stand used 
elsemllere by Basevi appears to have varied from about 0 .02 dyne to 0.10 dyne. 
Concerning the flexure of tlie light stand used a t  JIor6, we havc no knowledge 
except that a t  Mian Mir its effect may liave been about 0 .11  dyne. W e  can form 
no idea of the characteristics of this stand, of the limits between which its flexure 
varied or of its behaviour under tlle exceptional conditions incidental to t l ~ e  MorB 
work. All that we can say is that if the flesure of !lie stand a t  Mort5 mas the same 
as at  Xian Mir, the coincidence is most remarlable and improbable. W e  llrtve no 
kno\vled,oe of what correction to apply to Basevi's MorC result so that we may 1)e 
enabled to use i t  with confidence in discussions of compensation and mass distribution. 
The determination is unserviceable ancl will al~vags renlaiu so. 

Mr. Oldham, on page 111, attaches ~ r e i g l ~ t  to the fact thnt his valuc, 
-0.434, of the gravity anomaly at  Ifor6 agrees \rlith -0.433 dedaced by Borass 
and published in the Report of the International Association of 1000. H e  states 
that "the two values of the anomaly differ by only .001 dyne and we may tnlre i t  
that the deficiency a t  Mort5 is not far from a43 dyne". This conclusion is illogical. 
Both results are derived in the same manner from tlie same observations and t l ~ z  
agreement does not prove that tlie deficiency is not far from -43 dyne, but  merely 
that the respective computations of the corrections for latitude, heiglrt, mass and 
flexure gsve accordant quantities. I t  11 oulcl have been surprisillg had tliey produced 
a discordance, seeing that both Borass and Oldham use practically same arbitrary 
corrections for flcxure. (Borass .107, Oldl~am -109). disagreement of results 
mould not have placed in doubt the value of the deficiency of gmvity. I t  wJl1ld 
have tl~rown suspicion on the accuracy of one of the two sets of computations. 

Of Gogipatri and Poshkar, M r .  Oldham says "these latitude stations mere 
not included in the final account of the operations of the Great Trigonometricnl 
Survey on acconnt of a small uncertaint,~ in their accuracy, clue to unfnrorable 
weather conditious, bnt as this inaccur;icy is certaiuly less than one second of arc, 
the results may be safely used for tlic purpose of this investigntio~l". 

As Mr. Oldham points out, these two latitude determinations liavo been 
rt!jected by the Survey of India and onlitted fro111 data judged snitable for geodetic 
purposes. They mere included in earlier accounts of the operations in order to 
serve a useful purpose. I t  is important to place on record n statement of all work 
done under geodetic conditions, for the analysis and discussion of ol~scrvatious thnt 
have given fanlty results is often productive of progress and improvement of methods 



and instruments. I n  order, liowever, that tlie publication of results of doubtful 
accuracy should not mislead, the records gave tlle observations i n  considerable detail. 
There was no mistalting the reliability that could be placed dn the results. From 
tlie last account, Ilo\rever, the Gogipatri and Poshkar work lias been rightly 
excluded. The omission is indication of untrustmortl~iness. The uncertainty in their 
accuracy is not, as stated by Mr. Oldliam, small in amount and due to unfavorable 
weather conditions. The observations are burdened with large errors due, appa- 
rently, to instrumental defects. I t  is impossible to say ilow much the errors OF tlie 
final latitude determinations may be. There is no foundation for the statement 
that i t  is "certainly less than one second of arc". By those qualified to judge, the 
observations have been declared unfit for geodetic purposes and reliable deductions 
cannot be formed therefrom. 

The theory of overcompensation, put for~vard by Mr. Oldham, rests on 
Rasevi's incomplete gravity determinations a t  More and the faulty latitude observa- 
tions a t  Gogipatri and Poshkar. 



C H A P T E R  11. 

Tlie introductory chapter of Mr. Oldham's Memoir deala mainly with wllnt 
is already definitely known regarding the  stmcture of the  Himalayas and the  
Gangct,ic Plains, as well as with certain other geological matters, in respect to  
whicli tlie exalninatio~~ of the  results of geodetic operations may, i t  is hoped, lead 
to the stl-engthening and arnplifi~at~ion of our knoivledge which, a t  present, i s  of 
merely a conjectural nature. 

The follo~ving are given as establislied facts. 

( i ). Tlie elevation of the Himalayas has 1)een accompanied by thc  coruprr.ssion 
of t l ~ c  rocks of wl~ich they are colnposed. 

( i i ) .  A g i m t  fault, known as the main boundary fault, separates the  rocks of 
the Himalayas from the Sinalilc roclcs of the  Pub-ILin~ala~as.  This fault 
marks closely tlie original litnit of formation of the  Siwnliks, separating :In 
area of elevation and denudation to the north from one of subsidence and 
deposition to the south. It brings, along the greater part  ot t he  length of the  
Himalayas, the older roclis of the Himalayas into d i ~ e c t  contact ni lh  the  
softer sandstones and sllales of the Upper-Tertiary Series, tlie plane of 
separation betneen the two groups of raclts of w r y  different densities being 
nearly vertical. 

(iii). A series of si~liilar faults is foulld within the  Siwalili area and these are  
regarded as rnarliing successive limits between areas of uplift and erosion to  
the  uorth and deposition to the south and as inclicatjnp that, a t  any rate 
during the  latter part of the  period of elevation of t h e  I l in~ala jas ,  there has 
always been an abrupt limit to the region of compressiol~ and e le~nt ion and 
that  this limit has shifted progressively southwards. 

(iv). The well defined cliaracter of the scutl~ern margin of t l ~ c  l~i l l s  tonasd t h e  
plains suggests that  i t  is determined by a structural I ' c~~ tu re  similar to t h e  
main Iioundary and to the Siwalik faults and the tliiclilless of the  alluvium 
a t  t l ~ e  northern edge of tlie plains is probably about three miles. 

(The inclusion of this estimate of the thickness of the alluvial deposits a m o n ~ s t  well 
established facts may be questioned. Orel. no great length, if a t  all, do we fiud exposed the 
floor on which these del~osits were laid. Estimates of the thickness of the unexposed 
strata must be conjectural and i t  is possible that  in giving it n w l u e  of three miles, 
the total thicliness of the  doposits is underestimated. R e  only know that, a t  one point on 
the northern edge of the trough, the tllickness is a t  least 15000 fect; that  a t  Calcutta, a 
bore hole was taken down to 481 feet "but probably this represents oulx a smnll part of 
the dcposit" (Enc. Brit. X I  Edn., art. on India, Geologxj. The existence of the snatch 
of no ground off the mouth of the Booghly points to the possibility that  the thickness of 
the alluviom "id a t  least 1800 feet and may be much more" (ibid). A t  Bgra a boring 
reached 480 feet without attaining the bottom of thq alltivium, A t  Lucl;nom, n depth of 
1336 feet from the surface was reached. Here "there was no indication of an npproach to 



the base of the alluvial deposits" (ibid). Our knowledge of the thickness of the allu- 
vium is, thus, very slight. Within the trough, the bottom of the deposits has nowhere 
been reached). 

(v). At the southern edge of the alluvial plains the thickness is small and the 
boundary irregular, suggesting a gradual encroachment of the alluvium on 
an old land surface of rock and a gradual growth southward of the depression 
in which the alluvium has been deposited. 

Tbe further investigation of the structure of Himalayan and Gangetic 
regions soon leads to our being confronted by questions, insoluble by direct methods 
of observation but upon which, i t  is liopecl, geodetic evidence may throw some 
light. Amongst these are the  following ; 

( i ). What is the relation between the elevation of the Himalayan region and the 
compression of the rocks of which i t  is built 3 Which is cause and which, effect ? 

(i i) .  What is the tlirow of tlie main boundary fault and of similar faults within 
the Siwalik area 3 

(iii). What  is the depth of the pre-tertiary floor within the Siwalik region and 
how, in point of level, does this floor compare with that of the alluvial area 
to the soutli 3 

(iv). What  is the cross-section of the Gangetic trough? 

