
I \ ' .  ., . , , '  . I .  , VL L. :-; 
T - ;,; ;- ' A  ,,.;. 

. :I 8 > '  
. L / ,  , - .  - . ,  sog'#'$g gp:&ga, 

* ' . *  
C 

' - 3 ~ 

. . ", C F ; = . ' - ~ - .  --17.- -,$<-,, +.: n ' y , : . - . ,  '-:$ . .!> ,,-. ;-,. , -y,;. . .;:.<+. 

I .  
I - 

1 .  . : - 
.,P H& pum, 

' . , -  Rae ZT - 
' '. 

, . 

1 .  

k .  
. - . . , t .. ,, 

B! \ ,  1 

:$g 
-. , 

a. .s:. 

d 

. . 

. ,  

i 
1 
1 

: $ 8  

4 - - - 





PROFESSIONAL PAPER-No. 17 

I N V E S T I G A T I O N S  OF I S O S T A S Y  
IN 

HIMALAYAN A N D  N E I G H B O U R I N G  R E G I O N S  

H S  

COLONEL SIR S. G.  HURRARI), E.c.s.~., R.E., F.R.8.. 

SURVEYOH GENERAL OP' INlIIA. 

PUBLISHED BY ORDER OF THE G O V E R N M E N T  OF INDIA 

Pl l lN1 'KT~ A 1  THh O V Y I ( ' E  O )  TRK 1 IIIGOROhlVTRIC~\L UURVEY 

- - - -  . . - 
Price One rupee or Onr shilling four pence 





T A B L E  OF C O N T E N T S  

Plate I-Indo-Gangetic alluvial belt ... ... . , . . . . Frontispiece 

Plate 11-Section of Earth's crust through the Gangetio trough ... . . . Frontiepiece 

Page 

(1) Introduction . . , . . .  , . .  ... ... ... 1 

(2) Retrospect . . .  . . . . . . ... ... ... 1 

(3) Introduction of isostatic compensation into the computations . . . ... 3 

(4) Summary of the position in  1918 . . . . . .  . . . ... 6 

(5) Proposed correction of geodetic results for the isoehtio compensation 
of the Gangetic trough . .. . . . ... ... ... 11 

(6) Computations of the Gangetia compensation . . . ... ... 12 

(7) Results of the computations . . . . . .  ... ... 1 5  

(8) Poseibility of obtaining evidence from other troughs . . . ... ... 19 

(9) Concli~sions reaohed in this paper will influence treatment of other geologicel formations 20 

Appendix No. 1-Calculation of the gravitational effects of a trough containing 
light rock (density 2.4)  and isostatically compensated ... 25 

Appendix No. %-Notes on the form of the Gangetio t,rough ... . . . 37 

Map -Mountains of India ... . .. . . . ... ... At end 









Investigations of Isostasy 

Himalayan and neighbouring Regions. 

( I )  ~ ~ t ~ ~ o d u c t i o m .  

For the last ten or fifteen years the view has been generally held that  the geodetic resulte 
deduced from observations in the outer Himalayas and in the plains a t  their foot are not in  accord 
with the theory of Isostasy. I n  the last few months whilst making experimental calculations I was 
led to the conclusion that  t,he evidence mhich we have regardtd as unfavourable to  t.he theory of 
Isostasy may be found to prove an unexpected support for it. As this question has received much 
attention from geodesists, I should like to explain how my change of view has been brought about. 

I n  the Himalayas the problen~ of isostasy has been exceptionally complicated by a difficult 
geological problem : the effects of isostasy upon geodetic obser\,ations are so intermixed with the  
effects of the local geology that  we were unable for many years to  separate them. It was not until 
Hayford liad shown us the isostatic effects in America tha t  we were able to  estimate the isostatic 
effects in India. Hayford's restilts constituted inclependent evidence from another continent, and by 
making use of them we have endeavoured to separate the gravity anomalies in India into two 
components :-(i) the isostatic and (ii) the non-isostatic. 

The question I wish to discr~ss in this paper is whether the non-isostatic component of the 
Himalayan gravity anomalies cannot be explained by extencling the calculations of isostatic com- 
pensation to tho local geology. Under the system hitherto adopted, all heights above sea level and 
all depressions below sea level ha\-e been asslin~ecl to  be compensated. But  masses of abnormally 
light rock soch as now occupy the Gangetic trough have not been assumed t o  be compensated. 
Compensation has in fact been confined to topography and not extended to rock-density. I n  this 
paper I propose to extend it  to rock-density. 

(2)  Retrospect. 

In  order to explain t,he preseut position of the question tinder consideration I must endeavour 
to give a brief retrospect of our past investigations. During the greater part of the 19th century 
pendulrim observations were reduced by the method of Bouguer, -a method which was in accord 
with contemporary geological opinion. Bouguer contended that, if a pendulum be observed on a 
mountain, the attraction of the mass of the mountain must be taken into account, because mounhine 
are obvior~sly solid. The gravity anomaliefi which resulted from the Indian pendnlnm observrtions 
of 1866-1870 were persistently negative a t  inland ststions, 
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The following table I illustmtes their negative tendency*:- -- 

TABJE 1 

The general opinion was that  these persistent negative anonlalies indicated some form of 
mountain compensation, such as had been originally suggested by Pratt .  The influence of the local 
g e o l o q  could not be detected. 

Stations on Ihe central 
mendinn of Indin from 

nortl~ to soulh 

Mussooree . . . 

Nojli . . .  

Kali inr  . . . 

Yahsrgarli . . .  

Kaliiupur . . . 

Badgion . . . 
Somta~la  ... 

Damargida ... 

Namthabsd ... 

Ban galore . . . 
i 

I n  the years 1900-1901 by introducing isostatic compensation into the calculations, I made 
several endeavours to explain the gravity anomnlie~ and the deflections of the plumb-line. I tested 
the effects of compensation with the aid of different assumptions of depth, namely that  compensa- 
tion extended uniformly downwards 4 0  depths of 10 miles, 100 miles, 500 milcs, and 1000 n~ilest .  
M y  conclusions were snmmed up as  follows :- 

1. NO hypothesis of mol~ntain compensation will suffice t o  explain the co-existence of the 
northerly deflections observed a t  the foot of the Himalayas and the soutl~erly deflections o1csel\ed a t  
distances of 50 rnilw. 

2. The effects of Himalayan compensation are masked by ~ubterranean lariations of density 
~ o u t h  of the Himalayae. 

This investigation of the available data shonr-d the necessity of inclee,cirlg the number of 
pendulnm stations In India and of reopening I~endulun~ obscrlations with a new alrparati~s of the 
most recent pattern. 

I n  1902 Professor Helmert explained to me a t  Potsdanl that he was unable to reconcile the 
negatire gravity anonlalies of India with the positive anomalies of northern Europe. From the obser- 
vations of Austrian observers in India Helmert had arrived a t  the conclusion that  the Indian pendu- 
lum results of 18fi6-i0 required a correction for the flexure of the stand, but  he could not estimate 
such a correction with any degree of confidence.$ 

R r l m ~ f i ' s  report, 1nlernnli"nel Confererrre, r a r i ~ ,  1900. 
t r i d *  pages 45-47, Erolrarionnl paper No. 5 ,  Sur~ep  of India, 1W1 : T h e  Altrariion of Ibc H i m n l a y a  .l low?~lairc. 

*pol the Plumb-lime in India. 
f r i d s  p g e n  284 erd  295, E'hilaeophicsl Transactions, Rol-a1 Society. 1806 : O n  the Inlenstly and Direction of 

ihr Force of Qramty i n  India. 

Urssity 
anomaly 

(Bouguer) 

dynes 

- 0.154 

- 0.123 

- 0.106 

- 0.088 

- 0.042 

- 0.048 

- 0.053 

- 0.303 

- 0.077 

- 0.084 

Height 

feet 

6924 

879 

LOCAL GBOMQY 
-- - 

Rock-surface ' Density of rock I-- 
Himalayan rock 

Alluvium 
i 

HI0 Do. 

1 G41 / ~ e c c a n  trap 

2.67  

2 . 2  t o  2 . 4  

2 . e  to  2 .4  

3 . 0  

l i t 3  Do. 3 . 0  

1120 

1714 

1946 

1173 

3118 

Do. 3 .0  

Do. 

DO. 

Gneiss 

Do. 

3 . 0  

3 . 0  

2.67 

2.67 



In 1903 Lenox Couyngharn iuitiatetl the new series of peudulum ol~aervatious in India, which 
were continued until 1914, when tlley werc stopped on accouut of Ihe war. These recent observa- 

tions are more accurate and more reliable than those of 18fi6-1870, and the uunlber of statiolls tha t  
has been visited is considerably greater. The results obtained a t  certain t,!l~ical inland stations are 

given in tile follomiug table in order to  illustrate the negative tendency O F  the gravity anomalies 
(deduced by the method of Bolrguer)". 

TABLE 11 

These results seemed to indicate a certain degree of isostatic compensation, bu t  the compen- 
sation did not appmr to be either oniform or complete. W e  were in fact not able to  suggest any  
comprehensive explanation of the anomalies. 

(3) The intvo,ltrctio~r o f  isovtutic cot~rpe~rmtior t  into the c o n ~ p z ~ t u l i o ) ~ ~ .  

Grav~ly anomaly 
(BotJgner) 

dylt ex 

-0 .123 

-0 .155 

-0 .146 

-0 .160 

t 0 008 

-0 .117 

-0 .061 

-0 .009  

-0.056 

- 0 055 

+ O  010 

- 0  022 

- 0.017 

-0 .060  

Btation 

- -- 

Mussooree . . . 
Sandakphu ... 
Dehra D i n  ... 
Siligari ... 
Jacobihatl . . . 
Nojli . . . 
Kalitina ... 

Kaliiinpur ... 
Ujjain . . . 
Mhom ... 
Kha~ldwa ... 
Rgnchi ... 
Daltonganj ... 
Bangalore . . . 

In  1909 IIayford pnllished his now famous work :- l 1 h e  Figure G/ the  Elz~ . th  nnrl 
Iqosfrrry / I . ~ J I ,  M e n a u r r r n e ~ ~ f a  In /he  I7iiferl .cfntcs .  I n  this \\ark Hayforrl showed how different 
hypotlleses of isostatic compeusation cau be practically tested by cslculatione. Tile conclusions 
which he reached were :- 

1. Isostatic compensrtion is generally conlplete. 
2. It extends to  a unifo1.m de l~ th  of about 113-7 kilometres. 
:I. I t  is uniformly distribr~ted iu depth. 

ileigl~l 

feet 

2 

117fi6 

2239 

387 

183 

879 

810 

1763 

1612 

1903 

1014 

2167 

707 

* r-idrr pago 188. I'roroseionnl paper So  1 0 , S u r v ~ y  of India, 1008: The Rndrrlrrn Operalionr irr Indin. 190.7-1907 
I J Q ~ ~ X  Con~uglrntn. Ptole,~ionnl pnpcr No. 15, 1916: The Pe~uiulu~n Operations in India and B e r ~ l ~ a ,  1909.1913 b~ 

Conchmen. 

3116 I 

I LOCAL GEOLOGY 

Rock.surface 
- - -- 

llimalayan rock 

Do. 

Allal ium 

Density of vock 

? 67 

2.67 

2 . 2  to  9.4  

Do. 2 . 2  to  2 . 4  

Do. 3 . 2  to 2 . 1  
I 

Do. 

Do. 

Deccan tirtp 

Do. 

Do. 

Do. 

Gneiss 

Allr~viu~n 

Gneiss 

2 . 2  to 2 . 4  

2 . 2  to 2 . 4  

3 .O 

3 . 0  

3 . 0  

3 . 0  

2 67 

9 . 2  to 2 . 4  

2 t i7 



The importance of these conclusious was realised in  India and steps were then taken without 
delay to  calculate the effects of isostasy by 11aj.ford's methods. 

I n  1910-11 Major Crost,hwaic coniputed for 120 stations the deflections of the plumb-line 
that  woald exist if Hayford's conclusions, derived from America, mere accepted for India*; and 
snhsequently Majors Comie and conch mar^ computed for 73 India11 pend~llnm stations the gravity 
anomalies that  would result if Ha!.ford's hypotheses were accepted.t 

Crosthwait did not find that  the resiclual-deflections of the plumb-line in India were 
d~minished to the same extent by the adoption of isostatic compensation as Hayford had found in 
America : Crostllwait wrote :- " Speaking generally i t  would appear that  i sos ta t i~  conditions 
"are  much more nearly realized in America than in India, i .  e., if we are to  take the smallness of the 
"residuals as  an indication of the completeness of isostatic compensation. I n  India we have an 
"example of a continent wliere very large natural convulsions hare taken place, in  recent geological 
"times, producing uphe;~\als  of the crust on a scale quite unknown in any other part of the globe. 
'I I n  U.S.A. clistiirbances hare been comparatively slight. Taking these facts  into consideration, 
'I and granting tliat there is always a tendency towards isostatic equilibrium, is i t  not reasonable to  
"suppose tha t  nrhile the attainment of equilibrium is already far  advanced in America, in India i t  is 
"still in an immature da te ,  and compensation is by no means so perfect? The earth's crust in 
'I India 1s in a process of settling down and may be, comparatively speaking, in a state of strain. " 

I n  1912 I published a paper in wllicli I investigated Crosthwait's results, and derived from 
them t l ~ e  following coucl~~sions f :- 

1. The presence of the Gangetic trough renders the consideration of Himalayan compen- 
sat,ion difficult, but i t  seems clear tha t  a considerable amount of compensation does exist. 

2. The effects of the trough are so great that  they mask over an extensive region the effects 
of isostasy. 

I n  1914 in discu.-s;ing the effects (computed by Havford's method) of isostatic compensation 
upon the gravity anomalies, derived from pendul~lm observations, Couchman wrote4 :- 

" W e  have the two main facts, viz :- 
" ( I  ) At  Himalayan stations con~pensation is not complete, i.e. the undergronnd 

"deficiencies of density are less than the isostatic theory requires. 
'b(2)  A t  sub-Himalayan stations the compensation is more than complete, i .e .  the 

4L underground deficiencies of density are greater than the theory requires. " 

I n  his consideration of these depai-tures from isostasy, Couchman made the interesting sug- 
gestion that  in addition to the great trougli at tthe foot of the Himalayas a minor tro~igll of deficient 
density was lying hidden under the Gangetic all~ivium along tlie aostlern edge of the great plains, 
wliere the latter abut  against tlie Central India plateau. 

I n  his introduction to Couchman's book,([ Lenox Conyngham referred to thetwo main conclusions 
of Couchman, namely, that  compensation was not complete at Himalayan stations, and was more 
than complete a t  stations on the alli~vial plains : he pointed out that  in a region subject t o  rapid 
erosion, one would expect the force of gravity to  be deficient in intensity, matter being carried off more 
rapidly than the restorative forces coi~ld replace it. The outer slopes of the Himalayas are subject 
t o  considerable erosion, and thus Lenox Conyngham contended i t  would be reasonable to  find that  
the mountain masses were unduly light, and tliat gravity waM in defect. Observations, however, 

Professional paper No. 13, 811rvey of India. 1912: Inoertigotionof the Theory of Iaortary in India, by Crorthwait. 
t Professional paper No. 15, Bllrvey O F  India, 1916 : The Pmdulum Operatiow in India end Burma, 1908-1913 

by Couchman. 
f Vide pnge 20, l'rolesslonal paper No. 19, 1912: On tha Orlgir of the Himalaya Meunlainr. 
5 Vida page 179. Professional paper No. 16: P~ndulum Operatiow by Couchman. 
1) Professional pspsr No. 16. 



show that, g r a v ~ t y  is in excess a t  Himalayan stations. "Since the undertow", L m o x  Conyngham 

wrot;, which restores the equilibrium is set  in motion by the overloading of the a m  of d e p i t i o a  
JL R,nd by the Eghtsning of those of erosion, i t  is not conceivable that  it should ever be in  advan- of 
. ( the therefore the theory of isostasy is not competent to e x ~ l a i n  " an observed excess of 
gravity in an area of erosion. 

For the Gangetic trougl?, an area of depositiou, Conynghamls argument was similar. I n  a 

tegion of deposition, he wrote, one would expect the intensity of gravity t o  be slightly in excess of 
the normal value, since aliuvium is being ~uperposed upon a crust tha t  is already in isostatm 
equilibrium. 

