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OF 

THE GEOLOGICAL SURVEY OF INDIA. 

THE STRUCTURE O F  THE HIMALAYAS, AND O F  THE GAN- 
GETIC PLAIN, AS ELUCIDATED BY GEODETIC OBSER- 
VATIONS I N  INDIA.  BY R .  D. OLDHAM, F.R.S. 

CHAPTER I. 

INTRODUCTORY. 

The annual reports of the Great Trigonometrical Survey have 
contained occasional reference to  ccrtain peculiarities exhibited by 
geodetic observation near the outer edge of the Himalayas, and 
to  a belt of lesser density as a reasonable explanation of then). 
These references had attracted little attention on the geological 
sidc, for those geologists who could understand them, and were 
also acquainted with the results of geological examination, knew 
that just such a belt of rock, of less than average density, did run 
elong the foot of the hills, and though the form of the trough, in 
which i t  lies, diifers from that  suggested as an explanation of the 
geodetic peculiarities, it was clear t.hat the effect of the known 
geological structure would be si~nilar in kind t o  that revealed by 
geodetic observation, and there was no rcason to suppose that i t  
might not also be s ~ a c i e n t  in amount. 

Mnttcrs inigl~t have re~riaiiied in this state but for the publica- 
tion, in 1912, of a brief paper, by Sir S. G. Burrard, on the Origiu 
of the Bi~nulaya Mountains.' The csplanatiorl offered would pro- 
bably have attracted little ttttciition, and in due course have gone 
to  join a respectable conlpa~~y in thc linlbo of forgottell theories, 

' Nurocy oj India. I'rofo~eionnl I'apcr No. IS. (:alcutta, 1012. 
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2 OLDHAM: THE STRUCTURE OF THE HIMALAYAS, ETC- 

had the paper not seemed to  imply that  the geodetic evidence 
necessitated the existence of a deep and comparatively narrow 
rift along the edge of the hills, filled with rock of lesser density 
than that on either side-with some suggestion of actual cavity-and 
a t  one place the figure of 20 miles was given for the depth of this 
rift.l Such a t  least was the interpretation which the paper seemed 
t o  bear, and the figure, mentioned for the depth, implied a diaclasm 
so far transcending in magnitude anything which has been estab- 
lished from observation, in the Himalayas or elsewhere, that its 
acceptance would have necessitated the revision of what had been 
regarded as well founded deductions from geological evidence. 
Diaclasms of three miles in depth are well established, and even 
five miles is not impossible, and these are the figures which had 
been regarded as the probable, and the extreme possible, limit 
of the faults along the southern boundary of the Himalayas. The 
assertion that the geodetic evidence pointed to, if i t  did not 
necessitate, the existence of a diaclasm of four times the extreme 
magnitude of which we had any indication in geological observa- 
tion, naturally attracted attention, led to  an examination of the 
grounds on which the assertion was based, and gave rise to  a some- 
what extensive literature, which, being mainly controversial, was 
mostly unprofitable. 

I have no intention or desire t o  add to this literature ; his main 
rift has been placed further south, and the figure of 20 miles 
has been explained away,2 thereby removing the contradiction 
which appeared to  exist between the geodetic and geological 
observation, yet the original statement cannot be regretted for i t  
has drawn attention to  the geodetic work of the Trigonometrical 
Survey and led to  an examination of the light thrown by i t  on 
some interesting and doubtful points of geological structure, which 
i t  had not been possible to  elucidate by geological observations 
alone. I n  the course of this examination I shall have occasion 
to  refer to  theories which have been offered in explanation of the 
origin of the Himalayas, but only so far as to  indicate the influence 
which they might have on geodetic observations, and so afford 
a guido to  the directions in which these should be examined; for 
the object of this investigation is not advocacy, or attack, of any 

1 Loc. cit p. 11. " A rift in the sub-crust south of Mussooree and 20 milerr deep wodd 
explain the large deflections in the interior of the Himelaysa." 

a Proc Roy. 80c., Seriee A. XCI, 1916, p. 229. 
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INTRODUCTORY. 3 

particular theory, but an attempt to  add t o  the stock of funda- 
mental facts, on which alone a successful theory can be built. 

In  the sequel i t  will be seen that, so far as the origin of the 
Himalayas is concerned, the observations help us but little on the 
way, though they do t o  some extent diminish our ignorance of the 
processes Ghich have been a t  work, but in other directions they 
have very considerably added to our knowledge of the underground 
structure of the northern part of India, by converting what were 
merely conjectural possibilities into well founded probabilities. 
The investigation has been limited to  the region of the Himalayas 
and the alluvial plain to  the south of them, though this does not 
cover the whole ground of possible cooperation between geodetic 
and geological observation. The curious band of excess of attrac- 
tion which crosses the northern part of the peninsula, for instance, 
may be found t o  assist in the interpretation of the geology of the 
country, but the data a t  present available do not admit of any 
definite conclusion being drawn, and its discussion has, conse- 
quently, been omitted, though i t  is not impossible that, when ob- 
servations are more numerous and complete, i t  may be found to  
help in the elucidation of the origin of the Himalayas. 

The completion of this work has been retarded by the call of 
other claims on my time, but the delay has enabled the attainment 
of more complete results. I have to  acknowledge with gratitude 
the receipt of much assistance, in the com~nunication of material, 
from Sir S. G. Burrard, Surveyor-General, and Dr. H. H. Hayden, 
Director of the Geological Survey, also t o  Mr. L). B. Mair, for assist- 
ance in the mathematical part of the investigation. The actual 
calculations were done on a machine, in all but the simplest cases, 
and are sufficiently accurate for the purposes of this investigation, 
though they do not pretend to  the refinement required in geodetic 
work. 

The first step t o  be taken in this investigation is a statement 
of the issues which are or may be affected by the new evidence, 
and from these all questions of stratigraphy or correlation must 
be excluded, as well as all those questions of structure which do 
not involve the distribution of large masses of rock of materially 
different densities. With thie necessary restriction the following 
seem to be the conclusions which are well enough established t o  
necessitate their acceptance in any discussion of the observations. 

[ 161 I 



4 QLDHAM: THE STRUCTURE OF THE HIRIALAYAS, ETC. 

(1) Firstly, there is the indubitable fact that  the elevation 
of the Himalayas has been accompanied by the compression of the 
rocks of which i t  is composed. It is not meant that the whole 
of the disturbance of the Iiimalayan rocks has been the consequenoe, 
or the cause, of the elevation of the Himalayas ; the contrary is 
indeed almost certain,' but the general distribution of the rocks, 
in the larger anticlines and synclines, along the general course of 
the range, 'and the fact that  the prevailing strike is in the same 
direction, point to  a connexion between the disturbance of the 
rocks and the elevation of the range. I n  the Siwalik region of the 
foot-hills the connexion is incontestable, for here we find that the 
rocks, which must have been deposited in practically horizontal beds 
a t  a time when the elevation of the Himalayas was already in 
progress, are now folded, disturbed, and compressed in a direction 
transverse t o  the general course of the range. 

(2) There is, along the outer edge of the Himalayas, a great 
fault, known as the main boundary fault, which separates the 
northern area of the rocks of the Himalayas from the southern 
area occupied b y '  the Upper Tertiary Siwalik rocks of the Sub- 
Himalayas. This fault, as was originally shown by Mr. Medlicott, 
marks very closely the original limit of formation of the Siwaliks, 
and the bouudary separating an area of elevation and denudation, 
to  the north, from an area of subsidence and deposition, to the 
south. He  also showed that  the Siwaliks were formed under the 
aame conditions as the marginal deposits of the Gangetic alluvium, 
that  the material of which they were composed was derived from 
the Himalayan area,-in othcr words, that the Himalayan range 
had already been marked out as an area of special uplift in early 
pliocene times. Along the greater part of the length of the Hima- 
layas this fault brings the indurated older rocks of the Himalayas 
into direct contact with the soft saridstones and shales of the Upper 
Tertiary series, and throughout this region we have two groups 
of rocks of vezy markedly different densities separated by a nearly 
vertical plane of separation. A conditiou like this cannot but 
have a marked influence on the direction and amount of the force 
of p(LVitY and, as will be seen in the sequel, a study of this effect 

un t o  form an approximate estimate of the ~ e d i c a l  depth 
to which the contrast extends. Between the Jumtla and the 

' 3c.o Wan~td o/ the Geology o j  India, 2nd od., p. 483 ; sho Records, Ouol. Surv., India 
XLIII, p. I*. 
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sutlej rivers, older Tertiaries appear on the northern side oi the 
lnain boundary fault and, beyond the Sutlcj, the whole of the 
Tertiary system becomes involved in the mountain-forming dis- 
turbances. I n  this region the main boundary fault is no longer 
recognimble, having merged into one of a series of more or less 
parallel faults, of similar character, which traverse the area of 
Tertiary rocks in the outer IIiinalaya. 

(3) Mr. Medlicott also showed that  the rnain boundary fault 
was not the only feature of its kind, for a series of similar fau1t.s 
is found within the Siwalik area, which were regarded as rilarliing 
successive limits Letween an area of uplift and erosion to the north, 
and of deposition to  the south of the fault lilie. This coiiclutiiun 
was more fully worked out by Mr. C. 8. Middlemiss l in the Sub- 
Himalayas of K m a o n  and Garhwal, where he showed that  not 
only was there a succession of faults within the Siwalik area, each 
of later date than the next one to  the north and each in successioil 
marking the limit of the region of Himalayan uplift, but that therc 
was also a series of similar faults to  the northwards, each in suc- 
cessioil earlier than the one to  the south and, presumably, marliing 
the successive limits of the Himalayan area ; and a similar con- 
clusioll is suggested by the geological structure of the Sikliini 
d i ~ t r i c t . ~  Prom this i t  follows that, st any rate during the latter 
part of the period of elevatioii of the Hiiilalayas, there has always 
been an abrupt limit of the rcgioii of compression and elevation, 
and that this boulidary has progressively shifted southwards," 
encroaching on a11 area of deposition and involving deposits of later 
date in the mountain-forming processes. 

(4') The clearly defined character of the southern margin of 
the hills towards the plaills, running wit.11 a regular sweep along 
the foot of the hills, and the absence oi detached outliers rising 
out of the alluvium, irresistibly suggcsts that the boundary is deter- 
inined by a structuril featurc sinlilar to  the main boundary and 
the faults in the Siwalik area, and though no direct niel~sure~lieiit 
of the depth of the undisturbed alluviuin is possible, tlie fact that 
it is identical with, aud a, c.ontinut~t,ioli of, the Siwalik depouibs 

Mentoirs, Vol. XXIV, pt. 2. 
a Mrlrtuirs, Vol. XI, pt. I .  
a Thb statcrncrnt nuccasnrily rufors only to thc. 1)o~ition of the succurrsivc bonndarics, 

rolativo to each other. Tllcrc is no nloune of clociclit~g wht:thcr tltctra h w .  or. ha8 na,L, 
boon any gcncral movomout of tho llirnelayas northward# or ~outhw,t~rda, whcthor 
in latitudo or as ruy[~r& dietanco from tlto rucli~ of tho ponkultlr c~ruu. 



6 OLDHAN: THE STRUCTURE OF THE HIMALAYAS, ETC. 

affords a tolerably secure indication. The total thickness of the 
Siwaliks, in the Kumaon and Garhwal districts, was estimated by 
Mr. Middlemiss a t  an average of about 16,500 feet l ; Mr. Medlicott 
estimated the thickness of the Siwaliks north of Hardwar a t  15,000 
feetY2 and the whole thickness is not exposed on this section. We 
may therefore take i t  that  the depth of alluvial deposits, being 
the continuation of these Siwaliks, is not likely t o  be materially 
less than 15,000 t o  16,000 feet a t  the northern limit of the plains, 
and we may safely say that the alluvium a t  the northern edge 
of the plains is very improbably much greater or less than about 
three miles in depth. 

(5) At the southern edge of the alluvial plain the thickness is 
small, the boundary is irregular, following the contour of the much 
denuded surface of the older rocks of the Peninsular area, which 
crop out, neaz the boundary, in numerous isolated patches and 
hills, rising from the surrounding spread of alluvium. All the 
features, in fact, suggest a gradual encroachment of the alluvium 
on an 'old land surface of rock, and a gradual southward growth 
of the depression in which the Gangetic Alluvium has been 
depmited. 

Besides these well established conclusions, there are certain 
others of a more conjectural character, which need confirmation, 
or greater amplification, than the present state of geological know- 
ledge-or in some cases any conceivable advance in it--can afford. 
Of these the following seem capable of elucidation by the data 
to  be dealt with : namely- 

(1) The question of whether the elevation of the Himalayan 
range was caused, or merely accompanied, by its compression. 
The natural conclusion would be that  they were related to  each 
other rsa cause and effect, but in which direction cannot be re- 
garded as proved. Were the elevation due t o  a simple process 
of tumefsction, or swelling up, of the material underlying the range, 
thia would set up internal strains in the elevated mass and a ten- 
d e n ~  to spread, which might result in compression and folding. 
This hypothesis has in fact been proposed and experimentally illus- 
trated ou the small scale,3 but i t  has never been tested by actual 

1 Memoira, XXIV, p. 87. 
Memirn, 111, pt. 2, p. 118. 

8 E. Rayer, iVdure XLVI, p. 22-4 (1892). 
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INTRODUOTORY. 7 

calculation of the relative magnitude of the stresses which would 
be set up, and of the resistance by which they would be opposed, 
nor does i t  seem that  any such test could be satisfactorily applied, 
in view of the many unknown factors which would be involved. 
It will, however, be shown that  the hypotheses, of elevation being 
due to  compression or compression the result of elevation, each 
carry with them certain coilsequences in the underground distri- 
bution of matter, which would, in t'he case of the Himalayas, lead 
to  results of recognisable magnitude. 

(2) No direct measurement of the throw of the main boundary 
fault can be made, and of the similar faults within the Siwalik area 
measurement has only been effected in one case. Mr. Middlemiss 
was able to show that  one of the faults, in the Ramganga Valley, 
must have a vertical throw of 6,380 feet, or 11,880 feet measured 
along the hade of the fault,l and as this is by no means the greatest 
of the faults we may take i t  that  the throw a t  the main boundary 
must be a t  least as great, but beyond the fact that  the throw of 
this fault must amount t o  severa.1 thousands of feet no more exact 
estimate is possible. 

(3) Closely bound up with the last, is the depth of the pre- 
Tertiary floor of the Siwalik deposits within the Siwalik region. 
It has been generally acceptfed that the level is higher than in the 
alluvial area to  the south, and that the elevation of the Siwalik 
hills has carried with i t  an elevatiori of the floor on which they 
rest. This conclusion is illustrated in some of the sections drawn 
by Mr. Middlemiss and in the generalised and diagramniatic sectiori 
given in the " Manual " ; i t  is support,ed by the mode of occur- 
rence of the inliers of older rock met with in the Tertiary area 
beyond the Sutlej, but i t  is by no means an inevitable conclusioll 
in the region ea.st of the Sutlej, where the main boundary becomes 
so well-marlied a feature. If we consider the cross sections of the 
Siwalik area., those, for instance, which were reproduced in the 
"Manual," we find a compression of from 30 t'o 100 per cent., on 
comparing the origina.1 with the present Ilorizontal extent of the 
beds. Now a series of deposits 15,000 feet in vertical thickness, 
if comprcsscd to one-third less t,llan t,heir original extent would 
be thickcncd by no less than 7,500 feet. Actually the mean ele- 
vation of tllc!, Siwalik area over the plains to  the south is not over 

Memoire, XXLV, p. 87. 
2 Manual of the Ocology of Imi ia ,  2nd edition, p. 473. 
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a couple of thousand feet, and on most sections even less, so that, 
even allowing for the extensive removal of niaterial, and lowering 
of the hills, by denudation, there is a possibility that the floor of 
the Siwaliks is not materially higher, and may even be lower, than 
that  of the alluvial deposits irnmediately beyond them. 

(4) As has been stated, we have very good reason for supposing 
that the thickness of the alluvial deposits, along the southern edge 
of the hills, is not less than some 15,000 feet; we also know that 
the thickness near the southern edge is very small, but we have 
no direct knowledge of what takes place between these limits, 
whether the depth of alluvium is a t  its n~axi~nunl  near the northern 
edge and gradually diminishes t o  the southwards, or whether i t  
increases t o  a maximun~ and then diminishes, or whether it con- 
tinues with a considerable depth to  near the southern edge and 
then thins out rapidly. I n  other words, we are unable to  draw 
a cross section of the Gangetic trough with any degree of 
certainty. 

(5) Though the alluvial areas of the Gangetic and Indus drainage 
areas are continuous with each other, and the whole area is coloured 
uniformly on the geological map, it has been recognised that  there 
is a corisiderable difference in the surface contour, in the arrange- 
ment of the rivcr courses, and in the character of the deposits which 
form the surface of the two regions. Prom the Juinna enstwards 
t o  the jurlction with the Brahmaputra Valley is the great tract 
of the typical Gangetic alluvium, which bears all the characters 
of a plain of deposit and across which the rivers flow in courseR 
determined by their own action and interaction. In the plains 
of the punjab these features are largely absent, and the surface 
features suggest u, much smaller thickness of alluvial deposit, a 
su~gestion which is strengthened by the occurrence of inlierv of 
older rocks, rising as hills in the centre of the alluvial plain. 

1 Tho titlo of B. papor by Sir S. O.  Burrard, publkhed in Proc. boy. Soc., Scrim A , 
XCI, p. 221, 'On  tho origin of tho Inrio-Cangot~c Tro~lgh, commonly callad tho Ilinra- 
lnyen Foredoop,' i~ linble t o  convoy a wrong imlirctwion. Tho banin tlllcd by the Indo- 
Uungotic hllnvium is certainly not c o m m o ~ ~ l y  callod tho Himalayan b'orcrloop. ant1 bllo 
uso of the  tcrms as Hyrlonylnous is improper. TIlc wort1 " forcdccp " occurtr in Prof. 
Sollee' t ru~~nle t ion of 1)ua Anlli lz d r r  Erdv lrs tho l<ngliah equivelont of tllu word 
Vnrticjc, coincd by IJrof. Sr lo~s  wit.h tho intcntion of convoying not only o doscription. 
t ~ u t  alno o. dofinitu thcory of origin. 'rho word may be uncd without accepting t,llis 
thoory, bu t  u torm, whioll wuu invorltud to  connoto it tlotinito thuory of origin, cannot 
ho uucd with proyriuty unlcva lhirt thuory iu intendcd t,o bo i~npliod. I ~11.~11 cod1110 
mynolf t o  tho use of tho word trough, which is purely dwcriptivo an11 implicn no thcory 
of origin, and in using i t  nhall rcfor only to tho tloep doprorcaion in tho rock surface 
undor tho alluvinl plain, uot t o  the wholo of tho arc& which is mal)pod as alluvium. 
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(6) At the other extremity of the Cangetic plain we find t,he 
ralluvium extending southwards, across thc gap between the Penin- 
sula proper and the platcsu of the Assam range. The rocks ot 
these two areas are similar in character nnd the Assam rangc must 
be regarded as, stratigraphically, part of the same geological area 
as the Peninsula. There is some geologicrtl suggestion that the 
stretch of alluvium, tlirough which the Gangcs and Rrahmaputrn 
reach the Bay of Rengal, forms no part of the dcpre~sion, or trough, 
of the Uangetic plain of Upper India, and that  the alluvium is a 
comparatively shallow covering over a rock barrier connecting 
the Rajmahal and Garo Hi1ls.l 

These are the geological problems in which elucidation may 
be helped by geodetic observations, they do not comprise the whole 
of those in which assistance from this line of rcsearch may he 
looked for, but the necessary observations arc wanting for dealing 
with the others, and especially wit11 the very impo~tsnt  onc oi 
what has taken place in the regions a t  either end of the Himalayan 
ranges, where t3hey pass into tlic mountain systems of Indo-China 
on the one hand and of Afghan Turkestau on the other. 

1 Manunl, 2nd cd., p. 443. 
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CHAPTER 11. 

THE NATURE AND INTERPRETATION OF THE GEODETIC 
EVIDENCE. 

Before dealing with the observations i t  will be well t o  devote 
some space t o  a consideration of the nature of the evidence and the 
bearing of the observations, when converted from their original 
object, of memuring the dimensions and form of the earth, to  that 
of elucidating the structure of the outer portion which is called, 
for convenience and brevity, its crust. Though the treatment 
may be regarded as elementary by a portion of those who will 
read these pages, i t  is none the less necessary for two reasons, firstly 
because many may be unfamiliar with the nature and the meaning 
of the observations, and secondly because, for those who may be 
familiar with this aspect of the geodetic results, i t  is important 
t o  have a clear understanding of the possibility, and more especi- 
ally of the limitations, of their application t o  the completion or 
checking of the resu1t.s of geological observation, and i t  is this 
aspect of them which will alone be dealt with. 

The geodetic observations which have to be considered may 
be described as measures of the direction and intensity of the force 
of gravity, and are of two classes. One deals with the deflection 
of the plumb-line from the direction mhich i t  would have on the 
surface of an ideal earth of perfectly regular form and uniform dis- 
tribution of density, the other measures the variations in the attrac- 
tion of gravity. Of these the first gives the horizontal and the 
latter the vertical component of the resultant of all the forces 
which produce a departure from the attraction which would he 
exerted by the ideal average globe. 

The position of two places o ~ i  the surface of the earth, with regard 
to each other, may be expressed in two ways, either by a differ- 
ence in longitude and Ixtitnde, or by the length and direction of 
the shortest line connecting tbern. Thc cletrrnlil~ntion of the first 
of these belonp to the methods of astronomv, the latter to those 
of trigonometrical survey, rrnd the one could be ~onvsrt~ed into 
the other with equal accuracy if we knew with absolute accuracy 
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THE NATURE AND TNTERPRETATION OF GEODF3TO EVIDENCE. 11 

the dimensions of the earth ; but the principal problem of geodesy 
is the determination of these dimensions, on which depend the 
caIculations by which the observations with the theodolite are con- 
verted into measures of distance and direction, and into difference8 
of latitude and longitude. 

Were the earth a perfectly regular spheroid, and of uniform 
constitution throughout, the problem would be a simple one, and 
a few comparisons, of measured digtances with observed differences 
of latitude, would su5ce to determine the form and size of the 
spheroid. But these conditions are far from being met with in 
practice. The difference in the astronomical position of two stations 
is determined by observations of the sun and stars, and a measure- 
ment of their angular distance from the vertical, as shown by the 
plumb-line, or from the horizontal, as shown by a fluid eurface ; 
the latter is that  actually used, but the two are identical in result 
for the apparent horizontal plane and the apparent vertical line 
are a.lways, and necessarily, a t  right angles to each other. Now 
the exact direction of the plumb-line, a t  any point, is determined 
not only by the attraction of the earth as a whole but by the attrac- 
tion of local masses, and may be affected eit,her by variations 
in the density of the rocks at, or below, the surface, or by irre- 
gularities in the form of the surface near the station. A mountain 
range, or a mass of rock of greater than average density, to the 
northwards of a station would attract the plumb-bob and cause the 
liquid surface to be tilted in such a manner that  the latitude, as 
determined by astronomical observation, would appear to be leas 
than the true latitude of a station situated in the northern hemi- 
sphere, and a similar excess of attraction to the south would make 
the apparent latitude greater than the true. Differences in the 
density of unseen portions of the earth can, obviously, not be 
allowed for; they must be searched for and detcc,ted by the dis- 
crepancies between astronomical a,nd geodetic measwements ; but 
i t  might be thought easy to  calculate, and allow for, the effect 
of the visible masses of mountn'in ranges and the visible hollows 
of the ocean basins, and so i t  would be were mountains mere ex- 
crescences formed of material added on to the surface of the spheroid, 
or the oceans merely hollows carved out of its surface. Such, 
i t  has been found, is not the case ; mountain ranges do not attract 
tho plummet to  anything like the extent they should do, nor do 
ocean basins cause i t  to  be attracted away from them, and the 
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explanntion of this phenomenon has introduced two allied, though 
distinct, concepts of compensation and isostasy. 

The word compensation wc! owe to Archdracon J .  H. Pratt,' 
but the notion, though not the word, mas suggested a t  an earlier 
(late, by Sir G. R. Airy.* Though the hypotheses regarding the 
constitution of the earth, used by these two investigators, differed 
rntlically from each other, the essence of the explanation was the 
anme, thnt under every great protuberance of tho earth's surface, 
such as e mountain range, there was a mass of density less than the 
avemgn nt that depth, and that the plumb-line was not merely 
affectcd by the attraction of the visible mass of the moiintain range, 
but also by the defect in mass in the underl-ving portion of the 
earth, which would cause an apparent repulsion of the plummet 
and so neutralise, or compensate, in part or in whole, the direct 
attraction of the mountain range. 

The most complete investigation of the effect of compensation, 
which has been published, is that carried out by Mr. 3. P. Hayford, 
of the United States Coast and Geodctic Survey, in 1909.3 Mr. 
Hayford adopted an hypothesis similar to that of Archdeacon 
Prntt, and rrssumed that  compemation took the form of a defect 
of density, equal in nmount to the excess of mass in the range and 
distributed uniformly through some definite depth which would 
be cverywhero the same. The deflections which should be ex- 
pmted from thc relief of the country surrounding each fitation, 
u p  to  a distance of 2,564 miles, mere calculated, and compared 
with the observed deflections, the difference being regarded an an 
unexplained " residual," and i t  mas found by s series of trials, 
that these residuals mere lowest if the depth of the layer, through 
which the defect of mass waa supposed to bc! uniformly distributed, 
or " depth of compensation," wtw, 113.7 km. ; with a greater or less 
depth the " re~iduals " werc larger, and from this i t  was con- 
cluded that  the depth of compensation In the United Stntcs was 
somewhere close to  113.7 km., or $0.67 miles. 

1 .I. 11. Prntt. On thr D~flrction of thr Ph~rnh-linn in Intlin, causrd hy tho Attraction 
nf t.hn llirnnlnyn Moi~ntnins nnrl nt tho rlrvntrcl rrgionq brvond : nnd  it^ rnodifimt<ion 
11y tl lv Cornprnmtinq rffrct of n Drfirinnry nf Mnttcnr hr-lnw thc Mountain Masrr. Phvl. 
Trrrru., ( 'SLIX. 745-77R (1459). 

(:. K. Airy. On thr rnn~pr~tntinn nf t h ~  Ellrrt, of t.hc Attrnction niMonntnin Mnmarci 
w (lktntt,ins t h ~  Appnrrnt Afltrnnomirnl Iwt,itotlr nf Htnt ion~  in GI-nflrtir: HIITVCYS 
)'kt!. T r a n ~ . ,  ('xI,v, 101 (lq65). 

'The  F' i~r~rc  of thr E:~rtlb nnd Ismtnay, from rn~nqr~rrrnent~ in thr IJnitcrl Stntfn. 
Wnnhmgton, l909. 
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This, which he called the solution G ,  was afterwards moddied ' 
on the inclusion of additional observations, and the depth of corrl- 
pensatioll increased to 122 krn., but as the difference is trivial, 
and the earlier value has been used in the investigations published 
by the Great Trigonomet,rical Survey of India, and was used hy 
Mr. Hayford hinlself in his investigation of the effect of compensa- 
tion on the vertical force of gravity, it may be accepted a s  a close 
approximation&to average conditions. The results of calculations 
based on i t  are so little different from those which would have been 
obtained from a slightly different depth of uniforln compensation, 
that no useful purpose would be served by a revision of the calcula- 
t i o n ~ . ~  

It must not, however, be supposed that  these depths of 113.7 
or 122 ltm. have any real meaning ; all that  the calculations imp13 
is that the effect of such compensation as actually exists is not 
materially different from that which would have resulted from 
a defect of mass equal to  that  of the material above sea level, if 
this were poduced- by a defect of density extending uniformly 
through a depth of 113.7 km. and everywhere proportionate t,o 
the exc,e,ss of mass represented by the surface elevation above sea 
level. Any other form of distribution of density which would 
bring about the same result would be equally in accord with ob- 
servation, and this conclusion is borne out by certain calculat~iona 
~nade by Mr. Hayford. In addition to the hypothesis of uniform 
compensation he considered four others, namely- 

( I )  A compensation unifornlly distributed between the 
depths of 25 and 35 nlileu. 