(v ) .  How does the thickness of the alluvium in the Punjab plains compare with 
that in the Gangetic drainage area? 

(vi). I n  the east, is the Gangetic trough closed by a rock barrier between the 
Rajmahal and Garo Hills 3 



C H A P T E R  1 1 1 .  

T h e  " C e n t r e  of Effect." 

In Chapter 11, "Nature and Interpretation of Geodetic Evidence", Mr. 
Oldham introduces what he terms tlie centres of effect and of compensation. H e  
says " ~ n  any given mass forming part of a visible protuberance on the  earth's 
surface or of the underlying portion through wl~ich the  compensation is distr~buted, 
tllere will be a point so situated tllat, if the  11 hole of tlie mass mere concentrated 
at  that  point, tlle effect a t  the station of obbervi~tion would be the same as tha t  
actually produced by tlie sum of the effects of all the  separate particles of which 
the  mass is composed. This point may be called tlie 'centre of effect"'. Tliere 
may be, i t  is true, such a point but  this ltnomledge will not help u s  a t  all i n  actual 
practice. I t s  position, m l ~ i c l ~  need not necessarily be n ltllin the  illass in respect 
to which i t  is the "centre", is deterniinable only after me ltnow the  shape aud size 
of the mass and tlle effect i t  produces a t  n given point. B u t  i t  is just tlie discovery 
of these factors relative to masses that  constitutes the end tomn~d  w l ~ i c l ~  our 
investigation is directed. 

The "centre" does not. as poiiited out by Mr. Oldl~am, coincide with the  
centre of gravity and, for any given mass, the position of the  centre varies with 
the situation of the  station of observnticln. I\-hen considered r e l a t i~e ly  to several 
stations, a mass lias no one "centre". 

Nothing is gained by introducing the  ideas of a "centre of effect" and 
"concentration of mass", dangerous conceptions to apply to inyestigations involving 
masses'covering many I~undreds of square miles, in that they a le  Illrely to lead to 
error. For example, Mr. Oldllam says tha t  "tlie effect of t l ~ e  compel sntion varies 
as inclicated in T:~ble I" of tlie 3Irinoir. I l e  has forgotten, h e ~ e ,  that  t l ~ e  quanti- 
ties of this table are based on tlie assumption of mass concentlated a t  a point, the  
positiorl of which is fixed and not dependent on the position of the  station of 
observation. The figures of the table, consequently, do not apply to the  clistributed 
masses cf either topography or compensation, in respect to mhich the situation of 
the  "centre" varies with the distancc O F  t l ~ e  station. 

I n  the  footnote on pagc 16, Mr. O l d l ~ n ~ n  recognises the  fact tlint tlie formula 
he uses and the tabulated quantities derived therefrom arc applicable only to cases 
"where the dimensions of the  mass are such that i t  may be regarded as centrobnric 
a t  all the distances involved". As some of the distances are small, t l ~ e  dimensions 
of such a mass must also be small. I11 our investigation, tile m:lsses t o  I)e dcalt 
wit11 cover thousands of square iniles and, in respect to the stations of observation, 
cannot, cither by reason of the area t,hey cover, variatloils of dcnsity as in the 
stratum of compensation or irregularity of shape as in the actual topogmphg, be 
considered as centrobaric. The "centre of effect" treatmcnt is impossible. 



It is stated, also, that examination of the effect of varying the assumed 
depth of the centre of compensation affords a ready means of seeing in what 
direction we may best look for an explar~ation of tlie departure of the observed 
from the calculated deflection. To t5is nre cannot agree. The problem is essen- 
tially one of investigation into the distribution of  mass. Any positioil of the celltre 
of compensation will correspond to ruore thau oue I~ypothetical distribution of 
mass, so that varying the position of the ccntres of effect or cou~pensation is not 
likely to lead to reliable conclusions as to tho distributiou of density. 

Before exarilining the figures of Table 1 of tlie Memoir, let us consider 
briefly the position and the angle of depression of this "cent1.e of eBect". 

S 
If AR be a thin colunun of matter, tlie attraction 

exerted 1)y it 011 tlie poirit S will act along the line 
S 1) \vliicl~ bisects the angle A S 13. A simple proof 
of this will be found in l'ratt's "Figure of tlie Eartli" 
(4th Edition, Chap. IV) .  

The following investigatiolr is due to Dr. Gilbert TITallier, F.R.S. 

:- ,, 

Let A I3 be a thin cylinder of mass m per unit of 
length and S be a point at  a'distance S N=v from AB. 

j : '\ Dram a N b, an arc of a circle with S as centre and 
S N as radius. Take an element PI" of the cylinder 
and join P S and P' S cutting the arc in Q and Q'. 

Then it is easily seen that the attractions at  S of 
the elements PP' and QQ' are equal if the mass of tile 
arc = In per unit of length. 

Thus t l ~ e  attraction of AB = the attraction of 
the arc a b ant1 mill act along S D bisecting tlie angle 
ASB. 

P If the centre of effect is on S D a t  C, distant x 

D from S we have 

I / Fig. 7 A B = r  ( t a n a +  t a n P )  



so that 
mass of AB- l tan a + tan B) 

the attraction of AB = - r n ~  ------------ 
xP xP 

the attraction of the arc = 
COr.: ' 
a+P = 2 - s i n -  

I '  2 
a+P 

T? ( tan a + tan /3 ) _ gL cos - f! 
thus 2 =  - 

a+P cos a cos P 2 sin - 
2 

Therefore SC" - = + cos (sec a + sac 8 )  
SD2 2 

This is only equal to unity \\.hen a=P=O, that is to say when tlie column's lengtli is 
zero. In all other cases the value is greater than unity, whence i t  follows tllat 
SC is greater than SD. 

Thus i t  appears that for a thin column of matter, the centre of effect is 
situated outside tlie column and on n line bisecting the angle sobtended a t  the 
station by the lengtli of the column. Now consider the bearing OF this lnttel. 
characteristic ou the effect of a compensating defect of mass rlisposed, with regnrtl 
to the station, according to the  assumption generally adopted. This assumpti011 is 
that the cornprnsatir~g defect of mass is distril)uted with respect to depth, f r o r ~ ~  the 
sea surface down to a deptli to 1)e determinrd from the observations. FOI. lnnsses 
thus placed, witli tlie upper extremity of t l ~ e  column a t  the sea surface, i t  is obvious 
that the angle subtended at a station a t  sea level by the length ot' the colurnri 
can never be as much as 90" and, consequently, the angle of depression of t l ~ e  
"centre of compensation" must nlnrags be less than 45". Tlie a n g l ~  oP depression 
t6 the centre of a thin column near the station is greater than that to the centre 
of one more remote, so that the "centre of comper~sation" of a combination of 
several columns lies at  an angle of depression less than that appropriate to tlls 
"centre" for the column nearest the station and this, we see, is ncrer as mllcli as 
45". Now the angles of depression of Mr. Oldhain's Table I extend to 86" so that,  
obviously, they do not apply to the condition of co~npensation usually n d o ~ t ~ ~ l ,  
where tlie upper limit of the stratum containiug the compel~sat i~~g mass is the sea 

.surface. I n  all cases where the angle of depression is given as greater tlian -IS', 
the mass concerned cannot extend upwards as far as that surface, supposing the 
station to be a t  sea level. Mr. Oldbarn having specified no condition governing 
tbe position of the mass, this latter may, for any given value of the nugle of 
depression, be disposed in an infinite number O F  mags, ns shown at AB, CY, EF, G Q ,  
etc. in fig. 8. I n  both position and volume occupied, tlle mass is indeterminate. 
Also, if the masses CD and EE, for example, be limited by the same radial lines 



from 9 a:id both be tangential to n circle of tlie same radius with 9 as centre4 bath 
CD and EF, if of the same mass per unit of lellggi, have the same effect at 8, at  the 
same angle of depression, though the deptl~s of the two centres of effect are 
different. 