" It is not conceivable that the increase of pressllre due to  deposits should prodnce e compen- 
"sat,ion correspollding to a larger mass than that  which has actually been depositd." 

The two questions raised by Lenox Conyngham may be stated as follows :- 

(1) What  is the explanation of the observed excesses of gravity a t  Himalayan stations, 
%hat is, of the positrive anomalies discovered in a mountain region suffering from continued erosion? 

(2) What  is the explanat.ion of the obserked deficiencies of gravity, i.e. the negative 
anon~alies, a t  stations on the Gangetic alluvium, wllere additional deposits of sediment are continually 
la ing laid down ? 

The excesses of gravity in the outer Himalayas have been regarded by geodesists in India  a~ 
indicating that  isostatic compensation is not complete,-that the mass in the local crust is abnormally 
great. B u t  Bowie has suggested that these observed positive anomalies may be due to the density 
of Himalayan rocks being higher than normal, the higher density in tlie upper crust being compen- 
uated by a counter-balancing change in densitv occurring in the lower c~nst*. The mean density of 
Himalayan r x k s ,  however, as determined by the Cfeological Survey, is allout 2.67 and does not 
d~ffer from the adopted value of the mean density of the Eartali's surface. 

The dtyfciencies of gmvity observed on the Gangetic alluvium were considered by Osmond 
Fisher in his hppothesis of a floating crust ; he held tha t  the additional loads of sediment, continu- 
ally belng deposited, were depressing the crust into the denser l iqu~d substratum underlying it, and 
tha t  the hesvy substratum was thus being displaced by the lighter crust t .  

Of geoclesists In Indle Couchman has put forward the suggestion tha t  the negative anomalies 
observed over the Gangetic plains can be explained by assuming that  the deficiency of crustal 
density which constitutes Himalayan compensation extends for 100 miles to lhc ~ o u t h  of the 
mountains$. 

* Vide page 82, 1nrwrti.qalionr of Gravity and Iaortasy, hy Howie. U.8. Coast and Geodetic Burvey, 1917. 
t Acrountnf Ihe operntione of tlir Qrent. Triconometr~cal Sr~rvev of Indin, Tol. XVIII ,  Appendix I .  

I n  his recent. book .MI Bimalnyao s t ~ ~ c l n r r ,  puhlisbcd a8 8 memoir by the  Oeolo:ical Bnrrey of India ,  V d .  XLII, 
PI,. 2,  Mr. Oldham has co-.7evcd :he iden (IJP. 47, 61 P 112) t.hat. Fisher's hypot,hesis of a floating crnst is an hypothesin 
of ,sostat,ic compensnt,ion cr~ruparable a i l h  llnyfords. This t,reatmcilt does not give FI fair presentaliou >f ?he case to  
geologists. Rnyford ha8 proponnrled P. theory ul isostntic rc;rn))snastion applicable t o  Lhe whoie .nrfnoe of the  Earth. 
Fisher on the  other hand pot €ornenrd nn hypotbeni~ to explain pertain geological s n a  geodetic: resnltt, i n  India. Under 
h ? ~ y  general thevry ci isusl.atic :ompensnt,ion an enceRn of en-face mnss like t h e  Bimalayn monutains would hnve t o  be 
treatbd i n  nn c)ppouite v7nv t,o r. delicienc.:~ of mnss ~ n c h  nR exist8 in t he  Gnngetic trough. Under hay ford'^ theory the  
Himnlnpnn aaceee iu coml~ensnled by nnderlying deficiencies and t h e  Qanget,ic deficiency in aompensatea by an  -under- 
!prig excess. Bnt Y'ishor roi~Lz~lded tha t  bn:.b t.hc 3iu.11lavac excess and the Gangetic deficiency were compeneated in  
t h r  an;r>r woy. he  explnined their cornpeueatione by mfinmine, firslly, tk'lt L t e  roo1 ~f t he  mountains drpped in lo  a dense 
lirlnrd nnbstmtna, and reaondly, toat. thc  neigh. of Lhe deposits on the  Qaugctic plaioe waa forzing t h e  local orust t o  
Jq in to  t . l~r  densc lirlnid also. He wrote, "The eflcct of .he plain w ~ l l  r.:semble tbnt o! %he monntain-roots, became 
"ij  ~vill  clcprons and dislllnce the  henvier enbsfrntum." Fisher bnd n.. 8,;rter;l npp'icnbl: t o  t he  whole Earth. 
Mr Oldham hna ;otrodnl:ed the  expre~hion " I  chnr'i. constants", bnt nb figorbd uf Fisr~er's an  be correctly c d e d  
" c o o ~ l ~ n t s , '  in that  there is no general nppl~cntion. These so-rnlkd * 'constantsn  derived from t h e  Himalnyss are  
not evcn nppl~cnble t,o the  plains a t  the  lrol of 'he  Himnla.,as. F'isker'e hpqthesie  of a floating crust, amplified by 
\?lnhlm in i.1.'. 189.7 edition of the  Manual of i feofog,~ fw Ind~n, w a ~  not a theorp uf isostatic compensation, and  wan not 
in any way compnrnblc with tlayford's theory. I t  WRR however tectea both i . ~  ~ndilc,  and  Amerlca, nnd waa not fonnd 
t o  be trne in either m a n l y .  In  his recent book, 19!7, o w e  104, Mr. Oldham follswing Fisher anggeetn tha t  certain 
negntive ~ n o n ~ n l i e s  on che Uangetic plninb mar be dnr! to Lne ' deprt sciolr ~f I h e  crnst in tu  the  denser m a w  b b w .  " 
Buch a anggeation is uot in accor*l with Hny:ord'~ theorj of ;ompcIss t i3~.  

f rids page 180, Profer~ional paprr An. 1.5: Penduluc 17pe-.ntiora by C o u c h m ~ .  



Professor J. Barrel1 when discilssi~~g the deposits brought down by the Niger and the Nile, 
assonles that  these loads on the crust are aclditional, and tha t  they are not isostatically compensated *; 
if this assumption is correct, the gravity anomalies in the deltas of the Niger and Nile will be positive, 
and not negative, as they have been observed to be over the deposits of the Ganges. Barrell's assump- 
tion is thus opposed t o  the observed facts of Northeru India. 

Uowie has recently dealt with the problem of the gravity anomalies on the Gangetic alluvium, 
and he contends tha t  the negative anomalies are evidence of isostatic compensation t. 
He writes :-" I n  India there is a broad belt of recent geologic material running a p p r o s i n ~ a t e l ~  east 
" and west at the foot of the Himalaya Mountains. The stations on the recent formation which no 
" doubt is largely clue to the deposition of materials eroded from the mountains, have in general 

negative anomalies. It is impossible that  the addition of materials could make the pressure 
less than normal on t h r  sul-face a t  the depth of compensation. We may therefore conclude that  

" isostatic adjustment probably follows the deposition of materials and that  the negative anomaly is 
" probably due to the lighter materials in the upper crust". 

I n  consequence of Rowie's contention that  the negative anomalies are evidence of the isostatic 
compensation of the Gangetic trough, I have lately made a series of calculations to  test the correct- 
ness of this view. Although in the past I had never been able to perceive any strong geodetic evidence 
either for or against the isostatic compensation of the trough, I am now of opinion that  Bowie's 
contention is probably correct; for reasons which I will subsequently explain, I consider that  the 
evidence available favours the view that  the Gangetic deposits are compensated. 

I n  1912 I put  forward for the consideration of geologists the suggestion that  a rift llae 
opened in the crust a t  the foot of the Himalayas and has formed the Gangetic trough, and that  it 
has been filled by abnormally light rock. f 

Bowie referring to this hypothesis writes f f :- 
& I  It ltas been held by some geodesists in India that  there is probably a rift in the earth's crust 

where the large negative anomalies exist. The evidence at hand makes i t  possible to account for 
tile anomalies by the Cenozoic formation in the affected area". 

1 agree that  i t  nlay be possible to ascribe the anomalies to the cenozoic formation, but this 
possibility does not touch the geophysical question as to  how the trough has been formed in which 
the cenozoic rocks are lying. The evidence does support the view that  the negative anomalies are 
mainly dne to  the comparative lightness of the rock materials nnderlying the Gangetic plains, but 
the mceptance of this view does not help to  solve the higher problem that  these lighter materials 
have displaced in the crust an equivalent volume of normal rock$. 

This question of the origin of the crustal hollow in which the light cenozoic rocks have been 
deposited is therefore independent of the purely geodetic questions, concerning the negative 
anomalies and the possibility uf the trough b e ~ n g  isostatically compensated. 

( 4 )  Slb?nn?ary 01 the  position in 1918. 

The following table gives the observed geodetic results of North India, corrected for isostatic 
accordin4 to Hayford's methods. The unexplained residual deflections of the plumb- 

line have been taken from Crosthwait's Professional paper No. 13 of 1912, pages 9 to 13, and the 
unexplained gravity e~'omalies have been takeu from chart V of Couchman's Professional paper 
No. 15 of 1915. 

Jn~tlnnl of (;rolory. Val. XXII .  1814. 
t r i d e  p n p  81. Inre.~ligntinn* nf O ~ n ~ i l y  nnd Isornlnry. U .  S. C .  nnd C). Sorreg. 1817. 
f Profe~rionnl pnper No. 12 : On lhe Origin of the Himnluya Monnlninr .  Proceedings of Ihn Roynl 8oriel.y, A, 

Fol.  90, pnprs 32-40 
I ' ~ . o c r r d ~ ~ , p  r n f  l l i c  Royal Kociely, A ,  Vol. 91, pager 210 and 233. 
f: r ~ ' d s  pnge $2. Incedigationa of Rrnrily nnd Inoalnr~y, 1917. 
) The geology of Lbe noftherr~ mnrgin of the Onngetic trollgh is explnioed in H. 11. Hayden's part IV of A 

of the Geography and Qcology of t h e  Himalaya Mounlainr and Tibet, pwes 209.216. 



TABLE Ill- Observed reewlte corrected for iaoatatic compensation. 

Region 

Q e ~ ~ g e l , ~ c  plains 
Gangetic plains 
Y l s ~ n s  of Ilie Indus  
Qangelic p l a ~ n s  

Ganget,ic plains 
H i r n ~ ~ l ~ y u s  

G u r ~ e i ~ l ~ r  plni118 
Ganprlic ulaine 
~ i n d l ~ j . u n . t n b l e l a n d  

Vindhyun tableland 
Gnnpetic plains 
Sul) .H~n~alayue 

Gangrlic plains 
Q n r ~ ~ e l  ic plains 
T indhyun lnbleland 

V i n d l ~ y a n  lableland 

Plnine of t l ~ e  Indue 

Plo~ins of the  I n d u s  
Q~tnpet,ic plains 
V i ~ ~ d l ~ y a n  tnbleland 

Gnnpetic plains 
Vindl~yan tableland 
Q e n g e ~ i c  plains 
V ~ n d l ~ y n n  t ~ ~ b l e l s n d  
Gengeiic plnina 
G ~ n p e t i c  plains 
H i n ~ s l t ~ y n s  

Gnngetic p l n ~ n s  
G n n g ~ t i c  plains 
1'111i11u of the Indua 

Residual 
deflection 

of the 
plumb-line 
(Hayford) 

0" 

+'i2" 
. . . 

+ 2" 
- 24" 

+ 11" 

d"7" 

.. 
+ 1" 
-13" 

. . , 

;"6" 

+ 13" 

+ 4" 

... 
+ 7" 
... 

+ 2" 
+ 4" 
+ 10" 
+ 9" ... 
. . . - 23" 

+ 9" 
. . . 
... 
... 
- 13" 

Gnrvity 
anomaly 

(Hayford) 

dynes 

+0.006 
-0.002 

-0.039 

-0.006 

+Oa014 

-00~006 

- 0'006 
-0.091 

+0.027 
-0.031 
+0.003 

-0.018 
+O.O2b: 

-0.030 
+0.028 

-0.068 
+ 0.029 
-0.036 
+0,012 

1 Height 

feet 

635 
288 
770 
188 

658 
6967 

160 
t i1  

2817 

i 0 7  
7ti7 

2239 

691 
267 

2083 

1378 

87.1 

183 
2Gn 
858 

810 
l i 6 3  
416 

1487 
649 
113 

4428 

92 
219 
708 

Dietonce from foot of the 
Himalaysa :- 

N=in the mountains. 
S=in the ylnine south 

of the mountains 

miles 

168 S 
170 S 
85 s 

130 8 

7tj S 
ti N 

80 S 
180 8 
230 8 

280 8 
92 6 

6 8 

110 Y 
60 S 

245 S 

230 9 

GO S 

100 S 
30 8 

260 1 

60 li 
380 8 
164 8 
270 Li 
I 2 0  8 
130 S 

4 K 

190 S 

90 
Monghyr ... 
Ml~ssooree .. 
M ~ ~ t l . r n  ... 
Muzuffarpur ... 
Nimknr ... 
Noh ... 
P a t h i n k o t  ... 
Pal , l~ i rd i  ... 
Q ~ ~ e t t , s  ... 
Rijpnr  ... 
I i i n c l ~ i  ... 
R n ~ ~ j i t p a r h  . 
Ii ool.kee . 
Snnrlnkpl~u ... 
'nen~.im ... 
Wbi ... 
S ~ l i ~ o r i  ... 
Born ... 

Tsaing ... 
Uoirs ... 

::: 1 +0.004 
-0.053 

154 
GSi4 

662 
179 

486 
710 

1088 
320 

5620 

9321 
2167 
!IvO 
867 

11703 
340 
434 
337 
400 

2060 

810 

Longitude 

--- 
" I  

78 1 
81 65 
74 62 
84 39 

78 32 
79 43 

68 22 
88 23 
85 :(i 

84 4 
77 39 
78 3 

77 42 
83 23 
82 17 

84 22 

Ueodetia etetion 

-- 

Agra ... 
~ l l a h i b i d  ... 
Arnritsnr ... 
Arrnh . 
Banu~opal  ... 
Birond . 
Chandurie ... 
Chatrn ... 
Chendwsr ... 
Dultongen j ... 
1111lairi . 

J)eh~.s DCn ... 
Qenllpur ... 
Qorakhpur ... 
Gurwnni ... 
Hurilnong ... 

+ 6" 
+ 6" 

... 
-11 "  

... 

. . ... 
+ 7" ... 
... 
. . . 
... 

- 7 "  
+ 11" 

+ 5" 

- 1" 
I 

76 7 

G8 27 
88 4 4  
78 34 

77 39 
77 39 
80 26 
77 41 
77 62 
88 28 
88 16 

88 29 
83 58 
74 23 

Latitude 

0 '  

27 10 
25 26 
31 3tr 
25 4 

28 33 
2 1 

25 44 
24 13 
23 -',7 

24 ?. 
2 4 
30 I 9  

28 33 
!!6 45 
24 1 

24 2 

I s i n p u r  ... 
JncobRbid ... 
Jnlpaiguri  ... 
Jh ins i  ... 
Kal i ins  ... 
Kaliiinpur ... 
K a ~ ~ n k h e n r  ... 
Kesri ... 
K l ~ u r j a  ... 
K i a ~ ~ a p n r  ... 
Kureeong ... 
Mnd11upu~ ... 
M n j l l a l ~ l ~  R i j  ... 
bliin Mir ... 

I 25 23 60: 28 

-0.087 

-0 .004  

+ 0.015 
+O.U19 

-0.056 

+0.037 
-(1.002 
-0.070 
-0,060 

30 38 

28 Ii 
2ti 31 
25 27 

29 31 
24 7 
25 61 
26 47 
28 14 
26 2 
26 152 

23 67 
26 18 
81 32 

90 2Y 
27 28 
26 7 

27 21 
27 61 

32 17 
27 26 

30 12 

30 21 
23 23 
1 2  : 
2 5 

27 G 
24 67 
29 33 
St i  42 
26 17 

27 ba 

26 67 

100 S Gt~nrrbic plrb~ne 
3 N H i ~ n n l o y ~ ~ s  i 78 5 

77 41 
86 26 

6 0  29 
77 39 

55 39 
82 45 

67 1 

78 6 
86 19 
i 4  a7 
77 64 

8R 0 
H3 5! )  
67 63 
88 25 
81 1 2  

76 12 

77 38 

190 S 
70 .S 

80 S 
144 S 

20 S 
1 1  Y 

GO N 

0 
250 8 
40 8 
26 d 

26 N 
I80  8 
12 Y 
12 c) 

116 S 

200 8 

200 6 

O a n p e l ~ c  plains 
Gt~npelic plains 

GangeLic pl~rins 
GangeLio plains 

l'lnina nf l l ~ e  I n d u s  
Qnnpetic plain8 

Bnlucl~ist i~n nloun- 
loins 

Sob-Hi~~in lngae  
\ ' ~ n d l ~ g n n  tnblelnnd 
I'lains of l l ~ e  I n d u s  
G n ~ ~ g e t i c  plains 

11 i m a l a ~ n s  
Gengelic plains 
Plsins o f  llie Indl16 
Gnngelic plains 
G a n g e t ~ c  plelns 

V i n d h y ~ n  tnblelnnd 

Vindhynn tableland 

- - 



In  the  table TI1 the deflectioos and the gravity anomalies are the unex$air;ad-residuals, 
whicb h a m  not been filiminated by  the  application of the corrections for  isostasy. 