' Supplementary 1nvcntigat.ion in 1909 of the Figure of t l ~ c  Enrth and Isostasy. 
Wanhington, 1910. 

"n Mr. Hayford's onlcl~lrtion, as in other t.reatments, i t  is assumed tha t  eonipen- 
sation should be applied dirrct,ly to  the e l ev~ t ions  above, or depression8 below, sea 
Ieval. Tho uea level iu. howrvrr. an  artificial dnturn for tllesr pllrpoReu and the differences 
of level should, strict,ly, t;e nrt-nsured from n d a t u n ~  represrnting the mean level of the 
solid earth. or t.lre nloan I(-vc.I R R  il 8',)111d 11e i f  t,he or(-anu were fin~posod to  I)r snlidifrd 
and condenned t,o t,lre menn (1cnuit.y of the rorlc forming thc.ir floor. This datnni would 
lie nt  abor~ t  :i.OOO ft. I)t.lc~w sen 1'vt.l nnd it,s intra~t111rl.ion worllcl reql~irc an  cslenei\,e 
rc.calcr~ltltic~n of tal)lcn, which o11glrt ~)roprrly lo  1)r ~~nrlcrtzlliel~ in n discr~t;sion of t l ~ e  
effert  of rornpenuntion. n,l~ich incll~derl ol~serrntionu a t  stntions nrar the sea c o n ~ t .  
Where, an iR t l ~ n  cauc in this i~lycnt~igat~ion. t,he distances from the shore line are mmsrlred 
in hl~ndretls of ~ni l rs ,  and nllrrc, ns will tlpllenr further on. t.he 1nodiiica1,ion int.rodured 
by oonsiderinp; t h r  effert of topography heyontl R distnnre of one hnndred miles le 
trivial. as cornparell wit,h the differrnces indioat,rd hy c ~ l ~ ~ r r v n t i o n ,  we may confine atten.  
tion to  the difference of cffrrt tlrle t o  diflerc.ncr of elerntion nl>orc, all arbit,rarily a ~ ~ u n l c d  
d r t , ~ ~ r n .  such as the nlcnn sex, level, t l ~ o  effrct. of the mnss of t h r  rrnut 1)elow this level. 
but above the mean level of tho solid spheroicl, and of ibs compensation, being the rnnlc 
in amount a t  all etatione. 



14 OI.DHAI\I: THE: STRUCTURE OF THE HIMALAYAS, ETC. 

(2) A compensation similarly distributed between the depthe 
of 27 and 37 miles. 

(3) A compensation produced by a defect of density 
decreasing uniformly from double the average value 
to zero ; for this the depth which gave the best results 
was found to be 175.4 km. 

(4) A co~npensation such as that  suggested by Prof. Cham- 
barlin, a t  firet increasing and then decreasing a t  a 
variable rate ; for this the depth which gave the hest 
result was found to he 287.4 km. 

Taking ten stations as typical of the different regions of the 
United States, and comparing the residuals with those resulting 
from the solution G, the mean differences were found to be .25, 
-22, .19, a 0 9  seconds of arc, for the four hypotheses respectively, 
and the maximum differences were 1.13, 1-04, -80, -38 respectively. 
AB the mean of the re~iduals resulting from the solution G was 
3.04" and the maximum 12.35", i t  is evident that  there are five 
different hypotheses of compensrttion, which vary widely in the 
aesumed distribution of the compensation, but agree in giving it 
8 mean depth of from 30 to 35 miles, and in giving almost identical 
results. This ~ h o w s  that  the supposed depth, to which compensa- 
tion extends, has no real meaning, and that, although the effect 
of compensation, as it actually exists in the United States, is ou 
the average very much the same as would result from a uniform 
defect of drnsity extencling to 113 7 or 122 km , according to whether 
the earlier or later solution of the problem is accepted, any other 
distribution of density might be equally in accord with observa- 
tiona provided that  the position of the centre of effect was not 
materiallv 4ifferent. In this way we are introduced to the concept 
of the lam o/ the centre of wmpenenlwn. 

In any given mass, forming pert of a visible protuberance on 
the earth's aurfnce, or of the underlying portion through which 
the compensation is distributed, there will be a point, RO sitnated 
that, if the whole of the mass were concentrated a t  that point, 
the effect a t  the station of observation would be the same as t.hat 
acturblly produced by the sum of the effects of all the separate 
particles of which the mass is con~po~ed.  Thia point may he called 
the centre o/  eflect, and in the csee of the defect of density by which 
conlpensation is brought about the expression centre o/ compenea- 

L 16'2 1 
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tion is a convenient one. This centre of co~~lpensation inust be 
clearly understood as something entirely different from the centre 
of gravity of the defect of mass by which compensation is pro- 
duced, the two are not coincident in position, and the divergence, 
which will not be great in the case of distant topography, may 
or may not become important in the vicinity of the station, 
according as the distribution of the defect of density is concen- 
trated in a layer of small, or distributed through one of great, 
thickness. 

The calculation of the depth of the centre of conlpensat,ion dues 
not, therefore, give :,ny direct infortnation regarding the nature 
of the compensation, but an i~lvestigation of the effect of varying 
the assumed depth of the centre of ~ompensat~iou affords a ready 
means of seeing in what direction we nlay best look for an  explana- 
tion of the departure of the observed from the calculated deflec- 
tion of the plumb-line. 

The general principle of this investigation can easily be deter- 
mined. In Fig. 1 let A represe~it the centre oi a t t r a~ t~ ion  of an ele- 

Fra. 1. 
vated mass, whose c.omljensation is distributed in an nnkonrn 
manner, so t h a t  the rentlr of compensation lies a t  the point C, 
then, if the divergence c ~ f  the line A C from the vertical is 
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neglected, the effect of the compensation, a t  the station S, is re- 
presented by the formula 

m 
1)' - - 8iU a(& COY Q - h2 

where L)' representu the deflection produced a t  S, 

m, the maes whose effect is supposed to be concentrated a t  C, 
h, the depth of C below the level of S, and 
a, the angle of depression of C a t  A. 

This expression has a limiting value of zero when a  is 0' or 
90" and attains a nlaximum when i t  has a value of about 50" 45', 
or when the depth h is about 1-4 times the dietance r .  If this 
maximum effect, and the distance a t  which i t  is produced, are 
both expressed ae 1.0, the proportion of this maximum effect which 
will be obsewed a t  other proportionate distances is given in Table 1.l 

TABLE 1.-Relation between dhtaw and egect of the &traction of an 
under-pound mase. 

I I 

Distance. Deprasion. Deflection. 

This table baa a further utility in that it may be applied to the effect of any defect 
or excess of mass a t  any depth below the level of the atstion, where the dktances involv- 
ed do not introduce the necessity of considering the curvature of the earth's nurface, 
and where the dlmennions of the maRR are such that it may be regarded as rentrobaric 
a t  all the distances involved. In the case of more extended masses the effect is the 
snm of the effecte of DII the eeparate small mnRses of which it L compoeed, and thia effect 
would usually diminieh the ratio between the distance of maximum effect and the mean 
depth of the ma-. but not reduce this below equality. I t  iR unnecee~ery for the present 
purpcme to treat this matter in further detail ; it L sufficient that the mean depth of 
the centre of nuch a mas3 will lie nornewhere between 1.0 and 1.4 of the dintsnces 
betrmn the poeitiom of maximum and zero effect. 
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While the effect of the compensation varies as indicated in 
Table 1, the effect of the attraction of the visible topography varies 
inversely with the square of the distance, and, for any particular 
distance from the station of observation, there is a definite ratio 
between the effect of the direct attraction of the visible t#opography 
and of its compensation, and this ratio is easy to  det.ermine. Re- 
ferring again to  Fig. 1, the effect of the atkact.ion of the elevated 
mass, if bhe divergence of A S from t,he horizontal is neglected, 
as it usually may be, is represented by the formula- 

where D represents the deflection produced a t  S- 
rr1, the mass of the elevated tract, 
r, the distance A S. 

Similarly the effect of c~mpensat~ion, expressed in ternls of r ,  instead 
of h as in the formula on p. 16 will bc-- . 

m 111 
D' = -- COB a = - cosa (6 

r 2  sec 2a ra 

The ratio of the effect of att.ra,ction to  t,hat of compensa.tion is, 
therefore, 1 : cos3a and the ratio to the net effect of aktraction, 
and compensation, is, 1 : 1 -. cos3a., which represents the compensa- 
tion factor of Mr. Hayford, or the factor by whic,h the calculated 
attraction must be multiplied t,o obt.a.in the net effect, after allowing 
for compensation. This factor depends only on the angle a or, in 
other words, on the ratio between the dist,ance from the station of 
observation and the depth of the centre of compensation, so long as 
the former of t.hese is not large enough to necessitate the considera- 
tion of the effect of the curvature of the earth's surface. 

As has already been point,ed out, t'he centres of attraction and 
compensation, as the terms are here used, differ from the cent,rcs 
of gravity of the masses to which they refer ; where the distance 
from the station is considerable, the two may be so nearly coinci- 
dent as to become practically identical, but a t  lesser diatancea 
t,hey ma,p be largely divergent,. To take the assumpt,ion. .used by 
Archdeacon Pratt, and Mr. Hayford, of a. uniforni defect of density, 
extending t,hrouph a definit,e depth, t11e11 the cent.re of compensa- 
tion would lie not far from one-half of that depth so long as the 
horizontal dietame was such t.hat the direct distance of the bottom 
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of the column of rock from the station did not exceed that  of Ihe 
top by more than a small fraction of the whole. At lesser dis- 
tances the effect of the portions near the top outweighs those near 
the bot.tom, because not only are they much nearer, but also their 
eflect is more nearly in the horizontal plane, and, consequently, 
the centre of compensation comes nearer and nearer to  the surface 
till, a t  the limit when the distance becomes zero, the depth of the 
centre of conlpe~~sation also becomes zero. 

It is obvious that if the compensation factor can be determined 
when the depth of the centre of compensation is known, the process 
can equally be reversed, and the corresponding depth of centre 
of compensation can be deduced from the factors. Taking the case 
of uniform compensation to  a depth of 113.7 km., or 70.7 miles, 
we find that  the depth of the centre of compensation a t  a distance 
of- 

1.2 miles, is 4.5 miles. 
2.4 ,, ,, 7-0 ,, 
4.9 ,, ,, 10.9 ,, 

10.0 ,, ,, 16.5 ,, 
20.4 ,, ,, 23.5 ,, 
41.5 ,, ,, 31.0 ,, 
84.4 ,, ,, 35.5 **  

allowing for the effect of the curvature of the earth in the last two 
cases.' The value obtained for the depth of the centre of com- 
pensation a t  84.4 miles is just over half the total depth through 
which compensation is supposed to extend; a t  greater distances 
the depth is more or less than 35 miles, but in all these caees the 
three figures, to  which the compensation factor was calculated, 
are insuflicient t o  give more than approximate results. 

I t  woi~ld swrn that  Lherc i~ some nmnll inncc~lracy in the tactnrs calculrtted hy 
Mr. Hnyforrl, ao far RH tllc neipl~t,oi~rhood of the s t a t ~ o n  18 concerned. T h ~ s  ih ~ h o w n  
by the fact that  the factors, givrn on page 150 nf h ~ s  mrniolr. for a compensation con- 
tined to a lnycr between 26 and 35 milce from the surf;tc.r, which nre derived from those 
for ~lniform r o m p e n ~ ~ t i o n  from tho ~ur face  to  n dcpth of 113.7 km., give depths of less 
than 2.5 milee for d l b n c e a  of leas than ahout 7 miles from the station ; n t  greater dis- 
t ~ n c c a  tho depth rapidly s l n b  to  hctwccn 29 and 30 milrq. As thc depth of the centro 
of eompnmtion could not, in m y  caw, be lens thnn 25 milen, t l ~ e r c  is cvidcntly Rome 
rniatako here, which may have partly arieen from working with too few dccimeln, hut  
is morr prohnl~ly a t t r ihukblc  to the fact that, tho suppnscd exact formula, from which 
the factora are tleriverl, iR itwlf merely an  apprnxinlation, whioh fails when the depth 
of the column of rook ie moro than shout  throe times tho horizontal distance. The 
dincrrpenry nley ho loft out of account, a s  it is confined to near-by distances, where 
tho effect of compensation is in any ceso trivial. 



These figures apply equally to any depth of compensation, ao 
long as the proportion between that  depth and the distance is 
 reserved, and for distances equal to  or greater than the assumed 
depth of uniform compensation the centre of compensation lies 
very close to the centre of gravity of the colunln of rock, but at 
lesser distances approaches nearer the surface. Here, then, we 
have a useful guide to the investigation of observations ; instead 
of dealing with hypotheses of compensation, and the cilrnbroua 
calculatio~ls which their investigation involves, we may first of all 
see what position of the centre of coinpensntiorl accords best with 
observation, and then consider the hypotheses which are in accord- 
ance with this. 

In  carrying out this comparison it will be convenient to retain 
Mr. Hayford's system, and dimensions, of  compartment^.^ with the 
modification that  the horizontal distaacc, with which w7p. are now 
concerned, will not be thc outer, but the mean effective, radius 
of the con~partment, which lies a t  -455 of the distance between the 
inner and outer boundaries, this being the distance from the station 
to the centre of effect of a difference of density distributed uni- 
formly over the area of a compartment. If we assunie a depth 
of the centre of effect equal to  the radius of any zone then the 
ratio of depth to  distance will be the same for cach successive zone 
within or without that  from which a start is made, and the angle 
of depression and compe~lsation factor will be as given in Table 2, 
from which i t  may be seen that,, for any given distance from the 

TABLE 2 .-Compensation fcrctors lor. r~arious mtios of distance from 
station ( 7 )  lo depth of centre 01 co?npen.scltccln ( h ) .  

J 

Ratio -I- 1 

h 
Angle a. 



20 O L ~ H A M :  THE STRUCTURE OF THE HIMALAYAS, L ~ C .  

station;. an increase in the depth of compensation is accompanied 
by a decrease in its effect, or in other words an increase in the net 
effect of khe attraction of the visible mass and of its compensation. 

From the general considerations which have been set forth we 
may conclude that the existence of ta residual, or a divergence 
between a computed and an observed deflection of the plumb-line 
a t  any station may be explained in one or other of three different 
ways, or by a combination of more than one of them. I t  may 
indicate 

( I )  that the compensation of the visible topography irr not 
exact, but either in excess or defect; 

(2) that the compensation is exact, but lies a t  a greater 
or less depth than that assumed in the calculation ; 

(3) that there is an excess of densit-y, either in the surface 
rock or a t  some depth from the surface, which has not 
been allowed for in the calculation. 

One or other of these conclusions is indicabed, and it is only by 
the compariso~~ of a number of separate observations in the same 
region that a decision can be reached as to  which is the most pro- 
bable explanation of the observed deflections. 

Before leaving this subject i t  will be necessary to devote a few 
words to the nature of the evidence available. I n  practice the 
deflection of the plumb-line froni the vertical can only be deter- 
mined in the two directions of the meridian and the prime ver- 
tical ; the latter is more difficult than the former and more liable 
to  small errors, the observations moreover are too few in number, 
in the region under conaideration, t o  be made use of, but thie is 
LL matter of small importance, seeing that the general trend of the 
Himalayas, and of the Gangetic trough, approaches Inore nearly 
to an east and west, than to  a north and south, direction ; conse- 
quently, the effect on the plumb-line is much greater in a north 
and south than in an east and west direction. Only incidental 
reference will, therefore, be made t,o the few available determina- 
tions of the deflections in the prime vertical, and attention con- 
centrotod on the more numeroue and important determinations 
of the Ieflection in the meridian; and in getting a t  the meaning 
of them it b3 important to  remember that  the pliblished figures 
rcpreaent differences, not actual deflections. There is no known 
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method of determining the departure of the plumb-line from the 
vertical a t  any one station, all that  can be measured is the difference 
of the deflections a t  one station as compared with another. A 
station is therefore selected as the station of origin, in India it is 
Kalianpur, and the figures published represent the difference in 
deflection between the dircctiori of the plumb-line a t  that  station 
and the other station of observation. Further i t  must be noted 
that  the calculation of the deflectionv necessitatee the use of certain 
assumed figures as representing the mean dimensions of the earth, 
dimensions which are known with approximate, but not absolute, 
accuracy. In  the publications of the Great Trigoliometrical Survey 
the pblished deflections of the plumb-line are based on an assumed 
zero deflection of the plumb-line a t  Kalianpur, and the dimensions 
of tlie Everest spheroid, which has an equatolial diameter of 
20,922,932 ft. and a flattening of 1/300.8. It seems certain that 
this is not the closest ayproximatio~i possible to the true dimen- 
sions of the earth, and in the more recent publications of the 
Survey of India the Ressel-Clarke spheroid has been adopted, 
which has an equatorial diameter 3,270 ft.  greater than the Everest 
and a polar flattening of 1/29gS15 ; but the deflections are still 
calculated and published in terms of the Everest spheroid, end will 
be used without any attempt to adjust them to  more modern 
dimensions of the earth. Any such adjustment would only give an  
illusory appearance of accuracy, for the difference in the absolute 
deflection st Lamb~itach, the station most distant from the refer- 
ence station of Kalianpur, does not amount to more than 3" of 
arc, and the differences, with which we are concerned, would not 
be altered by more than a single second in any of the groups of 
stations considered, an amount which is trivial in comparison 
with the differences actually observed. 

A more important correction, which will be applied, depends 
on the probable existence of a southerly deflection a t  the reference 
station of Kalianpur, where no deflection is assumed in the pub- 
lished figures. of the reality of this southerly deflection there 
seems no possibility of doubt, but the amoulit is open to uncer- 
tainty. In 1906 Sir 8. G .  Blirr~rd adopted a value of +6", in 1912 
a value of +4" is used in Major Crosthwait's investigation and, 
being the latest a~thorit~ative estimate, it has been used and a 
correction of +4" has been applied to the published figures. It 

'See Phil. Tram., Series A, CCV, 19w, p. 29P 
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is obvious that  thiq constant correction does not affect the differ- 
ences between the deflections, but it is convenient as bringing the 
deflections into closer approximation to  their true values. 

We may now pass on to  the consideration of tlie variations in 
the attraction in a vertical direction. These are measured by 
comparing the period of a free-swinging pendulum a t  different 
stations; in practice many precautions have to  be taken and cor- 
rections applied for temperature, pressure of the atmosphere, 
flexure of the support, etc., with which we are not here concerned, 
and in the result i t  is now possible to  determine the vertical force 
of gravity a t  any particular station with a very high degree of 
accuracy. This result has been expressed in several different forms ; 
a t  one time i t  was commonly expressed by the number of swings 
in twenty-four hours of a pendulum which would bcat exact seconds 
a t  sea level on the equator, or i t  might be expressed by the accele- 
ration which would be produced in a free falling body ; more recently, 
however, i t  has become customary to  cxpress i t  in dynes per 
gramrne of mass, the dyne being the unit of force which, acting 
on a mass of one gramme for one second, would produce a velocity 
of one centimetre ycr second. Numerically, the valuc in dynes 
is identical with the acceleration, expressed in centilnetres and 
seconds, but it is sometimes more convenient to  express the result 
as a force than as an acceleration. 

Having obtained a local measure of the force of gravity, it is 
compared with the theoretical value of gravity a t  the station, and 
the difference expressed as an " anomaly " which is positive if  the 
former is in excess, and negative if i t  is in defect, of the theoreti- 
cal value ; but before this can be done it is necessary to reduce 
the observed value to what it should be a t  sea level immediately 
under the station, and to  reduce the accepted equatorial value of 
gravitation to the latitude of the station. 

To take the latter question first, the mean Value of thc force 
of gravitation a t  the equator is not far from 978.03 dynes with 
an error of not more than .01 ; the formula for the reduction from 
this to t.he latitude of the station depends on thc form of the carth, 
which is not yet known with exactitude, but any error introduced 
by this cause would not vary largely within the limits of the groups 
of observations to  be considered. The por~ition is very similar 
to  that of the deflections of the plumb-line, in neither case can 
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the absolute values be determined with certainty, but the differ- 
ences, between the observed values in the stations taken into con- 
sideration, nlay be depended on, and in both cases we have depar- 
tures from the values reckoned, without consideration for the 
disturbances produced by local departures from a condition of 
uniformity, which are far in excess of any possible error in the 
factors used in the calculations. 

The reduction of the observed value of the force of gravity 
to sea level is a matter introducing much larger possibilities of 
variation than the determination of the theoretical value a t  sea 
level. The corrections to be applied are as follows :- 

(1) for the height of the station above sea, level ; 

(2) for the attraction of the masses above sea level, but 
below the level of the stat>ion ; 

(3) for the attraction of masses which rise above the level 
of the station ; 

(4) for the effect of compensation of the elevated masses. 

The first of these depends on the fact tha t  the force of gravity 
dec,reases as the surface of the earth is left below. This correc- 
tion can be applied with great exactitude and there is no doubt 
of the reality of its cflect ; i t  is sometimes refcrrcd to as the " free 
air " correction, as, in applying it, t,he whole of the underlyillg 
ground is supposetl to be rc~noved and the station left standing 
free in the air. Here it will be referred t,o as the correct.ion for 
height. 

The second corrcctioil is so~netinles also called thr  Rouguer 
correction, a tern1 which refers to the particular nlcatl~od of calculat~ion 
adopted, by which the station is supposed to be situated on the 
surface of a level platcau. The colnbincd effect of this and the cor- 
rection for the actual irregularity of the surface, often referred 
to as the orograpllical ~orrect~ion, will here be referred to  as the 
rorrect,ion for visible mass, that  is for the attraction of all the mass 
which lies above sea level a t  and around the station. 

The fourth correction is a modern development, first applied 
by 1CIe~~rs. Hayford and Rouic,' and a consideration of its effect 
is necessary for the n~ldcrstanding of the interpretation of the 
al~omalies discussed fi~rther on. 

' The EBu4 of Topo~rnph o 1 ~ 1  I a o i t p t ~ c  ('ornp~.~~wtion upon tllc Intensity of 
Orevlty. by I. F. Hayh rd & W. $con ir. Wnsbinglon. 1812. 
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Referring back to Fig. 1 the attraction of a mass, centred a t  
C, is exerted a t  the station S in the direction C S. We have 
already considered the variation in the horizontal component, and 
in Table I the proportionate variation in this, with a varying 
distance of the station, is given ; i t  is obvious that these same factors 
apply equally to the vertical component of the force, if the angle 
is measured from the vertical, instead of the horizontal, plane. 
The effect of any small mass, ~ i tua ted  on the vertical drawn through 
C, will reach a maximum value when the angle joining i t  to the 
station S makes an angle of about 54" 45' with the vertical, and 
a t  any greater or less depth the effect will diminish in the propor- 
tions given in T&ble 1. 

So far we have only considered the case of a single small mass 
represented by C, but i t  is obvious that every other similar mass 
situated a t  the same depth and distance from S will have the same 
effect, ; and if, instead of the linc C S, we consider, as is shown .in 
fig. 2. the space included between the surfaces of two cones and 

two vertical radial plane surfaces, both diverging from each other 
a t  a very emell angle, and inekad of the horizontal line C: V 
we take a very thin layer included between two horizontal plenee 
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represented by C V, we get a small volume, which inay be treated 
as ail ultimate particle, and of which the mass is directly propor- 
tional to the square of distance S C or S V. Thc effect a t  S being 
illversely proportionate tfo the square of the same distance, i t  
results that the effect of the sillall portion of the thin horizontal 
slab is the same, whatever the depth of C may be below the level 
of the station S and, as the same is true of every portion of the 
circles included between the lines C S and S V a t  any depth, we 
reach the conclusion that the attraction, of any layer of rock in- 
cluded between two horizontal planes and a conical surface whose 
apex is at  the station, mi11 be proportionate to the thickness of the 
layer and the density of the rock, and independent of the depth 
of the layer below the ~ta t ion.  

The formula by which this principle is translated into numerical 
calculation ie 

A = k d 2 ~ 8 ( 1  - COSU) 
where 

A is the attraction, expressed in dynes per gramme, a t  S, 
k, the gra~i t~at ion constrant, 
d, the thickness of the layer, meamred in ~ent~imetres, 
8, the density of the rock, 
a, the angle from the vertical of the outer surface of the cone ; 

and from this formula we may calculat,e, talriug the value of k as 
about. 6673 >t 10-11, that  the pull exerted by 100 feet thickness of 
average rock, included in a cone whose outer surface makes an 
angle with the vertical of about 

It may be pointed out that t'he volume or maw of these three 
cones i~ in the proportion of 1 : 6 : 90, while their effect is only 
in the proportion 1 : 2 : 3, and if the angle of the cone is taken at  
90, that, is. i f  the l ~ y e r  of rocli is of infiuite extent, and so of 
infinite illass, t l ~ p  efftlci i s  only ii~crcnsecl to '0033 dyne, so slnall 
is the ~nfluence of thr mure distant i~iasses 3s ronlpnred with t,hose 
nearlv nndcrncnth the stni ion.' Moreover these figures are not 

I1 n i ~ ~ s t  apnin 1x= noted that il~eae statc111rnt.s and tigl~rrs woi~ld only b true of a 
plane earth of infinite extent. and rcq~iire modificst~on when applied to a spherical or 
~pheroidal earth, but within the dl~tanccs and deptl~a with which thlu investigation is 
concerned the cffcct of the curvature of the enrlll'e surface IS inappreciable. 
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only true of a simple layer of rock 100 feet in thickness, but are 
equally true of a proportionate excess or defect of density, distri- 
buted through a greater thickness in such n manner that the mass 
of any vertical column of rock, which wholly includes the cone, is 
in excess or defect by the equivalent of 100 feet of rock of average 
density. 

This formula, and the figures derived from it, will be useful 
in comparing the effect which should be expected on different 
hypotheses of the nature and distribution of compensation. The 
way in which these differences arise will be most read.@ explained 
by a reference to  fig. 3, which represents the case of 3, station S 
on the surface of an elevated plateau ; i t  will be affected by the 

tlownwnrd pull of the mass of rock lying between the level of S 
and sen level, represented by D, it will also be affected by 
a t lef~r t  of downward pull, clue to the clin~il~utioi~ of density by 
which the weight of the plateall above L) 1) is compensated. 
TO simplify thc consideration of the relat8ive effects of tlieae two 
forces we. will suppose that  the variations of density are so dis- 
tributed that the centre of effect of any column of srnall area lies 
at the depth A A in the case of the platea~i, and of C C in the 
case of the compensation ; and that the line S M represents that 
along which any given mass will ~ roduce  a greater effect a t  S than 
if i t  were situated at a greater or less depth on the same vertical 
line. 

Now tnke the case of a small coll~mn so situated that the centre 
of attraction of the plateau a t  A' is on the Line S M, and the centre 
of compens~tion v~rtically below it a t  C' ; here the elfect of the 
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attraction of the plateau is obviously larger in amount than that  of 
the compensation, and the net effect will be a downward pull a t  
S, which will increase the amount of the local measure of gravita- 
tjou a t  that  station. Conversely in the sinall colunlr~ of rock situated 
so that the centre of compensation lies a t  C", on the line S M, 
and of the attraction of the plateau a t  A", the effect of the com- 
peneation is obviously in excess of the attraction of the mass above 
sea level, and the net effect a t  S tvill be a diminution of the local 
measure of gravity. Somemhere between these two points must, 
come a limiting distance, where the effect of tjhe att8raction of the 
mass above sea level is esactly balanced by tltat of the competlsa- 
ti011 and the net effect a t  S reduced to zero ; a t  lesser distances the 
effect of the elevated mass will exceed tfli,zt of the coinpcnsation, 
and the net eflcct will be a11 increase in the local measmc of gravity, 
but to a less extent than if there were no compensation, and a t  
greater distances the effect will be reversed, and the net effect be a 
diminution of the force of gravity a t  S. 