Thr rlrfl~xction anomaly a t  a station, thus. affords no definite indication of the 
depth of i l ~ e  "centre" of  tlie rrlass c~-e:itiug that :~nornalp. Also, let it be remembrred 
that,  in t l ~ e  case of a qiveri mass a11tl a croup of stations, t l ~ e  position and depth 
of tile appropriate "cel~tre of pffect" is ditferer~t for each station. I n  the case of 
m;tsses tbxtendinq over tllousantls of squa1.e miles and stations widely srpnratrd, 
"var;rinq llie asqurnc~d tleptb of tile ct~ntre of coniper~sation" will certai~ilp not prove 
"a resdy means" of expli~ir~ing deflection anom:~lies. 

Tal~le I of the  Memoir is entitled "Relation between distance and effect of 
tllc attraction of an undergrourld mass". 'l 'l~is is based on the fo r~ i~u la  

WL D' = - sin' a cos a 
h2 

in vl~icli  D' r~pre,cents l l ~ e  defleclion j~roducrd a t  n station S by a mass WL, h being 
the depth of C, t l ~ e  "cent,re of eA'ect" of n~ : I I I ~  a, t l ~ v  angle of depression of C at S. 

Proportionate dvflections, a11l)ropriate to different Ilorizontal distances of 5 
from m, art. ~iverr  in terms of rhe r n a x i r r ~ u ~ ~ ~  v:rlrlc. of D', as unit of deflection. Mr.  
Olt\Ilalll's first, strp in coml,iIinr this tal)ltb is to find the value of a wl~ ic l~  gives D' 
a maximum value, I)y differenti;iting with respect, to a the t'orm~rla above. I n  t,llis 

rn process -- is treater1 as a const:~nt, that is, h :IS a constar~t, supposing the mass m to 
h" 

rc.main tilt. same I f  rn is not constant tl~th q11:lntitil.s of tllr tahle are not inter- 
re1:lted a l~d ,  i n  consequcBnce, rnvaninplrss. 'l'ler~ting h as a constnnt, b' t~ecornc~s a 

maximum wllen a = 64' 45'. Using t l ~ i n  rnaxirnurl~ value c f D' es unit, tho valum 



of defleotion for other angles of depression liave been calculated from the ratio 
tn 

D6 sin2 a cos a 
- - 

D'w 45, sin2 (54" 46') cos (5P 45') 

1IL 
in which the suffixes denote the nngle of depression concel*oed. Here again , ie 

h 
treated as a constant. The point C is considered as illvariable in position. 

The metl~ods of determining the values of the angle of depression a t  wl~iclr t he  
deflection is a maximum and of calculating the proportionate deflections for other 
angles are npplic.al)le orlly to the ctlse lvl~ere a ziven 111ass is s i t~~:~te t l  a t  n crrtain 
point C, inv:lrial)le in position. They (lo not apply to tlle case \\ l~e re  tile position 
of C, tlie "centre of efl'ec.t" is vari:~ble ; I I I ~  d r l ~ c ~ ~ i ~ l e ~ ~ t  on t11r distance of the  station 
of observation. Const.qut~ntlp, the fizur1.s of MI.. Oldl~nm's T;~ble I are inapplicable 
and teach not11i11,u regalding the effects ol 'topog~.apl~y or i ts  compensation 

Moreover, without considering t l~ei r  npl)lical)ility, exnmin:ltion mill s l~om 
that  the three columns of fig111.e~ are nob in conformity with one allother. Those 
given for "Ileprrssion" ant1 "Deflt-ctio~~" reql~ire IL, t l ~ t b  d ep t l~  of the point C, to be 
constnut while t I ~ e  values of "Dist:uica" ant1 "L)epl.easio~~" when taliell toget l~er  
show W, computed from 

A = ,- tan a 

to vary from 0 . 2 3  milen ~ = 1 . 7  to 1 . 7 2  n.llen 7.=0.3 ( the value of a given in  t!~r 
table for r=0.1 appears to be a misp1,int) I t  11-nultl nppthar from this t l ~ a t ,  :is 
t he  distance from tile station of ollsel*v:rt~on I)ecor~~es s~~lnl le~. ,  tlle d1hpt11 of the 
"centre of effect" increilses. ''l~is is not t l ~ e  c:lsc: ant1 t1ot.s not, agree with tht, stn tc-  
ment a t  tile top of page 18, "at lesser distances ... ... ... ... the ce~ l t r e  oE compel~satiou 
comes nearer and nearer to the  S U I ~ ~ I C L ' " .  

If we take PN in fig. 9 to 1,t? n thin column of ninltrr, 7 0 . 7  milcs iu Iengt!~ 
(Hagford's Solut,ion ( G  drpt.11 O F  conipensst ion I t ,xel . t i~~g :In n~ tr:lct,ion on tile point 
S, distant 8 N from P N, a l ~ d  i f  C he tlie "centre of effect." of P N \\.it,h regard to S 

we get tile following qunnt.itic1s s l~n \v i~~ ,n  t l ~ e  rt,lat,ion bct\vccn SN, SM, t.110 distance 
of C from S nod CAI, the depth of C below S. 



TABLE 11. 

These figures show the gradual change of position and decrease of depth of 
the  "centre of effect" as t l ~ e  station of observation approaches the attracting mass. 

The investigation into the relation between tlie effects of compensation and 
topog~aphy and the deduction of a compensation factor 'wllicli are given on page 1 7  
of the Memoir, are of no real usefulness, being based on the erroneous assumptions 
that the attraction due to the topography varies inversely as the square of the 
dist.~nce and that t l ~ e  effect of compensation can be represented by 

, nb D = - sin2 a cos a, 
0 

7b2 

SN 

di~:~~~'l,",- 

rnrles 

20.4 

10.0 

4 . 9  

2 . 4  

1 . 2  

the f::ct that  tlle position of the "centre of efiect" is not constant being ignored. 

The attraction due to an element of mass varies inversely as the square of the 
dista!~ce but if the Inass be composed of many elements distributed in a thin bar of 
infi:l;te lefigth, the attraction varies inversely as the distance of the point affected. 
I n  the case of the actual topography, the mass certainly can not be considered 
r.s concentratcbtl at  a point. T l ~ e  coi~ditions are better represented by the long bar. 
T'le actu:ll law of variation dependii~g on the area and shape of the mass is, l~omever, 
far more coinplea than the simple one of the inverse square. 

6 LI 
dlstance of 

"centre of effect" 
from stntlon. 

rntles 

2 7 . 6 8  

17 .53  

1 1 . 6 5  

The small tabular statement given on page 18, representing, i t  is stated, the 
relztion between distance and depth of tlie centre of compensation .is misleading. 
'I'he figures do not apply to tlie case of uniform compensation extending to a depth 
of 70.7 miles. The figures have been derived as follows; 

CN 
depth of 

"centre of effect" 
below storion. 

r n ~ l e r  

2 0 . 8 2  

1 5 . 2 2  

10.87 

7 . 6 4  

Fig. 10 

5 . 5 3  7 ' 9 1  1 5 . 4 4  

Let PQ be a thin rod of matter and 8 be a point lying in the prolongation 
of QP so that 



S P  = r, SQ = r' 
I f  the mass of an element of leugtll of P Q  be ?)a, the total attractiou oE the rod on 
the point S is 

Again if t l ~ e  total mass of the rod be slipposed concentrated a t  tbe poi l~t  C 
in PQ, distant SC, =R,  from 9, then tlie attraction a t  8 will be 

If A = A' and 1.' = kv, 
then R = /k v, 

I n  the syst,em of zones used by Hayford in calculating the effects of topo- 
graphy and its conlpensatior~, 

k = 1.42G. 
Henco R = 1.194 v,. 

Tbis quantity, R, Ilas been called by Mr. Oldl~alu the "mean efF~~ctive radius" 
and, in tllc: statement on page 18, tlre distances are the values of R for certain 
nayford zones. 