Although for years i t  has been recognised that  the light rock deposits in the Cfengetic trough 
must be exercising some effect- upon both deflections of the plumb-line and gravity anomalies, w r  
have not been able 6~ make any scientific calculation of those effects. W e  have made rough 
estimates, but me have .ot placed mucll reliance upon them. 

There is, however. one step that has not yet been taken : we have never yet  systematically 
invest ie ted the observed gravity anomalies from the point of view, that  the light Ganpetic  deposit^ 
may be iso~tatically compensated, W e  have, it is true, by the aid of Bowie's useful tableg 
endea\.oored to ascertain the depths of Gangctic deposits from individual anomalies, assliming 
isostatic compensation, but  no ~yst~ematic  investigation has been made. 

The t!leory of isostatic compeusation has hitherto been limited to the excesses and deficiencies 
of mass, visible as mo~lntains and oceans a t  the surface of the earth. It has not beea applied to  tha 
excesses and deficiencies of density that  occur in different geological formations. 

Tlle reaPon for this omission has been that, whilst we CAD measure the heights of mountain8 
and depths of oceans .re cannot determine the depth to  which any particular geological rock extends 
donr~~wards into the crust, and we are t,hexefore ignorant of its total volume and mass. 

I pmpose now h as sun^ that  t,hc fight rock deposits of the Gangetic trough are ~sos ta t i~a l lp  
cornpensnted and to examine whether the observed geodetic results  upp port this assumption ,r not. 

The Gangetic trot,gh i~ the '' fore deep" of the Himalaya mouutains. and geodetic observurs 
have g ( ? n ~ r a 1 1 ~  qelwted their sht lonc d o n g  lines perpend~cular to  the mountains and the 
"fore-deep". The geodetic data can thus be most readily disrussd if tliel are grouped along 
aections drawn across the mounta in~~anr l  trough from north to  south. 

9 0  1 mill take the data  of+ble 1111 1nJ group tbew iu t r  the six s e p r ~ t r  .:ross-sectio~, 
describer1 in table I V  . the small map, )late 1, i l l~~s t ra tes  generally the pcsit~ons of the s1x crjss- 
sections. 

PABL E IV-Skr 89cfion; ~ ~ ~ 0 8 8  the Rimalayce ,find Gungetir trough. - 
fiec t~ 11 I Lrng~Lune j Prinr~?al fitat 1OFh 

I 

I 

---- 

Darjzellng- T a ~ p a ~ g t ~ r i  

Gars h hpur 

Allahiibld 

Dehm Dun-Agre 

Psthinkot-Miin Mir 

Quetta- Jacobibbd 

-- -- - - I - - 

(1) The North-E~stern . . c  I 88' ' I  
(2) The Eastern . ' I  8%' 

(3) The Eastern-Central 1 82' 

(4) The l'entral . 
(5) The Westma 

(6) The North-Weatern .. . . . . 

7 8' 

7:" 

68' 



The names of the shtions of the North-Eastern Section and the observed result4 ere shown 
in table V. This section is illustrated in plate 11. 

TABLE 7-Statiogzs on .!!o~th-Eastern Section. 

In table VI are giveu the stations of the Eastern Section. 

I'A B L E  71-Stations 0 1 8  Eastern Section. 

I 

Deflection of the 
plurnh-line 
(Huyford) 

. . .  

- 23" 

- 7 't 

+ 7" 

-t 11" 

. . , 

. . . 
+ 9* 

Grou~ld surface 

Himalayan rock 

Do. 

Gangetic plains 

Do. 

Do. 

Do. 

Do. 

Do. 

Btation 

.- 

Sandakpl~u . . .  
Kurseong ... 
Siliguri ... 

Jalpaiguri , . .  

Chanduria . . . 
Kisnapur ... 
Chitra ... 

Stmtion 

-- 

Patbardi ... 
Gorakhpur ... 
Majhauli R i j  . . . 
Muzaffarpur . . . 
Arlnl~ , .. 
Sasarim . . .  

Daltonganj . . . 
H~~rilaong . .. 
Chendwar ... 

Rinchi ... 

Gravity 
anoninly 

( H a y f o ~ ~ d )  

dynes 

+0.037 

. . .  

-0 .050 

-0 .031 

. . .  

+OmO28 

-0.006 

. . . 

Height 

feet  

520 

257 

219 

179 

188 

340 

707 

1378 

2817 

a167 

Height 

feet  

117(i(i 

4428 

387 

268 

160 

113 

64 

Gravil,y 
anonlalj 

(Hayford) 

dy ma 

- 0.081 

- 0.068 

- 0.053 

- 0.039 

- 0.002 

+ 0.014 

. . .  

. . . 
+ 0.019 

Distnnce 
from foot of 

hills 
- 

miles 

14 S 

ti0 S 

70 S 

70 9 

130 S 

180 S 

230 S 

230 S 

230 9 

260 9 

Diet,ar~ce 
from foot of 

l~ i l le  

milea 

26 N 

4 N 

12 S 

30 S 

80 S 

I30 S 

180 S 

Madhupur ... I 92 190 S 

G r o ~ ~ n d  surface 

-- 

Gangetic plaius 

Do. 

Do. 

Do. 

Do. 

Do. 

Vindhyan table-land 

Do. 

Do. 

Do. 

beflect,ion 
of the 

plu111b-line 
(Hnyford) 

- 11" 

... 

, . . 
. . .  

. . .  

. . . 

... 

+ 13" 

+ 7" 

... 



In h b l e  VII are given the stations of the Eastern-Central Section. 

T A B L E  PlI -S ta t ions  o r b  Easter@- Central Section. 

In table VIII are given the stations of the Central Section. 

T A B L E  VIII-Station8 orb Central Section. 

, 

Stntion 

-. ~ 

Birond ... 
Nimkar ... 
Sora ... 
Kanakhera . . . 
Allahtibid ... 

Gurmani ... 

lleight 

feet 

6967 

486 

400 

41 6 

266 

2083 

Dietance 
fro111 foot of 

hills 

miles 

6 N 

80 S 

115 S 

164 S 

170 S 

245 S 

Distsnce Deflection 
of the 

plnrnb-line 
(Haylord) 

~.- 

feel r i l e s  

Mussooree ... 6924 3 N  Himalayan rock 

R i j  pur ... 3321 0 Sub-Himalsyas 

Dehra DBn ... 2239 5 S Do. 

Roorkee ... 867 25 S Gangetic plaina 

Kaliina . . . 810 50 S Do. 

Bansgopal . . . 658 76 S Do. 

Detairi . . . 7 67 92 S Do. 

Gesupur . . . 691 110 9 Do. 

Khurje . . . 649 120 9 Do. 

Noh . . . 710 14q4 S Do. 

i ~ ~ t t ~  . . . 562 190 s no. 
Agm ... 635 168 S Do. 

Tasing .. . 2050 200 S Vindhyan table-land 

Usira . . . 810 1 200 s Do. 

Jhinsi . . . . . . 
Kesri . . . 1487 270 S Do. + 9" 

Keliinpur ... 1763 1 380 S Do. + 4" 

Orariry 

(Hey ford) 

dynes 

+ 0.042 

+ 0.015 

- 0.005 

- 0.055 

- 0,018 

. . .  

... 

- 0.006 

- 0.030 

. . . 
+ 0.004 

+ 0.006 

... 

... 

+ 0.003 

... 
+ 0.028 

Ground surface 

Himalayan rock 

Gangetic plains 

Do. 

Do. 

Do. 

Vindhyan table-land 

Deflection 
of Lhe 

plumb-line 
(Hnyford) 

- "4" 

-I- 6" 

+ 11" 

+ 10" 

. . . 

+ 6" 

Qravily 
a"Om'l~ 

(H'yford) 

rly nes 

. . . 

. . .  

. . .  

. . . 
- 0.002 

... 



In table I X  are give11 the stations of the Western Section. 

I n  table X are given the stations of the N0rt.h-Western Section. 

T A B L B  X-Statioris on North- Wes lern  Sectioa. 

TA U L B  IX-Stat io~zs  orb Wes tern  Sect lo~l .  

( 5 ) The proposed correction rf geodetic results fo r  the isostatic conrpen- 

. 

D~stance 
I 

mtles  

Pathinkot 1088 1 20 s Alluvial plains of 
the Indus 

Ranjitgarh 40 S Do. 

Isiinpur Do. 

Amritsar 770 , b5 S Do. 

M i i n  RIir ... ( 708 90 S Do. 

sativra of the Gnngetic trot~gh.  

If the last columns of tables V to X are examined, i t  will be seen that  the gravity anomalies 
tend to be positive in the Himalayas," that  they are negative over the belt of alluvium skirting the 
Himalayas, and that  further to the south they become positive again. The southernmost stations of 
the Eastern and Central sections are situated on the rock cjf the \-indhyan table-land, and in such situa- 
tions the positive gravity anomalies might have escaped attention t: but the southernmost stations of the 
North-Eastern, the Western, and the K o r t h - f  estrrn sections are all situated on estensirr and un- 
broken a l luv i~ l  plains, and the discovery at  these places of positive gravity anomalies has for many 
years been regarded as itnlrortant,. 

Ucflection 1 
of the  

(llugford) 
(Ilayford) 

Ground surface 

BalucliistAn moun- 
tains 

Alluvial plains of 
the Indus 

Do. 

Deflection 
or t he  Gravity 

anomaly 
Distnnce 

Station Height 1 from foot of 
hills 

- . . - - - - ~~ - ~ ~ -~~ 
' At Q~le t tn  the  mountsin n-,nnr~lg is ~l iph l ly  urgnt re .  -0'004: though Qoettn is in t h e  mountains, i t  is unlike 

the  other m o u ~ n t ~ n i ~ ~  c tn t i~~ne  in thnt i t  is  ritnnlcd or1 n plsin of light nlloviom. 'I'his allovium gtres rise t o  a local negative 
effcct, which mag be soffic.icnt to c,barnre t h e  main genernl effect nl monntnin nod plain. 

t The foulllernmo~t grnvi1.y nnnmnly of the  Eastern-Central Prction ie nt Allnhibid, a ntstion on the  Gangetio 
mlluviom : thta nnomelg 18 alivhtly negnlive, -0.002; ~f the  force of gravity wereto be  obserred30milessouth of Allahib9d. 
t h e  anomnly would probably be found to  be poeilive. 

+ 7" 

+ 4" 

+ 12" 
... 

No observa- 
tions 

Do. 

Do. 

dynex 

- 0 .087  

+ 0 . 0 2 9  

dyner 

- 0.004 

- 0 .070  

+ 0.027 

m i lps  

f in N 

12 s 
100 S 

I hf 

Quetta . .. 

Sibi ... 

Jacobsbhd . . .  

55.20 

434 

1 X3 



The extraordinary agreement between these positive anomalies a t  stations, fa r  distant from 
one another, but  similarly situated with regarcl to  the mountains, led many years ago to the idea that  the 
anomalies were indicating a str~ictural connection between mountains and trough*. Hut in our 
previous attempts to interpret these anomalies, me have been too mucli given t o  attributing each gravity 
anomaly to the abnormal densities in  the rocks vertically below its station ; we have not paid sufficient 
regarcl to the effects produced a t  a station by abnormal densities, situated not vertically below it, but 
a t  distances to otte side o f ' i t .  W e  have attributed the positive anomalies in the mountains north 
of the trough to one cause, namely t h e  imperfect compensation of the Himalayas; we have attributed 
the  negative anomalies on the trough to another cause, namely the  deficient density of the deposits in 
the t rot~gh,  ant1 me have attributed the positive a~~omal ies  south of the trough to a third cause, 
namely incomplete regional compensationt. W e  have thus had t o  invoke three different causes to 
explain three different classes of anomalies. B u t  if we assume the light deposits of the Gangetic 
trough to be isostatically compensated, we can by this one hypothesis explain to  a large extent all three 
classes of anomalies, ( a )  the northern positives, (6) the central negatives (c) the southern positives. 

The cross-section given in plate 11 will illustrate my meaning: the  drawing in this 
represents the North-Eastern cross-section, vide table V, page 9. There has been no exaggeration of 
scale, the vertical scale being the same as  the horizontal. An examination of the  drawing will lead 
to the following conclusions :- 

( a )  If  the Gangetic trough contains light deposits to  a considerable depth, and if the light 
density of these deposits is isostatically compensated to a depth of 113 kilometres by equivalent 
heavy density in the  crust, the gravity anomalies a t  stations over the trough mill be negative,- 
because the light deposits are nearer to  the surface than the deep heavy rocks, which form the 
compensation : the  light rocks thus havtng a more immediate effect on the pendulum than the heavy. 

(6) On the other hand the light deposits will have no appreciable effect a t  stations north 
and south of the trough, whilst the heavy compensation-rock will increase the intensity of gravity 
st these stations and will tend t o  make their anomalies positive. A pendulum is actuated by the 
vertical component of gravity : the vertical component due to  surface rock deposits, situated in a hori- 
zonhl  direction t o  one side of the pendulum, will be very small, but the vertical component of t h e  
compensation rocks situated a t  a great depth will be considerable. 

It is in this may tha t  the hypothesis of isostatic compensation, if applied to the Gangetio 
trough, may explain the  presence of positive anomalies north and south of the trough. 

(6) The cornpzctationrr of tibe Qangetic compensation. 

1 have already referred to  the difficulties experienced in deducing the depth of the Gangetio 
trough from the observed gravity anomalies. But  such deductions are now required, for i t  is not 
enough t o  say tha t  t.he compensation of the trough would produce positive anomalies north and south 
of it8 borders. unlees it can be shown tha t  the  actual positive anomalies as observed can be quantita: . - 

tively ascribed to  the trough. 
-- 

The thlee  prinoipal positive anomellee obrerred on the allovial plei118 are given in the follow in^ bble:- 

I----- I A N O M A T . I E R  
-- 

I 

by Helmert's by Belmert's according to 
formnls of 1884 formula of 1901 C o u c l ~ ~ n s n  in 1816 

I bliin Mir .. j t 0 . 0 ~ 5  I ,0040 i +0.029 I 

t Proceedings of the Royal Society, A .  Vol. 91, page 237. 



It is possible when observations have been multiplied that  the p o s i t i ~ e  anomalies, observed 
along the nortll and south borders of the trough, will come to be recognised as  valuable and indepen- 
dent evidence of the depth of the trough. When a pendulum is observed over the trough (see plate 11) 
its anomaly has to be attributed to two opposing comp~nents ,  the light material near the surface, 
and the heavy rock below compensating the lighter. But if we can attribute a positive anomaly on 
the margin of the trough (plate 11) to the trough's compensation only, we shall obtain an indepen- 
dent and direct measure of the amount of compensatiolr present; a measure of the compensation ie 
equivalent to a measure of the surface-mass requiring conlpensation. 

I n  testing the geodetic evidence I do not think that  we should be justified in assuming 
any particular form for the trough. There are reasons for thiuking t h a t  the trough is V-shaped, 
the V being considerably wider than it is deep, and being somewhat tilted southwards*. But in many 
 laces the southern edge of the trough is hidden by alluviunl, and quite undefined, whilst the only 
calculations of depth that  we can make are necessarily too rongh to justify any assumption of exact 
form. All I think that  we can do a t  the present time is to estimate the averaye depth and width of 
the trough on each of the six dieerent sections. 