The distance from the station a t  which this reversal takes place 
depends in part on the height of the station and thc surrounding 
topography a.bove Hea level, and partly on the depth and nature 
of the conipensatioa. For the particular hypothesis of compensa- 
t.ion wed by Messrs. Hayford and Bowie the distance is about five 
or six miles ordinarily, but in the case of stations of great altitmle 
iuay reach nearly twelve miles. A n  iden, of the nature and amount 
of t,hc effect of the direct at,tra.ction of a.n elevated maso and its 
conipensat,ion inay bc got froill Tablc 3 (on ncs t  p a p ) ,  whir11 shows 
the eflrct of the a.t,t,rnction of a circular plateau, of varying 11eiglits 
arid dimensions, a t  a point in t,he centre of it.s lipper surface, the 
values being expressecl in dy~les and calcnlat.ed from the Hnyford 
end Bowie tables. 

Here we see that  the effect of the mass of R circ111ar platean of 
1,000 b e t  in height., contained within ,z radius of 1.4 miles,  amount,^ 

to '031 dynes, and that  no appreciable incrcase result*s from an enlarge- 
ment of the p1atca.u t,o a radius of 100 miles, the mole distant ma.ssrs 
being so nearly on a level wit'h the station that thc vertical conl- 
ponent of their nt.traction is negligible. If, however, we take the 
effect of compen~nt~ion into consitlemtion a reduction in the net 
effect becomes appnrent beyond five miles froin the station. For 
~ r e a t ~ e r  heigI1t.s there is a cont,innous increase in the effect of the 
visible niass up t,o the limita co~rsidered in the table, but beyond r+ 
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distance of 40 to  50 miles the further increase is very small, and 
may be ignored. The effect of the compensation on the other 
hand increases and the net effect, after reaching a maximum, goes 
on diminishing with an increase in the dinlensions of the plateau. 

TABLE 3.-Altrctction of (L circular plateau, of varying radius and 
elevation, at n point centrally situated on its upper surface, due to 
tlae visible topography, n)ul to the same, compensated in accord- 
ance with the Hadard rrnd Bowie tables. All va1u.e~ positive 
a d  expressed i n  dynes. 

Radius in - -- - -- 

n~ilru. I / top. eomp. 
I 
I - - - -- -- 
I 

1.4 .1K+l 1 .031 
2.2 ,031 ,031 
3 2 .03l ! .031 
5 2' .03l I .U.Yl 
7 .5  ' .031 1 .030 

11.7 .031 G28 
17.9 a031 j 4 2 5  
36.5 ' .U31 .020 
01.4 031 , .016 

103.3 4)31 .(H)O 

I 
, 9 1.000 It. 
! 

I 
top. comp. ; top. 

I 

5,OOU It. 10,WO It. ) 11.000 It. 
I - -- 

top. I comp. 

From the figures in Table 3. it will be seen that in the case of 
a plateau extending for di~tances measured by hundrede of miles, 
i t  nlav well he that the effect of compensation will completely 
neutralise that of the attraction of the visible mass, and the reeult- 
ing attraction of gravity be the same as if the whole of the elevated 
mass were non-existent. We may also find in these figures an 
r~planntion of the fact that  the anomalies of pra~itat~ion above 
aea levrl tend to he positive if the effect of the visible topography 
is i~el~oretl. and negative if it i~ considered, for in the first case no 
re::nrrl in paid h the increase in the local attraction due to the 
mass nhove sea Icvel, and in the ~econd a greater effect is attributed 
to ~t thnn it actually exerts. Further, it is obvious, from a con- 
sideration of fig. 3, that an increase in the depth of compensation 
would enlarge the limits within which the effect of the vieible maaa 
predominates over that of ita compensat,ion, and so increase the 
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force of gravity a t  the station, while a lesser depth of compen- 
sation would have,the reverse effect. 

Taking all the considerations into account we may conclude 
that if, after allowing for the effect of the surrounding topography 
and its compensation, there is left a positive, or a negative, 
ano~naly a t  any station, i t  may be due to one of three causes, and 
may indicate 

(1) that the compensation of the elevated masses is in- 
complete, or in excess ; 

(2) that the real compensation is such that  its centre of 
effect lies a t  a greater, or a lesser, depth than that  
of the compensation assumed in the calculation ; or 

(3) that there is a local excess, or defect, of density in the 
matter lying below the level of the stations, inde- 
pendent of the effect of the elevated masses and 
their compensation. 

The form in which the gravity observations of the Survey of 
India have been published haa undergone greater changes than 
in the case of the deflection of the plumb-line. The older calcula- 
tions are based on Prof. Helmert's 1884 fornlula for the theoretical 
variation of gravity with latitude, and on values of 5.6 and 2.8 
for the mean densities of the earth, as a whole, and of surface rock, 
respectively. All the published anomalies, making allowance for 
the effect of height alone or of height and visible masses, were 
calculated on this basis, but, with the introduction of the considera- 
tion of the effect of compensation, different values for the densitv 
of the earth and of surface rock were adopted, i~ainely 5.576 and 
2.67 respectively, and Helmert's 1901 formula replaced the earlier 
one of 1884. The result is that  the anomalies allowing for compen- 
sation are not directly comparable with those in which i t  is not 
considered. The difference in the densities used has but ct small 
effect, except in the case of the Hiulrllayan stations, but the 1901 
formula gives a larger value for t.he Iheol.eticn1 value of gravity 
and, consequently, a negative change in the value of the anomaly 
which amounts, in the stations dealt with, to from -.022 to 
-'027 dyne. - 

There are, fortunatelv, a sufficient nunlber of stations for which 
the Havford anomalies have been caIculatec1 to serve most of the 
objects of t h i ~  investigation, and these will be made use of, so far 
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as possible, aa they not only give a closer approximation to the 
absolute values of t,he anomalies but also to the differences between 
them. The other values of the anomaly of gravity, which are 
available for all stations, are comparable with each other, though 
not directly comparable with the Heyford anomaly, and afford 
an  indication of the nature, and approximately of the amount, 
of the difference in the anomaly a t  any two stations and in this 
way will be utilised, as far as seems practicable. 

So far, attention has been confined to the fact of compensation 
and the effect of variation in the depth a t  which i t  takes place ; it 
will now be necessary to  devote some space to a consideration of 
the manner in which compensation may be brought about, and 
to the cognate concept of isostasy. 

The word isostasy was introduced by Major C. E. Dutton,l and 
by etymology implies merely the statical condition that the mass 
--or, more correctly, weight- of matter under every considerable 
portion of the earth's surface of equal area is the same, irrespective 
of the elevation of that  area above or below sea level. The state- 
ment is not intended to apply to every small protuberance or de- 
pression in the surface of the land or bed of the sea, but to the 
general level, and involves, of necessity, a lesser density of the 
matter under an elevated region, such as a great mountain range, 
than under the plains at  its foot, and a greater density under the 
depressed Boor of the ocean. This leads to the same result as 
the concept of compensation, but the two are not synonymous, 
for the elevated regions of the dry land are continually suffering 
a loss of weight by denudation, while the material removed is 
deposited on the lowlands, and especially on the bed of the sea ; in 
this way the load on one area is diminished, that on the other is 
increased and isostasy is destroyed, till the strain set up by this 
ahift of load causes an underpound flow oE matter from the over- 
burdened to the lightened area and so isostasy is re-established. 
From this i t  will be seen that. the two principles of isostasy and 
compenmtion are related to each other in as much as the former 
necessitates the latter, and further that, whereaa compensation 
merely expresses a static fact, isostasy, in apite of its name, implies 

Bull. Phil. Yor. Wnuhington, XI, P. 63_(1888). 
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a dynamic process,l which could only take place in a medium poe- 
sessing a considerable degree of plasticity under the stressee to 
bkhich it is exposed. 

The various hypotheses which have been proposed, to account 
for the elevation of mountain ranges, excluding those which do not 
provide for con~pensation, may be divided into two categories, 
those which regard the elevations of the earth's surface as being sup- 
ported by some form of tumefaction, and those which regard them 
as supported by some form of flotation. The earliest suggestion, 
that of Sir G. B. Airy,2 was of the latter class ; adopting the 
notion, still prevalent when he wrote, that  the earth consist.ed of 
a comparatively thin solid crust floating on a fluid core, he showed 
that the crust would not be able to support the stresses set up by 
the weipht of a great mountain range, which would break through 
the crust, and sink into the denser magma, till the buoyancy of 
this depressed portion was sufficient to support the weight of the 
range, and the difference in weight, between the depressed poltion 
of the crust and the denser magma displaced by it, while support- 
ing the range, n-ould also produce that  compensation which the 
observations indicated. 

This hypothesis was afterwards adopted and developed by Rev. 
0. Fisher who, taliing the elevation of mountain ranges as due 
to compression, and consequent thickening, of the earth's crust, 
recognised that the aclditional weight thereby imposed on the 
mountain region \vould cause a depressioil of the crust into the 
underlying clenser mapnla and give lise to a protuberance on the 
underside of the crust corresponding to the inountains on the upper. 

Though both of these investigators based their explanation 
on the notion of n con~paratively thin crust, floating on a fluid 
earth of g~tlater density, it must bt. reinarked that t,he latter condi- 
tioil is by no ineans essenl ial, for the whole o& the processes concerned 
would takc place within the o~t~ermost  60 miles from the surface 
of the earth, leaving the odd 3,900 miles of the radius unaffected, 
so that, provided there w:rs a fluid or even plastic layer, of greater 
densitv than tthe overlyins crust,, in that region which lies above 
a dcpth of ($0 miles fro111 the surface, all t,he requirements of the 
hypothesis would be fulfilled, aud the constitution of the more 

' Major 1)lltt on t.~,roy~iise,l ( h a t  t , l~c ( P ~ I I I  I V : L ~  inappropriate, bnt the word which 
wol~ltl hnve oxprcssed his intrntioii was 111.eocr1ipicd in a diffrront sense. 

* Phil. Tronn., CST,\., 101 -101 (1853). 
V h y . r . i c l :  OJ the Enrfh 'a  Crrrzf : 1st rd. 1981 ; 2nd ed. 1888. 
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deeply seated portions would not enter into consideration. It 
must also be remarked that  anv hypothesis which regards the 
elevation of mountain ranges as a result of compression, seems 
necessarily to involve some form of isostasy by flotation, in order 
to  account for compensation, for if the whole of the thickening 
took place in en upward direction the mountains would be an un- 
compensated excrescence of additiorial matter, but if the thicken- 
ing took place both upwards and downwards, and the outer crust 
consisted of less dense matter than that underlying it, there would 
be a defect of attraction which, a t  a sufficient distance, would 
neutralise the attraction of the mountain mass to a greater or less 
degree, according to the ratio of the excess and defect of matter. 
For co~nplete compensation the two would have to be equal in mass, 
a condition which would imply complete isostasy and a support 
of the mountains by flotation. 

Much the same effect, and the same considerations will apply 
to any form of hypotheah which attributes the elevation of the 
aurface to an intrusion of fluid matter below it. Here again, if 
the whole effect was the raising of the crust between the upper 
eurface and the intrusive mass, the range would be a mere excres- 
cence of the surface and its attraction would be unmodified by com- 
pensation, unless we could assume that the intrusion was devoid 
of density, which is inconceivable, or that the displacement of the 
upper surface was acco~npanied by a downward displacement of 
the lower surface, leading to the replncement, under the upraised 
tract, of denser material by lighter. Any hypothesis of this kind, 
therefore. falls into the sanie great category as t.he sr~pposition 
that the elevation of the range is due to a thickening of the crust 
by compreesion, in that it would imply an actual transfer of matter 
from a region outside, resulting in an increase of the mass of the 
outer crust underneath the upraised t ract ;  and on any hypothesis 
involving this, i t  aeeuis irnposaible to account for the accepted 
fact of compensation, witho~lt a d n l i t t i ~ l ~  that the upward pro- 
tuberance of the upper surface is accompanied by a downward 
protuberance of the under surface of the crust, the " root" of Mr. 
Fisher's investigation, with the consequences of a, displacement 
of the denser material under the c r u ~ t  by the lighter material of 
the crust itself. and an isosta.sy and support by flotation. 

An hypothesis of this kind opens up a furthcr possibility of a 
consid~rable departure from locally complete isostasy and a clia- 
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tribution of the load of the range, or of the flotation power of its 
root, over a considerable portion of the crust on either side of the 
range. This effect may work in one of two ways; if the growth 
of the upward protuberance exceeded that of the root there 
would be a local defect of support, which would be taken up by a 
depression of the crust on either side till the requisite support was 
attained. In this case the compensation of the range would be 
in defect, or in other words the mass of the range would be in excess 
of the defect of mass below it, while the tract on either side would 
be over compensated, so that the deep-seated defect of mass would 
exceed that of the visible elevation. This is a variation from a con- 
dition of the compensation of the range being complete, in the por- 
tion of the crust underlying it, which was actually investigated 
by Mr. Fisher ; but i t  is also conceivable that the reverse might 
take place, and the development of the root be in excess of that of 
the range. I n  this case the surplus buoyancy would be taken up by 
a raising of the crust not only under t<he range but on either side 
of it, and the range would be over compensated while thc tract 
on either side would show an excess of load over compensation. 

This modification of the hypothesis of support by flotation has 
not, so far as I know, been investigated as yet, but its possibility 
cannot be excluded, and, if supported by the geodetic observations, 
is in some ways an attract'ire one. It would give a ready explana- 
tion of some of the features in tlie geological history of the Hima- 
layas, such as the simple upward lift, of which there is evidence in 
the Deosai, north of Kashnlir, in tlie plains of Hundes and else- 
where ; the pe~uliarit~ies and origin of the great boundary fault would 
find an easy explanation, as also the tilting of the surface of the 
gravel slope along tlie foot of the Hills, which is noticeable in many 
parts, and the fact that the range seenls still to  be rising. 

An alternative group of hypot.heses involves no addition to the 
material under the eleva.t,ed tract., but regards the elevatiom of 
the visible ~ur iace  u.3 due tJo an ac,t,ual swelling up of the matter 
under them, or, what comes to tlic, samt, n greater condenaation 
uncler the more low-lying tractns of the surface. An hypotheeis 
of t,his sort may be described a.s att,ribut,ing the differences in level 
of different tracts of t.he earth's surface to some form of tumefac- 
tion, and the effect has usually been att,ribut.ed to differences of 
temperature. This explanation has the defect of being apparently 
medlicient, quantitatively, to  account for the facta, and even if 
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i t  might suEice for the original formation of an elevated tract, with 
the accompaniments of compensation and a condition of isbstasy, 
i t  would not provide for the maintenance, or re-establishment of 
the latter after disturbance by the removal of material by denuda- 
tion from the higher and its deposition on the lower levels. Recently 
a n  hypothesis of tumefaction has been proposed by Dr. L. L. 
Fermor,' which appears to  be more competent to  account for the 
facts met with in nature ; starting with the fact that igneous rocks 
of the same chemical composition may present themselves in differ- 
ent forms of mineral constitution, and that  these forms vary in 
specific gravity, he concludes that this variation is the result of 
the conditions of temperature and pressure under which the different 
forms of rock consolidated, and distinguishes between the plutonic 
and the infra-plutonic forms of rock, which nlay originate from the 
saxe  magma according to the pressure under which it cooled down 
t o  crystallisation. From this concept the consequence follo~vs that 
in appropriate conditions of temperature and pressure, there might 
be a passage from one mode of mineral aggregate to  another, of 
different density, accompanied by a corresponding change in volume. 
As the hfference in density of the extreme for~lls of mineral aggregate 
may amount to as much as 20 per cent., i t  seems that  we might 
find in an action of this nature a sufficient explanation for the eleva- 
tion of even so lofty a range as the Himalayas and, in the opposite 
direction, for even the greatest depths of the sea, without having 
to  invoke either too great a, difference in density, or too large a bulk 
of material, to  fall within limits which are justified by other 
observations. Dr. Fermor's hypothesis would also account for the 
maintenance of a mountain tract against the action of denudation, 
fbr the change in the deeper layers of the crust might easily be a 
progressive one, and to some extent dependent on the decrease in load. 

We are not, however, here concerned with a discussion of 
hypotheses of mountain formation, but with the effect which an 
hypothesis of origin by tumefaction would have on the question of 
compensation. This, i t  will easily be seen, is provided for by the 
hypothesis, for the protuberance of the surface is the manifesta- 
tion of a corresponding decrease in density below, and in this way 
compensation is provided for. It is also obvious that the denuda- 
tion of the upraised tract and the deposition of the material removed 

' Uwl. Mag.  Decade VI, Vol. I, pp. 05-67 (1914) ; cf. also K r c .  (;eul. SZOI'. Zttd., 
XLUI, pp. 41-47 (1913) nnd XLII, pp. 133-207 (1012). 
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by denudation, on lower lying tracts may lead to  departures from 
a condition of complete isostasy, but these will necessarily be in 
the direction of an excess of compensation in the hills elid a defeot 
in the plains ; i t  is not conceivable that any hypothesi~ belonging 
to this class can account for the hills being under compensated 
or in other words showing an excess of load. In this way, then, 
we have a test which will distinguish between the two groups of 
hypotheses; so long as the geodetic observations imlicate that  
the conipensation of the hills is complete, or that the compensation 
is in excess of the visible mass of the range, we are free to choose 
between the hypotheses, but if they indicate an unmistakeable 
excess of mass in the hills, or a defect under the plains, after 
allowance has been made for compensation, t.he whole of one group is 
excluded. We are then restricted to the other, and call only choose 
between those hypotheses which involve an  addition to the mass 
of the crust underlying the hills, whether this is brought about by 
the compression of the crust or by an ulldergroulld migration of 
material from outside the limits of the range. 
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CHAPTER 111. 

THE IMAGINARY RANGE AND TROUGH. 

I rl applying .the general principles, outlined in the preceding chapter, 
and endeavouring to find the real meaning of the irregularities noticed 
in the geodetic data, two courses are open. The first is to  take 
the whole of the stations, or a selected series of them, and calculate what 
the deflections should be a t  each, according t o  different forms 
of compensation, and then see which assumption gives the smallest 
average departure from observed results, or, more accurately, the 
least value for the sum of the squares of the differences between 
the observed and the calculated deflections. This is the method 
of geodesy, and is the only one admissible where minute numerical 
accuracy i;3 essential, but i t  has t,he drawbacks of being extremely 
laborious, and of liability to  degenerating into mere juggling with 
figures, unless great care is taken to  keep in mind the exact signi- 
ficance of the calculations being gone through. Moreover, i t  is 
a method more suited to  the final calculations of an investigation 
than to the preliminary stages, which may show that the more re- 
fined method would be no more than a vain attempt a t  a greater 
degree of precision than the nature of the data permits. 

For these reasons it is necessary to discover ~iimpler means of 
dealing with the problem, and this is to  be found in ignoring the 
complicated contour of the act~lal Himalayas, and substituting for 
them an Tmrqinary Range which shall not differ too largely from 
the actual range, while simplifying the calcnlations necessary for 
estimating the consequences of var iou~ hypotheses. It will then be an 
easy matter to compare these results wit11 those of observation, 
and 80 determine which of the hypotheses mlwt be rejected, and 
which. if  any, can he profitably pursuetl in greater detail. 

I t  is not difficult to  devise such an Imaginary Range as will 
render calculation easy, and a t  the same time be in agreement 
with the actual average contour of the Himalayas, that is with their 
average or generalised form, apart from the irregularities due to 
the erosion of the river valleyo. Broadly speaking, the Himalayas 
proper, excluding for the present the foot-hills of the Siwalik area, 
rise abruptly on their southern margin to  a height of about 6,000 
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to 6,000 feet above the level of the sea ; in the interior of the range 
is the great plateau of Tibet, which, presenting very considerable 
irregularities of contour, may, in view of the distance ~eparat~ing 
i t  from the stations of observation with whicll \i7c will bc concerned, 
be regarded as a plain of about 15,000 feet of elevation above the 
sea 1evel.l Along the southern edge of this plateau r u s  the great 
snowy range, including the highest peaks, and south of the snowy 
range comes the region of the lower Himalayas, wherc the summits 
do not rise to more than ten or twelve thousand feet above sea 
level. Though the distinction between these two regjons, of the snowy 
range and the Lower Himalayas, is fairly well d e h e d  and somewhat 
abrupt, the average level of the ground shows a less abrupt change and 
in the Lower Himalayas themselves there is a gradual decrease in 
general altitude to about 5,000 feet a t  the southern margin of the 
hills, where the ground drops abruptly to the foot-hills, or Sub- 
Himalayas, of the Siwalik region. These may conveniently be 
represented in that portion of the range which will come into 
consideration, by a plateau of twenty miles in width, and fifteen 
hundred feet in elevation above the plains to the south. The 
generalised cross-section of the elevated mass of the Himalayas 
may therefore be represented as a plateau of 15,000 feet in eleva- 
tion, bordered by an inchled plane of 100 miles in width, sloping 
from 15,000 to 5,000 feet of elevation, and a plateau of 1,500 feet 
in height by 20 nliles in width. For purposes of calculation, i t  
will be simpler to substitute for this inclined plane a series of steps 
each ten miles broad and 1,000 ieet lower than the next step to the - 
north. The Imaginary Range would then have a cross-section 
like that shown in fig. 4 (page 38), where two actua.1 cross-sections 
of the Himalayan Range a.re also given, for comparison. 

In the calculations regarding this In~agina.ry Range, it will 
be a,ssumed to have an east to west direction, with the elevated 
plateau on the north and the plains on the tiouth. This is not only 
in genera,] agreement with the Hin~ala.ya,s, but will allow of deflec- 
tions towards the range being expressed a.s nort,herly deflections, in 
accordance with the nsua,l convenbion, by the rni~llis sign, and 

I have followed previoue writ,ers in accepting 15,000 it. as the lllean height of the 
central plateau ; actually the mean height would be more correctly 16,000 ft. or a littlc 
more. As the elevation of the land south of the Himalayas is ignored in the colculatione, 
and only the height of the hills above the eea considered, the Merence i partly eliminated, 
and in any caee would have but a very emall effect st the etatione at w h i d  observations 
have been made. 
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deflections away from the range as southerly, by the plus sign. 
A series of supposed stations, a t  intervals of ten miles apart, can 
conveniently be distinguished in the same manner, the station a t  
the edge of the hills, which is here regarded as coincident with the 
main boundary fault, being 0, those to the north being successively 
-.I, -2, and so on, and to the south, in a similar manner as +1, 
+2, &c. The geodetic effect which should be looked for having 
been calculated for each of these stations, the results were plotted 
on squared paper and a curve drawn through the points, which will 
not be very widely different from the smoothed curve calculated for 
a set of stations similarly situated on the actual Himalayas. 

Having decided on the cross-section of the Imaginary Range, 
it is necessary to decide on how much of i t  is to be considered in 
each calculatiou. The smaller the distance from the station which 
enters into the calculation, the silnpler this will be, and there are 
three co~lsideratious which put a limit to the distance which can 
profitably be considered. The first of these is the fact that the 
attraction of any given mabs of rock decreases with the square of 
the distance, so that its effect becomes negligible after a certain 
distance is exceeded. The secoud is the fact that the methods 
of geodetic observatio~i cau only give a differential, not an  
absolute, result. In  practice some o m  station is taken as a 
station of reference, and the observations a t  other stations are 
expressed as differences from that station. Now the nearer two 
stations are to each other, the slnaller will be the proportionate 
difference in distance of any point remote from both, and, 
consequently, the smaller the hfference in the effect of the 
attraction a t  each of the two stations ; and so, for any pair of statione 
there is a certa~n distance beyond which all rnasses affect each in 
so nearly equal degree that their effect may be neglected, so far 
as the considerat~on of the difference in deflection a t  the two stations 
is concerned. For a distance of 10 miles between the stations this 
l~mi t  would be about 50 miles, for a distance of 26 miles between 
the stations the limit would be about 100 miles, and for a distance 
of 100 miles the differential effect of topography more than 400 
miles away would be trifling, even if the effect of compensation is 
ignored. The third consideration, limiting the distance from the 
station which need enter into calculation, is the fact that  when 
the effect of compensation is considered, the effect :of distant 
topography is almost or completely neutralised by ita compensation. 
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In  my earlier investigation of the efiect of the Cangetic Alluvium 
on the Plumb-line,' only those masses lying within 50 miles of each 
station were considered, but in this more extended investigation 
the limit has had to be enlarged and in each case a strip running 
transverse to the range and extending 100 miles on either side of 
the station, and so much of this strip. as lies within 100 miles of it, 
has been taken into consideration. I n  other words each station 
successively has been conceived as lying in the centre of a 200-mile 
square, and everything outside this limit has been put out of con- 
aiderat.ion. It will be shown, further on, that the effect of this 
limitation, of the area considered, is so small, in proportion to the 
effect produced by the area actually considered, that it may be 
left out of consideration for the purpose of this investigation. 

We are now ready to take up the effect of different hypotheses 
of compensation as applied to the Imaginary Range and, as a starting 
point, the tabular statement No. 4 (page 41) gives the deflections 
which would be produced by the Range proper, excluding the effect of 
the Siwalik Hills, a t  a series of stations 10 niiles apart, the masses 
within a square of 200 miles a side being alone considered, and as 
they would result (1) from the uncompensated effect of the visible 
mess end (2) allowing for the effect of compensation according to Mr. 
Heyford'e factors for uniform compensation to 113.7 h. 

Before proceeding further it will be useful to consider what 
modification in these figures would result from including a larger 
area in the calculations and, as an extreme case far exceeding 
anything to b; met with in nature, I have supposed the stations 
to be situated in the centre of a square of 2,400 miles on the side, 
and the plateau, slope, and plain of the Imaginary Range, to be 
extended over the whole of the area thus taken into consideration. 
In thew circumsta~lcev the uncompensated cleflection a t  the station 
0, on the edge of the hills, woulrl be increased by 78" ; a t  station 
10, or a t  a disbance of 100 miles from the cdge of the hills, in either 
direction, the deflection would be increased by 69" ; the difference 
would, therefore, be increased by 9". If, however, the effect of 
the Hayford compensation be taken into account', the increased de- 
flections would be reduced to just under 3" a t  the edge of the hills 
and j u t  over 2" a t  100 miles away, and the difference would be but 

Pmo. Boy. Soc., Berim A, XO, pp. 32-41 (1914). 
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TABLE 4.-Dejections produced by the Imaginary Range due to the 
attraction oj the wisible masses ; ( I )  uncompensated and (ZI) 
compensated by Hayford factors jor depth 113.7 Icm. 

STATION 
No. 

0.7". It may be said that  no reasollably admissible hypothesis 
of ~ompensat~ion could increase this difference by more than about 
l", and so the liinitation of area, adopted for the purpose of sim- 
plifyiug calculation, is justiiied, for tlie effect of increasing the area 
would be much less in nature tllall in the artificial circumstances 
assumed for this calcula tion. 

The samr cnnclusion is renchcd by n comparison of the deflec- 
tions, c~lrulated au due to the Imaginary Range, with thoue of the 
actual topography of the Himalaya~, and thia can readily be done, 
since the necessary calculstiona l~ave heen mnde, for certain stations, 
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and published by Major H. L. Croathwait.1 In Table No. 5 a 
list of these stations is given, togetlicr with their distances fro111 
the main boundary fault, and the deflections which were calculated 
for the actual station, as well as those a t  stations similarly situated 
on the Imaginary Range, allowance being made for the departure 
of the actual range from a due east and west direction. In each 
case the values are given (I) for the supposition that the visible 
masses are uncompensated and (TI) for the supposition that the 
compensation is in accordance with Mr. Hayford's tabks for uniform 
compensation to a depth of 113.7 km. Finally there is given the 
difference between the value for the Imaginary Range, and for 
the actual topography on each supposition, or the amount of de- 
flection, northerly or southerly, which the latter gives as compared 
with the former. 

TABLE 5.-Comparison of dejections clue to the actual topography, 
udb  those due to the Irncrginary Range, at stations similarly 
sitc~ated, allozoing ( I )  for the effect o j  the visible lnasses and (IZ)  for 
the same us modijed by /he efect of Ha!lford compensation. 

I I 

Deflections 
I 1)istnnre dur to the 

S T A T I O ~ .  
/ from mnln Imaginary 
I honndnrg Range, in 
/ In 1~11les. the mrri- 

1 
dian. 