The 11ext step has been to t:lke IInyfo~d eolnpensntion Fnctors for each of 
these zones in turn and to equate them to (1-cosSa) ~vliicl~, it is said, '.represents 
the compensation factor of Mr. Hayford", a l~eing the anglc of depression of the 
centre of compensation. 

Substituting tlie values of a derived from this equat,ion in tlie expression 
D = R t a l l a  

values of D are comput,ed. The quantity D, i t  is claimed, is the deptli of the "centre 
of compensation" for the zone ~\rliose mean enective radius is R. 

Tlie mistake Mr. Oldllain has made is assuming that the "centre of effect" 
of a mass necessarily lies within that mass; tlrat the centre of compensntion lies 
vertically below the p i n t  indicatiug "the loean affective radius" of the topography. 

I n  fig. ll., R = SC is tlie "mean effective radius" of the tllin rod PQ. The 
average height of the surface topogrnphy being relntively small, C map be con- 



sidered the "centre of effect" of a narrow strip of topography in the zone defined 
by P and Q. But  when we consider the compensation underlying PQ, with its 
thickness of 7 0 . 7  miles, the case is different. I f  the compensating mass in PQRT 
be concentrated in the thin column CN, disposed vertically under C, the centre of 
effect of this mass will not lie in  ON but outside it, as a t  0, and if n be the angle 
of depression of 0 a t  S: the relation 

D = R t a n a  
where D is the depth of 0 below S, no longer holds good. I n  computing values of 
the dcptll, Mr. Oldliarn has failed to take cognizance of the fact that the horizontal 
distance to the "centre of compensation" is still an unlrno~vn quantity. 

I n  Table I1 has already been given a statement of distances and depths of 
centres of effect. This is repeated below for the sake of easy reference. 

TABLE III .  

'I'hese quantities assume the depth of compensation to be 7 0 . 7  miles or 
1 1 3 . 7  Itm. T l ~ e  figures of cols. 1 and 2 shorn that the llorizontal distances from the 
station to tlle compensating mass and from tlie station to the "centre, of compensa- 
t io~l" arc: largely different. Mr. Oldham's ralues of the depth of the "centre", 
based on the equality of tlie distances to the mass and to tlie "centre", are seen to 
be incorrect. Tlie same error lias been made in calculating the quantities tabulated 
in T:rhle 2 of the Jlrmoir. 

The numerical quantities given in cols. 2 and 3 of the table above are 
derived from the valuc 7 0 . 7  miles as the deptl~ 01 compensation and the "mean 
effective radii" of the Hayford zones. Rayford's compensation factors have not 
becn used in tlie calculat,ions. Col. c t  sholvs tlie compensation factors deduced 
from tllc. quantities givrn in cols. 1, 2 and 3, tliat is, for tlle case of a "topograplii- 
cal" mass, concentrated at  C, being compensated by a delect O F  mass of tbe same 
amount concentrhted at  0 (fig. ll.), the "centrc of compensation". For purposes of 
comparison, col. 6 gives Haylord's values oC the factors for the same zones. 

~ ~ ~ ~ ~ f r ~ ~  
coln~nn representing 

concentrntetl 
compellssti,~n. 

1 

m i l e s  

20.4, 

1 0 . 0  

4 . 9  

2 . 4, 

1 . 2  

- 

On page 18 of the Memoir, i t  is stated that, " i t  is obvious tliat if thc 
compensation factor can bc determined when the depth of the centre of compensa- 

COMPENSATION FACTOn 
Horizontal distance of 

"centre of 
compeusntion" 
from stotioli. 

2 

miles 

27 . 68 

1 7 . 5 3  

11.61 

7 . 9 1  

5 . 5 3  

as deduced from 
foregoing ligores. 

4 

0 .723  

0 .860  

0 .931  

0 .966 

0 .983  

Depth of ',centre of 
compensation" 

belo\\, 
stiltion. 

3 

nriles 

20 .82  

15 .22  

i 0 . 8 7  

7 - 8 4  

5.44, 

as gireu by 
Hnyfurd. 

G 

0 .721 

0.859 

0 .930 

0.965 

0 .983  



tion is known, the process can equally be reversed and the correspoudi~rg deptli of the  
centre of compensation cau be deduced from tile factors". I t  is to he remembered, 
however, that neither process is possible without a knowledge of tile distance 
of the centre of compensation from the station of observation. I t  is t l ~ e  failure 
to recognise this that has led to the errors in the tabular statement following tlre 
sentence just quoted. The value of the factor cannot be deduced if \re know only 
the depth of the centre. Before it can be determined, we require to know both 
depth and distance of tliis point. That is, \ \ e  must have given us the slrape and 
disposition of the mass. The reverse process is still further complicated. For  
evtbn tl~ough the distance to tlie centre and the value of the factor \\[,re given, Ire 
yet could not determine definitely the depth, sirice i t  is possible to vary appropria- 
tely the size of the mass ancl the deptli of tlie centre so as to give al~vays the same 
factor. 

The investigation is, I~omever, of little use, for in practice all me have to 
work on are the observed deflection 6 and the topograpl~icnl effect D. Tlie 
difference 6-D is the aggregate effect produced by t l ~ e  several con~pensatil~g masses 
at various distances from tlie station of observation. Each of these masses has n 
different factor, tlie appropriate vnlrle of wl~ich we are unable to det,ermine, being 

6-D given only tlie ratio of nett results -. I n  practict~ we never know the com- 
L) 

pensation factor before me know or assume the characteristics of the mass to 
which it applies. 



C H A P T E R  I V .  

The Imaginary Range. 

I n  calculating theoretical effects, Mr. Oldl~am ]]as departed in 
respects from methods deemed appropriate by geodesists and the justification for 

such innovabions o u g l ~ t  to have received somenrl~at pnrt,ic~llar treatment. Results 
deril-ed l ~ y  methods of approxitnation are  more convincing if supported by a 
discussion of their limitations and the  errors with ml~icll they may be burdened. 
The Memoir suffers from the  wa,nt of a clear exposition of tlle probable errors of 
computation resulting from the rrietllods of procedure. 

I n  his investigation 311.. Oldliam replaces the  complcsit~y of actual masses 
by simple sliapes and limits his calculation to embrace only masses nritliin 100 
miles of the station of observation. Sitbstitution of sinrple forrns for surface 
irregularities is used as a means of co~nputation ill the  rigorous geodetic t,reatnlent 
also but,, here, the topography is divided into compartn~ents nlliose size is deter- 
mined by tlie nearness to the  station of observation, t l ~ e  nature oE the gl*ouncl 
and the  limit of permissible error prescribed as a control and in each compartment 
the  actual topograpl~y is reduced to a simple form with a n  approxinlation suffi- 
ciently close to jnstif'y acceptance of the  results as closely representative of tlit: 
effects of tlie real masses. Tlie degree of approximation adopted by Mr.  Oldllam 
is of a lnucli lower order and this, c~uplecl  ~vit l i  the exclusion of masses outside 
t h e  100-mile limit, leads t,o results lvliich afford a doubtful foundation for the 
subsequent discussions. Tlie soundness of any conclusions formed relative to 
invisible masses rests on tlie accuracy with ml~ich allowance is made for t l ~ e  effects 
of t l~oso visible. Tlie visible topograpl~y constitutes tlie basis of the whole 
invest.igatio~l and i t  is in connectiotl tl~eremith that  approximations must be 
carefully controlled. 

Jfr .  Oldliam's Inlaginary Range wl~ich is substituted for the  Himalayas, 
Ron1e 1400 miles from end to end, is of i~nil'orm cross-section througl~out its lengtli 
and is considered to run from east to west. I n  the Memoir (page 36) is given 
this cross-section and, by way of comparison, two sections of t,he actual 1400- 
mile long IIim:~lnya. When i t  is considered necessary, some allo~varlcc is made 
for the fact that  the  actual Himalayas have not an  east and west direction. 