The word " fro~cgh. "-The word '' trough " is somewhat misleading. It conveys the idea 
of a long rock hollow filled with loose alluvium : and i t  gives rise to  the further idea that  the negative 
gravity anomalies over the trough are due to the presence of the light alluvium. A t  moderate 
depths alluvium becomes compacted into solid rock : &Iicldlemiss found that  the Gangetic alluvium 
had become compacted a t  a depth of 3000 feet only t. The negative anomalies are due to a deep 
succession of light rocks, of which the alluvin~n is the surface covering. IVhilst the !lord "trough" ie 
strictly applicable to  the upper Gangetic film only, geodesists are seeking for a word tliat will embrace 
the whole series of attenuated rocks tliat have a clensit,y lower than the normal density of the crust, 
and which are underlying the Gangetic alluvium to unknown depths. When therefore, for the sake 
of brevity, I use the expression "Gangetic trough", I mean the Gangetlc zone of crustal attenuation. 

It is indeed essential that  h e  should free ourselves froin the belief that  the negative anonlalier 
ore due to loose alluvium. Such a view is based on misconceptions. Not  oilly have the geologists 
proved that  the deeper cenozoic deposits consist of consolidated rock, but the geodesists have 
shown a t  Bombay that  a zone of crustal attenuation is probably bordering the Western G l u t  
mountains, and that  this zone does not consist of alluviunl or even of ceuozoic deposits. 

Value of densily.-It is unfortunate that  me have not yet been able to arrive a t  any general 
ogreement as to the best mean value of density to be used for the attenuated rocks underlying the 
Gangetic alluvium. An increase of pressure upon any given stratum tends to produce an increase 
of density, aud sub-snrface rocks are compressible under the increases of pressure produced by depo- 
sition. Mr. Oldham has assumed the average density of the Gangetic alluvium and rocks, from the 
surface to a depth of 4 miles, to be 2.16. The rock-~valls of the trough have a density of 2.67, and 
he assumes that  the contents of the deep trough have a dellsits of 20 per cent less than the rock- 
wallsf. Sir Thomas Holland has expressed doubts as to  the possibility of so great a difference in 
density existing a t  considerable depths$. In  his investigatiol~s of blto S/rrn,qth of /he Earth's Cruri 
Professor Barrel1 has assumed 2 . 5  as the density of the deposits of the Nile and the Nigerll. 

I'rocredings of the Iloyal Pocicty, A ,  Val 90, pngea 32-40; also Vol. 91, pages 220.238. 
t Elemoirs, aeolopical Survey of India. Vol. X X I V ,  pago 29. 
$ Yeniolw, Geolng~cal Survey Val. S L I I ,  pa-t 2, Slrvclure of tho Himalayas hy R. D. Oldhsm, p . ~ .  ( 8  
8 B. A. A .  8. Report, 1814, pnge 355. 
j Journ.1 of Geolcgy, Vol. XXII, puge qB. 



Senera1 Sorsbie, author of Geology for Engineers, estimated tha t  the mean density of the 
Gangetic deposits would not be less than 2.4. Mr.  de Graaff Hunter determined the density of 
different specimens of exposed Gangetic strata a t  Hardwir  and Mohan, and found that  the values 
varied from 2.35 to  2-(i0. H e  also determined the density of kankar dug from the surface of the 
alluvial plains and found i t  t o  average 2.34. I n  recent borings a t  Agra and Muttra  many strata of 
katrkur have been met with, and the Sanitary Engineer of Bengal met with solid rock a t  a depth 
of only hO feet in a boring a t  Azamgarh which stands on the mid-alluvium fa r  from any rock 
outcrop. The boring passed through 3 feet of this rock before i t  struck unconsolidated material 
again. 

A weight of 4 tons per fiquare inch is the breaking load for good granite; and the weight oE 
6 column of granite 4 miles high is sufficient to  crush its base. Tlie cenozoic rocks underlying the 
Gangetic alluvium to depths exceeding 4 miles have been compacted from loose material which oprr 
derived originally- from Himalayan rock of density 2.67. 

The values of density accepted by different investigators have been aa follows :- 

2.16 by Mr. Oldham, 
2.4 by General Sorsbie, 
2.5 by Professor Barrell. 

The effects upon geodetic results will be widely different according to which of these volues 
is now employed. The Trigonometrical Survey of India adopts 2 . 6 7  as the mean surface density of 
the  earth, and Mr. Oldham's value of the Gangetic density is approximately 20 per cent less than 
this, whilst General Sorsbie's is only 10 per cent less, and Professor Barrell's is 64 per cent less. 
Any estimate of the depth of the trough based upon Oldham's value of density will be only half aa 
great as  the depth derived from Sorsbie's density, and only one-third of the depth, if Barrell's density 
is employed. 

Having regard to the different authorities I am adopting in the calculations of this 
paper 2.4 as the mean density of the light and attenuated rocks underlying the Gangetic plains. 
B u t  I have said enough to show that  the assumption of this value is not free from uncertainty. 

Mrlhoria of cot~rp~~lntion.-In deriving estimates of mass from the gravity anomalies the 
well-known formuls  for the attraction of a cylinder have been made use of. Round each pendulum 
station snccessive concentric circles have been drawn, and the trough has been assumed to be repre- 
sented by segments of annuli. 

I n  deriving estimates from the deflections of plumb-lines I have also drawn concentric circles 
round each station, and have utilised Hayford's method of rings*. The radii of the rings are those 
adopted by Hayford. 

Hayford introduced methods of computation, that  have enabled us to take account of the 
natural form of mountains, their ranges and their valleys. In  applying his methods to the Gangetio 
trough I am utilising them for a hypothetical trough, bounded by assumed mathematical surfaces. 
It is well-known that  mathematical forms depart widely from the facts, and that  they i, -nore 
numerous important irl.egularitiee existing in nature. But  in our present state of ignorance no other 
course seems feas~ble: mountains are visible objects and can be topographically surveyed, wh~ls t  
B trough of attenuated rock is hidden from our view by alluvium. Mountains are surrounded 
by air, but the contents of a trough are similar to the material surrounding them, and the one may 
merge imperceptibly into the other. 

The Figura of ld. Earth and I rorlary by Hujlord, 19b9. 



( 7 )  Results of the com~zltatione. 

The details of computations are g-iven in the appendix No. 1 to this paper. The following 

results have been obtained for the different sections of the Gangetic trough :- 

TA BLhl XI-Besults  on the North-Eastern Section. 

North of the trough . . . 
Over the trough 

South of the trough 

-. - 

Width of trongh 
i l l  miles 

Average depth of trough in feet derluced 

70000 50000 

I Mean between central and m ~ r g i -  I 

nal results i 47000 I 55000 

-- - - - .- - - - I- I Mean width and depth . 1 100 miles I 51000 feet 

A considerable discrepancy is evident i r ~  the above table between the values of depth derived 
from pendulum observations outside tbe trough and the value derived from observations taken over 
the trough. A t  stations.outside tlle trough, namely, S a n d a k ~ h u  and Kisnapur, (see appendix No. 1) 
there are positive gravity anomalies : a t  stations over the tror1~11 there are negative gravity anomalies. 
It is not permissible to attacll much weight t o  discrepancies between deductions from positive and 
negative anomalies, because the exact position of the zero-line from which positive anomalies are mea- 
sured in one direction and negative anonlalies in the other is uncertain. The position of this 
zero-line depends on the constants adopted in the gravity formula; of these constants the equatorial 
value of gravity is the most important. When we commenced penclnlum observations in India in 
1902, we were advised by the Potsdam I n s t ~ t u t e  to accept Helmert's formula of 1881, in which the 
equatorial valne was 9;8.CO3. Subsequeutly Helmert's formula of 1901 was substituted, and 
in this tlle equatorial value was 978.030. This change moved the zero-l~ne, and thereby tended to 
decrease all positive a~iomalics and to illcrease negatives. The obserr ed values of gravity were 
ntlaffected and remained reliable, but the theoretical values were s~-stemalically increased. The 1T.S.B. 
for~uula of 1016 gives 978 01q0 as the rq~~atorial  value, and th is  tends further to  decrease all 
positive rtnomalies and to increase negatives. Coucl~man's formula of 1915 gave 078.011 as  the 
equatorial valne*. In  the above tables Couchman's values of the gravity anomalies have been 
adopted. As pendulum ohservations become multiplied In the futore over Africa, Asia, Australia, i t  
is possible illat the equatorial value of gravity will have to be increased further, and if this step comes 
to be recognised as correct, the discrepancies in the 3rd column of table XI may be eliminated. 
Helmert's latest valueof equatorial gravity, derived from all available stations in the world, ie 
9;8 O52t. 

- -  

I'rof:.ssloual paper So. 16: F s d u l u m  0prrnliou.q by Couchman, page 1137. 
t 8i1r11ngshariol1~0 dcr  l're~lraiachel~ akndemie dur w i e ~ r ~ ~ e c l ~ a f t e ~ ~  No. 4 1 ,  page 676. 
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T A B L E  XII- Hestdl8 ola th.e Enstertc S~ctinw. 

:?ABLE XIII-Results  om the Eastern- Central Sectiotz,. 

Stations 

North of the  trough ... 
Over the trough .. . 
South of the trough ... 

Meall ... 

Mean width aud depth ... 

TABLE x I r - R e S ~ l t 8  on the Central Section. 

Width of trough 
in milrs 

130 

180 

155 

155 miles 

Statiour 

North of the trough . . . 

Over the trough . . . 
South of the tl-ough . . . 
-- 

Mean width aud depth . .. 

Width of trough 
in miles 

200 

180 

190 miles 

, 

Avornne depth  of trough in feet deduced 

8 

Btationu 

- - - - .- -- 

North of the trough .. . 
Over the trough 

South of the trough . . 
-- 

from pendulum observations 

no observations 

Average depth of trough in feet deduced 

-- 
from p l~~mb- l ine  obaervationa 

no observations 

From peudulum observnt io~~s 

no obsel-vations 

no observations 

no observations 
- - -- - - - - -- 

W ~ d t h  of trough 
in uiiles 

from plumb-line ohservationa 

50000 

not deduced 

- -- 

55000 

100000 I 67000 

50000 feet 

33000 

A v e r n ~ e  depth of trough in feet dednced 

Mean 100 - 1  38000 

(doubtful) 

-- 

55000 

Mean width and depth 
I 

b 

36000 feet 

from pendulum obsemations 

-- 

- 
67000 

from plu~nh-line observations 

-- 
35000 

35000 

undetermined 

100 

100 

-- 

61000 feet 

50000 

26000 

undetermined 
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TABLE XP-Resul ts  on the Western Srcliun. 

I n  table XVII are summed up the dimensions of the trongh as deduced for the several 
sections. 

2'd B LE X 7 I I -  Surnv~ucry of results. 

Width of trough' 
in miles 

{ i! 
70 

75 

: 

Avenge depth of trough in feet deduced 

from penddllm obserrniona ifron~ plumb-line o b a n t ~ t i o n ~  

I 

no observations I no observations 

50000 75000 

< 

Section 

North-Eastern . . . 
Eastern ... 
Eastern-Central . . . 
Central ... 
Western ... 
North-Western ... 
Mean . . . 

Stations 

North of the trough ... 
Over the trough . . . 

Sout l~  of the trough ... 

Mean . . . 

70000 

60000 

 mean width and dept,h .. . 1 75 miles 1 . (i7000 feet 

T A  B L E  X 71-Results on the  Sorth- JVeslern Section. 

-- 

75000 

Width of trough 
in miles 

100 

165 

190 

100 

75 

90 

120 milee 

- - -. -. . -- 

Stations 

--- - -- 

Norbh of the trough ... 
Over the trough . . . 
South of the trough ... 
- 

Mean . .. 

Avorage depth of 
trougl~ in feet 

6 1000 

61000 

60000 

36000 

67000 

37000 

50000 feet 

Width of trough 
in miles 

90 

90 

90 miles 

Average depth of trough in feat deduced 

from pendulum obuerva.tions 

+OOOO 

30000 

50000 

from pl~~nib- l ine  obsenotions 

I 
uo observations 

I I O  observations 

no observations 

37000 feet 
(Mean of positive and negative values) 



Consideration of resis1ts.-For a V-shaped trough, or for a trough of irregular shape, an 
attempt to  deduce values of the averagp depth from stations differently situated with regard to the 
t rougl~  will inevitably produce discordant results. I f  a trough is of irregular shape its maximum 
depth may be twice as great as its average depth. I n  the  tables X I  to XVII the results obtained 
from pendulun~ observations accord fairly with those obtained independently from plumb-line 
observations and on the whole these results favour the view that  the Gangetic trough is isostatically 
compensated. The isostatic compensation of the trough enables us to explain both the negative 
anomalies over the trough and the positive anonlalies beyond its margins. 

The question arises, whether a trough, l?O miles wide and 50000 feet deep, is out of 
topograpl~ical accord with other terrestrial features or with the mass of the Himalayas. The Hima- 
l a p T i b e t  plateau is 600 miles wide and 15000 feet high (on the average), so that  its volume 
exceeds the estimated volume of Gangetic rocks. 

A chart  of the North Pacific Ocean, made by the U. S. A. Coast Survey, shows the Tuscarora 
deep, io front of the Japanese islands, as being deeper than 18000 feet over a width of 400 miles, 
and as being deeper than 24000 feet over a width of 170 miles. The maximum depths of this t rough 
are  not known. But  i t  seems evident that  the Tuscarora deep is a larger trough than the Gangetio 
deep. The dimensions of the latter having been deduced from geodetic ob~ervst~ions include all t h e  
attenuated rocks below the trough, whereas thb observed depths of the Tuscaro1.a deep have been 
derived from soundings and give the  depths of the water only. I f  the underlying ooze, the mud, 
the  deposits, and the light rocks mere included, the depths obtained from soundings might be consider- 
ably increased.* 

For geological evidence we have Middlemiss's observations in Kumaun.t Middlemiss mea- 
eured between 16000 and 17000 feet of exposed strata, that  had been originally deposited in  t h e  
Gangetic trough and had been subsequent,ly uplifted. Middlemiss's observations did not pretend to 
give the maximum depth of the trough, but  they showed that  the depth of the trough near its northern 
margin in Kumaun was not less than 16000 feet. 

My conclusion is that  the geodetic evidence supports the view that  the Gangetic trough is 
isostatically compensated. I f  this view is eventually accepted as correct, geologists will have to 
recognise the probable existence of a deeper zone of crustal attenuation than they have hitherto 
admitted. 

The chart of the Pffiific Ocean pnhlished in 1912, by the Instiltit f~cr Meererkunde der Univeraifal Berlin shows 
the depth of water to exceed 21(100 feet thronghont n width of Z50 miles, and to exceed 26000 feet throughout a width 
of 60 r~.ilea. 

t Meluuird, Qcological Survey of Indin, Vol. XXIV, page 29. In big recent memoir Mr. Oldham has endeavoured 
to  ehon tbot the geodotic resultpcnn be explained by the neu~~mption of a el~allow trough, the depth of which is comparable 
with Mid~llem~se'rr vnlue ot dcpth derived from menanrements of exposed strata. But this endeavour falls, unless two 
manmptlons are made:-Firrlly, that the rock msterials of the Oangetic trough have 8 donsity 20 per cent lower 
thnu normal, and rccondly, that the Oangetic trongll is not isostatically compenaatsd. 



(8) Yoesilrility of obtainiug evidence filom other trozcghs. 

The difficulties of such an investigation as 1 have attemptecl are largely due to the hidden 
comp!exities sod irregularities in the form of the (+angetir, t r o ~ l g l ~ .  I n  appendix No. 2 of this paper 

I have added a few uotes on this subject. 

I n  the future however some light may be thrown upon t,lle Gangetic problems by means of 
investigations of other troughs which resemble the Gangetic in the age and depth of their deposits. 

Two troughs occur to me, the investigation O F  whicll may lead to illuminating analogies : 
they are (i) the B I L I ~ I U  trough, (ii) the Pistnn trough. 

The I l u r ~ ~ ~ c r  trough separates the Shan plateau from the Arakan range, (see map of Moun- 
tains of Indiu a t  end of this paper) and further south it ~eparates  the Andamau and Nicobar islands 
from the main-land of Lower Burma. I n  its northern portion it  has been fillet1 with alll~vium; but 
in places south-east of the Andamans the depth of the sea exceeds 10,000 feet. 