I - - -- 

Idam batach 
Kurseong 
Mussooree 
Birond 
Dehra Dun 
Siliguri 
Jelpeiguri 
Kalirnn 

Diff eren, e 
between the 

effect of 
actual nnd 
imaginary 

topography. 

It will be seen that the uucompcn.snted cleflect.ions derived from 
Major Crosthwait's calculatioi~~ ,show a large northerl-vv deflection, in 

' Investigation of the Theory of 1snotauy in Indie : Yurtley of Indin, ProJea~iot~al  
Paper No. 13, Dehrn Dun. 1912. In addition to the  result^ puhli~hed in this paper, I 
am indebted to the courteey of Sir 3. G. Burrnrd, Surveyor-General, for the detaile of 
the calcdntions from which they were obtained. 
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excess of those due to the Imaginary Range, but this is due to  
the fact that  Major Crosthwait's c a l c u l ~ t i o ~ ~ s  include all topography 
within 2,564 miles of the station, and therefore the whole of the 
highlands of Central Asia, whereas those for the Imaginary Range 
only include topographv withih 100 miles distance. If we turn to the 

deflections this great difference disappears and we find 
that Major Crosthwait's calculations give rather smaller values for the 
northerlv deflections. At the stations north of the boundary fault, that  
is to say within the Himalayan region proper, the difference varies 
from 6" to 2", an irregularity which finds a natural explanation 
in the irregularity of the contour of the actual Himalayas and in 
the deep cut vallevs which penetrate it. At stations qutside the 
Himalayas, where these irregularities have less effect, a greater uni- 
formity is observable and a closer agreement ; the greater difference 
a t  Jalpaiguri is doubtless due to the inclusion in Major Crosthwait's 
calculation of the southerly pull of the highlands of the Assam 
Range and the Peninsula. 

From this comparison two conclusions may be drawn. Firstly 
that the limitatiou, of the extent of topography considered, to that 
lying within 100 nliles of the station is justified by the smalllless of 
the effect of more distant topography, when the opposite effect of 
its compensation is taken into consideration ; in none of the 
stations does the effect of the topography beyond 100 miles, and 
up to 2,564 miles, differ materiallv froin about a couple of seconds 
of arc, and in every one of them it is in the same, northerly direc- 
tion, so that  no chai~ge is introduced in the difference between the 
calculated deflection for any pair of shations. Secondly it appears 
that the Imagiilary Range will serve the purpose for which i t  was 
intended ; that  the deflections calculated from it  are, on the average 
of the same order of magnitude as those which would be deduced 
from the actual topography ; and t>hat the departures from the 
deflections calculrttcd from Mr. Hayford's tables which would result 
fronl a variation in the hypotl~esia of conlpensation alill agree in 
character and order of magnitude with those which would result 
from the application of a similar hppotherris to the more complicated 
topography of a station, similarly situated, in the Himalayas. 

No more than this is, a t  present,, required, so far as the range 
representing the Hilllalayas proper is concerned ; but for the greater 
pert of its length the main range is bordered by a t'rect of lower 
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hills, which have to  be included in making a comparison between 
the effect of actual and imaginary topography. These are absent 
in the Sikkim area ; elsewhere they lie south of the main boundary, 
and belong properly to  the region of the Gangetic trough, but must 
be considered as part of the topography so far as they affect the 
deflection of the plurnb-line. They will be simplified into a plateau 
of 20 miles in width and 1,500 feet in height above the gains, 
dimensions which conveniently, and approximately, represent the 
actual topography ; a,nd. as the rnearl 'density of the Siwalik rocks 
is about 2.2, and of the rocks of the main range about 2.7, the deflec- 
tions will be estimated a t  eight-tenths of those which would result 
from Mr. Hayford's figures. In  table No. 6 the deflections sn 
obtained are given on the assumptions respectively, of no compensa- 
tion, and compensation according to Mr. Hayford's tables; the 
difference does not in anv case exceed one second of arc, and though 
there seems some reason, in this area, for not using the hypothesis 
of compensation, i t  will be safer to use the figures in the second 
column, which must be added to those obtained from other tables, 
when i t  is necessary to  consider the attraction of the hills of the 
Sub-Himalaysn region. 

TABLE 6.-Dejections due to nn Irnnginary plateau, reyesenling 
the Sub-Himnlnyn or Siwnlilc Hills, assumed 20 miles broad by 
1,500 feet in h~Gh.t and o j  density ' 8  oj avernge rock. 

-- 
STATIOX. / Unco~upnnsatod. I Compensated. 

Having fnrmed an estimate of whet the effect of compensation 
woulil be, if i t  is given the average value determined by obaerva- 
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tion3 in ttle United States of America, which may be accepted as 
llot widely different from the average effect elsewhere, the next 
stage in the investigation is to calculate the result of supposing a 
departure from these average conditions in one direct,iori or another. 
The first of these, to be considered, is a variation of the depth of 
con~~enuation, still supposed to be uniform throughout the depth to 
which it extends, and the depths taken for calculation will be those 
for which Mr. Hayford has given tables, namely 162.3 km. or about 
100 miles and 79.8 km. or about 50 miles. 

In table No. 7, the result of calculatioii for these two depths is 
given, to the nearest whole second of arc, as well as the deflections 
resulting from Mr. Hayford's factors for uniform compensation 
t,o a depth of 113.7 km., or about 71 miles, and the differences 
between these values. The meaning of these differences being 
that, if the calculation had been made according to the Hayford 

TABLE 7.-Dejections which would be produced by the Imaginary 
Range on the s~cpposition oj ~~niJorm compe??sn'tion to var iou~ 
depths. 

STATION. 

ASSUMED DEPTH OF COMPENSATION. 
-- 

Diff. 

/ - -- - _ -- - - 

- 13 - 2  

-- 

113'7 ltm. 

- - 

-- 11 

I 

Diff. 70.8 km. 
I 

-- 
+ 3  I - 8  

- -" n i - 3  I - 1 . 7  
- R - 3  1 - 1 5  
- 5 - 20 - lli 
- 6 - 21 
- R I - 2 2  
- 4  j - 2 3  - 4  - 19 
- 3  - 25 - 5  - 20 
- 2  1 - 2 6  - 5  1 - 2 1  
- 1  ' - 29 - 5  - 2 4  

0  - RR - 5  ! - 5 3  
-t I - 19 - 4 - I f i  

1 3  1 - 1 0  
r 3  , - 1 2  
7 4 - 12 
+ 4  ' - 13 + 4  - 14 
+ 4  -15 + 4  - 115 + 4  - 17 
f 4  1 - 2 0  
4- 5 1 -- 48 + 3  -- 12 

- 2 - 1 1  -- 2 - - 6 
-f :I - - 2  1 - - 3  
4 4  - 5 - 2 - 3 - 2  
+ K  1 - 3  , - I  - 2  
+ R - 2 - 1 -- I O 

- I - I  ( )  0 
- 1 0 0 + 9 0  0 ( )  

+ lo j ( )  0 

- I 
- 1  

0 
fJ 
I) 
0 
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factors for a depth of 113.7 km., observation a t  a station 50 miles 
north of the edge of the hills would show a northerly deflection of 
4" in excess of that  due t o  calculation, or, in other words, a " residual " 
of - 4" if the depth of compensation were 100 miles and a defect, 
or " residual," of + 4" if the depth were only 50 miles. From 
this it appears that  a variation in the depth to  which compensation 
extends, assuming i t  to  remain similar in character to Mr. Hayford's 
a ~ m p t i o n ,  would introduce residuals which would be northerly 
for a greater depth of compensation and southerly for a lesser one. 
Theee residuals would not, however, amount to more than three 
or iour seconds of arc, unless a much greater depth of compensation 
is assumed than there is any reasonable justification for adopting, 
and further, the residuals would have their maximum value a t  
the edge of the hills, decreasing in both directions but more slowly 
towards the interior of the range than beyond its limits. 

TABLE 8.-Comparison of dejections produced by the Imaginary Range 
jw U n i j m  Compensation to depth 113.7 km., with those pro- 
duced by carious depths of Centre of Compensation. 

COMPENSATION 
UNIFORM. 

- - 

DEPTH O F  CENTRE OF COMPENSATION. 

I 
l.u depth 113.7 ( 45 miles 35 miles 25 miles 

I km. Defl Diff. 1 Uefl Diff. Uefl Dir. 
-- - - - - - - - 

- 11 - 1 4  - 8  1 - 1 2  - 1  - 9  + 2  
- 1 3  1 - 1 7  - 4  I4 - 1  1 - 1 1  + 2  

-13  + 2  
-14 + 2  
-15  + 2  
-15 + 3  
-16 + 3  
-17 + 3  
-18  + 3  
- 2 2  + 2  
-62 + 1  
-13  + 2  
- 7  + 2  
- 3  + 2  
- 2  + 1  
- 1  
- 1  

0  
+: 

0  
0  0 
0 0  
0  0  

- 16 19 - 1  
- 1 6  2 1  1: Ej i  - 2  
-17 1 - 2 2  - 6  - 2  

I 
I - 18  1 - 2 3  - 5  

-19  1 - 2 4  - 6  
i - 2 0  -26  - 6  1 -21 , -27  - 6  

-31  - 7  1 ' -61 - 8  
1 - 16 - 2 0  - 5  

- 9  -12  - 3  
- G  , - 7  - 2  
- 3 - 4  - 1  
- 2 - 3  - 1  
- 1  ' - 2  - 1  

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

I 

-20  - 2  
-21  - 2  
- 2 2  - 2  
-23  - 2  
-27 - 3  
-67 - 4  
-17 - 2  
- 9 0  
- 6  0 
- 8  0  
- 2  0 
- 1  0 

0 0  
0 0  
0  0 
0 0  
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The Hayford values for the effect of compensation depend, 
as has been pointed out, on a wholly empirical distribution of the 
variations in density, a distribution which would not accord with 
those theories of mountain formation, which, so far as they admit 
of compensation a t  all, demand a limitation of the effect to  a cer- 
tain layer, or, a t  least, a concentration of the greatest effect within 
these limits. A calculation was, therefore, made of the effect of 
an assumption of a uniform depth of the centre of conlpensation 
a t  25, 35, and 45 miles below sea level ; the result is given in the 
table No. 8 (page 46), in which the result of the Hayford conl- 
pensation is also included, for comparison. Here, again, we see that  
a greater depth of compensation results in an  increased northerly 
deflection ; me also see that  if the depth of the centre of compen- 
sation is as much as, or over, 35 miles the lllaximum difference is 
a t  the outer edge of the hills and decreases a t  stations further in, 
while a shallower depth gives an apparent southerly deflection, 
when compared with the result of the Hayford compeusation. 

So far the conlpensatio~l has been supposed to  be uniform in 
character and depth ; we must now consider the effect of a variable 
compensation, such as would be introduced by an hypothesis ill- 
volving the support of the range by flotation, and a thickening of 
the crust downwards into the denser matter below, as well as up- 
wards into the air. The most complete investigat,ion of such an 
hypothesis, is that  of Mr. 0. Fisher, and i t  will be convenient to 
adopt his constants, and then investigate the effect of a variatioll 
in thern. According to these, the mean thickness of the undis- 
turbed crust is 26 miles, and the difference in density betnleen 
it and the subjacent nisgma is such that  the general elevatiorl 
above mean sea level would require a downward protuberance 
of 9.6 tinlea as much to compensate, by its buoyancy, for the 
weight of the upward protuberance. 

On this supposition the bottom of the crust would lie a t  a depth 
of 28 miles under the plaiq, and nnder the first step of the Imaginary 
Range i t  would lie a t  34.1 nliles, under the second step a t  35.9 miles 
and so on, and the whole of the cornpengation n ~ u l d  be con- 
centrated in that part of the crust lying below 25 miles. 

The reault of calculation from this supposition is given in t,able 
No. 9 (page 48), which ~hows  that), as conipared with the llayford 
compensation, i t8  not only gives rive to  considerable northerly dif- 
fereilcea or " residuals " at stations wit.hin the hills, a result which 
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TABLE 9.-Oonaprison of the Deflections produced by the Imaginary 
Rctnge for uniform compensation to depth 123.7 kna., with those 
which toot~ld be produced on the h,t/pothesis qf support hy simple 
jotation,  cuing Fisher's const~oJs, 

I 
I 

UNIFORM 
! COMPENSA'PION 

STATEOX. TO 113'7 KM. 
S I ~ I P L E  FLOTATIOX. 

Deflection. I Dt?flrction. I Difference. 
I 

ir the ronsrclnrncc qf t h ~  greater average depth of the centre of 
compensation, bat these differences are greater within the range than 
a t  it3 .southern edge, and e how a maximum at about 50 miles in. 
Moreover, the differences must be regarded as minimum values, 
since Mr. Fisher's const.ants, though arrived at by him on grounds 
independent of the particl~lar hypothesis of mountain formation 
and support. represent n miuimum value for the thickness of the 
crwt  trritl n masinium vc~lue for the difference in density between 
the cr11st and the underlying magma. If instead of 25 miles for 
the former a thicknescl of 30 miles is assumed, and instead of a 
ddlerence of tlensity such that, for each 1 , O  ft. of elevation re- 
prr.wnting 1.8 miles it be taken to  represent 3 miles of " root," values 
which are not beyond reasonable limits, then the " residuals" become 
--i" n t  the statiotl 0, -ti" a t  stst,ion -5, and -6" a t  station --lo, 
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Actually, on any reasonable hypothesis of support by flotatiorl 
the differences would probably lie sonlewhere between these two 
extremes, but nearcr the lower than the higher value. 

It has been pointed out that  an hypothesis of support by tlo- 
tation not only allows, but has a necessary consequence, of the 
likelihood that  compensation would not be complete within the limits 
of the range, but might be partly distributed over the crust on either 
side. This want of balance may take place in two ways, and the 
one which will be considered first is a superelevation of a part of 
the range, accompanied by a bending down of the crust on either 
side. I n  table No. 10 the result of such a departure from com- 

TABLE 10.-Corrections to the deflections due to the hypothesis 01 
support by s i n ~ l e J o t n t i o ~ t ,  mt two sepurnte suppositions of partial 
support, corrected by depressiojl oj the acljoittirzg trccct-s, supposed 
to be confined ( A )  to the topograpl~y nrtd ( B )  to the compen,sntiott. 

Distance from I . . .  - 

southern edge of ' 
euperelevated tract No. I. No. 11. 

(in miles). i I 
1 (A, (B)  i (A) (B)  

- _ I  . . 

60 N.  0 0 0 0 
40 - 2 - 1 i - 4  - 1 
30 
20 
10 

- 4 - 2  7 - - 
- 7 -:{ j - 1 2  - 5  
- 12 - 4  - 20 - 7 

0 - 27 - 6  1 - 4 4  - 8  
10 - 11 - 4 - 19 - 8  
20 1 - 5  - 3  - 12 - 7  
30 I - 2 - 2  I - 8 - 6  
40 O - 1 - 6 - 4  
50 I + 1 o * i  - 3 - 3  
60 + 2 0 I - 1 - 2 
70 1 + 3  + 1 0 - 1 
80 + 4 + I  i + 1 0 
90 4- 4 -I- 1  + 2 -1- 1 i I ~ 9 .  I + 4 -+ 2 1 t .7  + 1 

i 
plete local support, by flot,at,ion is given on two separate supposi- 
tions, namely ( 1 )  that  a tract 100 miles in width is superelevated 
by 1,500 ft. and that  the defect in support is taken up by a depree- 
mon of the crust on either aide, gradually diminishing to noth~ng 
in 100 miles ; and (2) that the same tract is superelevated by 3,OW it. 
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snd the defect in support taken up by a depression of the crust on 
either side by the equivalent of 1,500 ft. gradually diminishing to 
nothing in 200 miles. In  each case the figures given in table No. 10 
must be added, algebraically, to those given in table No. 9 for the 
hypothesis of support by simple flotation, and so will increase or 
diminish the differences from the deflections due to  the Hayford 
compensation, as the case may be. 

The effect of the opposite supposition, that the buoyancy of the 
downward protuberance is in excess, and the surplus power of Bota- 
tion absorbed by an upward bending of the crust on either side, would 
be practically the same in amount, but with the opposite sign, as that 
shown in the table No. 10, the surplus buoyancy being supposed to be 
of equal amount and extent as the surplus load considered in that table. 

In  considering the gravity observations a somewhat different 
course k) that adopted in the case of the deflection of the plurnb- 
line will be more convenient. The effect of the direct attraction 
of the visible masses is always determinable from the published 
observations, and different formulae of calculation make very snlall 
differences in the amount to  be allowed for this effect ; the anomalies, 
or more properly the difference of anomaly between two stations 
in the same region, may therefore be looked upon as representing 
local differences in the density of the matter under the station, 
of which the most important is that  due to the effect of compensa- 
tion. It is, consequently, convenient t o  consider the effect of the 
compensation only, and the differences which would be introduced 
by varying the hypothesis. 

The first of these comparisons to be made is that of the Hayford 
compensation with an hypothesis of support by flotation. This ie 
given in table No. 11 (page 61), and a few words of explanation 
will show the use of this and the other tables; taking station 0, a t  
the edge of the hills, and calculating the gravity which should be 
found a t  it accord~ng to the Hayford factors, we would have to allow 
for the effect of the visible masses and a further correction of - '075 
dyne for the effect of their compensation ; but if the support had in 
reality been, as considered in the second column, one of simple flotation 
its effect would have amounted to - -085 dyne, and the observed 
force of gravity would show a defect, or anomaly, of - -010 dyne. 
At etationa more t h ~ n  60 miles into the hills this would be reversed, 
and 8 calculation based on the Hayford tables would ehow 8 
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TABLE 11.-Gravitation effect of the compematwn only of the Ima- 
ginary Range ( I )  accordz.llg to the Hayford tables and (11) on the 
hypothesis of support by jlolation, using Fisher's co)astads. All 
quantities negative and expressed in  dynes. 

posit,ive anomaly, increasing a t  stations further int,o the hills till, 
on the plateau, it rises to as much as + 940 dyne. 

I n  the t,able No. 12 are given the gravitation effects of a com- 
pensation supposed to have a uniform depth of the centre of com- 
pensation of 25, 35, and 45 miles respectively, which shows the 

S T A T I O ~ .  

- ----- 
- 20 
- 10 
- 5 
- 4 
- 3 
- 2 
- 1 

0 + 1 
f 2 + 3 + 4 + 5 

TABLE 12.-Gravitation effect of the compensation onhy of the Ima- 
ginary Range supposed to be centred at various d.eptl~s. Al l  
quantities negative and expressed i n  dynes. 

Hryford Cornpenaation. 
I 1 Flahrr  constant^. 

I 
- 

.350 .310 

.305 .280 

.200 
I 

205 
.180 I ,185 
,155 ,165 
.130 .140 
.I05 ,115 
.075 .085 
.045 .080 
.130 .(MO 
.020 .025 
.015 415 
,010 ,010 

---- 

DEPTH OF CENTRE OE COMPENSATION. 

25 miles. I 35 rnilos. 45 m n ~ .  I- 



extent to whic,h the attraction of the visible masses is neutralised 
by a compensation whose centre of effect lies a t  these depths. 
And finally in table No. 13 are given the effect of the two modifica- 

TABLE 13.-Gmvitnlion efect of two suppositions of departure f rona 
a condition oj support by simple fitation. 

A 

CRAVITA'I~ON EFFECT OF SUPPOSITION. 
Distanoe from 
fioothern edge of 

ar~perelevated tract. I I1 

tions to the hypothesis of simple support by flotation which were 
dealt with in table No. 10. Here again a reversal of the suppoai- 
tions and an assumption of over-compensation of tahe range, or part 
of it, balanced by a corresponding under-compensation elsewhere, 
would hardly affect the numerical value of the correction but would 
rcvcrac its sigi~. In either case the values given in table No. 13 
must be added, algebraically, to those given in table No. I 1  for the 
hypothesis of simple flotation. 

T11r 1 ianpet~c trough will be treated in a lrlanller similar to that 
adopted in the rase of the runge, and the, effect calculated of an Ima- 
pinary Trough, or rather series of troughs of different forms and 
dimensions: but before t h i ~  can be done it ~ F I  neces.sary to determine 
w h a t  v:~lue will be adopted as representing the mean den~i ty  of the 
marerial with which they are filled, and t.hiu can be determined 
withln narrow limits. The mean deneity of the superficial deposits 
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of the Gangetic plain is about 1.8, but the deeper layers have cer- 
tainly a greater density than this ; a t  the same time they can hardly 
attain a greater density than that of the Siwaliks, which are com- 
posed of the same materia.1~ and have been subjected to the pressure 
of superincumbent deposits, as well as to the induration due to  age 
and the compression to which they have been subjected in the 
course of the upheaval of the Sub-Himalayas. This fixes the upper 
limit of density a t  2.2 and the probable mean density must lie 
somewhere between the two, though nearer the higher than the - - 
lower limit. In  my earlier investigations a density of 2.1 was 
accepted, or a deficiency of two-ninths of the mean density of the 
rock forming the floor and sides of the trough ; later a slightly higher 
density wae adopted, for convenience of calculation, and the defi- 
ciency put a t  t&-tenths of the mean density of the rocky floor of 
the trough, representing a density of 2.16. 

Doubts have been expressed l as to the reality of so great a 
difference in density between the material forming the Himalayas 
and that which fills the Gangetic trough, and especially i t  has been 
urged that the material in the lower layers of the trough would be 
compacted, by the pressure of the superincumbent material and the 
percolation of water holding carbona.te of lime in solution, till the 
difference in density between i t  and ordinary rock would be neg- 
ligible. These objections might be valid where depths of many milee 
are postulated, but,, as will be seen further on, there is no need to 
suppose tha,t the Gangetir trough is anywhere more than 20,000 ft. 
in depth, and as the Siwalik rocks. which have been subjected to 
the pressure of superincumbent deposits of about the same thick- - 
ness, have an average density of only 2'2 or not much greater than 
the mean density assunled for the whole of the deposits in the Gan- 
gettic trough, of which the Siwalik rocks are the nlost dense, i t  is 
evident thkt, the deficiency of two-tenths, corresponding to a mean 
density of 2-16, does not err on the side of being too high. 

At first sight i t  n~ight seen1 strange that there should be so great 
a difference between thedensity of the rocks for~ninp the Himalayas 
and the materia.l filling the Gangetic trough, seeing tha,t the latter 
is the debris of the former, but all the denaer minerals of the former 
have been decomposed. oxydised and hydrated, and the hard qnctrtz- 
i t c q  of the Himalayas broken up, to form the soft sandstone* 

1 H. (4. Burcard. P,r?f. Pnprr, A r r ? t * .  l n d . ,  No. 12, y. 4 end T. H. Holland. B.A., Report 
1814. p. 366. 
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end loose sands, silts and clays of the Siwaliks and Gangetic trough. 
Now the softer sandstones, such as the New Red, used for building 
purposes, have a density of 2.1 to  2'2, and river sand or clay both 
about 1'9, and as these types of rock represent the material of which 
the contents of the Gangetic trough is composed, the difference 
between its density and that of the Himalayas is about what would 
be expected from the difference in composition and state of aggre~ 
gation. 

The effect of such a mass of lighter material, a t  stations outside 
the trough, is that  the attraction towards one side is not counter- 
balanced by that  towards the other, and the material filling the 
Gangetic trough would exercise an apparent repulsion, causing a 
northerly deflection a t  stations to  the north, and a southerly a t  
stations to  the south, of it. Within the limits of the trough the 
effect would depend on the position of the station and on whether, 
and to  what extent, the effect of that portion lying on one side of 
the station exceeded that  of the portion lying on the other. 

TABLE 14.-Deflections due to troughs, 50 lniles broad, of vmriou~ 
sectio.ns ; denvily -8 of average rock. 

DEPTH UNIFORM. DEPTH V ~ R Y I N R  PROM 

STATION. 

- 10 
- 9 
- 8 
- 7 
- 6 
- 6 
- 4 
- 3 
- 2 
- 1 

0 + 1 + 2 + 3 + 4 + 5 + 6 + 7 + 8 + @ + 10 

10,000 
feot. 

-. - - 

0 
0 

- 1 
- 1 
- 2 
- 3 
- 3 
- 4 
- A 
- 8  
- 19 
- 6 
- 2 + 2 + 6 + 19 + 8 + 5 + 4 + 3 + 3 

- - I 
I 

15,000 I 15,000 to 0 to 0 to 

feet. 10,000 ' 10,000 16,000 
feet. feet. feet. 

I 1 

I I---- 
0 I 0 0 

0 0 
- 1  1 - 1  - 1 
- 2 - 1 
- 3 - 2 

- 3 
- 6  , - 3 
- 6  - 5  - 3 - 4 
- R - 7 
- 1 1  I - 1 0  
- 27 -24  
- 9  - 6  
- a  I 0 + 3 + 5 + 9 + 9 + 27 + 21 + 11 + Q 
+ 8  1 + 6  + 6 + 6 + 5 + 4 + 4 + 3 

- 3 
- 6 
- 16 
- 1 + 2 + 6 + 8 + 8 + 3 + 3 + 2 + 2 + 1 

- 5 
- 8 
- 21 
- 2 + 4 + 8  + 10 + 11 + 6 + 4 + 3 + 2 + 2 
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The underground form of the trough cannot be determined by 
surface observation of a geological character, and the readiest 
means of applying the geodetic results to the solution of this prob- 
lem appeared to be the calculation of the effect of a series of troughs 
of various forms and dimensions, by the combination of which a 
series of cross sections could be built 11p and the calculated conl- 
pared with the observed results. This has been done in tablea 14 
to 16 ; in table No. 14 (page 54) a width of 50 miles is assumed 
and we have the deflections which would be produced if i t  had a, 
uniform depth with vertical sides, if i t  had vertical sides and a floor 
sloping upwards from a depth of 15,000 ft. on the north side to 
10,000 ft. a t  the south, and if i t  had a vertical side on the north and 
a floor sloping gradually upwards to the surface a t  the southern edge. 
Table No. 15 gives the deflections which would be produced by a 

TABLE 15.-Deflections due to a trough 100 miles broad of various 
sections; density -8 of average rock. 

trough 100 milee in width, of uniform depth, or with e vertical eide 
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STATION. 

UNIEORM DEPTH. DEPTH VARYING PROM 0 TO 

- -- - 
I 

I 10,000 feet. / 16,000 feet. 10,000 Icet. 
. 

I I - - --- - I -  
- 10 0 0 0 
- 9 0 - 1 0 
- 8 - 1 - 1 - 1 
- 7 - 1 - 2 - 1 
- 6 - 2 - 3 - 2 
- 6 - 3 - 4 - 2 
- 4 I - 3 - 5 - 3 
- 3  I - 4 - 7 - 4 

- 6 - 10 - 5 
- 1 - 2  1 - 9  - 14 - 7 

- 21 - 29 - 18 
- 13 - 5 + 2 - 6 - 8 - 1 
- 5 -i- 2 + 4 - 2 + 3 + h 0 0 + 4 
- 2 + 5 + 3 + 5 + 6 

$ 8  1 + 6 t s  + 6 
t 9  I + t 13 + 6 + 10 1 + 21 + 29 + 6 

L 

15,000 feet. 

0 
- 1 
- 1 
- 2 
- 2 
- 3 
- 4 
- 5 
- 7 
- 11 
- 25 
- 7 
- 1 + 2 + 5 + 6 + 8 + 8 + 9 + 9 + 9 



on the north and a floor sloping gradually upwards to the south. 
Table No. 16 gives tho deflection; duo to a trough 200 miles i s  width, 

TABLE 16.-Deflections due lo a trolrgh 200 rwiles broad, 20,000 ft. 
deep diminishi~bg to nolhing ; densily .S o/ ace/-aye rock. 

with a vertical northern sidc 20,000 ft. in depth and the floor sloping 
gradually upwards to  the surface ; in this case the calculation is 
extended to a distance of 100 miles beyond the limit of the trough 
to indicate the rate a t  which the effect of such a trough would die 
out as the southern limit of the Gangetir alluvilun is left. In 
every caae the trough is supposed to run east and weat, and the 
northern limit is assumed to  coincide with the southern boundary 
of the range, or with station 0 ; this enablcn the effect to be con- 
veniently stated in the tables, and by combination, with reversal 
where necessary, of two or more of the cross section8 given in the 
table, an approximation to any cross section which need be con- 
aidered can readily be built up. Further, although the deflections 
have only been calculated for certain depths of trough, they 
may be determined for other depths by interpolation or extrapola- 
tion. which will not introduce any material error. a t  any rate between 
the Limit8 of 5.000 end 30,000 feet of maxinium depth. 