Only so nlucli of thc Imaginary Range as falls within the 100-mile limit 
has 11een talten into consideration for the purpose of calculating detlcctions.  his 
proccdt~rc is not quite logical. The Imaginary Range being supposed to he a n  
"average or generalised" Himalaya, the  n,l~ole a ~ ~ d  not n~ercly a small part of 
i t  ~110uld Ilavc heen taken into account when elldcnvouring to drduce results 
rcprr:serltativc of thc Eimalayan effects. Or, having clecidetl to deal with the effects 
of only those masses lying witllin 100 miles, the "avc>rage or generaliscd" lorn1 
appropriate: to each titation sl~ould havc becn derived from the actual topogl.apI~y 
within that  distance. 



Table IV  gives, for thirty-three latitude stations, the calculated deflections 
due to masses beyond 100 miles distance from the station. Mr. Oldl~am introduces 
in his Memoir ninety-four latitude stations but for only thirty-three of these 
have the requisite calculations of tlie effects of distant masses hcen carried out as yet. 

TABLE 17. 
Z j e c t s  of ~tlasses beyottcl 100 g~ziles from the station of obseruulion. 

This statement shows the nature of the topograpl~icnl effects disregarded by 
Mr. Oldbam in his investigation of invisible masses belo\v the Gangetic Plain. The 
stations mentioned cover an area of about 1100 miles by 200 miles and occur in five 
groups distributed between Longs. 75" and 86". As mill he seen, the effects Tnry 
from -29" to -66", showing a range of 36". Between Ranjitgarh and A~nritsar, 
65 miles to the south, about the meridian of 75" there is a difference of -6"; betvcc~n 
Dehra Dun and Agra, 200 miles apart on the 76' meridian, we find n change of 
+22"; between Pathardi and Gurwani (not given in the table) 2-10 miles apart in 
Longitude 62g ,  there is n change of +22" mllile between Jalpaiguri and Calcutta, 
270 miles to tlie soutl~, in about Longitude 6S0, Ire h a ~ c  a difference of +lo". 
Between Samaipur in the western portion of the area and Chandurin in tho enstern, 
there is a change of -31". Thcse effects, large in amount and sllowing considcr- 
able variation, cannot be termed insignificant. Tlieg are due to masses ml~ose 
existence is undoubted and being so, they ought to be taken into account before- 

btntion. 

Larnbatach ... 
Kt~rseong . . . 
Mussoorie ... 
Ilurree . . . 
Birond ... 
Dehra Dun ... 
Siliguri . . . 
Jalpaiguri . . . 
Kaliana . . . 
Pathardi . . . 
Nirnkar . . . 
Sora ... 
Kanakhera . . . 
Bansgopal . . . 
No11 ... 
Agra . . . 
Calcutta . . . 

Deflectiou. 

,I 

- 53 

- 65 

- 57 

- 30 

- 50 

- 57 

- 6 2  

- 61 

- 53 

- 59 

- 44 

- 44 

- 39 

- 42 

- 38 

- 35 

- 51 

Stntlon. 

Usira ... 
Kesri ... 
Pahargarh ... 
Datairi ... 
Hurilaong . . . 
Chendmar . . . 
Chanduria . . . 
AIaclhup~~r ... 
Ranjitgarh ... 
Isanpur . . . 
Amritsar ... 
Khimuana ... 
Samaipur ... 
Tasing . . . 
Ram Thal ... 
Kalianpor ... 

Ueflcction. 

I, 

- 33 

- 33 

- 31 

- 39 

- 41 

- 46  

- 62 

- 47 

- 3-1. 

- 34 

- S O  

- 39 

- 31 

-)j I - ?.O 
- 33 



we proceed to discuss the attraction of invisible masses about ~ h i c l i  we, as yet, 
know little or nothing. I n  Mr. Oldham's investigation they are eliminated by 
assuming that the isostatic compensation is such t l ~ a t  the etYects of masses 
beyond 100 miles are completely neutralised. Assumed data or assumptions 
regarding data, if not supported by independent external evidence, are justifiable 
only if the results of the investigation in which they are used, will give, in 
some may, proof of their correctness or, if the results are never declared except 
linked with a statement of the assumption. Mr. Oldl~am uses the assumption 
that surface masses outside tlre 100-mile limit arc completely compensated as a 
stepping stone from which to proceed to the branch enquiry into the form of 
tlie Gangetic I'rough. The results of this latter can shed no light on the propriety 
of the initial assumption which still remains, for all.that these results can tell 
us, uuconfirmed and the investigation, accordingly lacks btability. From other 
sources, the assumption receivrs but little support. The testimony of geodetic 
obser~utions in India is adverse rather than favorable to the llypothesis of complete 
compensation as stated by Hayford. I t  does not justify the assulnption of complete 
compensation in  ~esearclies into the absolute nature of details of Inass distribution, 
such as those. dealt with in Mr. Oldham's Memoir. I n  this, the only statement 
made in vindication of tlie assumption is that the effect of compensation cleterrnined 
by observatiops in the United States of America "may be accepted as not widely 
different from tlie average effect elsewhere". Mr. Oldham gives no evidence in 
support of this assertion n hicl~ is not accepted by geodesists, so far as India is  
concerned. Sn 1912, Najor Crosthmait wrote* "with n view to comparing results 
in tllc two countries, t l ~ e  following tables have been pepared sliowing the mean 
1 esidual for each group, or region :- 

u. S. a. 
... Group S.E. mean residual -0.74 

... ,, N.E. ... 2,  ' -1.04 
,, Central ... 9, -1.66 

... ,, Tv. ,9 
-1.02 

India. 

Region No. 1, Himalaya Mountains, mean residual ... -16" 
2, Plains a t  the foot of tlie Himalaya Mountains - 2 

... 3, N.E. ... + 8 

... 4, Central ... + 5 

... 6 ,  N.W. ... + 4 

... ... 7, TV. - 3 

... 8, E. ... - 2 

... 9, S. ... + 1 
Speaking generally, i t  mould appear that isostatic conditions are much more 

nearly rcnlised in Amcrica than in India, i. e. if me are to take the smallness of t h e  
residuals as an indication of the completeness of isostatic compensation. I n  India 
~ v e  have an example of a continent ~~~~~~~e very large natural convulsions have taken 

I'ruIcwion.~l Innper N u  1.3, bnrvcj uf Indln, I012 
) 



place, in-recent geological times, producing upheavals of tlre c r i ~ s t  on a kcale quite 
uultno\vn in any otlrey part of the glol~e. I n  U.S.A. disturbances have been com- 
,pnratirely slight. Taking tlrese facts into consideralion and gmnt,ing that  t,liere is 
always a tendency towards isostat,ic equilibrium, is i t  not reasonallle to suppose tha t  
\\rlrilc t l ~ e  nt,tainmect of equilil~rium is already far ndvarrct~d in A m ~ r i c a ,  i n  India i t  
is still in an  immature state, and compensation is by no means so perfect ?" 

I n  the Introduct,ion to Professional Paper No. 1 5  (1015), Survey of Intlia, 
by Capt,. D. J. Couclrman, Col. Lelrox-Conpngbam said " i f  we t ry  to malte o ~ r t  t.liat 
under the l~ills there is isost,atic equi1il)rium Ire are confront,cd 1)y great dcriation 
from equilibrium under the plai~ls a t  tlreir Soot,, or 1-ice versa, so that  we nre forced 
to  the conclusion tlrnt we :Ire not merely dcnling mitlr an  isostatic ec l~~i l i l~r inm 
constantly clist,~~rbed by tlre etl'ect,~ of ~vind arrd meatller and constantly r,eadj~rsting 
itself, but  that tlrere :rrcl other forces a t  work mlriclr :Ire, in certain rvgions, continually 
lifting tlre mountains 11igher and l~igher  and allon.ing the  material 'n~aslled dourn 
from their sides to sink deeper ancl deeper", 

As indicating tlla,t complete compensation i11 tl!c Indian area is not yet  
accepted in it,s entircbt,!., nre may qnote, from tlre same Professional Paper, Capt. 
Coucl~man's conclnsioi~s ;- "It is almost certain tllat the Hinialajas and o t l ~ e r  
high mountains of India are compensated to n ~re:lt oxtent. I t  is possihle that, 
this compensation estentls into the plain". "The Central I n d i n i ~  pl:lteau may 
or may not be compensated, tlre residuals by tlre two metl~ocls agreeing closely 
wit11 each otller". 