Sir Tllomas Holland writes, "Very pertinent evicler~ce as to the age of the Upper Siwaliks is  
" obtained in Burma, where the basin of the Irrawaddy contains a great system of beds chiefly com- 
"posed of yellow sands, which attain in some places a thickuess of 20,000 feet and rest with slight 
"unconformity on marine beds whose miocene age is placed beyond doubt by {heir fossil contents"*. 

The Burma trough is distinguished by the presence of the isolated volcanic cone of Popa, 
which rises out of the low alluvial flats to a height of 5000 feet. 

Major Cowie observed the pendulum a t  several stations in Burma in 1910-11, and his results 
are most interesting?. I have however not bee11 able to refer to  them in this investigation as there 
have been difficulties in obtaining for them reliable corrections for isostatic compensation. 

The Sistait trough follows the meridian of ti l o .  The main mountain chain of Asia changes 
ite direction near the meridian of 61°, and a t  its bend n line of cleavage seems to have cu t  right 
across from nod11 to south (1:ide map of Mo7inBaitls o f  India) .  The liue of cleavage passes through 
the Sistan alluvial flats, which constitute the delta of the river Helmand; and furt,her south it 
aeparates the moribund volcanoes of Koh-i-Taftan aud Koh-i-Sultan. 

The basill of Sistan has been formed by successive subsidences of the Earth's surface,-due 
possibly to t l ~ e  crust below cracking under tensionf. It has been continually filled from above by 
wind-blown sand and fluviatile deposits. Vredauburg referring to t,hefie deposits writes of the 
"incredible t,hickness of strate"§. 

Our only geodetic observations in this region are the deflections of the plumb-line a t  
Koh-i-Malik Siah and Robat; the deflection at Koh-i-Malik Siah is 16"-4  to the west and tha t  a t  
Bobat is llu.4 ~ o u t h ,  both of which are too large to  be attributed to the effects of topography onlyll. 

* Imperinl Oazetteer. India, Yol. I, psum 97. 
t I'rofeaeionnl paper No. 15 : Pendulum Opsralionn by Oouc l~ma~~ ,  p a p  89. 
1 An inrtrnrtive dincoesion by Oldham of Lhe several theories that have been pot Iorwsrd to ncconnt for tht 

sxlntance of deep tronglls ir  inrloded in  Vol. XLlI ,  pt. 2, Memoin of Iho Qcologicsl Bmvey of Indin. pages 119-141. 
5 Memolre, Oeologlcnl Llurrey of India, Vol. XXXI, pape 203; see nlso pages 206 and 220. 
11 Profes~ional paper No. 16. Survey of  Indin, 1918: Thr Earth'* Are. and n iangula t ion .  by De Orasff Hunter, 

pngr 174 



(9 )  The conclzcsims reached in this paper will influence the treatment of other 
geological Jormatione. 

E.rplannlion of the defects of gravi ty  obserr-ed on the Beccan Z).ap.-Deccan Trap is the  
name given by geologists to  the heavy volcanic rock which forms the surface of western Indis: 
this rock extends from latitude 16' to  latitude 25O, and covers an area of 200,000 square miles. The 
Western Ghat  mountains are composed of trap from their base to  their summits, which in places 
rise above 5000 feet* and the lorn-lying coastal belt a t  their foot is formed of this trap also. The 
depth of the t rap is in most places unknowli ; Dr. Fermor has shown that  i t  decreases from west to  
east. 

The density of trap-rock is about 3.00, that  is, 0 . 3 3  in excess of the earth's mean surface 
density. The existence of so extensive an area of heavy surface rock is of considerable geodetic 
interest. Whilst the Gangetic alluvium is an area of lorn surface density, the Deccan Trap is an 
area of high density. Owing t o  the uncertain conlpressibility of alluvium a t  great depths, (stilnater 
of density for the Gangetic area have varied from 1 . 9  to 2.5, but  there are no such uncertainties in 
the case of the Deccan Trap : the density of t,he latter is generally accepted as 12 per cent above 
the nornlel surface density. 

I n  1909 Major Comie observed large negative anomalies on the Deccan Trap, for example, 
Ujjain -0.022, Mhow -0.026,  Mukbtiara -0 .030t .  Whilst therefore a t  certain stations on light 
alluvial plains (density 2 - 2 to 2 . 5 )  we had found gravity in excess (Kisnapnr + 0 .  OM, Jacobabad 
+ 0 027, l i i a n  Mir  + 0.029), Cowie now observed gravity in defect a t  places situated on heavy trap 
(density 3 .0 ) .  If however the theory of isostatic compensation is applied to  these heavy and light 
geological formations, the extraordinary anomalies may be explained. The presence of trap a t  the 
surface tends to  produce positive gravity anomalies, but if the t rap is compensated by r~nderlying 
deficiencies of density there exists a t  all stations situated upon i t  a negative tendency also. I f  a fitation 
is situated on an extensive area of trap, the deep deficiencies of density in the crust are combinir~g 
throughout the whole of that  area to counteract the effects of the excessive density ~f the l o c ~ l  rocks 
immediately under the station. A t  stations like Mhow, Ujjain, Mukhtiara and others, the negative 
tendency of the distant compensation has probably overcome the positive tendency of the local trap, 
and I regard the negative anomalies a t  these places on the t rap as evide~lce in favour of isostatic 
compensationi. 

Geodetic observationr on the Bomba!j coast.-From the Tapti to Cape Comorin runs the  
range of mountainm known as the Western Ghats$. This range in parallel to  the coast of India and 
about 40 miles inland : i t  rises suddenly with a steep scarpll. 

The plumb-line has been observed at different points along thin coast, and it  in deflected 
strongly towards the see. T o  the east of Bombay is a massive range over 4000 feet high, and to 
the west .there is the deep sea ; yet the plumb-line is deflected sea-wards. If the Western Ghats a m  
uncompensated, in accordance with the hyl,othesis of Bouguer, the plumb-line a t  Bombay shoultl be 
deflected 15" towards them,  1.e. towards the east. I f  on the other hand the Western (311a1s are 
compensated by deficiencies of underlying density, then the plumb-line should l ~ a n g  vert icrlly a t  
Bombay. B u t  the plumb-line takes neither of these courses : i t  hange towards the Eea. We have 
been puzzled for years by the plumb-line a t  Bombay: we used to think that  the rock under the 

Manual of tho Ocology ofIndia by R. D.  Oldham, 1893, ebep. XI. 
t Cowir also obmerved st oLher places, ace page 68, Profesrional paper No. 16, Ptndmlum Opmtionr hy ('nuel~~sro, 

oh& V 
f A well  ha^ been runk st Mhow 130 feet beluw ground level; iL im l o  Lnp throu#l~oul, and &he Lmy 11 n d  

plerced. The dmprb of the trap here io unknown. 
5 888 map of the Mourtaiw of India at the end of thi, pper ,  
11 Becomb, Burvq  of Indib Vol. IX, 1014-16, p q e  1M. 



ocean must be so heavy that  it is able to  pull the plumb-lines towards tlie sea. Major Cowie liow- 

ever observed on the coast of Kathiabvar, north-west of Bombay, and fonnd that tlie plumb-line here 
had a strong landward direction. The seaward deflections occur throughout the Bonibay coast but 
not round Kathiawar. This proves tliat they cannot be clue to s~ibmarine rocks. I am now of 

opinion that  there must exist between Bombay and the IVestern Ghats a zone of subterranean deti- 
ciency, that is, a zone of rock attenuation, and of cr~istal tension. 

The Western Ghats are very different in character from the Himalaya Mountains and it will 
be a matter of great geoplijsical interest if i t  can be proved tliat these two dissimilar ranges are 
both skirted by zones of crustal attenuation. The evidence, upon which tlie idea of a zone skirting 
the Western Ghats is based, is summarised in Lenox Conyngham's report to the Board of Scientific 
Advice*. He writes " At  Colaba, Karanja, Mandvi and Dhaulesl~rar astronomical azimuths are 
"available whence the deflections in tlie prime vertical call be deduced. The res~ilth are very 
" remarkable : they are :- 

"These sudden changes in deflect,ioi~ are not susceptible of explanation on any general 
a hypothesis : they must be dne to sonle local peculiarity of structure ". 

The section of hills and plains represented in plate 11, tl~ougli drawn for the Himalayas, 
gives a general picture of the conditions existing also a t  Bombay. A section drawn through 
Bombay from east to west will show the Gliat mountains on the east, the coastal flats in the centre 
and the sea on the west. On the Ghats a t  Mandvi and Dhauleshvar the plumb-lines are deflected 
eastwards, near the coast a t  Colaba and Karanja they are deflected westwards. T h t y  suggest the 
existence of a zone of attenuation along tlie foot of the mountains. 

1)eflection 

7".3 west, 

15".  2 west. 

16"*4  east 

!I"-3 east 

Station 

Colaba ... 
Karanja 

Mandvi ... 
Dhauleshvar . . . 

The resiilts of the pendulum observations in this region confirm this view: at Alibag 
30 miles from tlie mountains the gravity anomaly is -0.014 and at. Colaba 40 miles from the 
mountains the anomaly is + 0.062. The isostatic compensation of the Western Gliat mountains 
end of the Indian Ocean ha,s been taken into t,he account in the deduction of t,liese results. The 
following hypotheses will explain the tendency of tlie anomalies a t  Alibag and Colaba : a zone of 
att,enuation, (such as we call a " trough " in t,he Uanget,ic area,) skirts the Western Ghats: Alibag is 
situated over this zone, and the lightness of the attennated crust produces a negative anomaly there: 
Colaba is situated a t  the outer edge of this zone, and the excessive density that  is underlying and 
compensating the zone produces a positive anomalj- a t  its outer edge. 

As the Western Gliats trend north and south, t,heir effects upon the plumb-line have to be 
measared in the prime vertical. The best method of making suc l~  measurements has hitherto been by 
electro-telegraphic longitudes. But  i t  has only been possible to  observe sucli longitudes near large 
telegraphic offices, such as Bombay, and we have thus not been able to obtain good determinations of 
deflections either on the Ghats or between Bombay and the Ghats. Our deflections in the prime- 
vertical a t  several stations near the western coast of India have been deduced from azimuth obser- 
vationst, and thongti these can be trusted to a certain extent if they are considered in groups, they 

Hsipht  I 
in feel, I 

Sitoation 

Ann11n1 Report, B o ~ r d  of Bciont~flc Advice for India, 1914-15, p a p  68. 
t Frofesdiorml paper No. 16 : Thr EerCh's Azeu nnd Triangulntim by De Oraaff Hunter, chnpter IX. 

75 

997 

4.121 

0939 

Coast 

2 miles it~land from coast 

40niilesfron1coast 

80 miles from coast, 



do not deserve the same col~fidence as longitude observations and they require confirmation. I n  
future i t  will be possible to determine deflections by the method of wireless longitudes, and longitude 
stations will no longer be tied to telegraph offices. The deflection of the plnmb-line will then be 
determined a t  many places between the Western Ghats and the coast, and it will be settled beyond 
doubt whether a zone of crustal attennation esists or not. 

Colaba itself is a iongitr~de station and its large seaward deflection has been well-determined*. 
Mangalore is on the coast 400 miles south of Bombay: there is a seaward deflection of 4" a t  
Jlangalore, which has also been cleternlined from longitude observations. 

The low-lying strip of land, 40 miles wide, that runs along the coast between the Ghat moun- 
tains and the sea is composed of trap-rock in the latitude of Bombay, whilst further south a t  Manga- 
lore i t  consists of gneiss. I n  this region there exists no su~face  trough fillecl with alluvium, and the 
zone of crustal attenuation, if i t  is proved to exist, canuot be esplained a< a belt of cenozolc 
deposits. It mill denote all expansion and a stretching of the crust. 

The Eastern Ghat Mountains.-The Eastern Ghat  mountains are to the eastern coast of India 
what the Westeru Ghats are to the west coast. The defection a t  the coast station of TT'altair (Viza- 
gapatam) is ti" seawards, and the coastal rock is composed of gneiss. \Ire have therefore a t  Wallair 
a marked seaward cleflection, as we have a t  Bombay and IIangalore. 

At  JIadras, 400 miles south of TValtair, the seaward rleflection is no less than 11". Madras 
is situated on cenozoic ile>posits. S I I ~  it is unreasonable to attribute the defection of 11" to the 
presence of T~I-3.  deep deposits, when similar seaward deflections are found a t  Ivaltair, A h g a l o r e  and 
Rombay where no deep deposits exist. 

The geodetic observations on the eastern coast are too few to warrant any scientific deduc- 
tions : all we can s a p  is that  so far  as these obserl-ations go they support the conclusions derived from 
the observations on the Rombay coast. 

h',~planation of the high values of gravity observed at rtations i n  the Satpuva moultlains.- 
The map of the ~l foun ta ins  gf India  attached to this paper shows that  a range runs across 
India in an E. N. E, direction, immediately south of the line of the Narbada-Son livers. The 
western poition of this range is known as the Satptira mountains, whilst the eastern portion is 
desigl~ated the IIazariba~11 plateau. 

The Satpora n~or~ntains  are sitnated within the area of the Deccan trap, and to the lay 
observer they appear to be composed of trap-rock, hut Dr. Fermor has described them as a folded 
crpstalliue range with a cappinq of t rapt .  At the peak of Amarkantak, a t  the source of the 
Narbada, Fermor found thzt the cneissic core attained a height of about 2660 feet and that  over 
thin there was a capping of trap, 670 feet thick. 

The following gravity anonlalies d e d ~ ~ c e d  by Hayford's method of isostatic compensation 
have been observed a t  stations in the Satpuras :- 

Station I Heisht I Anomaly 
. - . . -- 

feel dy ,tea 

Asirgarh . . .  ... 1 1077 1 +0.019 

Khandwa . . .  . . . I  1014 1 +0.0:36 

Shahpur ... 1266 +On012 

Badnur . . .  1 :  1 0 1 + 0 . 0 1 1  

... 2032 ... +O.O%:i 

o r e  ... . 1 1467 1 +0 .011  

Prolearioaal paper No. 13: Imveatigafio~ of Irontory by Crosbhwait, page 14. 
i Record* Oeological Soney of India, Vol. 47, pane 193 and Vol. 45, page8 111, 128 snd 129. 



.. Chart V attached to Couchmau's professional paper shows that  the whole Satpura range is a n  
area of positive anomalies, and the conclusion hitherto drawn has been that  the Satpura range ie 
not compensated. But  having regard to the calculated results of the isostatic compensation in the  
case of the Gangetic formation, I am now of opinion tha t  the positive values in the Satpuras may 
be largely due to the compensation of the "trough" of the river Narbada, for this "trough" in the  
Deccan trap is in close connection with the Satpura range. 

The coiirse of a river lipon the Earth's surface is not often of geodetic importance, but the line 
of the Narbada has been recognised for years as exceptional, and as marking structural peculiarities in 
the crust. 

At the latitude stations* immediately north of the Narbacla, the deflections of the plumb-line 
are northerly :- 

- 

Ytnttion ::. 1 R e n i ~ ~ ~ ~ t l O n  1 
Deo Dongri 
Kundgol - 2" 
Kahzrlnau . . .  - 2" 

These results are not sufficiently striking in themselves to ~ a i n  attention, but  imruediately 
south of the Narbada the deflection a t  Thikri is southerly aud + 4". The suddenness of the change 
in crossing the Narbada was considered significant. The easterly deflection of 7" a t  Jilbbulpore con- 
firms the view that  s znne of crustal attenuation o~lderlies the valley of the Narbada. 

I n  1908-10 Major Cowie observed the l~endulum at statious uear the meridian of 76O, and 
he noted a marked change in the anomaly as he passed the Narbadat. North of the Narbada his 
observed anomalies were negative, south of the Narbada they were positive. 

Further east where the river Son continoes the alignment of the Narbada a similar change i n  
the  gravity anomalies occurs a t  the river :- 

Ytnt~on 

Ujjain . . . 
I lhow . . . 
Mnkhtiara ... 
Mortakka . . . 
Khal~dnra . . . 
Asirgarh 

- ._-_-__--p - - -- -- - - - - Profeas~onal pnper No. 13: Invsrl igal ioiu of I s o r t a ~ y  by Croathweit. 
t Narrslire Reports, B u r r s ~  of India, 1908-03, page 108. Records, lurvey of I n d ~ a ,  Vol. 1, 1909.10, page 61. 

Silunliol~ 

North of t,he river ... 
North of the river ... 
Near north bank . . . 
Near soutll bank ... 
South of the river ... 