In these tables two feetilree are noteworthy ; one, that in every case 
we have a high rlortherly deflection a t  the foot of the  hill^, which 
decreaeee rapidly both northward8 and southwards, but more rapidly in 
the latter direction, especially in the case of a floor sloping upwards 
tb the eonth ; the other that, a t  a distance from the edge of the hilla 
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which varies with the form of the floor, the northerly gives wag to 
a southerly deflection which, in the case of a uniformly sloping 
floor, soon settles down to a value approximately proportionate 
to the amount of the slope, and nearly constant in amount right 
up to the southern limit, after which i t  rapidly diminishes and 
becomes negligible at stations more than 30 miles beyond the 
boundary. 

The figures given in the tables are all based on the assumption 
that the defect in density of the material filling the trough is not 
compensated. It is by no means certain that a structural feature 
like this would have a separate co~llpensation of its own, apart 
from the general compensation of the surface-relief, but it is not 
urlreasonable to suppose that  a defect of density, and consequently 
of weight, which may amount to the equivalent of 3,000 ft. ,  or more, 
of average rock and having a horizontal extent of many hundreds of 
miles, would be compensated in the same way as a corresponding 
irregularity in the surface of a region composed of average rock. 

The amount of the correction which would be introduced in this 
way has not been calculated in every casc, but in bhe case of a trough 
100 miles in width and 15,000 ft. in depth a t  i,he i~orthern edge, 
diminishing to nothing a t  the southern, t,he deflections, supposed 
to be compensated according t,o t,he Hayford t,ables, would be as 
shown in tahlc No. 17 (pa,ge 58) where the values. if coinpeiisa- 
tion is not considered, a.rc rcpea.tec1 from tahle, No. 15, for com- 
palison. Tt will he seen from this that  the chatmctter of the curve 
of va.riation in deflectlion is not nla.t,eriall,v alt,c~red, but t,he reductZion 
of effect hcyond t.he li~nit~s of t,hc t,rougl~ is Innre ra.pid tha,n when 
cornpen~at~ion is iiot considered ; the deflectioils within the limits of 
the trough are reduced by aboiit one-fifth ctt the deep northern edge, 
nnd by nearly one half in the southern port,ion of t,he trough, while 
they are practically iinaffected in that  part where the effects in 
opposite directions nearly balance each other. The general effect 
of introdacing the considerat,ion of compensa.tion would be to 
increa,se t,he e~tima.t.e of the ~na.xirnnn~ dept,ll by a,l)ont one quarter 
a t  the northern edge, and of the slope of the flool. of the trough, 
near the sout1ir.m. 1)y about. four-fift.11~ : consec~aently, deflections 
which would give a nln.xiniarn clept,h of 15,0.00 ft,. and u uniform 
slope of the floor, i f  I-egnrdcd n.s due to the effect of the trough 
withont compensation. would give a. mnxilnl~n~ depth of about 
18,000 it. a t  the north and a slope of aboiit 270 ft. to the mile in the 
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TABLE 17.-Defections drre to a trough 100 miles broad, 15,000 it. 
derp at the nmthern, diminishing to nothing at the southern, edge, 
supposed to be ( I )  uncompensated (ZI) compensated according to 
the Hayford tables for uniform compensation to depth 113.7 km. 

southern part of the trough, and, therefore, ~ o u l d  necessitate a 
cr~m3-section whose floor did not have a uniform slope, but would 

STATION. 

No. 

- 6 
- 4 
- 3 
- 2 
- 1 

0 + 1 + 2 + 3 + 4 + 6 + 6 + 7 + 8 + 9 + 10 + 11 + 12 + 13 + 14 
t 16 

, 
Fro. 5.--Showing t,he effect of separate cornpenoation of the trough on t,he 

infprpn:+,ltim of the defleationa. If ND8 repm~enta the cmsa aection which 
wonl,j be indicated if there wel,e no ~eparate compensation, then ND'S represent8 
the interptstion if compeno t tion is considered. 
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DBFLEOTIONS. 
.-- -- . -- - - .. - - - - 

Uncompensated. 
- - - -- 

Compenseted. 

- 3 I - 1 
- 4 - 1 
- 6 
- 7 1 x :  
- 11 
- 26 
- 7 
- 1 + 2 + 6 + 6 + 8 + 8 + 9 + 9 + 9 

- 6 
- 20 
- 4 

0 + 2 + 3 + 4 + 4 + 6 + 5 + 6 + 5 + 6 + 2 + 3 + 2 + 1 
I :: 0 

+ 1 0 - 
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need to  carry the depth a t  the northern limit outwards a t  a lesser, 
and then upwards a t  a steeper slope to  the southern margin as is 
shown in fig. 5 (page 58). From this i t  will be seen that the 
effect of introducing the concept of compensation would not mata- 
rially alter the conclusions drawn from the  observation^ if i t  is 
not considered ; the exclusion of compen~ation would merely reduce 
the depth by aboiit one quarter in the deeper and by nearly one 
half in the shallower southern part of the trough, and sightly 
modify the general form of the cross section. 

The gravitational effect of the alluvium is easily dealt with ; 
the anomaly having been calrulated on the assllmption that the 
whole of the alluviun~ consisted of average rock, thcre would be, 
apart from other causes, an  apparent defert of gravity, due to the 
diminished attraction of the alluvium, whose density is only about 
four-fifths of the rock by which i t  was assumed to  be replaced. As 
a layer of average rock of inclefinitre extent exerts an attractive 
force equivalent to  a0033 dyne for each one hundred feet of thick- 
ness, it follows that the gravitation effect of a depth of 15.000 ft. of 
alluvium, of sufficient extent. would exert an effect of - .I00 d.yne. 
If the boundary of this trough were vertical the effect a t  the boundary 
would be exactly half this value. and a t  intermediate distances 
the effect would be as shown in table No. 18. 

TABLE 18.--Gmviin/ionol ~ g e c t  o/ the deiect i n  dcnsil?y 01 o vertical- 
sided trmrgh of olltrrri~mn~. 15,000 //. in  depth, and density -8 of 
average rock. All ealvtes negotive and expressed in. dynes. 

An examination of this table shows that the effect of the liml- 
tation of the trough is barely noticeable a t  distance8 of over ten 
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miles from the edge, and even a t  a distance of only five miles i t  
has still nearlv nine-tenths of the value which i t  would have a t  an 
infinite distance. Put differently, we may conclude that eighty 
per cent. of the total effect of a great expanse of alluvium, having 
a depth of 15,000 feet, is exerted by that portion which lies under 
a circle of five inilev radius from the station, and ninety per cent. 
by that which lies within a distance of ten miles. As the limita- 
tion is eveu closer with a lesser depth, it follows that  we may leave 
the effect of more distant alluvium out of consideration and, except 
close to  the main boundary, regard the effect of the alluvium as 
directly proportionate to  its depth under the station and as amount- 
ing to  about -006 dyne for each 1,000 feet of depth. 

As in the case of the deflections, the effect of the trough may 
be subject to modification, if the invisible defect of density is com- 
pensated in the same way as o, corresponding irregularity of the 
surface. The effect of this modification would be to  diminish 
the negative attraction of the trough, and a calculation for the 
case of a trough 100 milea in width with a maximum depth of 15,000 
feet a t  the northern limit, diminishing regularly to nothing a t  the 
southern, showed that the effect, using Mr. Hayford's tables, would 
b e -  

at  the northern edge . . . . . . + .013 dyne 
at 35 mile3 from the northern edge . . . . + .037 ,, 

, ,, ,, E O U ~ ~ P T ~  ,. . . + 424 ,, 
nt the eouthern edge . . . . . . . + .014 ,, 

and for comparison with these figure9 the uncompensated effect 
of the an.me trough may be given ; i t  would be 

at the northorn edge . . . . - -100 dyne 
at 35 miles from the northern edge . . . . - -067 ,, 
,, ,, ,, ,, southern ,, . . . . - - 0 3 3  ,, 

at the southern edgo . . .000 ,, 

The effect of the corrrpensation, i t  will be seen, is not proportional 
to the depth of the trough under the station of observation on ac- 
count of the depth of the centre of compensation, which makes 
the effect felt to a g r~a te r  distance than that of the trough itself. 
The modification in the conclusion.s drawn. i f  compensation is not 
considered, would be least a t  the northern edge of the trough, and 
would lead to the depth being under-estimated; t,hi.s modification would 
increase in amount in la southerly direction and a t  about 20 milee 
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from the southern edge, the negative effect of the trough would be 
neutralised ; still further south the effect of the compensation would 
outweigh that of the trough and produce a small positive effect 
on the force of gravity. 

Calculations were not made for other sections and diiriensions 
of the trough, as an estimate, sdiciently accurate for the purpose 
of this investigation, may be made for any section of trough which 
will have to be considered, and, besides, there is the uncertainty 
of whether the trough should be considered as having a separate 
compensation of its own. 

One more condition must be considered ; besides the possibility 
of the separate coinpensation of the trough there is the possibility 
that its origin is due to a depression of the crust into, or a subsidence 
of the crust due to a removal of, the denser material below. In 
either case there would be a replacement of denser by less denee 
material of the same shape and form as the trough itself, but 
situated a t  some depth below it, ae is illustrated in fig. 6. 

An hypothesis of this form has actually been inve~tigated by 
Mr. 0. Fisher, 1 who supposed the depression of the Gsngetic trough 
to be due to  a bending down of the earth's crust in partial support 
of the weight of the mountain range, but the same result might be 
brought about in other ways. On any form of hypotheflis. which 
involves an isostasy and slipport of the range by flotation. it is con- 
ceivable that t,he support might not be completed under the range 
itself, but partJy transferred t o  the crust on either aide. with the 
consequence of an equal displacement of the denser material under 
the crust by the lighter material of the crust itaelf. The bearing 

1 Phil. Mag., Jan. lQO4, pp. 14-26. 
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of this hypot,h~sis on the support of the Himalayas will be dealt 
with further on ; here its effect on the observations in the region 
of the alluvial  lain will alone be considered. 

I 

To begin with, i t  is evident that  no question of separate com- 
pensation of the trough need be introduced, as i t  would be merged 
in the general compensation of the range and trough combined, 
and we need only take into corisideration the effect of the deficient 
density of the alluvium filling the superficial depression, and of the 
buoyancy of the corresponding depres~ion of the lower surface of 
the crust. For the purpose of calculation the two will be assumed 
to he of equal dimensions. with a depth of 20,000 feet a t  the edge 
of t,he hills and a width of 200 miles ; corresponding approximately 
t o  the dimensions of the Gangetic trough in the region of its greatest 
development. The thickness of the crust will be taken as 25 miles, 
and the difference in density between i t  and the underlying material 
as one-tenth of the denaity of the crust, so that  each 10 feet of 
depression has a buoyancy to  support the weight of a thickness 
of 1 foot of rock.' 

Taking these constants, and considering the deflection of the 
plumb-line first, the effect of the depression of the under side of 
the crust, expressed to the nearest whole second of arc, would be 

at the northern edge . . . - 4" 
, mitltll~ . . . . + 2  
., so111 hcrn c,tl~r . . . -1. 1 "  

The effect of tl11 cnrre~ponding rlepression on t,he upper side of the 
trough,  suppose^^ to I)P fillet1 with :~lli~vium, mould br 

The general character of the deflections is, therefore, ~imilar  in 
both capes, but whereas the change from northerly to southerly 
deflection takea plrare a t  about forty rnilea froni the northern edge, 
in the nllnvial trough, t,he northerly cleflections prodilced by the 
depre~sed under-si~rfece of the crust would extend for fully fifty 
n~iles, before the southerly deflections set in. At  the extreme 

1 Thin diiTprenre 19 elightly less than thnt  adopted hy Mr. Piahrr (Phydlrs oJ the 
Earrh r r q r u ~ t ,  2nd rcl., p. Itin), which qivcs a ratlo of 1 : 9.67. The difference i s  trivial 
end as that ndopted hy Mr. F ~ q h ~ r  18, if anythinp, a little too great, the almpler ratlo hae 
been adopted to ease calculation. 
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northern edge i t  will be seen that  the 'depressed tract gives a, 

deflection which is only one-tenth of that  due to  the alluvial trough, 
but the latter drops in value much more rapidly in a~ilount than th6 
former, and in the central and southern portions of the trough, 
where all but  a very few of the stations are situated, the effect of 
the depressed lower surface of the crust ranges from one quarter 
to one-sixth of the effect of the alluvial trough on the upper surfaoe, 
if the two are supposed to  be of equal dimensions. 

I n  one respect this is not likely to  be the case, for the boulldary 
of the alluvium does not mark tohe limit of t.he depression. To the 
south of the alluvial boundary the general level of the country 
continues to  rise for some distance and, if the origin of t,he t,rough 
is that  assumed by the hypothesis just considered, the width of the 
depressed lower portion of the crust must be taken a t  250 t,o 300 
miles. In  this case the effect near the centre of the alluvial areit 
would be reduced by froni one-quarter to  one-third, and the effect 
a t  the southern limit of the alluviuln increased in about the same 
proport.ion; t,he effect, therefore, of t,he depressed lower portion 
of the crust may be t,alren as round about one-fifth of t,he effect 
of the alluvial trough over the greater part of the plain. Only in 
the northern pa.rt of the nlluvi~un, for a distance of a t  most 60 
iniles from t,he northern ildge, wonld the ratio of the two separate 
effects differ inat,erii111y from this pro],ort,ion, and it is just in this 
region t,hat the cleflent,ions give t,he least sat,isfact,ory a ~ l d  ce.rtail1 
indicat,ious of the form of t . 1 ~  floor of t.he trough. 

The effect of the depressed lower portion of the cr~lvt on the 
force of gravity a t  the surface innv be siniply and easily expressed, 
with sufficient accuracy for present purposes. The defect. in Illass 
of the depressctl lower portion of the crust is .1  of the ~vhole, that of 
the alluvial trough is .3, the defect in attractive power is therefore 
one half as great in t h e  one case as in the other ; but hesidcs this 
we haw t,o take into rollsirlc~rntiol~ the effect of tthtt greater distance 
from the slu.foce in the fornirr c:lw, wllich will have the rflect of 
dim in is hi^^^ the  :lT,icnl R I I ~ ~ C  of t 1 1 ~  rone covering two circles of the 
Rnnle rndias. Toliing this r:~diu:: at 100 tniles, :~iirl it i s  lierdlesa 
t o  take II Inrgcr ratlins sccirig tllnt the trough is olily 300 miles broad, 
we find that  t~ tlisc O F  tl~c. lowcr sorfl~cc of the c.rllst woi~lcl produce 
~ t n  effect of .71; of t l~t .  i ~ ~ u o l ~ ~ ~ t .  \vIiich a, disc of thc snliicl total mas? 
would 1,roduce :it t h ~  snrfnoch; :r11t1 as  the mass is  taken nt  one- 
half, the ratio of the effcct of t.he alluvial t'rough to that of the 
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depressed lower portion of the crust is as 1.0 t o  0.4, except near 
the northern margin where, in the last thirty miles or so, i t  falls 
to about -3  of the effect produced by the trough. 

The figures which have been calculated for the particular 
dimensions of trough considered, apply with proportionate variation 
to  any other dimensions of a trough of similar form, and the ratio, 
between the effect of the superficial trough and of the depressed 
lower surface of the crust, would not be materially altered. We 
may, therefore, apply the results obtained t o  the conclusions, drawn 
from observation, and find that  the depth of the trough, deduced 
from the deflestions on the assumption that the whole effect is due 
t o  it alone, would have to  be reduced by about 14 t o  20 per cent., 
if the total effect is resolved into its two components, and that the 
reduction would have to  be about 28 per cent. in the case of the 
gravity observations; but apart from this there would be no 
material alteration in the general form of the trough. Consequently 
the adoption of this hypothesis of origin of the trough would not 
lead to  any modification in the conclusions drawn as t o  the general 
form of the trough, though i t  would lead to  a reduction in the 
estimated depth of the alluvium by somewhere about one quarter, 
at most, of the aatimate which would be formed if the whole effect 
was attributed t o  the trough alone. 
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CHAPTER IV. 

THE UNDERGROUND FORM OF THE FLOOR OF THE 
GANGETIC TROUGH. 

The latitude stations on the Gangetic alluvium are ranged 
across the plain in four series running north and south, and a more 
scattered group in the Punjab. Of these five series, only two are 
complete, in the sense that they are continued across the northern 
boundary of the alluvium into the region of the Himalayas, but 
it will be more convenient to  begin with another series, which forms 
a remarkably complete series, extending from the northern boundary 
of the alluvium across the plain, and into the Peninsular rock area 
to  the south, in the neighbowhood of the 81' meridian of east 
longitude. 

TABLE 19.-Latitude Stations near 81" Longitude. 

Distance from 

STATIOS. ' N.andS.  
boundaries of the 

alluvium. 

Calculated 
Deflections. 

Observed 
Deflectiona. 

Manichauk . . . I 14 - 176 
Pathardi. . . . 14 - 168 
Chaw . . . . 16 - 166 
Basndela . . . I 20 - 166 

Dadawra 
Rarnuapur 
Maai . 
Jarure . 
Irnlia . 
Nimkar . 
Utiaman. 
Etorn . 
Parewe . 
Sora . 
Pariaon . 
Dewarsan 
Knnakhrrn 
Pnvin . 
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A list of these stations is given in table No. 19 (page 66) with 
the addition of four stations, ranged along the northern fringe of the 
allu\iuu~n to the eastwards of the meridional series. I t  is in no case 
possible to measure the exact dist,ance of any of these stations from 
the main boundary, as this runs through Nepal territory to  the 
north of this section, but the distance from the outer edge of the 
hills can be determined with sufficient accuracy, and a comparison 
of the section a t  the western end of Nepal with that  along the 
road to Khatnlandu, shows that the width of the Siwalik tract is 
probably about 20 miles, so that  the main bounclary may be taken 
as lying a t  that  distance from the outer edge of the hills and, where 
i t  needs to be taken into consideration, this must be added to the 
&stance of each station f ron~ the outer edge of the hills as given 
in the table No. 19. In this table are also given the distances 
from the southern boundary of the alluvium, the figures in each 
case being approximate and measured to  the boundaries of the 
alluvium as  drawn on the general geological map of India on the 
male of 32 miles to  the inch. 

The deflection, actually observed a t  each station, is given, to 
the nearest whole second, in the last column of the table, and the 
first thing to  be noticed is t,hc presence of a considerable southerly 
deflection a t  the stations beyond the alluvirlm to  the south. The 
distances of these stations from the bounclary are too great for 
the deflections to  be attributable to  the effect of the alluvial trorugh, 
and we may look for their cause in the " hidden range" or belt 
of underground excess of density which has been found to exist 
in the northern part of the Peninsula. 

Turning to the stations on the alluvium, and con~paring the 
observed values with the calculated deflections given in tables 14 
to  16, we see that, so far as the southern half of the section is con- 
cerned, they indicate a trorugh deepening steadily from sout,h to 
north at ahout 130 ft. to the mile, and that  this slope is continuous 
for over 100 miles from thc southern edge, so that in this way 
we reach an estimated dept,h of ovcr 13,000 and probably about 
15,000 feet. The northern part of the sect.ion gave more tronble, 
for herc. the effect of the Himalayas, which is negligible a t  the 
aouth~rn ~tat ions,  bec0mc.r considerable. As it was impossible to 
calculate the effect of the actual topography a t  each ~ltation it 
seemed best to sseume that  thc effcct would not Lc: very different 
konl that of the Inltsginary Range, allowing for Hayford compen- 
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mtion, a t  a station situated at a correspouding distance, reckoned 
from the main boundary ; a t  the stations uearest to the hills a 
small additional correction was included, for the effech of the 
attraction of the foot-hills of the Sub-Himalayan region. The figure 
allowed in this way, for the effect of the attraction of the Hima- 
layas, is a little less than the reality, but the difference would not 
exceed one second of arc, or a t  most a couple, a t  any of the first 
six stations, included in the table No. 19, and is negligible a t  
the rest.' 

Allowing for this effect, a first atternpt a t  calculation, on the 
supposition that the slope of thc floor of the trough coi~t~inued 
regularly up to the main boundary, showed that this would give ton 
small northerly dcflcctions a t  the northern stations, nor were 
matters much irilproved by supposing that  the ~naximum depth 
was continued outwards froill thc inilin boundary for some con- 
siderable fraction oI the width of thc trough, before the upward 
slope commcliced. It beca~ne evidcnt, therefore, that the maxi- 
mum depth of the trough could not be st the northern edge, but, 
must be so~nc\vhere out towards thc ccntre, though nearer to the 
northern than the southern cdge ; a supposition was accordingly 
adopted, that the trough had a depth of 15,000 feet a t  the main 
boundary, increasing to  30,000 feet a t  50 miles away and then 
decreasing to nothing in 150 miles. The result of this calculation 
is given in thc columil headed I ,  but a t  a latcr period, when the 
study of other sectio~is had revealed a possibility that the trough 
attains its great.est depth close to  thc outcr cdgc of the visible hills, 
another assun~ption was niade, that thc rnasinlunl dept'h was 
25,000 feet a t  the outtr cdge of the hills, that the floor sloped re- 
gularly upwards frorn this to the southcrn edge of the plain, and 
on the north rose abruptJy upwards to e depth of 30,000 feet 
diminishing to 15,000 fcct a t  thc maill boundary. The result of 
this supposition is given in the column headed 11. 

' Wo have n chcck on t.ho corrcct,ncss of mct,hod of arriving a t  the nllowance t o  he 
made for tho rffcct of tllc trough. and ally othcr inrisihlo intlr~rncc. in Major Crosth- 
wait's calculation of tho ~ . r~ idu t l l s  I I ~  l 'ntt~nrdi and Nilr~ka.r. C ~ I I  the Nanlc basis of 
roferonco ne is horo 11sc.d in i,hc tcxtt. 1110 rcsidoal~,  nflcr nllon,ing for t , l~o effect of 
visible topogrnphy and its coml~rnsation, nro --12" nut1 +-5'' roapeclively, the  
V ~ I U O A  dcrivod hy  using Lho Imngi~ltl.ry Itango wcro -U" ant1 $4". Tho IISC of 
the  Roascl-CInrko aphcroid wor~ltl int ,rorl~~cc n chnngo of 1" in ths  vnlucs of the  
residuala. Evidently t,ho lrnaginnry Iln.ngo gives 11. lergcr dofloction tlian the  act,ual 
topography of thia pnrt of tho nctunl rnngc, but i t  munt bc  rcmon~bcred tha t  the  Hinla- 
ItIgtIs in Nopel tcrritury aro cluito ur~uurvcyod. 
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Comparing the calculated with the observed deflections, it will 
be not,iced that either supposition gives results which are in very 
fair agreement with reality; only in the stations from Masi to 
Nimkar is there any considerable irregularity, but these stations 
are situated in the tract where northerly are passing into southerly 
deflections, and where a small variation in the assumed form of 
the trough would lead to  considerable changes in the calculated 
deflections. Apart from this, the general course of the variation, 
as well as the actual values, of the calculated and the observed 
deflections are in very good agreement ; a t  the northern stations 
the calculated deflections are in slight defect, and the same is true 
of the stations in bhe southern half of the section, but the former 
of these is easily accounted for by the probable excess of the 
northerly attraction of the Himalayas over that allowed for in 
the calculations, or both t.he deficiencies could be eliminated by 
assuming a rather greater depth of the trough, but no real benefit 
would accrue from any attempt a t  obtaining a closer agreement 
between calculation and observation. 

This study of one of the groups of latitude stations serves ta 
illustrate a t  once the method which will be followed, and the limit- 
ations of any attempt to derive geological information from geo- 
detic observations. The method, though differing in form, is 
essentially the same as that adopted in geodetic work ; a certain 
assumption is made, calculation is made on that basis and the 
results of calculation and observation compared, another assump- 
tion is then made and fresh calculations made until the average 
difference between the calculated and observed values of the 
deflection is reduced to the smallest amount. In geodetic work 
proper the closeness of agreement is tested by comparing the eum 
of the Fquares of the individual differences, and adopting the sup- 
position which gives the smallest value to this sum, as the one 
which most cloeely approaches the average conditions. This method 
i s  the only oneadmissible where a large number of observations, 
extending over a large area, have to be dealt with ; it is not only 
unnecessary, bat would give a wholly illusory appearance of pre- 
cision, if applied to a limited number of observations, and to the 
extraction of the information for which we are in quest. 

Here we mwt start with those conditions which repreeent 8 

near approach to the average, end apply to them a correction for 
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local departure from the average, in this case represented by the 
defect of density in the Gangetic trough, and i t  will be seen that  
either of the suppositions considered in table No. 19, if combined 
with the average conditio~ls assumed in calculating the observed 
deflections, would largely reduce the differences between the cal- 
culated and observed values. They may therefore be regarded as 
approximations to the actual form of the trough, but i t  is not pos- 
sible to obtain a closer approximation, with any degree of certainty, 
owing to the uncertainty in which we are as to the density of the 
alluvium in the lower layers of the deposit, as to the nature and 
extent of the separate compensation of the trough, and as to  the 
presence and character of any independent cause which would 
affect the direction of the plumb-line. The effect of the last two 
elements of uncertainty has been dealt with in the last chapter, 
and need not be enlarged on here. With regard to  the possible 
increase in density of the lower layers of the alluvium, the depth, 
indicated by the observations, of 20,000 to 25,000 feet, even if 
allowance is made for the possible increase due to a separate com- 
pensation, is not so great as to necessitate or suggest a condensation 
of the sands and clays of which the alluvium is compoeed to a 
much greater density than the 2.16 which was assunled as the 
mean density of the deposit, and against this must be placed the 
fact that the upper layers have certainly a considerably lower 
density than that assumed as the mean of the whole deposit. 

Allowing for all these possible modifications of the conclueions 
come to if the whole of tlie deflections, so far as they are not 
accounted for by the visible topography, are due to the alluvial trough, 
the fact remains, that the published deflections agree so well with 
those which should result from a cross section and dimensions of 
the trough which are in accord with those suggested by a wholly 
independent line of research, as to render i t  probable that this 
is the preponderating, if not the sole, influence a t  work ; and we 
reach the conclueion that t>he maximum depth of the trough lies 
at, or a little south of, the edge of the hills and need not exceed 
about 25.000 feet; i t  ran hardly be less than 20,000 and i~ not 
likely to exceed 30,000 feet, so far as the  indication^ of this group 
of latitude stetions a re  concerned. 

The northern part of the section, which wm not represented 
in the group jmt conaidered, is covered, further west, by e very 
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complete group of stations in and around the Dehra Dun ; it will, 
however, be best to defer the consideration of these observations 
and confine attention to the southerly continuation of the series, 
across the alluvial plain. This series forms a double line of sta- 
tions stretching across the alluviunl and ranged on either side of 
the 78" meridian, which will be most coilveniently treated as two 
separate series and are given in the table No. 20 in two columns, 

of which the left hand one includes the western, and the right 
hand one the eastern, statious ; the actual dcflectious are given, 
and in the last colu~nrl the arnoutlt of deflection attributed t,o the 
attraction of the Himalayas. For two of the statioiicl in this series, 
Kaliana and Bansgopal, Major Crosthwait has calculated the effect 
of the visible topography, of which the Himalayas form all but 
a small proportion, and obtained a deflection of -3" a t  Kaliants, 
as against -2" in the table : a t  I3ansgopal the agreement is 
complete. 

The eastern stationa are situated well out in the nlluvial plain 
and exhibit much the same features as the series near the 81' 
meridian. The point of passage from the northerly to southerly 
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TABLE 20.-Lntitz~de Slntio~ls nedr 78" Longitude, 

STATION. 