I n  t,he Journai of Geology, Vol, S S I I ,  No. 4 (May-June, 1014), Prof. 
Barrel1 wrote, after comparing plninb-line deflections in tlre United States of 
America \vitlr t l~ose in I ~ l d i a ,  "t,kre niajor eleme~rt~s of tlle relief, t,lrc Himala!-as, t l ~ e  
plateau of I r~din  and tlie surronntling ocean basins are, of coursr, largely com- 
pensated, but these figures slrow that  in detail t l ~ e  1ryl)otlresis O F  coni~)lete isostasy 
is very far from the trutl~". "It may be concluded tl~erefore that  the convergellce 
of geodetic evidence sllows the crust to be coinpctent to sustain loads measured 
by the  wcigl~t oF several thonsands of feet of rock extending over circular areas 
some tens of tho~rsnnds of square miles in area. Tlris is a nieasure of crustal 
strength t,wenty, firty or even a Irnndred fold greater t11an tha t  aclvanced in  recellt 
years by the  leading clr:rmpiorrs of I~iglr isostasy". 

I n  tho Jburnal of Geology, Vol. S X I V ,  No. 7 (Oct,.-Nov. 1916), Prof. Hobbs 
says "It is possible to assume that  a tendency to attain to isostatic a ~ l j u s t r n c ~ ~ t  
exists within the  earth's outer shell as a consequence of cliastrol~hic actioll 
that  a t  any given time large areas, such as the greater 1)ortioll of the  United 
States are measurably compensated. I n  areas more recently disturbed and a t  a 
h o r e  rapid rate (western section of the Uiiitecl States or the  IlilnaIaSan region) 
hrhicll still betray tlreir laclc of stability in earthquakes, no sucll state of isostatic 
compensation can be postulated". 

The knowledge me have atu1.e of t l ~ e  ~ ~ n i p e n s a l i o n  of tho 
Bimalayan-Tibetan mass is not t of the  quantitative estinlation 



of local irregularities of density in India. The hypothesis of complete local 
compensation has been tested and found to be inappropriate. Observations a t  
Himalayan stations show large discordances between observed and calculated effects. 
We find, for example, a t  Lambatach, in Long. 7SC, that the observcd deflection is 
-30". By the hypothesis of complete compensation it should be -9"; the observed 
value is tllree times as large as the tlreoretical. At Mussoorie, also in long. 78", 
observations show a deflection of -33" against the theoretical -17"; the observed 
value is twice as large as the calculated. At  Birond, long. 80°, the respective 
quantities are -40" and -14"; observations giving a value nearly three times as 
large as theory. A t  Kurseong, long. 88", similarly, we find -47" against tlle 
calculated -23" and at Murree, long. 73;". an observed value of -16" wit11 a 
theoretical -10". The magnitudes of the diflerences between the results 
of obs~rration and theory, as compared with the tlreoretical effects, are so large 
that me are not jlxstificd in attributing them to local causes until me have 
reconsidered the llgpotl~esis of compensation. ( I t  is improbable that a reconsi- 
deration of the problem on the basis of t l ~ c  existing data mould lead to any notable 
advance in this respect. Geodetic research has, so far, been able to touch only 
the  mcre fringe of tlie mass covering some 450,000 square miles and averag- 
ing, possibly about 13,000 or 14,000 feet in thickness between the plains of 
India and tlie divide between tlie rivers of Oentral Asia and tlrose discharging 
into the Indian Ocean. Along the 1,400-mile soutliel,n fringe, deflections 
in tlie meridian 11al-e been clctermined in four localities and t l ~ e  value of gravity 
in three. For the rest of the enormous area we have no data as yet). 

The one hypothesis of compensation that has been tested lcaves us with 
large residuals. I t  is unreasonable to conclurle a t  once that these are due to local 
causes rather tllau to an inappropriate assumption regarding compensation and 
regional dist~ibution of density. Research has not yet advanced far enough to 
cnal~le LIT to appraise correctly the attraction exerted by the Himalayan-'l'ibetan 
masses and conscqucntly, we cannot clear deflections observed along the nlargln 
of these masses of tlle effects caused 1)y them and so proceecl to deduce from 
remaining residuals tile magnitudes and shapes of local disturbing elements. In 
this light, weight cannot be attaclled to the results of an investigation into the 
shape of the Gangctic Trough ~vhich starts with the unsupported assumption that 
the Himalayan-Tibetan masses are completely compensated in such a way that 
their effects a t  stations in the Gangetic area are entirely neutralised. 

I n  his calculation of theoretical deflections, Mr. Oldham has substituted for 
the actual Himalayas an Imaginary Range and has taken into consideration only 
60  much of thc mass of this range as falls within 100 miles of the station considered, 
The shape of tlre range, based on but two cross-sections of the actual Himalaya, 
represents only very roughly the contour of the real mass. No direct comparison 
has been made between tlre Imaginary Range efl'ects as calculated by Mr. Oldham 
and those computed in the rigorous manner from the actual contours. It is argued 
that, hecause tlle resultant small quantities derived by combining the attraction due 



to tlie imaginary masses with tlle neutralising effect of compensation do not differ 
largely from the similar small quantities deduced from all masses, Himalayon and 
other, within 2664 miles of eacli station and their compensation, tlie Imaginnry 
Range closely represents t l ~ e  real Himalayas. But i t  does not follow that  because 
t l ~ e  compensated effects of two masses are equal, the masses tlremselves and their 
uncompensated effects are equal or even of the same order of magnitude. M, does 
not necessarily equal 11, because 

J I l + C l  = M,+C,. 
I n  Table 5 of tlie Memoir is given, for eight stations, a comparisoll of tho 

deflectious calculated from tlie Imaginary Range with those computcd by t,he ortho- 
dox method embracing all masses within 2561 miles of tlle station. Tllis table is 
reproduced below witli correct signs introduced in  the last coluuin of figtUes. I ls  
given iri Lhe Memoir, for three of the eight stations tlie signs are \\.rang. 

I n  this table, the quantities under I are appropriate to uncompensated, and 
those under II  to compensated masses. 

Prom these figures Mr. Oldham concludes that "tile limitatiou of the extent 
of topogl.apby considered to that lying within 100 miles of the station is justified 

the smalldess of the effect of more distant topography wheu the opposite eEect, 
of its compensation is takeu into consideration", and tllnt "tlie 1mnginm.y Eange 
a ~ i l l  serve the purpose for which i t  was intended", tliat is to rt,present tlie real 
Himalayas. 

Tllis conclusion rests on the quantities of tlle last column of tlle table. It 
implies the assumption that  theso quantities correctly represent tile effects of 311 
masses heyond 100 miles fronl the station, tllat is, tliat tlle deflections calclllated 
from the Imaginary Range agree with those deduced rigorously from tile real 
masses mitliin the 100-mile limit. 'L'he correctness oE tllis assumption is not 
discussed and i t  is not establislied that the effects of the Imaginary Range Illny 

Station. 

Lambatach ... 
Korseong ... 
Mussoorie ... 
Birond ... 
Dehra Diin . . .  

in  m~lcs .  

4,4 N 

3 , ,  

3  ,, 
2 ,, 
G S 

Def'rction calcnl;lt~cl 
1'). r\l:~jor Crostl~wnit. 