Stalion 
-- 

3Iai har . . . 
Katni . . . 
Umario .. . 
Jubbulpore . . . 
Seoni . . . 

Gravily nno~naly 
(Ht~jt01.d) 

<Iy,re 
- 0.022 
- 0.026 
- 0 .030  
+ 0 .005  
+ 0.047 

" '  I 
South of the river ... + 0 .030  

b i t ~ ~ a t ~ o u  

North of the river . . . 
On the river ... 
Soutli of the river ... 
South of the river ... 
Sooth of the river ... 

-r 
Gruviby anomaly 

(Hayford) 

rlyseo 

- 0 . 0 0 3  
+ 9 .007  
+ 0.029 
+ 0 .030  
+ 0.036 



Extensive alluvial plains exist in the valleys of the Narbada and Tapti*. I n  the Narbada 
valley the principal plain extends for 200 miles, and raries in breadth from 12 miles to 35. The 
alluvial deposits of the upper basin of the Narbada extend to a considerable depth beneath the level 
of the rock bed a t  the point of t l ~ e  river's exit, so that  the plain lies in a great rock basin. It is 
probable that  the floor of the basin extends below the trap rock. I n  a boring a t  Sukaliheri a depth 
of 491 feet was attainecl without the base of the alluvial deposits being reached. Throughout the 
thickness of 491 feet uo change of importance was detected in the a l l ~ ~ v i a l  formations. 

Vredenburg writes :-"The enormous depth of the ancient alluvi~lm of the Narbada was never 
"suspected before i t  mas revealed by boring"?. 

I f  these deep Narbada deposits of light density are isostatically conlpensated, tlle excessive 
density nuderlying them to depths of 70 miles mill be affecting gravity in the Satpuras, and will be 
producing positive anomalies a t  Satpnra stations. Having regard therefore to  the geographical and 
geological condit.ions of the region 1 am of opinion tha t  the posit,ive anomalies in the Satpuras 
support the hypothesis of isostatic compensation. 

Qeology of India by H .  D. Oldhan~, 1893, pages 396, 398 and 495 
t The Qeologicsl probler~ls of tlw Narbada tire discussed by Vredenburg, Records, Qeologioal Survey of India, 

Vol. XXIIT, 1906, pages 33-45. 



APPENDIX No. 1 
CALCULATIONS OF THE GRAVITATIONAL EFFECTS OF A TROUGH, CONTAINING 

LIGHT ROCK (DENSITY 2 . 4 )  AND ISOSTATICALLY COMPENSATED. 

APPENDIX No. 2 
NOTES ON THE FORM OF THE GANGETIC TROUGH. 





Appendix No. 1. 
CALCULATIONS O F  T H E  G R A V l T A T I O N A L  E F F E C T S  OF A T R O U G H ,  

C O N T A I N I N G  L I G H T  ROCK (DENSITY 2.4) A N D  ISOSTATICALLY COMPENSATED. 

For the following table I am indebted to the U. S. Coast and Geodetic Snrvey : they first 
published such a table, which I have ventured to copy and to expand*. 

Table of atlractio~rs for various tnnsses. 

Each value is the vertical attraction in dynes produced by a mass equivalent to  a stratum 
100 feet thick, of density 2.67, if that  mass is uniformly distributed to  the depth indicated in the top 
argument and in all directions horizontally to the distance indicated in the left-hand argument. 

I 

Radius 
in 

miles 

0.8 
1 '6  
2.0 
3.1 
6 0 
6 25 
7'5 
12.0 
20 - 0 
40.0 
60.0 
104.0 
750.0 I 

113.7 
kilo. 

metres 

0.0000 
. (rn1 
' 0001 
.0001 
.OO02 
.OW3 
,0004 
.OW6 
~0008 
,0013 
,0018 
,0024 
,0035 

GRAVITY ANOMALIES.  
I. S O R T H - E A S T E R N  SECTION,  (table V, plate 11). 
(a) S a ~ ~ a ~ ~ ~ r l l . - G r a v i t y  anomaly + 0.037. 
Situatecl 26 miles north of the northern border of the trorlgh : if trough is assumed 100 miles 

wide, i t s  ~orlthern edge, which i- not visible nor defined in nature, is 126 miles from Sandakphu. 

For purposes of computation the Gangetic. trough, as viewed from Sandakphu, is taken to be 
the southern half of a11 ann~rlr~s,  (outer radius 126 miles, inner radias 26 miles). 

The problem is to find the aaera,qe dept,h of a semi-annular twough (onter radius 126 miles, 
inner radir~s 26 miles) which will produce r gravity a~lomaly of + 0 . 0 3 7  a t  Sandakphu. 

The method of calculation is to deduce the effect of the annnlus by subtracting the effect of 
the 26-mile inner cglintler from the 126-mile cylinder, and then to divide by 2 to obtain the effect of 
the half-annulus. 



It can be found by successive trials that 50000 feet is the depth for tlie trough that  satisfies 
the conditions of the problem : thus- 

Effect of compensated disc, 126"' rad. 
= - (0.0033 -0.0025) x 70 = -0.056 

Effect of disc, 26"' rail. 
= - (0.0029 -0.0010) x 70 = - 0.133 

Therefore, effect of outer annulus (126n1-26n1) 
= - (0,056 -0.133) = +0.077 

Effect of half this annulus = +0.038 
The observed gravity anomaly + 0.037 can thus be accounted for by a compensated trough, 

100 miles wide, averaging 70000 feet. deep. 

( b )  Sr~rsrnr.-Gravity anomaly - 0.050. 

Siliguri stands over the trough, 12 miles from its \isible northern edge, 88 miles from its 
supposed southern edge. The trough, as viewed from Siliguri, may be represented,$rstly, by a com- 
plete disc of 12 miles radius, and, secondly, in  addition by a half-annulus (outer radius 88 miles, inner 
12 miles). 30000 feet is found by  trial to  satisfy the problem. 

Firstly, 
Effect of compensated disc, l2Iu racl. 

= - (0.0029 -0~0006) x30 =-On069 
Secondly, 
Effect of annnlus, (88"' - 12") 

= - (0.0032 -0.0022) x 30+ (0.0029-0.0006) x 30 
= (-0~0010+0~0023) ~ 3 0 =  $0.039 

Effect of half-ann~ilns = +0.020 
Sum of the two effects a t  Silignri- 

12-mile disc -0.06!) 
Half-annulus (88'" - 1.'"') + 0.020 

Total c o m p u t d  effect = -0.049 
Observed anomaly = -0.050 

(c) Ja~uarclrn~.-(;ravitj- anomaly - 0.031. 

Situated on the trough, 30 milee distant from northern edge, 70 miles from supposed southern 
edge. W e  must slim the effects of a 30-mile disc and of ths. of the annulus (70 miles-30 miles). 

Firstly, 
Effect of compensatetl disc, 30-mile radius, 20000 feet deep 

=-(0.0031-0.0011) ~ 2 0 = - 0 . 0 4 0  
Secondly, 
Effect of anrit~lus (70"'-30"') 

= - (0.0033-0.0019) x 20 +0.040 = -0.028 +Om040= +0.012 
Three-fourths of annulus = + 0.009 
Combined effects of 30-mile disc and of 9 the anoulus = -0.031 
Obeerved andtnaly = -0.031 

(d) K ~ s ~ ~ ~ u n . - G r e v i t y  anomaly + 0.028. 

Situsted on the  alluvinm, 30 miles eontli of the aaeumed southern edge of the trough*. 
E h t  of annnllle (130"-30") 70 000 feet deep 

= - (0-0033 -0.0025) x 70 + (0.0030- On0012) x 70 
=(-0~0008+0~0018) ~ 7 0 = + 0 ~ 0 0 1 0 x 7 0 = + 0 ~ 0 7 0  - 

P o n ~ ~ o n  of southern edge ot t r o ~ ~ g h  rnnnol be est~msted with nccurncr. I t  18 probably not e detln~teedgeatrl l .  



The trough as measured .geometrically from Kisnapur is slightly less than half the annulus : 
i t  may be taken a t  + ths = + O . O Y B .  

W e  have so far assumed that  Kisnapur is 30 miles south of the t rouc l~ ,  and that the trough 
is a segment of an annulus (130-30 miles) north of Kisnapur. 

But  Kisnal~ur, though assumed outside the trough, is itself standing on alluvium, of unknown 
depth, and the effect of this alluvium (compensatecl) may be estimated for a 30-mile disc as follows :- 

if 1000 feet deep . . . -0 .002  
if 2000 feet deel) . . .. -0 .005  
if 3000 feet deep . - 0 . 0 0 8  

The effect a t  K i a n a p ~ ~ r  of the trough, 70000 feet deep, has been estimated above a t  + 0.032. 
I f  the a l l ~ ~ v i u m  be assumed to be SO00 feet deep below Kisnapur, the gravity anomaly may be 
estimated a t  + 0 . 0 3 2  - 0 .008  = + 0.024. Observed anomalv = + 0.028.  

(e) C~a~na . - (+rav i ty  anomaly - 0.006.  
Chatra is 50 miles south of Kisnapur. The positive effect produced a t  Chatra by the excess of 

density compensating the trough is smaller than the effect a t  Kisnapur, and is apparently insufficient 
to  counteract the purely local negative effect of the Cllatra allnvinm. The result is that a t  Chatra 
the observed anomaly is slightly negative. 

11. EASTERN SECTION, (table Vl) .  

( a )  Gon .4~~~ui t . -Grav i ty  anomaly - 0.081. 
Situated near the centre of the trough, 60 miles distant from northern edge and 100  miles from 

southern. I f  Gorakhpur is assumed to be a t  the centre of a trough, 120 miles wide, then a rock-disc 
of average depth 60000 feet, of radius 60 miles, density 2.4, isostatically compensated, will produce 
a gravity anomaly of - (0.0032 - 0.0018) x 00 

= -0.0014 x K O  
= -0.084. 

Observed anomaly = - 0.081. 
The assumption, that  the anonlaly a t  Gorakhpur is protluced by the attraction of a circular 

disc, will probably tend to give t h e  depth of the assumed disc smaller than the true depth of the 
trough in nature: the trough is probably much wider than 120 miles on this section and i t  e x t e ~ ~ d s  
for great distances to the east and west of our assumed circular disc, and if we were to include these 
distant portions of the trough, our estimate of its depth would be increased from 60000 feet to 
70000 feet or more. Gorakhpur is near the centre of the trough, and i t  is most interesting to  find a t  
such a situation so large a negative anomaly and so large a corresponding value of depth. 

( b )  M a ~ ~ h u r . 1  RAJ.-Gravity atlomaly - 0.068. 

Situated 70 miles from northern edge of trough. It will be 50  miles from southern, if 
trough is assumed to be 120 miles wide. MTe have then to sum the effects of a disc of 50-mile 
radius and of the segment of an annulus (70 miles - 50 miles). 

Effect of disc 50000 feet dcep, 50-mile radius, = - (0.0032 - 0.0016) x 50 = - 0.080 
Effect of anurllns (70m - 50m) 

= -(0.0032-0.0019) x 50+(0.0032-0.0016) x 50 
= ( - 0 ~ 0 0 1 3 + 0 ~ 0 0 1 6 ) ~ 5 0 = + 0 ~ 0 1 5  

The annulus encircles Majl~anli R.aj from Mr.S.W. through N. to E.S.E. : we can take f rda 
of its effect = + 0.010. 

Effect of disc = -0.080 
Effect of annular segment = +O-010  

Computed anomaly 
Observed anomaly 



I f  for purposes of estimation we had assumed Majhauli Ra j  to be standing a t  the centre of a 
disc of 70-mile radius, we should have computed the anomaly a t  - (0.0032-0.0019) x 50 
= -0.065, instead of -0.070. 

(c) ?~~UZAFFARPUR.-Gravity anomaly - 0.053. 
Situated on the trough 70 miles south of the northern edge, and 70 to  90 miles south of 

supposed southern edge. Procedure will be the same as a t  Majhaiili Raj.  

Effect of disc 40(100 feet deep, 50-mile radius = - (0.0032 - 0.001 6) x 40 = - 0 - 064. 
Effect of annulus (70"' - 50"') = - (0.0032-0.0019) x 40 + (0.0032-0.0016) x 40 

= ( - 0 ~ 0 0 1 3 + 0 ~ 0 0 1 6 )  x 4 0  = +On01P. 
Two thirds of annulus = +0.008.  
Computed anomaly for a depth of 40000 feet = - 0.064 + 0.008 

= -0.056 
Observed anomaly = - 0 . 0 5 3  

As in the case of Majhauli R a j  i t  woi~ld perhaps have been simpler to  assume Bluzaffarpur a t  
the centre of a disc of 70 miles radius. The depth would then have been estimated a t  about 40000 
feet,, thus - (0.003%-0.0019) x 40 = - O.O52=computed anomaly. Obsexvecl anomaly= - 0,053. 

(d) A ~ ~ ~ ~ . - G r a v i t y  nnolnaly - 0,039.  
Situated 180 miles from northern edge of trough and 80 miles from southern eclge of alluvial 

plains. I f  Arrah were situated a t  the centre of a disc, 130 miles r d i u s ,  70000 feet deep, this disc would 
producean ano~naly of -0.056. The computation would be - (0.0033 -0.0025) x 70= -0.056. 

As Arrah is on the edge of a semi-circular disc, the computed effect will be only half that  of 
the complete disc, namely - 0 028. 

W e  have also to allow for the local surface alluvinm immediately underlying Arrah. Assuming 
tba t  Arrah is standing over alluvium, 5000 feet deep, we must allow for t,he effect of this (for a 
radius, say, of 20 miles) niz, -(0.0035 -0.0009) x 5 = -0.013 

Effect, of a semi-disc = - 0 .028  
Effect of purely local alluvium = - 0.013 

Computed anomaly = - 0 .041  
Observed anomaly = -0 ,039 

(e) SASARAM.-Gravity anomaly - 0.002. 
Smaram is on t,he Gangetic alluvium, depth of which is unknown. I t  is 180 miles south of 

the northern edge of the trough. The positive effect of the distant trough seems to be counterbalanced 
by the negative effect of the local alluvinm. 

u) Ra~c~r.-<;ravi ty anomaly + 0 -019. 
Sit,uated on the gneiss table-land 100 miles south of the southern edge of the Gangetio 

rlluvium. It i~ 250 miles south of the northern edge of the t,rough. Ranchi is too far  ~011th of 
the Gangetic trough to be included in this investigation -with any confidence. A station in ite 
posit,ion ie open to external influences from tbe south, which have no connection with Himalayan- 
Gangetic attractions. If, however, the positive anomaly is t o  be ascribed to the effects of the 
Gangetic trough, a depth for the latter of 100000 feet would have to be aasumed. 



The attraction of a disc, 100 miles radius, 100000 feet depth - - - ( 0 . 0 0 3 3 - 0 ~ 0 0 2 4 ) ~ 1 0 0 = - 0 . 0 9 0  

The attraction of a disc, 250 miles radius, 100000 feet depth 
= - (0.0034 - 0 . 0 0 2 8 ) ~  100 = - 0.060 

Subtracting the effect of the smaller disc (100 miles) from that of the larger (250 miles) me 
get + 0.030 as the effect of the a n n ~ ~ l u s  (250m - 100"). We take half this annulus to represent the 
Qengetic troogh, as viewed from Ranchi, and computecl anomaly becomes + 0-016. Observed anomaly 
+ 0.019. 

111. EASTERN-CENTRAL SECTION, (table VII). 

A ~ ~ ~ ~ h ~ d ~ . - G r a v i t y  anomaly - 0 00%. 

Allahabad is on the Gangetic alluvium, being 20 miles llorth of the southern limit of the 
alluvium. It is 170 nliles south of the northern edge of the Gangetic trough. The depth of the 
alluvium a t  Allahabad is quite nnk~iorn~~.  The positive effect of the distant trough appears to be 
counterbalanced by the negative effect of t,he local alluvium. 

IV. CENTRAL SECTION, (table VII I ) .  

( a )  Jivssoon~~.-Gravity anomaly + 0.042. 

i\Iussooree is situated in the mountains 3 miles from their foot, 20 miles from the foot of the 
Siwalik hills, 100 miles from the southern edge of the trough. I n  this case our estimates require 
three discs of respective radii, 3 miles, 20 miles, 100 miles. I assume the depth of the light 
strata in the (20"' - 3"') annulas to be 10000 feet*. 