- -- - - - 

Distance from 
Uein Boundary. 

- 

Observed ' Deflections due 
Deflections. to the Range. 

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

- 8  1 - 6  
- 10 - 5  

- 5 ; - 2 
- 3 - 2 

- 1 - 1 
- 2 
- 1 

I 

-t 4 
f 3 

I 
I 

t 4  + 4 

- 1 

Ssrkarn . 32 

Ueua . . . , :: 1 - 2  
Ourmi . . . . I 200 

I 
+ 6 

Nojlr . . . . I 38 
I Sirw . . . . I 5ti 

Kaliane . . . . I 5n 
Ransgopal . . . i 'i ti 

Majher .  . . 
Keari . . . : I  
Algi . . 
pehergsri . . 

Data~ri . . . . 
Bostan . 
Sankrao . . 
Cbandaos . . . 
Yelimpur . . 
Noh . . . . 
A p  . . .  

+ 7 + 10 + 6 + 4 

93 
104 
108 
124 
124 
1 44 
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deflections lies a t  about 70 miles from the main boundary, a tjome- 
what greater distance out from the edge of the hills than in the 
series just dealt with. The southerly deflections a t  the stations 
further south are smaller in arnount than further east, but i t  must 
be borne in mind that  this series of stations lies not far fro111 where 
the general course of the boundary of the alluviurn runs about 
north-north-west ; the deflections due to the trough would, there- 
fore, be Inore nearly east and west than north and south and the 
component in the meridian, which is that  measured by latitude 
observations, is necessarily reduced in amount. Still further south 
larger deflections come in, but herc the effect is partly, and 
probably mainly, due to the southerly deflections in this part of 
the peniiisular area, with which we are not here concerned. 

The western series eshibits soine peculiarities which i t  is not 
easy to explain, tllough they are douLtlcss connected with the 
narrowing of the alluvial area on the co~itinuatioii of the li~ic of the 
Aravalli hills. The northerly deflection is n~aintaiiied for a dis- 
tance of a hundred nlilcs froni the niain boundary, and only beyond 
this distance does a small southerly deflection con~e in a t  a couple 
of the stations in the alluvium. Thcn, we have the northerly 
deflections a t  Agra, and further south the southerly deflections 
of the northern .peninsular area. It is evident that  on this section 
there are other influences a t  work counteracting the effect of 
the trough ; or, in other words, that  the trough is of smaller dimen- 
sions than further east, and no longer has that  preponderating 
effect which was there met with, and it is noteworthy that the 
stations of Datairi and Bostan, where the ~iortherly deflections 
show that there is no rcgular shallowing of the alluviunl h a 
southerly direction, or that  i t  is iiisipnificaut in amount, are situ- 
ated on the direct continuation of the line of the main range of 
the Aravallis, which may reasonably be expected to continue 
under the alluvium with much the same surface contour as they 
show further south. 

A third scrips of latitude stmations is situated near the 85" meri- 
dian but docs not axtend across t,he allnviuni, and in its southern 
portion is affected by sonic local cnusc lcading t,o abnormal deflec- 
tions. I n  spite of thcsc drtiwbacl<s the series (rives solne infor- 

n. maticw n,nd nccds notlice. A list of thc stations a giveu in table 
No. 21 ranged in order of disttluce from the outer edge of the 
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TABLE 21.-Latitude Slations near 85" Longitude. 

Himalayas, so far as the stations within thc alluvial blain are 
concerned, and in order of latitude in the case of those situated 
on rock to the south of the alluvial plain. The alluvium here is 
about 150 miles in width, and, on the road section to Khatmandu, 
the main boundary lies about 24 miles from the outer edge of the 
hill0 ; the total width of the Gangetic trough is, therefore, about 
170 miles. The southern boundary of the alluvium exhibits a 
peculiarity in this region w ch, as will be seen, may not be without P 
influence on the deflections of the plumb-line a t  stations near its 
southern boundary ; just a t  the 84" meridian the boundary turm 
nearly due southwards to the line of the Son River, and eastwarda 
of this numerous outliers of rock rise through the alluvium 
between the main continuous rock area and a line running about 
E. N. E., on the continuation of the line of the Son Valley. Over 
thb area the alluvium, between the hills rising from it, is probably 
nowhere of great depth, and the region aa a whole should be in- 
cluded in the rock, rather than the alluvial, area. One station, 
Biher, is situated on a small outlier, which is the l a ~ t  visible to- 
wards the continuous alluviel plain, another, Teona, is close t~ 
the line where it approaches the N-S stretch of the boundary, 
and a third, Mahar, is on a hill about 15 miles from the line bound- 
ing thie archipelago of inliera. 

Turning to the consideration of the deflections we find that 
the etatione of the alluvial plain show southerly deflections of 
ebont 1Z' ; the most northerly ie about 60 milee from the outer 
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Obeemed 
Deflections. 

+ 10 + 10 + 11 + 12 + 12 + 17 

-+ 14 
+ 15 + 15 + 7 

&ATION. 

--- - 
Pahladpur . . 
Jalapur . 
Dubauli . 
Nuaon . 
Mednipur . . . 
B i b r  . . . . . 
Meher . . . . 
Teona . . . . 
H d a o n g  . . . . 
Chendwar . . . . 
Bulbnl . . . 

Distance from edge 
of Hills. 

- - -- -- - 

60 
72 
96 

110 
140 

I 

Mahwarii , . . . . + 13 

i + 8 
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edge of the hills and probably about 80 from the main bound- 
ary. This group of stations indicates an  upward slope of the 
floor of the trough at about 200 feet per mile, or a little less, which 
would correspond to a maximum depth of about 20,000 feet, and 
so far the observations accord with what was found further west. 
The souther11 part of the sectioa, however, shows some remarkably 
anomalous features ; instead of a decrease of southerly deflections 
at,  and beyond, the southern limit of the trough, we find the very 
high southerly deflection of 17" a t  Bihar and a t  Teona of 15". 
I t  might be possible to explain these deflections by the effect of 
the alluvium alone, if we assumed that  the upward slope of the 
floor of the trough was not continuous to  the southern margin, but 
ended in an abrupt rise of some 1,500 to 2,000 feet, an  explanation 
which is not geologically impossible, for the boundary of the rock 
area, between Teona and Rihar, lies on the continuation of the 
Son Valley, the line of flexure marking the boundary between an 
area of elevation, to the south, and of depression, to  the north. 
This structural feature is of great geological age, hut i t  is not im- 
poesibly continued under the alluvium to beyond Bihar, and move- 
ment may have taken place along i t  during the formation of the 
Gangetic trough. 

Though not impossible, this explanation is decidedly improbable, 
even if looked st from a geological point of view alone ; regarded 
as an explanation of the high southerly deflections a t  Bihar and 
Teona it might be sufficient, i t  might even sufice for that found 
at  Mahar, but i t  fails altogether when the southern stations are 
considered. Hurilaong, for instance, gives a deflection of 15", 
hut if the 27" a t  Hihnr ~t-ere entirely due to the ~lluvium, 
the deflection a t  Hurilaong should not exceed 4", a t  Bulbul 
2 and a t  Chendwar and Mahwari less than a aecond ; even 
nt Mahar i t  would take some forcing of the hypothesis to get a 
deflection of more than 10". It is evident, therefore, that 
something hesides t,he alluvium is a t  work, and that  we are within 
the, range of influence of an excess of density, in the rock area to 
the south of Rihar. 

The high southerly deflection a t  Rihar is, therefore, made up 
of two parts, of which some 9" or 10" may be attributed to 
the effect of the trough and the remainder to some other 
cause, such as an underground excess of density to the south. At 
the stations north of Rihar the effect of this last-named cause muet 
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be small ; i t  may be felt, t o  the extent of a couple of seconds or 80, 

a t  Mednipur, Nuaon, and possibly Dubauli, but a t  the stations 
further north i t  can have no appreciable effect, and the observed 
deflections may be ascribed principally, if not wholly, to the effect 
of the Gangetic trough. 

The easternmost group of latitude stations is ranged near 88" 
of longitude ; in table No. 22 a list of those which lie ia  or near 

TABLE 22.-Latilttde Stations near 88" Longitude. 

the nlluvial plain is given, ranged fro111 north to south. T I I  decid- 
ing on t h ~  assunlption to 1)e made in calcl~lntin~ the deflec- 
tions which shnliltl be expected we cncnunt,rr the tlificnlt,y that., 
owing to the absence of a hrlt of font-hills corrrspnnding to the 
Siwnlika, it i.4 ilrlposaihlr t*o form nny (direct estimate of the depth 
of t,he t>rough next the hills. The gravity deterrninat,ions, as will 
be seen, indicate thnt this ie not materially different from the 
depth in the 1)ehra Dun region, and so we may take i t  a t  about 
15,OC)O fecbt ; the width is less easily determinable, as, though the 
alluvium extcnils continuously to the sea-fncr r ~ f  the Gangetic 
delta, the real boundary of the trough probably lies on a line con- 
necting the nor th~rn  end of the Rajmahal Ilills with the western 
end of the Garo Iiills.  her^, as has already been mentioned, there 
is eonie geological g r o ~ ~ ~ ~ d  for ~npposing the existence of a ridge 
of rock, cover~rl by a con~paratively shallow layer of alluvium, 
the creet of which might lie about 20 miles north of Charaldanga, 

[ 222 I 

STATION. 

Kurseong . 
Siliguri . 
Jalpaiguri . 
Lohagara . 
Clranduria . 
Charaldangs . 
Madhnpur . 

Observed 
Deflections. 

- 46 

- 18 

Dicrtanre from 
Main Boundary 

(in 111i1es). 
--- - 

4 N. 

12 S. 

Calculated 
Deflections. 

- 44 

- 19 

30 ,, 

52 ,, 

76 ,, 

120 ,, 

-t 8 

- 2 I - 2 

+ 6 / + 6  

+ 7 

+ 1 

+ 8 

+ 5 
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or about 100 miles south of the main boundary, but  would probably 
be niore nearly under t ha t  station. I t  will, consequently, be 
convenient t o  assume a width of 100 miles and a maximum depth 
of 15,000 feet for the trough in this region, and the deflections 
which should result from the effect of such a trough, combined 
with the effect of the Imaginary Range, are showti in the table. 

So far a s  the stations from the north down to  Chanduria are 
concerned the agreement is very close, and the correctness of the 
method of calculation is confirmed by Major Crosthwait's calcu- 
lations which give residuals, after allowing for the effect of visible 
topography and its compensation, of - 7" a t  Siliguri, + 6" at Jalpai- 
guri, and + 10" a t  Chanduria, as  compared with cleflections of - 5" 
+ 3" and + 8" allowed for the effect of the assunled trough in ob- 
taining the figures oi table 22. So~ t~hwards  of Chanduria there is 
a considerable discrepancy a t  Charaldangn, but here i t  murrt be 
remembered tha t  the width :rssumed for the trough was only 100 
miles ; if the width is taken a t  120 miles, the southerly deflection 
a t  Charaldanga would be increased to nhout 5", provided that  the 
effect of the alluviulli t o  the south was small, and this is not an  
improbable supposition. 

The large southerly deflection nt Madhupur, which is continued, 
though in lesser amount a t  C'alcutta, lnny well be due to another 
cause than t,he effect of t2he allnviiitn. These stnations lie in a 
region where t,he geological st,ructnrc, coniir~ncd, as  will he seen 
further on, bv the gravity observntions, indicates t,liat the depth 
of the nllnvium is pro1)al)ly small, and tlint. we arc olitsidc the 
limit, of the Gnn,rretic t,roiigh ]'roper. At Calcutt,a a horing, which 
reached a depth of 481 feet,, nirt with deposits indicating the prox- 
imity of a rock area, and i t  is pro1)ahle that,, over the tract separ- 
ating the Peninsula from the Assam IFills, tlic depth of the allu- 
vium is to hc mrnsured by hnndrc>cls. rnt,her that1 thousands, of 
feet, SO tha t  it, can have lit,tle effect,, either on t.he dcflcction of 
the plnnlb-line or t,he force of gravity. We mnst,, in  fact,, regard 
tliis area as  \wlonging, so far ns tlecl)-srated ~ t ruc t~ure  is concerned, 
to the 1'eninwla.r area, and not to the (inngetic trongh. 

At the stations north of Clinr:kldnnjin thc deflections are suffi- 
ciently account,etl for oa t,he ,slipposition of a trough shallowing 
from s dept,h of a l )o i~ t  15,000 feel, near t,hr hills t,o n shallow depth 
of alluvium a t  about n hnndretl ant1 twcntty miles to the south of 
them, and the conclusion may be clrawn that  the southern boundary 
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of the deep trough sweeps across, under the alluvium of the 
Ganges and Brahmaputra rivers. in an easterly or north-easterly 
direction from the point where its course ceases to be defined by 
the boundary between rock and alluvium. Whether the trough 
extends up the valley of the Brahmaputra cannot a t  present be 
decided ; the geological evidence of the rocky hills in the alluvium, 
and the structural analogy which exists between the Assam Hills 
and the Salt Range, a t  opposite ends of the Himalayas, both sug- 
gest that the deep trough does not extend up the valley of the 
Brahmaputra, and this conclusion is to a certain extent borne 
out by the easterly deflection of the plumb-line a t  Jalpaiguri. 

At this station Major Crosthwait's calculations show that the 
effect of the visible topography and its compensation should pro- 
duce no deflection in either direction, yet observation shows that 
there is an easterly deflection amounting to 18" or 13", according 
to the Everest and the Bessel-Clarke spheroids, respectively. 
As this deflection is not due to visible topography we must 
look to some underground cause, of which a very probable 
one is to  be found in the fact that the station lies near 
the eastern limit of the Gitngetic trough, if this is presumed not 
to extend up the Brahmaputra Valley. In this case there would 
be the whole of the trough to the west of the station, unbalanced 
by any similar extension on the east, and so an easterly deflection 
would be produced. The magnitude of this deflection is greater than 
anything met with in the southern part of the trough, further west, 
and indicates an upward slope, of the bed of the trough, which 
mav amount to as much as 300 to 400 feet per mile, or about 4 O  of 
arc, if the whole of the deflection is due to the effect of the trough. 

The gravity observations in the alluvial plains have been dealt 
with by Dr. H. H. Hayden,' who showed that they indicated a gra- 
dual shallowing of the trough in a southward direction, but it 
will be well to review the more complete evidence, which is now 
available. In table No. 23 (page 77) a list of the gravity 
stations in the region of the ($angetsic trough is given, arranged in 
t h r e ~  natural groups ; t,he first a series ranged from north to south, 
along the 78" meridian ; the second. a more extended group, covers 
the central portion of the trough, where it reaches its maximum 
development; and t h ~  third ranged along the 88" meridian. The 

Ree., Owl .  iqun~. lnd. ,  XLIII, 183.167 (1913). 
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TABLE 23.-Gm&ity Stations in the Gangetic nlluvi,um. 

, . 
first column of the table gives the name of the station, the second 
the approximate di~t~ance from the ndrthern and southern bound- 
aries of that  portion of the Gangetic trough which is covered by 
the Gangetic alluvium. These distances, consequently, differ from 
those used elsewhere, which are measured from the main boundary 
on the north, the difference being due t,o the fact that  the position 
of the main boundary is uncert,ain for a large portion of its course, 
where it runs t,hrough t,he territory of Nepal, and partly to  t h e  
fact, which will appear further on, that  t>he northern boundary 
of t,he alluvium marks a distinct brealr in the fioor of the trough, 
in that  portion of the range where the Siwalik region, the foot- 
hills of t*he Sub-Himala,ya, i~ distinctly developed. On the south 
the distances are measured from the boundary of the trough 
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STATION. 

Roorkee . . . . 
Nojli . . . . 
Kaliana . . . . 
Meerut . . . . 
Khurja . . . . 
Gesupur . . . . 
Aligarh . . . 
Hathras . . . 
Muttra . . 
Agra . . . . 
Gorakhpur . . 
Majhauli Raj . . 
Muzaffarpur . . 
Sultanpur . . 
Arrah . . 
Burar . 

Bouguer 
anomaly 
for height 
and mass. 

- .LO7 
- .096 
- .OG8 
- ,027 
- -042 
- -020 
-a026 
-406 

000 
- .004 

- .lo1 
- .Oi9 
- .061 
- .040 
- -083 
- ,023 
-.013 
+.002 
- ,002 

- .137 
- .096 
- ,043 
+.001 

Approxi- 
mate 

from 
north 

and south 
bou,,ry 

of 
alluvium. 

10 : 
30: 
40 : 
70 : 30 
100 : 30 
100 : 10 
120: 40 
130: 30 
150 : 10 
170 : 0 

60 : 120 
60 : 100 
GO : 70 
103 : 70 
100 : 50 
110 : 40 

Hayford 
compeo- 

sation 
of the 

Imaginary 
Range. 

- a020 
- '014 
- -008 
. . 
. . 
. . .. 
. , . . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
. . 
.. 
. . 
- .045 
- '020 
- .008 

.. 
I 

Moghalsarai . 1 . I 150: 20 
Allahnbad . . 
Sasaram . . . 
Siliguri . . 

Resulting 
thiokness 

of the 
alluvium. 

13,000 
12,000 
7,600 
4,000 
6,500 
3,oc"3 
4,000 
1,000 

0 
600 

15,000 
12,000 
9,000 
6,000 
6,600 
3,500 
2,000 

0 
0 

14,000 
11,600 
6,000 

0 

100: 20 
150 : 0 

10 : 

Thickness 
of the 

deduced 
from 

Hayford 
anomaly. 

9,500 

4,& 
2,500 
6,500 
2,000 
4,000 
1,600 
1,000 
600 

13,500 
12,000 
9,000 

. . 
7,000 
5,000 
2.500 

. . 
2,000 

9,000 
0.000 

. . 

. . 
Jslpaiguri . . 
Kesarbari . . 
Rarnchandpur . 
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proper, so far as i t  call be inferred from surface observations, ex- 
cluding the spreads of, presumably shallow, alluvium with inliers of 
rock rising from it, which belong more properly to  the rock area 
of the Peninsula tlhali to the Gangetic alluvium. The third column 
of the bable gives the Bouguer anomaly, or the difference betweeu 
the observed value of gravity a t  the station and the theoretical 
value, after allowing for the effect of latitude, altitude, and the 
attraction of t,he mass above sea level, reckoned as rock of average 
density. 

This anomaly is negative a t  every station but two, where its 
positive value is so sniall as to be practically non-existent ; in other 
words, there is everywhere an apparent defect of gravity. At 
the stations nearer to  the Himalayas a part of this defect is due 
t o  the compensation of the range, and in the case of these stations 
the fourth column gives the amount which this compensation 
would be in the case of the Ilfiaginary Range, a figure which is 
slightly, but not materially, less than the compensation of the 
actual range aB calculated by Mr. Hayford's tables. After allowing 
for this there ~ t ~ i l l  remains s defect which may be due to various 
causes, of which one i~ the defect of density of the Gangetic allu- 
vium as compared with an equal bulk of average rock, and in the 
fifth column is the depth of alluvium, to  the nearest 500 feet, 
which woulcl be equivalent to  the anomaly of gravity a t  the station. 

It must not. be supposed that  these figures necessarily represent 
the actual depth of the alluvium, for they might be modified in 
various ways ; the adoption of the later forniula for the variation 
of gravity with latitude would increase them by about 3,500 feet ; 
the newer densities would illtroduce only a very slight change a t  
any of the stations, but the effect of distant topography, beyond 
a radius of 100 miles, and its compensation, which is not taken into 
consideration. introduces a further correction to  the depth of the 
alluvium. The amount of this last correction has been publiehed 
in the case of only one of the ~tations,  Arrah, where it is -028 dyne, 
and at Dehra Dun, to the north of the group included in the table, 
it is .057 dyne : as the effect is in both cases negative i t  would reduce 
the numerical value of the anomaly and consequently the appa- 
rent depth of the alluvium by from 4,000 to  8,000 feet. All them 
corr~ctions would, however, affect the stations to much the same 
extent and, though they would alter the absolute value of the 
inferred depth of the alluvium, wauld have little effect on the 
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differences, or a t  any rate the differences between any two adja- 
cent stations. 

Confining attention t o  these differences alone, it will be seen 
that in the first group there is a steady decrease in depth as the 
distance from the northern boundary increases and the southern 
boundary is neared ; the second group repeats the same feature, 
as does the third, though here the position of the southern bound- 
ary can orlly be inferred from the geological structure of the rock 
area on either side of the alluvium which stretchee southwards 
to the delta of the Ganges, and from the geodetic observations 
themselves. 

The gravity observations, then, agree with the observations 
of the deflection of the plumb-line in bearing out the conclusions, 
which had been drawn from geological examination, as to  the 
general upward slope of the floor of the Gangetic trough from north 
to south ; and the fact that  the gravity observations indicate rc 
thickness of less than 500 feet st stations near the southern margin, 
where the thickness of the alluvium is either known, or may be 
presumed, to  be small,  suggest.^ that  the various corrections, which 
have been referred t.o above, neutralise each other, so that  the 
figures given in the table may be regarded not merely as compara- 
tive, but as not far from the actual depth, or a t  least of about the 
same order of magnitude as  it,. There are, however, t,wo consi- 
derations which m a i  introduce a modification of this conclusion. 

The first of these is the effect of distant topography and its 
compensation. As has been ~!lentioned, this is greater by about 
-030 dyne a t  Dehra Dun, just north of the stations included in the 
table, than a t  Arrah, and as the difference is probably very largely 
due to the greater proximity of Dehra l)1111 to  the Himalayas, i t  
is also probably grcatest a t  the northern st,ations of each group, 
and decreases progressively in the southern. As the effect of 
this correction would be t o  decrease the apparent, thickness of 
the allnviun~, it is evident that the variation ill its amount would 
decrease the difference between the apparent depths a t  the north- 
ern and the so~ltllern stations ; and, as the t'hickness a t  the southern 
edge nlust. necessarily be nothing, the resnlt would be an apparent 
decrease in the depth a t  the northern stations of each group by 
some 3,000 to 4,000 feet. 

Secondly, we have to  consider t,he effect of a separate compen- 
eetion of the trough. The amonnt. of this effect is indicat,ed by 
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the figures given on page 62 which show that  i t  would amount 
t o  about .015 dyne a t  the southern margin, and t o  about .040 a t  
thirty or forty miles from the northern margin, or more where 
the trough has a greater width than 100 miles or a greater maximum 
depth than 15,000 feet. The former of these figures would neu- 
tralise the effect of about 2,000 feet of alluvium, the latter about 
5,500 feet to  perhaps 7,000 in the central portion of the trough ; 
and so, the difference between the northern and the southern 
stations, or the apparent depth a t  the northern stations of each 
group, would be increased by about 3,000 t o  6,000 feet. 

From this i t  will be seen that the modifications introduced by 
these two considerations practically neutralise each other and the 
figures in the table remain as the closest approximation to the 
actual depth of the alluvium which can be attained by this method. 

I n  the last column of the table No. 23, another series of figures 
is given, based on the Hayford anomalies, where these are available. 
The thickness given here is not directly deduced from the anoma- 
lies, because these are positive a t  several stations, indicating a 
negative thickness of the alluvium, which is impossible. The posi- 
tive anomaly reaches its maximum a t  Agra, where i t  is equivalent 
t o  the effect of about 2,500 feet of alluvium, and if the thickness 
a t  Agrs is made equal to 500 feet to bring i t  into accord with the 
depth of the alluvi~un, which is known to  be 480 feet a t  that place, 
a correct.ion of 3,000 feet must be made to the thickness deduced 
a t  the other stations, assuming that  the difference in the anomaly 
is due to  a difference in t'hickness of the alluvium. 

I n  this way the figures in the last column were obtained, and 
i t  will be seen that they follow the same general course as those 
in the preceding column, but indicate a lesser depth a t  the northern 
stations. Here, however, it must be remembered that the Hay- 
ford anomaly includes the effect of distant topography and its 
compensation, and if allowance is made for this, the figures in the 
laat two  column^ wollld come into very fair agreement with each 
other, as close, probably, as can be expected. In  both columns 
there are some departures from a regular decrease in depth as the 
southern margin of the alluvium is approached, departures which 
may be due to local variations in the force of gravity, quite uncon- 
nected with the trough. and also to irregularities in the form of 
its floor, which may be considerable when expressed in feet, though 
subordinate to  the general slope of the floor. The western group, 
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in its southern half, runs close to the margin of the trough, which 
here has a course of about N.N.W.-S.S.E., and in its northern 
half suggests a depth of about 15,000 feet a t  the outer edge of the 
Siwalik hills-the northerly continuation of this section across the 
Dehra Dun being dealt with further on. The central group, 
situated where the trough attains its maximum breadth, indicates 
that the maximum depth may reach 20,000 feet or more. The 
eastern group indicates a depth of about 15,000 feet a t  the northern 
boundary, and also the existence of a rock barrier, covered by no 
great dept,h of alluvium, connecting the Peninsular area with the 
Assam Range. This last conclusion is in agreement with t,he 
deduction which has already been drawn from the deflection of 
the plumb-line, and is of interest as showing that the broad ex- 
panse of alluvium, which stretches southwards to  the Gangetic 
delta, forms no part of tho Gangetic trough. 

A confirmation of this deduction is to be found in the gravity 
observations a t  the two stations of Icisnapur and Chatra. These 
are situated on the alluvium, but., in spite of this, both have posi- 
tive anomalies, the Bouguer being + .033 and + .009 dyne, and 
the Hayford + .039 and + -005 dyne, respect'ively. The high 
positive anomaly a t  Kisnapur is evidently the result of a deep- 
seated excess of density in the rock underlying the alluvium, but 
its magnitude, and the smaller positive anomaly a t  Chatra, show 
t,hat t,he alluvium cannot have ally great thickness, comparable 
to that in the Gangetic trough, for if there were any great thick- 
ness of alluvium the negat,ive effect of t,he defect i11 density would 
more largely neutralise thc deep-seated escess of density in one 
case, and in the other would imke the anomaly negative, instead 
of positive. We may, therefore, reasonably conclude that the 
alluvium, spread over the gap between the north-east corner of 
the Peilinsular area and the hills of Assam, is of no great thick- 
ness, and forms no part of t,he C4angetic t,rough, in the sense in 
which these words are used here, although i t  has to be coloured 
the same as the plains of Upper India on a map showing the surface 
geology. 

There renlains one station in t,he a.lluvia1 pla.in which requires 
separate not.ice, as the results are soniewhat anomalous. This is 
t>he station of Rlonghyr, nea,r the southern margin of trhe alluviuul, 
where the width of the plain has diminished to ninety miles. 
Though situated close bo the southern edge of the alluvium it gives 
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a Bouguer anomaly of - -031, and a Hayford of - .024 dyne, and, 
s s  i t  is difficult t o  believe that  there can be a thickness of over 
4,000 feet of alluvium under this station, we must fall back on the 
supposition that  the anomaly is due to  a more deep-seated defi- 
ciency of density. A similar, though smaller, defect of density 
a t  the station of Sasaram, included in table No. 23, suggests that 
in both cases the anomaly may be due to  a deep-seated defect of 
density in the rocks below the alluvium. 

However this mayebe, the solitary exception, if i t  be an excep- 
tion, does not affect the general conclusions which have been drawn 
from the gravity and latitude observations, conclusions which are 
besides in agreement with the inferences from geological obser- 
vations. It is, of course, possible that  the results might be due 
to a defect of density in, or below, the rocky crust of the earth, 
of an amount and variation similar to that  which has been attri- 
buted to  variations in the depth of the alluvium, but this explana- 
tion is not probable, and is inapplicable in the case of the deflec- 
tions a t  etations near the main boundary, for these could not be 
explained by any deep-seated cause, but require a defect in density 
immediately below the surface, such as would necessarily result 
from the known facts of geological structure. We may take it, 
therefore, that the results of geodetic observation a t  stations on 
the Gangetic alluvium indicate, firstly, that the southern margin 
of the Gangetic trough is very much as marked on the map, PI. 12 ; 
secondly, that a large area of alluvium east of the Aravallis does 
not, properly speaking, belong to  the trough, but is merely a thin 
covering of alluvium laid down upon, and obliterating the un- 
evenness of, an irregular land surface; thirdly, that the alluvium 
east of the Rajnlahal Hills, stretching southwards to the Gangetic 
Delta and eaat,wards into the valleys of t'he Brahrnaputra and 
Barak, also lies outside the limits of the Gangetic trough, and is 
formed by a conlparatively thin covering of alluvium, whose thick- 
ness may be ~neasured by hundreds, instead of thousands of feet, 
and, fourthly, that the Oangetic trough proper, reaches a depth 
of 15.000 to  20,000 feet towards i ta  northern edge, and that its 
Boor has a fairly regillar upwnrcl slope t,o the sonthern margin. 