--- 
I I I  

- 71" - 9" 

-103 -23  

- SG -17  

-744  - 1 4  

- S G  -18 

, , r i l i , , l ,  
-~ - -- - - 

I I I  
-93" - 1 . ~ "  

---I4 -29 

' -40 -19 

-61 - 2 0  

- 3-1. - 1 7  

Siliguri 

Jalpsiguri 

Kaliana 

Difference b c ~  \r.ern 
tile efTcl.t of 

n c t r ~ n l  and in~agiunrq 
t o p ~ ~ g r a p h y .  
-- 

I I I  
-3s" + 5" 

-49 + ti 

- 4 6  + 2 

-I13 + ( i  

- 5 2  - 1  

- 64 - 1 1  

- 7 7  - 6  

- 5 8  - 3  

- 3 0  - 1 3  

-14 - 5 

- 6  - 2  

-N + :! 
- 6 3  - 3 

j - 1  



be talren as r e p r e s e n h g  closely those of tlie real masses. The best test, a direct 
comparison of uncompensated effects, has not been made. 

Tlie quantities in the last column of the  table, headed "Difference between 
tlie effect of actual and imaginary topograpl~y" sliom a t  once tllat, in some way, 
tlie Imaginary Range is not satisfactory. Supposing, for tlie moment, that  t l ~ e  
figures given as tlie deflections due to the  Imaginary Range really do represent the 
effects of masses within 100 miles of tlie stations, then the  quantities of tllelest 
co lu~on  sliow the  consequences of taking into the  calculation all masses between 
100 nliles and 2564 miles distance. It would appear, then, from the tabulated 
qiiantities t , l~at  in the case of Lambatach, ICurseong, Riussoorie, Birond and Siliguri, 
t l ~ e  masses beyond 100 miles have t l ~ e  effect of increasing the  nortllerly deflections 
if no compensation be assumed bu t  of decreasing tllem if there be compensation. 
Kom such a result ~ rou ld  be possible if t he  extension of the distance limit 
1)rought into consideration masses, to the  soutli of the  station and just beyond tlie 
100 luiles, much larger t l ~ a n  those a t  a similar distance to tlie north. If in tlie 
100-2564 mile zone, the  distant northern masses were large and tlie nearer were 
sinall while to thc s o u t l ~  the  nearer masses were large and tliose more remote, small, 
it, might possibly result tha t  the effect of this zone monld be to increase the nortlierly 
dt.flcct.ion if the  masses were taken as uncornpensat,ed but to decrease i t  if con\- 
~ ~ e ~ ~ . s ~ t i o i i  were nssumrcl. Bu t  a t  tlie stations just nientioned, we know that these 
contlitions o l  mass distribution, to tlic soutli especially, are very far from being 
realised a1111 that  extension of the  zonc, covered by the calculations, to beyond 
100 miles I\ ill c:tllse an  incrcase in tlie deduced nortl~erly deflections wl~etlier masscs 
l ~ c  hr~ppowl con~pcnsated or not and \ye are therefore forced to conclude that  the 
i11iti:ll supposition, tliat tile dcflcctions clue to the Imaginary Range represent tlie 
cff,:cls ol the actunl masses within 100 miles, is not correct in respect t,o 61-e of 
tllc c ig l~ t  stations of the tahlc. Tliis firilure oE the nature of the calculatetl results 

to accortl with what thc  actual mass distribution tells us to expect poillts a t  oncc 
to  t l ~ c  ~leccssity of a more searching test of tlie suitability of tlie Imaginary Range 
ant1 a i.econside~*ation of its shape. 

Mr. Oltll~arn 11as not pcrceired this teaching of the figures of tlie table. The 

clll.ct5 of thc I m q i n a r y  l tange have not been further examined in their relation 
l o  iliosc. citlirr of tllc Himalayas proper or of actual masses v7itliin 100 milcs of 
tlrc. \tation. Tal~le  6 of Ille RIemoir gives merely a comparison between the imagi- 
n:rrg deflections and t l~osc due to all rnasscs, continental and oceanic, within 2662 
niiles of each gtation and i t  cannot establish t l ~ c  similarity of tile Imaginary nange  
la tbr: IIin~alayan-Tihctan masscs. 

Tlle follo\ving table gives a comparison betwecn the deflections calculated 
from the actual muwcs and those due to the Imaginary Range. I n  t l~is,  lor the 

Irllrposes of comparison, the actual masses comprise only the mountain mass on 
the  continental sidv of northern India ;  they do not include thc plains of northern 
India and the Punjab nor the masscs of peninsular India. 



TABLE PI.-Comparison bettoeen De$ectiona calculated fieom the actual masuee 
a d  jrom Xr. Oldham'r Imaginary Ilange. 

* I  he nren denoted ns Himnlngnn-Tibetan is shown ou plate I. 

I D e s ~ n c a ~ o n s  DUE TO THE ACIUAL UIFPERGNCE BETWEEN "ACIULL" 

Distance 1 6 ~ 8 8 ~ s .  AXD " I I I ~ I X A H I "  OP?ELT#. 

horn Deflections 

Station. 

1 

Kurseong ... 3 . .  3 - 8 2  - 9 3  - 5 4  - 1 5  + 2 8  + 39 1 
Nossoorie ... 3,, - 3 3  - 7 2  - 8 4  -0 - 5 + 3 Y  + 4 4  

Bilond ... 2 N  - 2 7  - 6 2  - 7 0  -11 I - 2 4  + I I  + I 9  

The quantities in cols. 7, 9 and 9 sho\v llom the Imaginary Range compares 
with tlie real masses. Col. 7 slio~vs that, as compared wit11 the real masses within 
100 miles, the imaginary 11ave too great a11 effect. '1'116 tlitrerences in  this coluluu 
amount to a fairly large percentage of the rigorously calculated dcflections g i ren  
in  col. 3. 'l'lle fact that  botli the imaginary and tlie real inasses uitliin 100 miles 
give no deflectiou a t  the more distant stations does not ~~rccssnril!. indicate equality. 
I t  means only tliat both masses are too small to 1)roduc~ significant effects nt tl,o 
distances involved. Tlle differences in the case of the nearer stntiolis slrow tliat 
the want of agreement bct\reeu the Imaginary Hal~ge nnd the rcol illasses is 
considrm\~le. 

Debra Din ... 
fiiligori ... 
Pnthnrdi ... 
Jnlpniguri ... 
Knlinna ... 
Bausgopnl ... 
N i m k n r  ... 
Dntniri ... 
6orn ... 
Noh ... 
Agrn ... 
Tnsing ... 
Usirn ... 

Tile following statement of sotile of t l ~ e  discordances b ~ t w c e n  in i ag i~~nry  
and rigorously calculated difirrcntial elFccts s1lon.s tllc dissimilarity bt.t\vcen hlr. 
Oldham's Rnnge nnd tlie rcnl IIimalnya. 
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TA BLB PII.- Diferences of Dejlectiou. 

btat~ons.  
Iinogc. 

Blrond-Dellla Diin 
Lambatach-Jalpaiguri . . . 
Kaliana-Dehra Diin . . . 
Kaliana-Pathaid1 + 2 
Siligu~i-Jalpaiguri .- 16 - 5 

Before me: can deduce the  dimensions of tlie Gangetic Trough, me must be 
in  a position to form a n  estimate, i n  ~vhich me can place some reliance, of the 
actual effects produced 1)y this feature. W e  must eliminate, from tile results of 
the  observations, tlle effects of all masses otlier t l ~ a n  those of the trough, the real 
effccts, that  is to say, not the  effects according to this or that  I~ypothesis. 

Mr.  Oldl~am argues that  the compensated effects of his Imaginary Range, 
as they are nearly the  same as those deduced by rigorous methods embracing the 
rclal masses in a wide arca, may be accepted as the  actual effects of the Himalayan- 
Tibetan mass. I I e  consiciers the  rigorously calculated quantities to be real effects. 
T l ~ i s  llas ncrcr  been claimed for them. Tliey are tlie results of an  enquiry as to 
I\ hat geodetic evidence there mas in  Inclia in  favour of a certain hypothesis of 
coml)ensatio~l foulld to be suitable to tlie United States of America. 1'11e outcome 
o f  the enquiry is that this hypotl~esis does not cxplain satisfactorily the  gravitational 
~ ~ l ~ e n o m c n a  observrd in  India. I t  cannot be taken as representing the best 
approxinlation to the  la\ \  s governing tlle actual conditions of compensation. 
Constitnting a lllost valuable guide and criterion, they are only tlie first step in 
t l l ~  investigation of the terms of these l s l ~ s .  