(i) Efict oj' Ihe atcn~tlzls (20'" - 3")- 
Att,raction of 3-mile disc = - (0.0025 - OaOOOF) x 10 = - 0 - 034 
Attraction of 20-mile disc = - (0.0032-0.0008) x 10 = -0.024 
Effect of annnlus (20"- Sn1)= 0.000 

(ii) EJect of the a n d u s  (10Om-20'~)- 
In  order to obtain an anomaly of +0.042, we must adopt for this anuulus an assumed 

average depth of 60000 feet. 

Attraction of 20-mile disc = - (0.0032-0.0008) x 60 = -0 ,144 
Attrectioi~ of 100-mile disc = - (0.0034 - 0.0024) x 60 = - 0 * 060 
Effect of annulus (100111- 20n1) = + 0 .  08-lq 
Computed anomaly = half the effect of the annulus = + 0 -  04'2. Observed anomaly = + 0.042. 

( 6 )  R A J P U R . - ( ~ ~ . ~ V ~ ~ ~  anomaly + 0 -018. 
Situated a t  the foot of the Himalayas, 17 miles flsom edge of Siaaliks, 100 miles from southern 

edge of trough. 

( i)  Effect of disc, 17 miles radios, 10000 feet deep, 
= - (0.0032-0.0008) x 10 = - 0.02-k 

Effect of half this disc a t  h j p u r  = -0.012 
- . - - - - - - - - -- 

Memoir~ Qeologioal Survey ~f India. Vol. XLII, part 2, St~.nclurs of the Himnlayns by R .D. Oldhnm,pege 1076 



(ii) Effect of annuh~s (100~-17m)40000 feet average depth- 
17-mile disc, - 0 ~0022  x 40 = -- 0,088 

100-mile disc, - 0.009 x 4.0 = - 0.036 

Effect of annolus = + 0.052 
Half this effect = + 0.026 

Subtract half effect of 17-mile disc (p. 29) - 0.012 
- - 

Computed anomaly = + 0.014 
Obserred anomaly = + 0.013. 

(c) D E H ~ A  DEN.-Gravity anomaly - 0.005. 
Situated 5 miles south of Himalayan foot, 12 miles north of Siwalik edge and 95 miles from 

southern edge of trough, 

Effect of 6-mile disc, 10000 feet deep = (-0.0028 + 0.0002) x 10 = - 0.026 
Effect of annulus (12"' -5m) 10000 feet deep =OS000. 
Effect of annrill~s (9Sm - 12m) 40000 feet avelage depth may be computed as follows :- 

12-mile disc, - 0.0022 x 40 = -0.088 
100-mile disc, - 0 0009 x 40 = -0.036 

Effect of annulus (lOOnl- 12") = +Oa062 
Half this annulus -- +Oa026 

Sabt,ract effect of local allavium, (6-mile disc) - 0 -026 

Computed anomaly = 0.000 
Observed anomaly = -0.OOi 

(d) R o o ~ ~ ~ ~ . - G r a v i t y  anomaly -; 0.055. 
Situated on the Gangetic plains 25 miles sonth of ,the Himalayan foot, and 75 miles from 

routhern edge of the trough. 
We mtist slim the effects of a 25-mile disc and of a half anniil~is (outer radius 75 railer, 

inner radius 25 miles). 

(i) Effect of compensated disc, 25-mile radius, depth 35000 feet, - - - (Om 0030- 0.0010) x 35 - _ - 0.070 

( i ~ )  Effect uf outer disc, 75-mile radius 
= - (0.0032 - 0'0020) x 35 ... = - 0.042 

... Dednct effect of 25-mile disc ... - 0.070 - 
... ... Effect of annulus ... = + 0.028 

Effect of half the annulus ... ... = + 0.014 
Slim of the two effects, viz. 

that of disc and that of half annulus = - 0.056 ... Observed anomaly ... = - 0.055 

(e) KAL~~xA.-Gravity anomaly - 0.018 
- Y.lh ie on the plslns 50 miles from the hills. The effect of a disc of GO-mile d u r  

U O O O  feet deep, wonld be - (0.0051 - 0.0016) x 12 
= - 0.0016 x 12 = - 0.018 

Obsenved anomaly .. ... = - 0.018 



It sllould be noted that the estimate does not imply that the depth of the lighter rock imme- 
diately under Kaliana is 12000 feet. The meaning conveyed is that a trough, 100 miles wide, of the 
ouerage depth of 1%000 feet, would explain the anomaly a t  Kaliana. 

(j') G~srr~un.-Gravity a~~omaly  - 0.006. 
Gesupur is situated near the southern edge of the trough, depth of alluvium unknown. 
If a trough 100 miles wide, 12000 feet deep, (as estimated from Kaliana) existed 10 miles 

Prom Gesupur, its effect a t  Gesopiir would be 

Effect of 110-mile disc = - ( 0.0034 - 0.0024) x 12 
Effect of 10-mile disc = - ( Og0031 - 0.0006) x 12 
Effectof halftheanul~lus = 4 (-0.0010 + 0.0025) x 12 

= + 0.009 

As the observed anomaly is -0.006, we must assume the existence of sufficient light depo- 
sits uuder Oesupur to account for -0.009 -0.006 = - 0.015. A disc of radius 10 miles, 
depth 5000 feet, would produce an effect, of -0.014 

( g )  KHURJA.-Gravity anonlaly - 0.030, 
Khurja is e, station, which, like Monghyr further east, is situated on the southern edge of 

the trough and which nevertheless exhibits a large negative anomaly. Gesup~ir and Khurja ant 
r'u similar sit~iatioi~s : whereas the anomaly a t  Gesupur ig only - 0.006, that a t  Khurja is - 0.030 
which is considerably larger than a t  Kaliana, a station on the mid-alluvium, This is a proof 
that the form of the trough is complex and varied, and that it eannot be represented geometrically. 

( h )  MUT~LA.-Gravity anomaly + 0 m004. 
AGI~A. -Gravity anomaly + 0 -006. 
.JHANSI. -Gmvity anomaly + 0.003. 

The compensation underlying the Gangetic trough would tend to produce positive anomalies 
a t  these stations. 

(i) K a ~ ~ a ~ ~ u ~ . - G r a v i t y  anomaly t 0 026. 
It 1s 380 miles from the foot of the Himalayas, and more than 100 miles south of the Gange- 

tic alluvium. It will be interesting to test whether the compensating excess under the Gangetie 
trough can be exercising any appreciable influence a t  so great a distance. V e  will imagine discs, one 
of 580 miles ~ndius, the other of I60 miles radius, and we mill subtract the effect af tho latter from 
that or̂  tlie formel in order to obtain an idea of the effect of the annulus : we will .ssnme that half 
the anniilu~ mill represent approximately the Indo-Gangetic trough as viewed from Kalianpur. 

Assum~ng an average depth for the trough of 20000 feet, me obtain 

Effect of larger disc = - 0 - 010 
Effect of smaller disc = - 0.020 
Effect of unnulas = + 0.010 
and of half-annulus = + 0.005 

The conclusion is that the gravity anomaly a t  Kalianpur cannot be xholly ascribed to the 
presence of Oangetic comlwnsation. 



V. W E S T E R N  SECTION,  (table IX) .  
(a) PATHANKOT.-G~~V~~Y anomaly - 0.087. 
Situated on the alluvium 20 miles from the foot of the mountains. 
The effect of a disc, isadius 20 miles, depth 50000 feet, 

=-(0.0030 - 0.0009) x 50 = - 0.105 
Effect of the more distant portions of the trough may be estimated as  follows :- 
Effect of 50-mile disc, 50000 feet deep, 

= - (0.0031 - 0.0016) x 50 = - 0.075 
Effect of 20-mile disc ... ... ... = - 0.105 
Therefore effect of half-annulus ... ... = + 0.015 

Effect of 20-mile disc = - 0.105 
Effect of half-annulus = + 0.015 

Computed anomaly = - 0.090 
Observed anomaly = - 0.087 

(b) MIAN NLR.-Gravity a~lomaly + 0.099. 
Situated on the alluvium 20 miles ~011th of the assumed southern edge of the trough." Effect 

of the local alluvii~m a t  Mian RIir, which may be assumed 3000 feet deep = - 0.007. 
Then we have to calculate the effect of a half-annnlus (90") - %Om). 

Effect of 20-mile d i ~ c  = - (0.0030 -0.0009) x 70 = -0.147 
Effect of 90-m11e disc = - (0.0033 -0.0022) x 70 = - 0,077 
Effect of annulus ... ... ... = +0.070 
Effect of half-annulus ... ... = +OeO35 
Effect of local alluvium ... ... = -0.007 

Computed anomaly = + 0.028 
Observed anomaly = +0.029 

V I .  N O R T H - W E S T E R N  SECTION,  (table X). 
(a) Qmm.+.-Gravity anomaly - 0.OO.E. 
Quetta is situated on a small allrivial basin in the Baluchistan mountains, 60 miles from the 

greet plaine of tbe  Indue. 
Effect of 150-mile disc 40000 feet in depth = - (0.0034 - 0 ' 0026) x 4O= - 0,032 
Effect of 60-mile dirc =-(0.0032-0-0018)x40=-0.056 
Effect of a n ~ ~ i i l r ~ s  = -(OS032 -0.056) = +OaO24 
Take 4 t h  of this annulus, = +O*004 

Observed anomaly ... ... ... = -0.004 
Diecrepancy ... ... ... = -0.008 

Thie discrepancy can be accounted for if we assume that  Quetta is standing near the centre, 
of r circular alluvial basin, 2 miles d i u s ,  3000 feet deep. 

(6) S~I.-Gravi ty anomaly -0.070. 
Sibi ie situated in a bay 1 2  miles from the foot of the mountains. A disc of 12 miles r d i u e  

and 30000 feet deep wonld produce an effect of 
- (0.0039 -0.0006) x30 =-0-0023 x30 = -0.069 
Obeerved gravity anomaly ... = -0.070 

~ - -- ~- - 

Paition of mothera edge ia unknown : it hss to be nwnrnerl lor porpoten of computrtion. 



As the outer portion of tlie troilgli towards Jacobabad would have a posit,ive effect a t  Sib i, 
and as this effect has been left out of the estimate, we ma? conclude that 30000 feet is too 

small a value for the depth of the trough a t  Sihi. 

(c) J . i c o ~ a ~ ~ ~ . - ( + l . a v i t y  anomaly -k 0 0'27. 

Jacobabad is situated on the wide alluvial plains of Sind, 4.0 miles from the l~ills a t  their 
nearest point, 100 miles from the hills towards Qnetta. It is apparently outside the trough but 
is standing on allovinrn, which in the absence of any near outcrops of rork rannot be assilmed to be 
shallow. 

Let  us assume 3 discs, one of 10-mile radius, one of 40, one of 100. 

( i ) Effect of 4.0-mile disc, 50000 feet deep = - ( 0.0031 -0.0014. ) x SO = - 0 

Effect of 10-mile disc, 50000 feet deep = - ( 0.0028 - 0.0005 ) x 50  = - 0 . 1 1 5  
Effect of the annulus (4Gn1 - l o m )  = +0.030  

and of the half a n ~ ~ n l i ~ s  = + 0 . 0 1 5  

(ii) Effect of 100-mile disc, 50000 feet deep = - ( 0 .0033  - 0 0024, ) x 50 = - 0 .045  
... ... ... . . .  Effect of SO-mile disc = -0.085 
. . .  . . .  . . .  Effect of the annulus ( 1 OOnl - 4<O1l1 ) = + 0 . 0 4 0  
... . . .  . . .  ancl of 4th of t,he annillns ... = + 0 .010  
... ... Effect of half the ( SOm- 10"') anni~lus ... = + 0 . 0 1 5  

. . .  Effect of one quarter the (100"-4.0nL) annulus . . = + 0 . 0 1 0  

Computed anomal?. . . .  ... = + 0 . 0 2 5  
... Observed anomaly ... = +0.0'27 

DEFLECTIONS OF THE PLUMB- L I N E  

I. NORTH-ELISTERN SECTION, (table I-, plate 11). 

(a)  KL.RSEONG.-Deflection 23" north. 
Kurseong is situated 4 miles north of the foot of the Himalayas, and about 104 miles north of 

the supposed southern edge of the trough. To estimate theeffect of the trough upon the  plumb-line 
a t  Korseong, me must assunle 2 semi-circles drawn round Kiirseong to the sontli, one of radius 4 
miles, the other of radius 10 C miles. Then if we compute the effects of the trough by Hayford's 
method*, me find that  there are 9 annuli, aud 9 x 8(= 78) compartments. To  produce a deflection of 
%3" there must be in the several compartnients an average deficieucy of normal rock (2 . 67) equalling 

x 10000 x P, where F is the factor for isostatic cornpensationt. The same result may be stated a s  
follon,~ : at the distances of tlie annuli an isostatic deflection of 23" denotes a topogtxphical deHection 
of 38", d ~ i e  to the uncompensated trongh, and the average deficiency of rock is ++ x 10000 feet. 

If the rleficiency of clensitv is assun~ed to be 10 per cent below the normal, the average del,tll 
of the trough will be +$ x 100000 x 1.7. Depth of trouqli = :j000O feet. 

( 6 )  S I I , I N ~ . H I . - ~ ~  miles south of t,he ~iiountains; deflection 5 "  11ort11. 

J ~ ~ r a r s r i a ~ . - Y O  miles soutli ; cleflection 7" south. 
In  the 18 miles betwee11 Siliguri and Jalpaiguri tlie deflectiou of the plumb-line has changed 

from 7" N. to 7" S.. the plumb-line mill hang vertically midway between these two stations 
a t  a point A situated about 20 niiles clistsnt from the mountains. If, therefore, the trough is 
msumed to be 100 miles wide, tlie deficiency of mass in the nort,herll 20 miles will in its effect a t  
bhe point A exactly counterbalance the deficiency in the southern 80 miles. This is a proof that  
the northern portion of the O a n p t i c  trough is somewhat deeper than the southern. 
- - - .... ........ ... 

- - -- - - - - -- - - .- * The Figwre of lhe Earth and I a n s t n a  by Hsyford, 1909. 
t I'rofessional paper So. 13: Iruerligolions of laoaloty by Crosthwatt. E v c v  100 feet of rock in any compartment 

prmlnrca a deflertion -if O."Ol. Every 10000 feet produces a deflection of ln.r). 



It is difficult to make any estimates of tlle depth of the trough from thedeflections a t  stations 
situated like those of Silignri and Jalpaigori. It is possible to devise many forms of trough of 
different depths that  will suit  these two deflections. These different forms of trough are based on 
different initial assumptions, each of which is as deserving of weight as the others, Without some 
initial assumption I do not think that  the deflections a t  Siliquri and Jalpaigr~ri can be used to 
determine the absolute deficiency of mass in the trough. They might, however, be used ill conjanc- 
tion with other data for a determination of the most probable form of the tronqh. 

(c) CHANDURIA.-Deflection 11" south. 

Situated 80 miles south of the 11ills. From t l ~ i s  deflection it  may be cstinlateil that the 
average depth of the trough in the 60 miles immediately south of the mountains is COO00 feet. 

(4 rings, 32 compartments, F=O.54). The large soritherly deflection a t  Cbanduria, + 11", 
and that further soiith a t  N d h i i p u r  +9" deserve the considel.ntion of all geodesists, who are 
endeavouring to learn the pl~ysical meanings of qravity anomalies. 

11. E A S T E R N  SECTION,  (table 1'1). 

( 0 )  P.~THARDI.-Deflection 11" north. 

Situated on the allnvium 1 4  miles fronr the mor~ntains. .is in the cases of Siligilri and 
Jalpaicuri i t  is clificult to  make any reliable ~ s t i m a t e  of depth from a deflection on the allovium. 
We can devise several forms of trough that  will protlnce a deflection of 11" north a t  Patliardi. The 
large northerly deflection a t  Pathardi teaches the lesson that  the agqregate effects of the light 
rock lying south of Pathardi are considerably greater than the effects of the n~ass-deficiency lying 
north. 

(6) H u ~ r ~ a o x ~ . - T h e  soritherly deHection of 13" a t  Hurilaong hah attracted attention for 
many years. Hurilaong is situated in the Hazaribagh range south of the Gangetic plains. The 
deflection can not be attributed to the  attraction of the range, because this value of the deflection 
is the residual obtained by Crosthmait after he hat1 corrected the oriqinal ol~servation for the effect 
of the range. 