The geodetic etations in the Punjab plain8 are fewer in number 
and more scattered, than thoee on the Gangetic alluvium, yet, 
int.erpreted in the light of the latter, they give some interesting 
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information. A list of the latitude stations, ranged in order of 
their distance from the main boundary, is given in table 24, from 
which i t  will be seen that there is first a northerly deflection, which 

TABLE 24.-Latitude Stations in the Punjwb. 

Ranjitgarh 
Imnpur . 
Shshpur . 
Amritsar . 
Sangatpur. 
Rakhi . 
Khimuana 

Sawaipur . . 140 + 3 
Tasing . . 190 + 4 
Ram Thal . 4- 3 
Carinde, . . + 3 

STATION. 

becomes southerly with increasing distance, increases in amount 
to a meximum a t  Amritsar, and then diminishes. This is exactly 
the character of the change in the deflections noticed in the Gan- 
getic trough, though there spread over a greater distance, and the 
similarity is more striking if the stations of Sawaipur and the three 
others following it are left out of count ; these, as will be seen by 
reference to the map, are detached from the rest, and it is doubtful 
whether the southerly deflections are due t,o the trough, or to  sonie 
muse independent of it ,  such as has been met with south of the 
Gengetic trough, in the northern part of the Peninsular rock area. 
To some such cause must be attributed the southerly deflections 
a t  the last three stations in the list, which lie within the area map- 
ped as alluvium, but in a region where geological  observation^ 
show that there is probably no great depth of alluvial cover on 
the rock floor, and where i t  is dificult to believe that the southerly 
deflections call be due to the effect of an alluvial trough. 

Omitting these, we have a fairly compact group of latitude 
end grevity atations which deserve more detailed study, but before 
thie can be done i t  is llecessary to convert the recorded deflections, 
which were measured in the meridian, into the correapouding 
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deflections normal to the general course of the range, here somewhat 
north of north-west ; i t  is then necessary to allow for the attraction 
of the range, the figure used being the deflection calculated for 
the Imaginary Range a t  a similarly situated station, and by 
deducting this from the observed deflection we obtain a remainder, 
giver1 in the last column of the table, which may be treated as the 
effect of the trough. Here we see that a t  the first two stations 
there is a small deflection away from the range, indicating that 
they lie a little beyond the point a t  which the effect of the trough 
changes from a northerly to a southerly deflection, but these two 
stations are situated a t  opposite extremes of the group ; a t  the 
more centrally situated station of Shahpur, a t  about the same 
distance from the main boundary, we have a deflection of 9" 
which increases to 12" a t  h r i t s a r ,  representing s slope of 
about 250 feet per mile of the bottom of the trough ; a t  the more 
distant station of Sangatpur this has dropped to 7" and a t  
Khimuana to 1" from which we may conclude that  both these 
stations lie outside the limits of the trough, and, consequently, 
that the alluvium forms a comparatively thin covering over the 
rscky floor. 

Turning to  the gravity observations, a list of which is given 
in table No. 25, we fmd a high negative anomaly a t  Pathankot, 
a lesser one a t  Ludhiana, and small positive anomalies a t  the other 

TABLE 25.-Grat'ity Stations in  the Punjab. 

-- - 

three. Taking the highest of these positive anomalies as the 
zero and interpreting the difference of the others as due to the 
lesser density of the alluvium, we obtain the thickness given in 
the last column, where allowance has been made, in the case of 
Pathankot, for the effect of the compensation of the range. Here 
again we find that the stations of Mian Mir and Berozepore, at 
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Pathankot . . 
Ludhiana . . 
MianMir . . 
Ferozepore . . . 
Montgomery . . . 
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- '179 
- '048 + .004 + .006 
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1 
30 
90 
90 

180 
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-- 

23,000 
8,500 

500 
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600 
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about the same distance £rom the main boundary as Khimuana, 
seem to lie on a comparatively thin covering of allu\lum, which 
is 8,500 feet thick a t  Ludhiana and 23,000 feet a t  Pathankot. 
From these figures me may conclude that the trough is, on this 
section, less than 100 miles broad, but has a depth which is com- 
parable with, and possibly quite as great as, that  of the much 
broader trough in the Gangetic region ; further, if we take the 
stations of Mian Mir and Pathankot, the gravity observations give 
a mean slope of the floor of the trough of about 250 feet per mile, 
or just about the same as is indicated by the deflection a t  hmrit- 
sar, a station which lies between the other two, and close to where 
the southern edge of the depression seems to lie. 

The conclusions drawn from the Bouguer anomalies require 
some modification when the Hayford anomalies are used. At 
Mian Mir and Pathaliltot these are + ,040 and - .077, respectively, 
giving a difference of a 1 1 7  dyne, equivalent to the effect of about 
17,500 feet cf alluvium. The large positive anomaly a t  Mian 
Mir precludes this interpretation and the actual anomaly a t  Pathan- 
kot represents a depth of only 11,500 feet, if the anomaly is solely 
due to this cause. The positive anonlaly a t  Mian Mir shows that  
the alluvium cannot have any great thickness here, but the anonl- 
alc itself must be due to an excess of density in the rocks below 
the alluviunl, and may be deep-scated enough to account for part 
of the high southerly deflection a t  limritsar ; some such cause is 
necessary if the depth of alluviunl a t  Pathankot, deduced from 
the Hayford anolllaly is approsiniately correct, for this would give 
a mean slope of onlyoabout 120 feet per inile to the floor of the 
trough, and produce a deflection of not more than 6" to 7" 
away from the range.1 

The geodetic observations in the Punjab, like those further 
east, give different numerical results according to the way they 
are dealt with, but, in spite of this difference in the dimensions 
of the trough, they agree as to its general forni and show that the 
depression, iiow filled with alluvium, which has been traced along 
the southern edge of the Hi~nulayus iron1 near the 89" meridiao, 
continues westwards at least as fur as 74" ; and that i t  there niaili- 
tains the same general character of deepening regularly from the 

' At tliis atation the adoption of the Bcsscl-Clarko nphcroid nrould increaee the 
sollthcrly deflootion by about 3" (8. G .  Burrard, Phil. Tram., Scriee A, CCV, pp. 301 
and 308). 
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outer edge towards the hills. The section is not complete but 
it is probable that the maximum depth is not a t  the northern 
boundary of the trough though nearer to i t  than to the southern, 
and probably close to the outer edge of the hills, as is found to be 
the m e  on the section through the Dehra Dun. The westerly 
extension of this trough cannot be traced for want of observation, 
but i t  is natural to expect that i t  dies out as the point is reached 
where the 8alt Range impinges on the Himalayas, just as i t  seems 
to die out in the east where the Aasam range, in a similar manner, 
bridges the angle between the Himalayas and the ranges separating 
India from Burma. 

The geodetic observations also show, in confirmation of the 
deduction which was drawn from geological evidence, that the 
great spread of alluvium in the Punjab differs from that of the 
Gangetic plains, in that it is formed by a comparatively thin cover- 
ing over the rocky floor, and only when the hills of the western 
frontier are approached do we find indications of a trough com- 
parable with that which borders the Himalayas; but this is a 
matter which cannot be dealt with here. 

The observations, dealt with so far, are confined to that portion 
of the Gangetic trough which lies south of the limit of the hills, and 
only incidental reference could be made to the form of that portion 
of the trough which lies within the Siwalik area, between the outer 
edge of the hills and the main boundary. There are only two series 
of geodetic observations which cross this boundary, one near the 
88" of longitude, where there is only a narrow h n g e  of hills between 
the main boundary and the edge of the plain, and the other near 
the 78" of longitude, where there is an exceptionally complete 
aeries of latitude and gravity observa.tions in the Dehra Dun and 
in the Hinlalayas on the one hand, and the plains on the other. 

Taking the latitude observations first, these are included in 
table No. 26 (page 87). to which the two northernnlost stations 
of the series in table No. 20 are added, in order to bring the two 
series into relation with each other. I n  the table No. 26 the dis- 
tance of each station from the main boundary, and from the south- 
e m  edge of the Siwalik hills is given in the second column, theee 
distances being in every case measured in a direct line, normal to the 
c o m e  of the boundaries, and expressed in the nearest whole mile. 
In the cam of the firat three stations two values are given for the 
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TABLE 26.-Latitude Stations in and south 01 the I)eh.ra I)ufr. 
I I I 

Rajpur . . . 
Dehre Dun, old . 
Dehra Dun, new . 
Dehra Dun, E. Base. 
Shorpur . . 
Khajnaur . . 
Lachkua . . 
Bullawala . 
Ameot . . 
Hatni . . 
Sarkara . . . 
Nojli . . 

STATION. 

distance fro111 the main boundary, this being due to the fact that, 
immediately east of Rajpur, the general course of this boundary is 
interrupted and thrown southwards for a distance of about five miles, 
the exact distailce being indeterminable as the boundary is covered 
over with recent or sub-recent gravels. As a, consequence of €his, a 
single value cannot be given for the distance from the main boundary 
of the stations close to this change in its course ; Rajpur, for instance, 
is a station on the main boundary, so far as the hills to the west- 
wards are concerned, but lies about five miles north of the main 
boundary so far as i t  is affected by those to the eastwards. 

In  the last column of the table is given the observed deflection 
a t  each station, and in these it will be noticed that from the Dehra 
Dun E. Base to Hatni they give prac,tically identical deflections, 
in spit,e of t,lle illcreasing distance fro111 the edge of t.lle ineiil range ; 
the only exception is the station of Rhajnaur, a t  which the northerly 
deflection is in slight defect, a.s compared with the other stations, a 
defect doubtless due to the position of the station on the northern slope 
of the Siwalik Range, where i t  is subject to a purely local southerly 
attraction which would easily account for the small defect in the 
northerly deflection. Form this uniformity in the deflations over 
80 broad rt strip i t  ie evident that there is some cause a t  work, 
counteracting the decrease in deflection which would o therwh 
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take place with increasing distance from the main boundary, and 
the first supposition which was investigated was that  this cause is 
the attraction of the mass of the Siwalik plateau, above the general 
level of the plain. The figures given in table No. 6 show that this 
would produce a southerly deflection of about 14" a t  the northern 
boundary, decreasing t o  zero in the centre, about coincident with 
the position of the Dehra Dun E. Base station, and a northerly 
deflection in the southern half, increasing to  about 14" a t  the southern 
edge. This effect was added to  that  of the Imaginary Range and 
of a trough of uniform depth of 15,000 feet;  and the sum, converted 
into the meridian, by allowing for the departure of the course of 
the range from due east to  west in this region, is given in column I 
of the table. 

It will be seen that the figures are in very fair accord with the 
result of observation, except in tho case of the two stations a t  Dehra 
Dun, but here the uncertainty as to  the precise course of the main 
boundary, under the surface gravels north-eastwards of the stations, 
introduces so great an uncertainty into the calculation of the 
deflections to be expected a t  them, that  these two stations might 
well have been left out of account in this connexion. Apart from 
this, the hypothesis not only gives about the same difference between 
the deflections a t  Rajpur and a t  the Dehre Dun E. Base station, 
and the group beyond i t  in the Siwalik hills, but provides for the 
same uniformity of deflection, a t  all distances between 10 to 16 
miles from the main boundary, which is exhibited by the actual 
deflections ; and this uniformity would not be seriously disturbed 
by a difference of anything under 5,000 feet in the assumed depth 
of the trough, though the actual figures, and the difference between 
the calculated values a t  Rajpur and Hatni, would be somewhat 
increased or climinished as the case might be. An assunlption that 
the depth of the trough decreased continuously with increased distance 
from the main boundary would seriously disturb this uniformity, for 
it would introduce a rate of decrease in the ~iortherly deflections 
which would more than counterbalance the effect of the Siwalik 
plateau, and require a distinctly greater northerly deflection a t  the 
Dehra E. Base ~ ta t ion  than a t  those further removed from the main 
boundary. Prom this we might conclude that the depth of the 
trough a t  Rajpur is sonlewhere about 15,000 feet and that  this depth 
is maintained in a southerly direction to  a distance of 30 or 40 
milea from the boundary, before the shallowing of the trough begins. 
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This, however, is not the only possible explanation, or the only 
sllpposition which will fit in with the facts. If we supposed the 
depth of the trough under the Siwaliks to be about 10,000 feet the 
effect of the defect of density through this depth would be approxi- 
mately equal in amount to that  of the Siwalik plateau, but opposit,e 
in sign. The two would, in these circumstances, neutralise each 
other, and if we then supposed the trough to be deepened outside 
the Siwaliks, or, in other words, the floor of the trough to form a 
step upwards under the outer edge of the Sub-Himalayan rep-jon, 
we would have much the same effect produced as in the supposi- 
tion just examined. In  reckoning the effect of such an hypothesis 
as has been outlined i t  will be necessary to make some modification 
in the distance from the outer edge of the hills, as given in table 
No. 26, for the two stations Lachlnia and Bullawala. The dis- 
tances given in the table are measured from thc outer edge of the 
visible hills, as marked on the one 1-inch map, but i t  is not reasonable 
to suppose that a rise in the floor of the trough, if it, exists, would 
follow all the sinuosities of the boundary between the hills and the 
gravel slope a t  their base, and these two stations are situated where 
the outer edge of the hills takes n distinct curve inwards from its 
general course. If we suppose that  the rise in the floor of t,he tl-ough 
spans this inward bend, these t,wo st'ations would lie a t  some thrse 
or four miles from the course of the rise, or from the edge of 
the deeper trough. Making this a.llowance, and assuming s depth 
of 10,000 feet under the Siwalik plateau and of 15,000 feet outside 
it, we get the figures given in cohunn I1 of the table, which will be 
seen to agree almost equally well with the results of observation as 
those in colunln I. A slightly closer agreenlcnt might, be obtained 
by varying the assumed depth of the trough outside and within the 
Siwalik area, but no real advantage would be obtained by trying 
t,o attain a greater degree of precision than the method permits. 

As has already been pointred out, t3hc ca.lculations, both of the 
observed deflections and of tlie deflect,ions wliich are to be expect,ed 
on any given hypothesis, involve the adoption of certain assump 
tions, which in no case exactly agree with what is found in nature, 
but are approxinlations to the conditions which a.re either known, 
or may be expected, to exist. A variation in these assumptions 
would produce a change in the absolute value of the deflectioue 
given in the table. but anv such variation, if applied to every station, 
would produce a 3imiln.r change in all, and the differences would be 
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little affected, or in many cases not affected a t  all. Consequently we 
may take i t  that  the form of the underground floor of the Gangetic 
trough is similar in kind to one or other of the two assumptions 
involved in columns I and I1 of the table. We may be certain that 
the Siwalik region does not cover a deepening of the trough ; but 
whether the floor continues underneath i t  with very little change of 
level, or whether there is a marked drop, and deepening of the trough 
just outaide the limits of the Siwaliks, cannot be deterniined from 
the latitude observations alone. 

The gravity stations in the Siwalik region of the Uehra, Dun 
are seven in number, and for two of these only, Rajpur and Dehra 
Dun, has the Hayford anomaly been published. A list of these 
stations is given in table No. 27, where two other stations to 

TABLE 27.-Gravity slations in and south of the Dehrn Dun. 

I Residue 

ST ATIOS. from main 1 I boundary. anOma'y' I u depth of 
Imaginary , Trallgh, 

Range. 

Rejpilr 
Knlsi . 
Dehra Dun 
Fatehpur 
Hardwnr 
Aaarori 
lllohan 
Roorkee 
Nojli . 

the south are included, in order to bring theseries into connection 
with the stations in the alluvial plain, which have already been 
dealt with. As before, the first column gives the name of the station, 
the second i t 8  distance from the main boundary, the Bouguer 
anomaly of gravity is given in the third column and the grnvitation 
effect of the compensation of the Imaginary Range in the fo~lrt~h. 
Finally the depth of the trough ia given, to the nearest 500 feet, 
on the supposition that  the whole of the unexplained residue of the 
anomaly is due to the defect in density of the material contained 
in the trough. These depths were obtained from table No. 18, 
where the effect of a 15,000 feet deep trough is given, the depth in 
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table No. 27 bearing the same proportion to 15,000 feet as the un- 
explained anomaly to the deficiency of gravitation which should be met 
with a t  a station similarly situated on a trough 15,000 feet in depth. 

The first point to be noticed in the table is that the depth of the 
trough a t  Rajpur is give11 as 15,000 feet, which happens to be exactly 
the figure assumed a t  the outset as somewhere near the actual 
throw of the main boundary fault, but, as has beell exl~lained, no 
great importance call be attached to the precise figure. The second 
point to be noticed is that the western stations of Kalsi and Fatehpur 
give much smaller depths of the trough and, at first sight, seem 
to indicate that  the throw of the main boundary fault in this section 
is only about one half as great as on the Rajpur-Dehra Dun section. 
The correctness of this conclusion is, however, open to doubt, owing 
to the unknown effect of the break in the general course of the main 
boundary just east of Rajpur, and this doubt is confirmed by a 
consideration of the Hayford anomalies. These have positive values, 
of + -003 a t  Dehra Dun and + -022 a t  Rajpur, t h w  following the 
general rule that the Hayford anomaly has a positive value as com- 
pared with the Bouguer, but the amount of the difference is greater 
than a t  stations further removed from the Himalayas ; and, more- 
over, the anonlaly is greater a t  Rajpnr than a t  Dehrn Dun. There 
are two possible explanations of these differences, between the Hay- 
ford ano~nalics a t  Hajpnr and Dcllrn Dlrn and between the Rouguer 
anomalies a t  tjllese and stations further west; they may he due, 
either to a variation in the depth, and corlsecluent effect, of the 
trough, or to n difference heta-een the real and the calculated effect of 
the compensation of the range, for all other changes, iutroduced by 
the difference in the method of calclilation, as well as by the effect of 
any cause not considered in the calculations, would affect both stations 
in exactly, or very nearly exactly, the same degree and ciirection. 

From this i t  appears that these stations, close to the main 
boundary, cannot be used with any degree of safety in determining 
the form of the trough, or in other words, they heln~lp more properlv 
to the region of the range and will be luorc profitaljly dealt wit11 in 
that connexion. It also follo~vs that the gravitation observat.ions 
close to the nlain boundary cannot IN nsed to confirm or qualify 
the results obtained from thc deflections. 

f3outhwards of the stations just considered, and now a t  a sufficient 
dietance from the edge of the range proper to nlalie it probable that  
the difference between the actual and the calculnted effect of the 
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compensation will not be great, come the three stations of Asarori, 
Hardwar, and Mohan, all situated on the line of the Siwalik HillR, 
and all indicating a depth of about 10,000 feet. Southwards of 
these again come the two stations in the alluvium indicating a depth 
of 13,000 and 12,000 feet. Here again it is not the exact figures which 
are important, although it has been shown that  they are probably of 
much the same order of magnitude as the actual depths, but the 
verv definite indication of an increase in depth of the trough to the 
south of the edge of the Siwalik Hills. The amount of this difference 
is 3,000 feet as between the stations in the Siwaliks and Roorkee, 
but Roorkee is separated by about 15 miles of plain from the Siwalik 
Hills, and the stations to the southward indicate a progressive 
decrease in depth a t  the rate of about 250 feet per mile for some 
forty miles from Roorlree. If this average slope continues north- 
wards from Roorkee towards the hills, the actual rise in the floor of 
the trough may well amount to the 5,000 feet assumed when clealing 
with the deflection of the plumb-line. 

The gravity observations may also be treated in another manner. 
At the four stations of Rajpur, Dehra Dun, Roorkee, and Kalians, 
we have both the Bouguer and Hayforcl anomalies, from which i t  is 
easy to  obtain the correction from the one to  the other a t  those 
stations. If, then, these corrections a t  the four stations are plotted 
on squared paper, the stations being ranged according to their 
distances from the main boundary, a curved line cnn be drawn 
through the four points which will approximately indicate the correction 
which would be applicable to a station a t  some other distance from the 
main boundary, and by applying this correction to the published 
Boi~guer anomalies, we can get an approximate value for the Hayford 
anomaly, which should be correct to the first two places of decimals. 
The values obtained by this method are given below, where an 
asterisk means that  the anomaly is an estimated one ; the figures 
are :- 

Distance. Anomaly. 
Rajpur . . 0 miles . . . . $ . 0 2 2  
Kslsi . O , ,  . . , 4 - 0 4 :  
Dehra Dun . 2 ,, . . . + '033 
Fatehpur . . 6 , .  . . . . + .01* 
Hardaar . . 7 , ,  . - .01* 
Assrori . . 9 ,, . . . - .01* 
Mnhnn . . 14 ,, . . . - .02* 
Ronrkee . . 25 ,, . - 443  

Nojli . . 38 ,, . - .a* 
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Here, as before, the irregularity shown by the first four stations is 
connected with the distribution of the compensation of 

the ran*, and will be dealt with in the next chapter. At the other 
stations the a~iomalies show the same feature as the Rouguer values. 
and indicate an increase in the negative anomaly of about -03 dyne 
as between stations in the Siwaliks and the nearest .ones on the 
alluvial plain. interpreted as an effect of the alluvium, this means 
an increased depth of about 4,500 feet. 

The general result, then, of an examination of the gcodetic obser- 
vations in the Dehra Dun is that the observations of the deflection 
of the plumb-line require that  the niagnitude of the main boundary 
fault shall be of the order of near 10,000 feet vertical throw ; 
they suggest the possibilitv, though they cannot establish the exis- 
tence, of a rise in the floor of the trough coincident with the outer 
limit of the Siwalik Hills ; they show that  if such a step exists i t  
must mean a rise of some thousands, probably near 5,000 feet; 
that in this case the throw of the main boundary fault will be near 
the lower lirnit indicated, but -will be near the upper limit if the 
floor of the trough continues under the Siwalik area with no material 
change in level. Pinallv, thev exclude the possibility of a deepening 
of the trouqh under the Siwalik area as compared wit,]] its depth 
under the plains to the south. 

The gravity observations, on the other hand, do not enal~le us 
to deternline the depth of the trough a t  the main boundary ; though 
they indicate that the main boundary fault has a throw of several 
thousand feet, thev do not enable us to decide, directly, between the 
bwo alternatives presented by the ob~ervat~ions of the deflection of 
the plumb-line. Indirectly, however, they do give an answer, for 
they indicate niost unrnistakeshly that there is a very considerable 
drop in the level of the floor of the trough at ,  or near, the southern 
edge of the Siwalik Hills, amounting to something Like 5,000 feet in 
vertical difference, with a depth of soniewhere about 10,000 faet on 
the one side and about 15,000 feet on the other, of the step. 

Taken together. t>he~e observations indicate that the boundary 
of the outer hills, if we could obtain a deep section, would be of very 
much the same character as the main boundary fault. thus con- 
firming the snpgeation, firat made by Mr. H. R. Medlicott ' and sub- 
sequently worked orit in much greater detail by Mr. C .  S. Middlemiss,* 

M r ~ n .  ( ? P O I .  ,Yirrrl. Jnd., 1'01. 111, pt. 2 (1864). 
a ,1Iein. (leal. Sur11. Ind., Vol. XXIV,  pt. 2 (1880). 
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that the series of longitudinal faults, traversing the Siwalik region, 
represent successive positions of the boundary between hill and 
plain, and that  the outermost boundary of the hills marks the 
~osi t ion of a similar fault, the latest in date of the whole series.1 

It is now' possible to summarise the conclusione drawn from the 
eeparate groups of observations and to draw a generalised cross- 
eection of the trouph as is shown in figure 7. This does not represent -. ? 
any one cross-sectlon, for no one cross-section is complete, but, by 
a combination of the geodetic and geological evidence of different sec- 
tions, i t  is possible to represent diagrammatically the general type 
of section which mould be met with, subject to  minor variations, at 
almost any part of the length of the trough. On the north we have 
the range of t,he Himalavas proper, and near the southern edge of it 
a series of faults, which mark the successive boundaries between 
hill and plain. The outermost and latest of these faults traverse 
the region where t,he deposits of the plain have been compressed, 
folded sncl elevated into the foot-hills of the Siwalik zone, the outer 
limit of which is probably marked by a similar fault. 

1 In  Vol. VII or t.he Rermds of the , V s n ~ g  of India, p. 151, particulars are given of the 
cleflr,ctic~n of the 11l11mh-line n t  two 'stat.ionn bet,ween Rajpur  and Mussoorie. The 
deflections. in the rnttridisn ant1 the prime vr>rtical, Rre 

Jl~in~oorie :18".5 N 28".2 E. 
, Ih~r ip :~n i  iiY.5 N 33".8 E. 
81111r l'oint. 53"2 N 31".3 E. 
tea j I ) I ~ L .  47".7 N 31"-3 E. 

Jt, will l)e .gecBn that  t,lie drflrrtions a t  Jhnripani and Spur Point are  distinctly greater 
than a t  Rajl)llr ; part of this fb'trena in dnubllrnn due to  the effect of quite local topography, 

thesr statZions nre si tnatrd rnthtar Iwe than n mile and nbolit half a mile, resprctively, 
from the t ~ n t r n ) p  of thr- main bountlnry fnult. thnt  is, in positions where the  effect of the 
t ro~lph wol~ltl 11n rnark~tlly Irus, nnd l rn~e r  tlrflt.ct,ions looked for. were the plnno of the 
k~ountlary fault. vert icnl. Not uo, however. if t,hc fault h ~ d  rt hnde townrds tho hills, iw 
is inrlirntetl by t.hr n~rrfnre g r o l o ~ y  : in this cnw t,he maximum cffect of the trough would 
he nlrt  with 1.1, the, nc~rtllwctrds of the outcrop, nncl there would not. be the same rnpid 
frilling-oft of the drtlections ns in t,he rase of a vertirnl plane of separation between the 
denye; nnrl tho Irsq (lrnsr rorks. Seein% that  a hade of 30" from the  vertical would bring 
the f,znlt tlirectlv u n ~ l r r  ,ll~nripnni a t  a tlepth of 7,000 to 8.000 feet. figures in good accord 
with the g ~ o l o ~ i c n l  nnd the geoclrtic observations, the effect of the trough wo~ild be a t  
least m ereat a t  Jharipani ant1 S p i ~ r  Point, ns a t  Rnjpur, the effect of the  range would not 
be n~ntrrially different. and thnt of t h ~  quite local topography perhape a little greater. 
TIle large rleflections a t  the new stations are, therefore, in complete accord with what 
war to  he expcct~cl, and contimatory of the structure whioh hed been decluced from 
geologirnl examinat.ion. 

There ohsewations (lit1 not reach mn in timo to  be embodied in the text ; the absolute 
deHpctit,ne nrc liahle to modification in the manner which hee been indicated, and are 
ac.t,nally different, from t h r  figure8 printed above, but thie does not affect the differences 
between the deflectione e t  the different d t i o n a .  
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Fro. 7.-Generalised orass-section of the Gangetio trough. Thie doee not 
represent any individual cross-section but i.q a diegrammatical representation of 
the general type ; to the left is the Siwalik region with its successive boundary 
faults, which now forms part of t.he mountain system of dieturbance; to the 
right is the alluvial trough proper, the floor of which at firet slopes downwarda 
to the point of maximum depth, and then gradually upwarde to the southern 
limit of the alluvium. 

Leaving the hills, the sectioil enters the area of the alluvial plain 
and there is an increase in depth of deposit ; beyond this the section 
becomes uncertain for a while and there are two possibilities, one 
that the floor of the trough slopes upwards from a maximum 
depth a t  the edge of the hills, the other that  the trough gradually 
increases in depth for a while before the upward slope of the floor 
commences, as is indicated in the figure. In either case the greater 
part of the width is occupied by a sloping floor, riaing to the south- 
wards and ending in a rock area, rising above the level of the plain 
in some sections, and in others covered by a layer of alluvium. 