311.. Oldlian~ appears to hold that  any change of Iiypotliesis mill not produce 
m11cl1 altcrntion of the  results. T l ~ i s  may be true so long as me adhere to tlie 
a~qurnptions underlying Hayford's hypotl~esis, namely that  the compensation is 
every\~,here complete and local, tha t  is to say, that  the crust of the Eartll is a failing 
str~lcture,  I~alring no rigidity. Bu t  tlle rejection of this initial assumption in 
f a \  ollr of a certain degree of rigidity of the crust, producing regional compensation, 
c l t l l c ~  complete or otl~crwise, nyould lead to marlied changes in the  calculated 
quantities. T l ~ e  nature and magnitudes of gravitational residuals in India, de~eivcd 
on lIayford's I~ypotbesis, do not permit of their being considered as accidentals but 
iilclicate the necessity of rejecting Hayford's assumption and of formulating a new 
l ~ y ~ o t l ~ e s i s  v h i c l ~  will afford a more satisfactory explanation in general of the  
ollscrved facts. I n  tllc meantime, theolaetical quantities, cnlculated on Hayford's 
I~ypothesis, cannot be regarded as real Himalayan-Tibetan effccts for the purpose 
of arriving a t  quantitative estimates of other geological structures and the substitu- 
tion of an Imaginary Range for the  real masses, mllile introducing uncertainty 
into the  computations does not bring us nearer to tlie reality of results. 



C H A P T E R  V .  

The effect of the Gangetic Trough. 

It has been generally conceded that along the foot of the Himalayas and 
roughly parallel to tliem there lies a great drprossion, probably deep toward its 
rlortllern edge and shallow toward the soutliern and filled with allitvial deposits. 
I n  calculating t l ~ e  amount by nrl~icli, tlieoretically, tlie direction of tlre plum1~-liue 
is affected by surrounding masses the fact of this clepressio~i llas not becn taken 
into account, for its dime~lsioils must be, a t  present, conjectural and i t  is undesirable 
that the tlreoretical eil'ects of visible determinate masses slrould be entangled wit11 
tllose of bodies wllose magnitutles are uulrno~~rn thougli their existence is not do~~bted .  

I t  was yccognised, also, tliat the effect of this depression mould tend to increase 
the nortllerly deflections a t  stations along tlie foot of the Hirllalayns :tnd, tlirls, to 
reduce tlie cliiTerenccs between tlie results of observation and theory. But any 
deficiency of mass, nlratever its slrape, nndel-lying the Ganget,ic plains will tend to 
produce this cffect, so that the mere fact of the reduction of tlie residn:ils, by itself, 
gives no reliable indication of the nature of tlie depression. Por sucli indications 
i t  is necessary to examine the cliaracter of the residaals and to see to what extent 
a suggested l~ypotliesis of deficiency provicles an csplanation of tlle salient features, 
one of which is the striking change tliat occrws in tlie residnnls all along the Icngt,li 
of tlre mountain mass as we rececle to a sliort distance into the plains from its foot. 
There is a very rapid fall, in a nortllerly sense, in the value of the residual bet~reeu 
Dellra I)Qn and Kaliana, Birond and Bansgopal, Siliguri and Jalpaigtwi. To produce 
this fall, a deficiency of mass, widespread tlirongliont the Gnngetic area, 
as in tlle trough, is insu5cient. There seems to be clemauded, in addition, a great 
deficiency concentrated within a small llorizontal distaiicc, possibly in tlie strip 
deGned by the pairs of stations referred to above. 

I n  t , l~e followiug table, as a uat ter  of interest, are s1ion.n tile theoretical 
deflections obtained if we take into consideration, in addition to visible topography, 
a Gangetic trougll sucll as tliat supposed by Mr. Oldllam, all masses, includiri,o 
t,l~at of the trough, being talcen as compensated according to Hnyforcl's lrypotl~esis 
with a compensatio~l depth of 1 1 3 . 7  l i~n.  

The general shape of tlie trough, sliown on Plate I is that suggestecl in i\Ir. 
Oldham's Memoir. !Clie density of t l ~ e  alluvium above sea-level is taken a t  2.16 
and, below sea-level, at  all depths the deficiency of density from normal is taken 
as equal to 

( 2 . 6 7  - 2 . 1 6 )  = 0.61. 
The calculations embrace all masses up to 2863 miles distance. 
Complete coml~ensation lias been applied to the trougli and its alluvium in 

consistency with tlle treatment of all other mnsses. There is no reason for except- 
ing it, as Mr. Oldham lias clone, from tlle operation of tlie general hypothesis. 



C O R R E C T I O N  

Too,. main heading over cols. 3,and 4, of Table VIII, read :- 

" Calculitted effects of s l l u v i o ~ n  in Trough nrea, alone ". 
Z'ABLE 7111. 

Deflection efects deduced by taking into consideration a Gangetic Trough 

in addition to  eu~lface ng.asses. 

So far :ih the trough efl'ccts a t  cach station can bc mndc o u t  from thc Riemoi~., 
tl~c: uncorn~rcr~salcd ~ a l u c f i  s l ro~vn i l l  col. 3 differ from t l~osc  given by Mr. Oldl~am. 
1'11e t l i h c r c p n n c i c - s  have not  bccari e x o n ~ i n c t l .  They nlay bo due to each station 
l~avirlg llC!cn conceived "as lying in tho  ccbntre of a 200-milc square and e v e l s y t l l i n g  

oulhidv t l l i ~  l i n~ i t  llns Lren put  but of conside~ntion," in Mr. Oldlrnm's investigation 
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Diagrams showing variation of rcsidual ou moving from the Hills down on to the Gangetic Plain. 

The blnek line reprr.ents the case where tbe Trough is not cullaldcrrd. 

The red Line represents the cnse where the T~.ougll is couaid;rrd. 
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whereas, here, the whole extent of the trough is taken into account. Mr. Oldham 
limited the area to be considered to the 200-mile square, arguing that the effects 
of masses outside this limit, when combined with those of complete compensation, 
were negligible. But as, subsequently, he considers the alluvium of the trough to 
I)ave no compensation, the argument and the imposing of tile 100-milc limit are 
inapplicaLUle to the trough and the omission to take count of this would lead to error. 

Col. 5 shows the calculated deflections produced by surface masses and their 
compensation, the existence of the trougll being ignored. Col. 7 shows horn the 
observed differ from the calculated values. Cols. 6 and 8 give the corresponding 
quantities for the case where a trough of the shape and dept l~ suggested by Mr. 
Oldliam, and its compensation are taken into account in addition to the surface 
topography. 

Regarded simply as series of residuals, there is little difference betweell the 
quantities of col. 7 and those of col. 6. The latter sliow no marked improvement, 
as a whole on the residuals of col. 7. There is, as was to be expected, some reduc- 
tion of tlie northerly residuals a t  stations to the north of the trough, at, for exan~ple, 
Lambatach, Mussoorie, Dehra DGn, Birond, Pathardi acd Siliguri but, except a t  
Birond and Pathardi, the reductions are slight. I t  mill be noticed that the intro- 
duction of the trough lias not had the effect of removing tlie abrupt change in tlie 
residuals along the northern fringe of the Gangetic Plain. W e  still find, betweell 
Dehra Dlin and Kaliana, Birond and Bansgopal, Siliguri and Jnlpaiguri, the rapid 
variation which contributed to the evolution of Sir Sidney BurrardYs rift theory. 
The diagrams on the opposite page show, a t  a glance, what effect the trough has 
on the deflection residuals. There is no marked general improvement and the 
characteristic anomaly, the rapid fall in  the value of the residual, remains 
unexplained, a problem still awaiting solution. 
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