The average density of the rocks of the I-Iazaribagh range is believed to be hetween 2 - 6 5  
and 2 70". 

If we decide to litilise the deflection a t  Hurilaong as a measure of the mass-deficiency in the 
Gangetic troogh, n7e can estimate the amor~nt  of that  deficiency by drawing over the Gangetic 
trough two semi-circles ronnd Hurilaoug as a centre, one with a radius of 24 miles, n~llich is the 
distance of Hurilaong from the southern edge of the alluvium, and the other with a racl i~~s of 205 
miles, which is the distance of Hurilaong from the northern edge of the alluvirim. Then by 
Hayford's met,hocl we have over t,he alluvium 6 half-rings of 8 compart,ments each = 48 compartments. 
For every 100 feet of mass-deficiency in the trough, there will be a correspouding topographical 
deflection of 0" .48,  and if the isostatic cleflect,ion is 13", (topographical deflection = 34') i t  mill 
require an average mass-deficiency in the trough of 7500 feet (equivalent t,o a depth 75000 feet, if 
the deficiency of densit,y is taken as 10 per cent of normal rock). We thus find ourselves in a dilemma; 
we nrust either abandon the idea of ascribing the H~lrilaong deflection to the effect8 of the trough, 
or we must be prepared to accept for the trough a depth larger t,han has been previously imagined. 

(c) C ~ ~ ~ ~ w a ~ . - S i t n a t e d  in the Jiazaribagh range, but is slightly more distant from the 
southern edge of t,lle Gangetic alluvium than Hnrilaong in ,  (t,hat is, 40 miles instead of 24). It6 
eontherly deflection is 7' (compared with 13" a t  Hurilaong) and if this deflection is to be regarded 
as the d e c t  of the Gangetic trough (compensated) i t  gives 60000 feet ae the average depth of the 
trough, 180 111iles wide. 
-. -. - - - -- -- - . . . . . - . . . . . - . . . - . . ~ 

a From vnlues snpplied by the I)irector, Q~oloqical Surrey of India. 



111. EASTERN-CENTRAL SECTION, (table VII ) .  

( a )  BIROND.-Northerly deflection 24". The width of the alluvial plains in thie section 

is 200 miles. There mill be 10 semi-annuli and SO compartments. I f  24" is the isostatic deflection, 

the topographical deflection at the distances involved mill be 42". 

The average mass-deficiency throughout the con~partlnents mill be $4 x 10000 feet = -5000 

feet, and the average depth of the trough, 200 miles wide, density of deposits =2.4, will be 50000 
feet. 

( )  I -  Deflection 6'' south, distance from hills 60 ~ni les  
Sons.- ,, 11" south, ,, 115 ,, 
K ~ x a ~ ~ ~ 1 t . l . -  ,, 10" ~ 0 ~ 1 t h ~  > y 160 I ,  

1t is very difficult to deduce values for tlie clepth of the trough from these three rletlections. 
The  increased tleflections a t  the t ~ v o  southern statiotrs lead to the idea that  on this section the trough 
immediately south of the Himalayas becomes sl~allower from north to south but under the mid- 
alluvium i t  agai i~ becomes deel~er. 

(c) ~u~c~vaxr . -~~ef lec t ion  (i" south. 
Situated i O  miles from southern edge of alluvium, 250 miles honl  11orthel.u edge. I f  tlie 

Gang.etic trough, compe~isatetl, can produce an isostatic deflection of 6" at  (iurwani, the topogra- 
phical cleHection clue to the uncompensated trough must be about SO". 

The average deficiency of rock throughout the 4 half-annuli, which represent the trough as  
viewed from Gurwani, nil1 he $: x 10000= 15000 feet. The arerage depth of the trough, 180 miles 
wide, density 2 . 4 ,  mill thus be 150000 feet, if tl:e deflection at  Gnrwani is assumed to be due to 
its effects. 

IV. CISNTRAI, SECTION, (table \ T I ) .  

\I'heo me coine to the Central Section we meet wi t l~  the cliflicalty that  thc Hil l~alayai~ 
range and trougli are trending to the north-west, and that meridional deflect,ions are no longer 
complete measures of attractive effects. 

The meridional 'cleflection at Dehra Dan is 13" 1lort11, but there is at this place a deflection 
also in the prime vertical of 9'' east*. The resultant deflection a t  Dellla Dun is consequently 15".5 
towards the N.N.E. 

(a) ilfvssoon~E.-~~ericliona~ clet~ection 13" north. 
Situated in the mo~intains 3 111iles from t,he foot of the I-Iirnalayas. Tt is difticult to decide 

horn to treat this station cts it. is separatjed from the Gangetic plains by 20 nliles of Siwalik foot-hills. 
W e  will assnme t the depth of t,he tertiary deposits in this Siwalilr zone to be 10000 feet,, density 2-4,  
and tl~iu assumption will accot~nt for 9" isostatic deflection a t  RIussooree. There remains a deflection 
of 10" to be ascribed to the trough : a t  tlie clistauces of t,he several aunuli from i\fnssooree 10" isostatic 
deflectiou tlenotes a topographical deflect,ion of 25". The width of the Gaugetic alluvinm outsicle t,he 
Siwalik belt is on this section 90 miles : i t  may be represented from Mnssooree by the Hayford rings 
(half-annnli) 1 0  to 13 .  A trough 76 miles wide, of an avera.ge depth of 80000 feet, will produce 
a topogral,liical deflection of 25" a t  IiInssooree. 

I f  we regard the Siwalik belt as an uudisturbed part of the G a ~ ~ g e t i c  tro11g11 we obtain for 
the average depth of the whole trough 25000 feet, ant1 width 100 miles. 

* Professional paper No. I R : r~~vr~fi,qalionr of Iaosta$y by Crostlivait., page I I. 
t Memoirs, Geological Surrey of India, Vul. YLII, part 2, S l r ~ c t u r r  of the Hii~nlnyas by R.D. Oldham, page 107. 



( b )  D E H ~ A  Dux.-iMeridiona1 deflection 13" north. Regarding the Simalik belt as part of 
the trough, we represent Lhe latter as viewed from Delrra Dun by rings (half-annuli) 17 to 10. An 
isostatic deflection of IS" denotes a t  the d~stances of the rings a topograpllicnl deflection of 22' - 
and t o  prcduce this latter valne an average depth of 35000 feet for the whole trongh, 100 miles, i s  
required. 

(c) KALIAXA Deflections 2'' soutl~. These stations are situated near the middle of the 
BANSGOPAL 1 alluvial plains. The smallness of the deflections a t  these central points of 

the trongh lead to the conclosion that 011 this section the depth of the trough does not decrease 
regularly from north to south. 

(d) NOH.- Deflection 6" south These two stations are sinlilarly situated near the southern 
AQR.\ .-Deflection 0". )eclge of the GPngetic plains. The difference in their 

deflections is a reminder that the form of the trough is complex and varied, and that the yeometrical 
forms used In comprltations can never be more than inadequate approximations. 

(e) B~~a.-Deflection 0'. These deflections lead one to suspect the existence of a 
Usraa.-Deflection 1" north. zone of attenuated rock between U s i ~ a  and Kesri : the 
KESRI.-Defledtion 9" south. zone is traversed b;r the river Clrambal. 

V. W E S T E R N  SECTION, (table IX). 
(a) R a ~ ~ l ~ ~ a ~ f ~ . - D e f l e c t i o n  7" soutll. 

Situated on the alluvium 40 mi!es south of the mountains. This deflection furnishes 
evidence that  the hidden trougll is strongly developed on this section, but being centrally placed with 
regerd to the trough i t  cannot. easily be utilisecl to  obtain a measure of the depth. 

(6) A ~ ~ ~ ~ s a ~ . - D e f l e c t i o n  12" south. 

S i t n a k l  over the t rougl~  and on the alli~vium 86 miles so~itlr of the mouutairls. I f  we 
assume that  the effect of the trough for 20 miles north of Amritsar is balanced by the effects of the 
trough and alluviam so~ltlt of Amlitsar, we arrive a t  tlie result that o trough 65 miles wide produces 
a deflection of 12". There mill be 4 rings and 32 compartments: an isostatic deflection of 12" 
implies a t  the distances involved e topographical deflection of 24". And to produce a topographical 
deflection of 2 4 ,  an average depth of 76000 feet (density 2.4) is required for the t,rougll, 65 miles 
wide. 

VI. N O R T H - W E S T E R N  SECTIOX,  (table X ) .  

N o  deflections hare been observed on this section. 



Appendix No. 2. 
NOTES O N  T H E  F O R M  O F  T H E  GANGETIC T R O U G H .  

The Gangetic trough has been traced geodetically from longitude 74' to longitude 80". 
In  longitude 74," i t  is still strongly marked in front of the Himalayas 

The weatern terminntion of 
the aangetic trough. between Pathankot and Mian Mir. On the west of the Punjab u 

considerable trough has been discovered skirting the Sulaiman mouu- 
taine, and probably extending to the sea. The existence of the Sulaiman trough has been placed 
beyond doubt by the pendulum observatious a t  Sibi, Jacobabad, Dera Gllazi Khan and Multan*, 
by the lougitude observations at Multant,  and by several observed azimuths. 

Whether the Gangetic and Sulaiman troughs are connected, either in the angle north of the 
Salt range or by a trough south of the Salt range, are questions upon which there is no geodetio 
evidence a t  present available1 . 

I n  longitude 89' the Gangetic trough is still strongly marked in front of the Himalayas st 
Siliguri ant1 Jalpaiguri. Whether i t  continues eastwards up the 

The ca-tor11 terminution of 
Ihe Qangelic t~ough.  valley of Assam, or ~vhetlrer it bends southwards towards Calcutta, or 

whether i t  bifurcates into bot,h directions are questions that  await 
future observations. 

A t  Jalpaiguri the l~lunlb-line is deflected no less than 13" towards the east, and this showr 
that an important subterranean change is taking place in the vicinity. The rivers Ganges and 
Brahmaputra obtain an exit to the sea through a gap in the mountains, 150 miles wide, the Assam 
plateau being on the east of the gap, the Rajmahal hills on the west. The Himalaya mountains 
throughor~t their length of 150 miles, where they face this Ganges-Brahmaputra gap, have no 
Siwalik hills a t  their foot,. This is the only place in which t.he Himalayas are not bordered by 
Siwalik hills. 

The Siwalik hills form part of the Gangetic trough, in that the materials of which they are 
composed were originally cleposits in the trough. It is a reasonable hypothesis tha t  the elevation of 
the Siwalik hills and the aliening of the Gangetic trough were due to one and the same force. 

The Siwalik foot hills reappear further east in the Assam valley skirting the Himalayas; 
there is however no geodetic evidence yet available from the Assam valley. 

With regard to the 150-mile gap in the nrountains, the observed azimuths (Ataro Banki 22" 
east, Alanpjani PO" east, FIall~achar PO" east, Aloakat~cli 10" east, Danlatpur 8' west, Lakhinagar 15. 
west, (;angap111. 3" west) sl~o\v deflections of t,lie pln1n11-line that  cannot be ascribed to the topography 
only$ : they jrlstify the belief that  there must be an estraol-dinary amount of light rock-matkip1 
underlyil~g the alluviuni of the gal) on its eastern side. On t,he western side of the gap, the azimuth 
o h s e r v ~ t i o n ~  :llso give intlicat,ions that  there exists some hidden cause, from which the plumb-liner 
are deflected away, (hIadl~l)r~r  11'' west, Kalsibhanga 8" west). I f  the azimuth observations are ta 
be trusted the clellection O F  the pl~imb-line niust be r~ndergoing a change of 16" within the 30 m i l a  
of flat alluvial plains r:est, of Calcnttall. Azimuth observations can only be accepted as preliminary 
determinations; they require to be confirmed by longitude results. 

.A 

Professionnl pnper No. 15: Pendultrm Operatiom by Conchman, pRge 4. 
t Professional pnper No. 13 : Inasrtigationr of Irorlaay by Croethwnit, psge lZ0. 
$ 1II.p of Mounlaina of Indin  at end of this paper. 
5 Profeeslonal paper No. 16 : Ths Earth'r ascr and h ~ i a ~ ~ g u l a t i o n  by Dd Qrnsff Hunter, p w e  20% 
1) Profeseional paper No. 16, pagee 201 and 202. 



The Vinindhyoti trolrgh.-Couchman has put forward the suggestion that  the Vindhyra 
plateau is bounded on the north by a trough, which is hidden under the ~outhern  portion of the 
Gangetic alluvium. H e  refers to the possible "existence of a continuous line of deficient density 
"running more or less along the northern edge of the Central Indian plateau"*. 

An immense trough, like tha t  of the Ganges, cannot escape the attention of geodesiste, but 
minor troughs may be bordering the lesser ranges of mountains, and such troughs, however deep, 
may be difficult to trace from geodetic observations if the density of their rock-contents is differing 
but slightly from the density of their rock-walls. 

The form of the Gangetic trough is varied and complex. On no two sections can i t  be said 
to be identical : its varieties of form may however be broadly clasbified under two heads; (i) the 
portions of the trough where i t  is bordered by mountains or highlands on both sides; and (ii) the 
portions of the trough, where i t  is borclered by mountaills on one side only, and where its southern edge 
is hidden under the alluvium. Throughout its whole length it is bounded on the north by the Hima- 
layan mountains : i t  is boondetl also on the south by mountains for many hut~dreds of miles, but on 
the east in Bengal and on the west in the Punjab there are no mountains to the south, and the 
southern border of the trough is hidden under alluvial plains. The form of the trough seems to 
vary with the character of its southern boundary: where the Himalaya nlountains are opposed by the 
southern mountains of Rajmahal, Hazaribagh, Kaimur, Araralli, positive values of gravity anomalies 
are rarely fount1 along the southern Lorilel. and when observed they are small (Muttra +0.004,  
Agra + 0.006, Allahabad - 0.002) ; where the hi ma lay^ mountains face unbroken plaine of alluvium, 
L r g e  positive valoes occur 011 the alluvii~m (Kisnapur + 0,028,  Mian Mir + 0,028, Jacobabad 
+ 0.027). 

The large positiva anomalies a t  Kisnapur, Mian I I t r  and Jacobabad occur about 100  mile^ 
from the Himalayas : on the Central and Easteln-Central sections, (vide tables Y I I I  and VII ) ,  no 
poaitive values whatever are observed within 100 miles of the hills. 

This evidence furuishes support to Couchman's suggestion that  the Gangetic alluvium may 
be biding two parallel troughs, a major trough on the nort,h and a minor trough on the south 
skirting the Vindhyan peninsula. 

now her^ is the Gangetic trough more deeply developed than on tlie Eastern section 
(table VI,  Gorakhpur -0 .051  at  GO miles from tlie hills, Majl~au!i Haj - 0  ~ 0 6 8  a t  70 milee, 
Muzaffarpur - 0 . 0 5 3  a t  80 miles), and suc.11 a t rougl~ if isostatic.ally compensated, would be tending 
to produce positive values of gravity anomaly near its southern border. But along the southern 
b r & r  we have Moghal Sarai - 0.016,  Sasaram - 11.002, Gaya - 0 008, Monghyr - 0 -038, and 
them results lead me to think thnt if any general tendency towards positive values similar to that 
on the east a t  Kisnapur and to that  on the nes t  a t  RIian Mir and Jarobabad does exist, it is masked 
d o n g  the foot of the I'indhyan plateau GJ-  a local zone of crustal aitenuatio~l. The negative value 
of -0.036 at  Mongl~yr a t  the foot of t l ~ c  platmu in Brnpal has its parallel a t  Khurja uear Delhi, 
where a negative value of - 0 . 0 3 0  has been observed on the sout11e1 11 side of the Gangetic trough. 
Kburje  is a station of the Central section (table \ I l l )  atril its nrgative value of - 0.030 a t  120 
miles from the mountains is greater than the value - 0 .01  8 a t  Kaliana or than -0 .006  a t  Gesupur. 
K d a n u  and Gesupur are stations on the trough north of Khurja and nearer to  the hille. The 
inference is that the Gangetic trough becomes ahallorrer from Roorkee to  Kaliana and Gesupur, and 
thence becomes deeper again a t  Khurja. 

-- - - - - -- . -- ---- - -- - -- - - -- --- 

Profes8ional paper No. 16: Pendulum Operation8 by Oo~~cllrnarl, page 187. 
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