The position of the southern boundary has been referred to when 
dealing with the different groups of observations. At the eastern 
end the boundary seeins to bend round to the northwards, and the 
trough to terminate where the Assani range impinges on the boundary 
of the Himalayas. The next locality where the boundary of the 
deep trough can be fixed is to the south of Jalpaiguri, where it 
evidently runs near to the stations of Chanduria and Ramchandpur ; 
the exact positio~i here is doubtful n u  the deflection suggests that the 
boundary lies to the southward of, and the anomaly of gravity that 
it lies very nearly under, or a little to the northward of, Ramchand- 
pur. The distinction between the deep trough and the shallow 
covering of alluvium niust in any case be an indefinite one and 
cannot be defined with accuracy, but the trough here has a width 
of certainly 80, and possibly over 100, niiles. 

I n  a westsward directtioil the southern bou~~darp  of the t,rough ie 
fixed by the boundary of rock a ~ l d  allurii~rn a t  Monghyr and thence 
sweeps across to Sasaram, the stretch of alluviunl to the southward 
of this lint., with rock islands r i~ing froill it., being evidentiy of only 
shallow depth. Fronr Sasarar~~ urest~vardu the boundary of the 
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trough follows the general course of the boundary of the peninsular 
rock area, keeping clear of the irregularities and deep indentations 
of the alluvial boundary, till, west of the 80" meridian, it trends more 
northwards and fro111 -4gra to Delhi runs about north-north-west. 
In this part of the course the latitude statioris help bul rlttic as the 
effect of the trough on the plumb-line would be in a nearly westerly 
direction, but the gravity observations enable us to place the bound- 
arv riot far west of Hathras, Chandaoz;, and Uesupur ; the great 
spread of alluvium? with rocky hills rising from it, to the westward 
of this line being merely a covering, of a few hundreds of feet a t  most, 
over the rocky floor. 

From Delhi, where the last outlier of the Aravalli Hills disappears 
below the alluvium, the boundary of the trough must bend nearly 
west, for we find i t  running south of Rakhi and close to Ferozepore 
and Lahore ; the further course carmot be traced with certainty, 
but the t-rough appears to he represented as far west as the station 
or Ranjitgarh, and probably terminates on the west as the Salt 
Ranee is reached. just as i t  ends up on the east where the Assam 
Rang? irupinges on tht. Himnlavas. 

From the southern etlge of the trouph the floor slopes downtvards 
to~vards the hilk, reaching a depth ot probably over 20,000 feet in 
the broadest part of the trourh between 80" and 84". Near 78" the 
greateat depth has mnk to tlot n~ore than 16,000 feet. hut further west 
the nlaxinluln depth of a l l~~vioni  Reems to increase apain and rtlay 
rise to ,LS n i n ~ i ~  as 2O,O(M) f t ~ t  1111~1rr the plains of the upper Pnnjab. 

\Vr have therefore. a fairly symmetrical trough, ranged , along 
the \Y~IOII.  of tllat part of the Ic1l~t11 of t l ~ r  Hi~rlalayas wliicli is not 
complicated by the junction or contact of other ranges ; and i t  is to 
he noted that the symmetry is in reality greater than appears on 
the map, for the very marked break in the even sweep of the bound- 
nrv, ant1 the prominence culminating near Delhi, are not ~nt~irely, 
and need not be in any way, conrlected with an irregularity in the 
displncemrnts 1)v which the trongh was produced. The prominence 
lies O I I  the clircct contilr~~ation of the Aravalli hills, which still stand 
out, I T )  the sollth~rn  o or ti or^, as a (li~tinct, range of hills, rising above 
the general level of the country on either side, nnrl the termination 
of the range to the nort,hwards is not, i n  nny way connected with ita 
structure, but solely due to a gradual lowering of the general ele- 
vation, which ha8 allowed the alluvium to invade the valleys to a 
prrater and greater exbnt ,  leaving the higher peaks etandinp out 
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as rocky inliers in the alluvium, till the range finally disappears 
in the last exposure of rock a t  Delhi. There is, however, nothing to 
suggest that  the range does llot continue northwards under -t.he 
alluvium, with the same irregular surface a.nd general elevatior~ 
above the rock surface on either side, and the geodetic observatio~ls 
indicate the same conclusion. The northerly deflections at Datairi 
and Bostan occur on the direct continuation of the line of t,he main 
range of the Aravallis, and beyond them the gravit.y observation 
at Meerut indicates a smaller negative anon~aly, which n1a.y be 
interpreted as a lesser depth of alluviunl than is found in other 
similarly situated stations. Still furthcr in the directioli of the 
Himalayas the comparatively small northerly deflec.tion a t  8arliBra 
suuuests a lesser depth of alluviulll under this station than under 

O'? 
similarly situated stations further east ; and if the line is contrinucd ilkto 
the Himalayas i t  strikes a region where t,hc geological structure ha8 
suggested the possibility of an ol*iginal extension of t,l~e 8ravalli 
range into what is now the Hinlala.ya~l region1 ; the ge,odet.ic observa- 
tions have supported this suggestion a.nd co~ivert~ed what was only 
e bare possibility into somethi~lg Inore than a pi*obability. 

The existence of a st8ructfural feature of such magnitude as the 
Aravalli R,ange, extending across the region where the Gangetic 
trough was subsequently brought into being, would have a twofold 
effect. In the first place i t  would introduce a variat,ion in the 
strength of the earth's crust, and so a difference in the resistance 
which i t  would offer to the forces by which the t,rough was produced, 
and in the second place the mere fa.c,t of t,he original greater surface 
elevation of the range would result in the country on either side 
being soonest brought below the level of the formation of alluvium, 
and so give rise to  an indentation in the boundary and a projection 
of rock into the alluvial area., quite apart from any possible difference 
in the amount of the surface warping, by which the trough was 
produced. In  this way the norbherly deflections a t  Datairi and 
Bosta.n, which it must be ren~enlber~d a.re only nort,herly if the 
deflection a t  Kalianpur is assumed to be as much as 4" t,o the south, 
represent the absence of a regular sballowing of the alluvium to the 
southwards, or the presence of very considerable irregularities of 
the under surface, no less than a deficiency of depth, so that the 
influence of uneven di~tribut~ion of density in the linderlying c,ru.st 
ceaaes to  be masked by the effect of the trough. 
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To the eastwards there seems to  be a much smaller interruption 
of the regular sweep of the boundary of the trough in the north- 
sastern extremity of the peninsular area, to  the south of Monghyr, 
which lnay be due to an original greater elevation of the land surface 
as compared with the regions on either side. 

Excluding these departures from symmetry, for which quite 
obvious and adequate causes are apparent, the trough forms a 
remarkably symmetrical structure extending along the southern 
fece of the Himalayas, from the Salt Range on the west to the 
Assam Range on the east. A structural feature exhibiting a sym- 
metry and dimensions so closely coincident with those of the Hima- 
layan range can hardly be wholly independent in its origin, and any 
attempt t o  account for the formation of one must take cognisance 
of the origin of the other. This is a matter which will be dealt with 
further on, but it must be pointed out that the trough, whose form 
and dimensions have been investigated, is something apart from the 
great spread of alluviutn, stretching from the delta of the Ganges 
to that  of the Indus. To this spread of alluvium the term Indo- 
Oangetic may be applied with perfect propriety, but i t  would 
evidently be incorrect to apply that nanie to  the trough seeing that 
in no part of its course does the river Indus touch or even approach 
the deep alluvial trough along the foot of the Himalayas. 

There is some reason to suppose that  a .  deep trough filled with 
alluvium, similar to  that  which has been dealt with, though smaller 
in size, runs along the foot of the hill ranges of the western frontiers 
of India proper, which might be called the Indus trough, as that 
river traverses it from end to end. The other may be appro- 
priately described as the Gangetic trough, seeing that three-quarters 
of its length and more than that proportion of its area lie within 
the drainage of the Ganges, but there is no reason to suppose that 
the two troughs are connected. Apart from the observations which 
have been dealt with, the outcrops of old rock8 in the Chiniot, and 
other, hills which rise from the alluvium, point to  the presence of a 
rock barrier, stretching under the plains of the Punjab to the Salt 
R a ~ g e  and separating the two deep troughs. 
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CHAPTER V. 

THE SUPPORT OF THE HIMALAYAS. 

The geodetic stations in the Himalayas, with the exception of a 
few isolated observations which will be dealt with separately, are 
ranged along the southern edge of the hills, covering some tell degrees 
of longitude and a distance of forty miles in from the edge of the 
hills. The latitude stations are given in table No. 28, arranged in a 
series of groups, in order of groups from west to  east, and, in each 

TABLE 28.-Deflections which would be produced at Latitude Statiolts 
in  the Himalayas ott the assunzption used in  the text. 

Kidarkanta . 40 
Lambatach . 36 
Bahak . 21; 
Bajarnara, . 18 
?vlussooree 3 
Banog . 3 
Rajpur . 

- . I o E L 5  
Birond . 1 2 1  
Kaulie, . 
Mahsdeo Pokrcl . 
Phalltit . . . . 32 
Tonglu . . . . 20 
Srnchal . . 0 
Karseong . . . . 4 

DEFLECTIONS N O R M A L  TO T H E  RANGE DI1B TO 

Range. i Siwalilis. Trough. ' TOTAL. 
I I I 

.- -- - .  

group, of their distance from the main boundary. In t,his table i~ 
also given a calculation of the deflections which sliould be expected 
a t  each station, in accordance with the assumptions of imaginary 
topogr~phy which havc bccn used in the preceding chapters. These 
deflections are givcu in three elements ; firstly the oflect of t,he 
ettJtraction of the Irnrtgi~ittry Range, supposed to be c o m p e ~ s e t ~ d  
according to Mr. Hayford'a factors for a urliforin coupensatioll 
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extending to a depth of 113.7 km.; secondly, the effect of the attraction 
of the Siwalik plateau, where it exists ; and, thirdly, the effect of the 
Ganget,ic trough, using in each case the cross-section which has 
been adopted in Chapt.er IV as most appropriate to the position of 
each station. The combined effect of these three separate causes is 
given aa the deflection, normal to  the range, which should be expected 
a t  each station. This deflection requires a further correction, as 
the general course of the range varies, a t  the different stations, from 
nearly east and west to nearly north-west and south-east, and, 
before t,he calculated deflections can be compared with those actu- 
ally observed in the meridian, it is necessary to make an allowance 
for the direction of the course of the range a t  each station. This 
has been done in table No. 29, where the calculated deflections, in 
the meridian, are compared with those actually observed by the 
Great Trigonometrical Survey and the difference given in the last 
colunln, a minus sign meaning that  the northerly deflection, which 
is found a t  every station, is in excess, and n plus sign that it is in 
defect of the calculated deflection. 

TABLE 29.-Latitude Stations in the Himalayas. 

Kidarkanta . . . 40 ' - 26 
Lambatach. . : 1 36 1 - 3 0  
h h a k  . . . . - 22 - 24 
Bajamara . :: I -24  , - 2 4  
Mussooree . 3 - 35 1 - 32 
Banog . 3 - 35 - 29 
Rajpur . . 0 & 5  - 44 

Biroud . . 2 

Ka1111it 32 - 2 1  1 -29  -- 8 
3lalladeo E'okrn . - 22 1 - 34 

STATIOS. 

In interpreting these figures it m u ~ t  be remembered that the 
observed deflection a t  any st,atinn may depart from the average 
deflection, a t  a ~imilarly situated atation on an average range, by 

L 248 I 
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Deflections. I Deflections. 
I 
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eome seconds of arc, owing to  the effect of the irregularity of 
topography in the immediate vicinity of the station. The stations 
furthest in the hills are situated on peaks, and are not so much 
affected by this cause as those near the outer edge of the hills, where 
the effect is considerable. The stations of Mussooree and Banog, 
for instance, are situated on a ridge with a deep-cut valley on the 
north, and would therefore show a southerly deflection as compared 
with similarly situated stations on an imaginary representative of 
an average Himalaya, and the difference in the observed deflections 
a t  the two st#ations seems sufficiently accounted for by the local 
topography, which makes the effect of the valley to the north 
greater a t  Banog than a t  Mussooree. At Rajpur, which is situated 
a t  the southern foot of thia ridge, the effect of the valley to the 
north is less, and here we have a northerly difference ; the mean of 
the three gives a small southerly difference, or residual, if the 
effect of the trough has been correctly estimated. 

The most conspicuous characteristic of the figures is the excess 
of observed over calculated deflection in a northerly direction, 
exhibited a t  all the stations in the interior of the hills, ttmounting 
to from 8" to 12", and the smallness of the differences a t  t,he outer 
sbations, where the positive differences are as numerous as the nega- 
tive. Though these characteristics are common to  all the groups, 
i t  will be well to  examine each separately. 

In  the western group we have first t,he two stat:ions of Kidarkanta 
and Lambatach, a t  a mean distance of a. litkle under 40 miles from 
the main boundary giving a difference, or residual, of northerly 
deflection amounting to about 10"; next the two stations of Ba.hak 
and Bajamara, a t  about 20 miles from the bounda.ry, give a differ- 
ence of 2' and 0" respectively, and thirdly the three stations of 
Mussooree, Banog, and Ra,jpur, all within 3 miles of the main bound- 
ary, give a mean difference of about 3" southerly. In all these 
cases the differences depend in part on t,he effect of the trough, and 
the dimensio11.s a,dopted for t<his were those which have been deduced 
as probable ones, namely, 10,000 feet depths under the siwdik area 
and 15,000 feet under the plains beyond. The adoption of t h e ~ e  
figures was largely gove.med by t,he, fact that tables had been calc,ulated 
for those depths, and the estimate is probably somewhat in excess of 
reality ; if this excess aniounted ta as nlrlch as 25 per cent., probably 
an extreme v~.lae., the northerly deflections a t  the three outer stations 
would be reduced by about 4" and the mean difference, or reeidual, 
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altered from + 2" to  - 2". This change would also affect the stations 
further in, whereby the differences a t  Bahak and Bajamara would be 
altered by - 2", and a t  Lambatach and Kidarkanta by - I", but 
there mould still remain a difference of about - 3" as between 
the outer and the central, and about - 10" as between the outer and 
the inner, stations of this group. So, too, a change in the estimate 
of the effect of the range would alter the estimated deflections a t  all 
stations, end only change the value of the differences, of the estimated 
residuals, by a small fraction of their total amount. 

In this group of stations Major Crosthwait's calculation of the 
effect of the actual complicated topography surrounding two of the 
stations gives us a good check on the correctness of the conclusions 
drawn from the method of investigation which has just been out- 
lined. At Lambatach he found a residual of - 18", using the Bessel- 
Clarke spheroid, after allowing for the effect of the visible topo- 
graphy and its compensation, but not for the effect of the trough. 
This latter would account for about - 4" of Majqr Crosthwait's 
residual, leaving - 14" still unaccounted for, as compared with 
- 13" in table No. 29. At Mussooree the residual wax - 18"; the 
effect of the trough, as estimated in table No. 28, is - 17" in the 
meridian, leaving a residue unaccounted for of - 1" as against the 
+ 3" indicated in table 29. Major Crosthwait's figures thus make 
the ~lortherly residual of deflection a t  Lambatach greater by 5" 
than a t  Mussooree, a difference which is increased by some 10" to 
12" if the effect of the trough is included, bringing i t  into fair agree- 
ment with the difference of - 15" in table 29. We may therefore 
conclude that the increase in the unexplained residual of northerly 
deflection is a real one and amounts to  about 10" a t  40 miles into 
the hills on this section. 

Thc two stations in Nepal show an excess of northerly deflection 
amounting to  about 10", a t  a clistancc of 30 miles from the main 
boundary, and the dame is noticeable in the more complete section 
in Bikkirn, where the difference between the observed and the CAI- 
cu lak l  deflections amounts to - '3" a t  Phallut and - 10" al; Tonglu. 
At the etation of Senchal the difference between calculated end 
observed deflections is t 8", but thc situation of this station is 
altogether esceptionctl, arid the observed dcHection departs largely 
from the average of similarly ~i tuated stations from purely a local 
c a w .  Due north of Henchal the deep-cut valley of the Rangit 
pendratem the range of tho Himalayas, sud about N.N.E. of the 
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station is the larger valley of the Tista, similarly penetrating the 
range. I am unable t o  determine the exact amount of the defect 
of attraction due to these valleys, but an approximate estimate, 
made from the 32-mile contoured map of India, shows that the north- 
erly deflection a t  Senchal is in defect by an amount which is of the 
order of 10" to  12" of arc, as compared with the average of stations 
a t  the same distance froin the outer boundary of the hills, or with 
what would have been found a t  a station situated twenty miles 
or so west of its actual position. Applying this correction to  the 
observed deflection we find that there remains a small northerly 
residual of unexplained deflection a t  this station, instead of the 
considerable southerly difference shown in table 29. 

The effect of these deep-cut river valleys must be felt, though 
to a lesser degree, a t  ICurseong, but is there neutralised by the 
purely local topography, which gives an excess of attraction amount- 
ing to about - 4" of arc, and a t  this station the difference between 
the estimated and observed deflections amourits to - 3". 

In this group we have only a single check on the estimates, in 
Major Crosthwait's calculatioii of the residual a t  Kurseong, where he 
made i t  amount to - 23", of which - 15" would be accounted for by 
the estimate of the effect of the trough adopted in table 28, leaving 
an unexplained residue of - 8" to be accounted for in some other 
way. In  part this is cloubtlcss due to the estimate of the effect of 
the trough being too small, but the difference bctween the actual 
and the assunled dimensions cannot possibly aniount to 50 per cent., 
as mould be required if this was a co11lplet.e explanation, and part 
of the northerly residual must remain uliexplained after full allow- 
ance has been made for any possible effect of the trough. 

In  both thc eastern and the western series of stations we have 
the same feature of only small differences between the actual and the 
calculated deflections a t  stations near the outcr edge of the hills, if 
we allow for the effect of the lesser density of the material filling the 
Gangetic trough, and a high northerly residual of unexplained 
deflection a t  sttations s i t ~ ~ a t e d  30 to  40 miles in. This difference 
amounting to 10" to  12" is repeated in the three stations situated 
between the two groups and iiiav bc accepted as not only real, but 
directly connected with the struct,urc and cornpensetion of the 
range, rather than with four independent, fortuitous, variations in 
the density of the rocks which in every case act in the sarne direction 
and to the eame amount. 
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I n  searching for an explanation of these peculiarities i t  is natural 
to turn in the first place to a modification 01 the hypothesis of corn- 
pensation and a reference to  table 8 shows {;hat no help is to be 
got hom supposing an alterat'ion in the depth to  which uniform 
compensation extends, for an increase in depth leads to a larger 
northerly residual a t  stations near the edge of the hills than a t  
those further in, and a lesser depth merely gives a nearly uniform 
southerly residual. Table I) shows that  the adoption of an hypo- 
thesis of support by flotation gives some help, for i t  would give a 
northerly residual, as compared with calculations from Mr. Hayford's 
tables, of some 3" greater than a t  a station situated outside the 
range, but as regards stations within the range, situated as are 
Lambatach and Mussooree, i t  would merely give a nearly uniform resi- 
dual of about - 3". It is obvious, therefore, that the explanatio~l 
must lie in a departure from a locally complete compensation, and 
table No. 10 shows that, without going beyond the bounds of an 
easily accepted departure from the conditions assumed in the other 
tables, we can account for all the difference which is actually found 
between stations some thirty or forty miles apart. A supposition of 
this sort also allows of the passage from northerly to southerly 
residuals, which is suggested by the figures in table No. 29 ; but 
i t  is useless to  pursue this matter further till the gravity observations 
have been dealt with. 

Meanwhile i t  can be said that  the measurements of the deflection 
of the plumb-line show that, northwards of about 30 miles born the 
edge of the Himalayas proper, the hills are superelevated, or, other- 
wise, that the compensation is in defect ; but the amount of this 
departure from normal conditions depends largely on the manner 
in which i t  is distributed between the surface topography and the 
compensation, and this will be considered further on. 

Besidea the latitude stations, which have been considered, there 
are three othem, separated by a long interval and situated in 
the north-western extremity of the range. Two of these are in 
the interior of the hills, on the southern edge of the valley of Kashmir, 
and will be more conveniently considered further on, the third ia 
the atation of Murree, situated near the edge of the Himalaya0 
proper, but ~eparated from the alluvium of the Punjab by some 
80 miles of low hills. A t  this station a northerly deflection of 16" 
wee obeewed, of which 10" are accounted for by the effect of the 
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visible topography and its, Hayford, compensation, leaving a reei- 
dual of 6" of northerly deflection, which is reduced to 2" if the Bessel- 
Clarke is substituted for the Everest spheroid. Here we find a 
very different condition from that  met with in the stations further 
east, such as Mussooree, where the Hayford residual is 11" greater 
than a t  Murree, and the difference nlay reasonably be attributed 
to the difference in geological conditions. The station of Murree 
is situated on rocks of the lower part of the Tertiary system, as 
developed in the Himalayas, and in the deep enlbayment of the 
exposure of these rocks, which marks the junction of the Himalayan 
system of disturbance with that  of the ranges beyond the western 
frontier. The main boundary is not of the same sharply defined 
character as further east, but south of Murree is a broad expanse of 
middle and upper Tertiary rocks, and the eastern extremity of the 
Salt Range. The effect of the trough would be much smaller than 
on the eastern sections, so far as the deflection of the plumb-line is 
concerned, and in the absence of other stations for comparison. 
it is impossible to  discover how far the small northerly residual, actu- 
ally found, is due to the effect of the trough, and how far to an 
excess of the actual over the calculated attraction of the range, 
such as was suggested by the eastern slations. In either case the 
isolated position of the station, with 11one otllers near i t  for com- 
parison, or as a check, inakes i t  impos~ihle to make ally further use of 
the observation, whicl~ is, s t  least, not inconsistent mit,h the cow 
clusions drawn frolrr the stations further east. 

A list of t,he gra.vit,y st.at,ions in the Hinralaya,n and Siwalik 
regions is given in table No. 30 (page 106), arranged in groups 
fro111 west to east, as in the case of the latitude ~t.at,ions. I t  will 
be convenient to begin with the eastern group, where the st,at,ion 
Sandekphu at, abolit 2G lniles in from the main boundary, gives a 
Hayford anonlaly of -+ -048 dyne, eqllivalent tto the effect of the 
at,traction of about 1,500 feet of rock a t  t,lle surface, or of t,he equi- 
valent of 311011t hn,lf as in11cl1 ngnilr. if ~ I I P  effcct, is t111e to a clrfic,iency 
of ~o~l rp t~ i~sa t ion .  At t,he ot,lier t,wo st,ltt,ions me ha.ve only the 
Bouguer alron~alies, but an npproxi~na,t,e cst'imate can he made of the 
Hayford anomalies a t  these st.at,ions, cit,her bv applying the Hayford 
compensation of the Tma,ginary Itange, as given in table No. 11, or 
by plotting the corrections to the Rouguer nnon~aly a t  Sandakphu, 
and the two stations of Siliguri a.nd Jnlpaiguri, and drawing a curve 
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TABLE 30.-Gravity Stativns i~ the Himatayc~. 

through the three points. from which the correction a t  intermediate 
stations can be estimated. Either method gives a Hayford anornaly 
of between + -02 and + 4 3  dyne a t  Darjeeling and of between .00 and 
+ .01 clyne a t  Kurseong. These reslllts are necessarily approximate, 
but they are sufficient,ly near the valiles which would he derived from 
detailed computation to show that  there ia an increase in the force of 
gravity at Sandakphu, aa compared with Knrseong, amounting to a 
departme of + .05 dyne from the difference which should result from 
the hypothesis of compensation adopted in the calculations. 

Thc northerly residual of deflection a t  the two lat8itude stations 
of Yhallul hnd Tonglu, situated about 6 miles on either aide of 
Sandakphu, make8 it almost certain that  t,lie gradient of increase in 
the anomaly of gravity will continue to the northwards beyond 
8andakphu, and that  tati ions further into the hills would show 
even higher po~itive anomalies, though i t  is impossible to say 
for what distance this increase would continue. Now a gradient of 
increase in tohe excess of gravity of -05 dyne in 30 milea, if continued, 
would give rise to a deflection of about 9", if the anomaly were pro- 
duced by a want of adjustment in the compensation. The actual 
residual deflection being about lo", there is ae close an  agreement 
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STATION. 

More . . . 
Simla . . . 
Kelke . . 
Mussooree . . 
Rajpur . 
Kelsi . 
Dehre Dun . 
Fetehpur . 
Hardwer . 
Asarori . 
Mohan . . 
Sandakphu . . 
Darjeeling . . 
Kurseong . 

DISTANOE FROM 
THBl 

Main 
Boundary. 

110N. 

16N. 
1 S. 

3 N. 
0 
0 

Bouguer Hayford 
anomaly. anomaly. 

-- 

Boundary 
of hille. 

160 

34 
11 

21 
18 
18 

7,043 
2,202 

6,924 
3,321 
1,684 
2,239 
1,434 
949 

2,467 
1,660 

11,766 
6,966 
4,916 

- .119 
- a085 1 

2 S. 1 12 6 S. 10 

- -110 
- a124 
- ,098 
- -126 
- .lo0 
- a114 7 8. 

9 8. 
148. 

26 N. 
15 N. 
3 N. 

+ 449 
+ a022 
+ 403 

0 
8 
0 

- el12 1 
.lo4 

- el60 
- .143 

+ .048 

- .130 I 
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between the result of the gra.vity observations and of the deflection 
of the plumb-line as can be expected, and the want of adjustment 
between topography and compensation in this part of the range 
may be accepted as a fact, the consideration of its interpretation 
and origin being deferred for the present. 

I n  the western group we have no gravity determinations, of 
which the Hayford anomaly has been calculated, further into the 
hills than Mussooree, three miles in from tlie main boundary, and 
the same distance in from the outer edge of the Himalayas proper. 
At this station the Hayford anomaly amounts to  + .049 dyne ; a t  
Rajpur, close to  the main boundary, thc same anomaly was found to  
amount to only + .022dyne, a remarkable difference to find in so 
short a horizontal dist,n.nce. Part, of this difference is the result of 
the method of c,alculat'ion, combined with the fact tlia,t Mussooreeis 
situated on the crest., a.nd Rajpur a t  the foot, of a steep-sided hill, 
with a difference of level amounting to  over 3,500 feet. I n  the 
method of calculatio~~ adopted, each ~eparat~e  sinall compartment i s  
supposed to  be separat'ely compensated, but i t  is highly improbable 
that the compensation can vary as rapidly as the topography in a 
case like t,his, and if it varied more slowly the amount would not be 
largely cliflerent in tlie near-by compart~mcnts a t  each stat,ion ; 
the result being t,hnt the actual c,nlculatJion ma.kes the effect of 
coin~msat~ion too great at! Rlussooree and Coo sn~all a t  Rajpur, thus 
increasing tole difference betmecn the a.noma.lics a t  the two ~t.at,ions. 
Though part of the diflercnce nla,y be expln.inec1 a.w,zy in this manner, 
i t  is insufficient to  account for more than a part,, and probably a 
slnall part, and so we a,re drivcn t,o find a.not,hcr explai~at~ion, which 
is provided by the defect of density in the Siwalik rocks. If t,he 
trough in which t.11ey lie is supposecl to be 10,000 feet deep, i t  would 
produce a difference of about - 4 3  dyne a.t Rajpur as compared with 
Mussoorce, a.nd about - -02 dyue a t  Delira Dun as conipared wvit,h 
Rajpur, or about t,hr same differences are found in the calcu!ated 
anomalies, which take no cogniza.nce of thc cffect of the trough. 
We may conclude, therefore, bhat the actual excess of gravity at 
Mussooree and Rajpur is much the same and, interpreted as a defect 
of the compensat,ion, appropriate to  the averaged t,opography of the 
region, an~ount,s t,o sornet,hing less than .05 dyne. 

At Dehra Dun the anomalp is very snlall, but. a t  this stat.ion a 
negative a.nomaly should have bec,n exl)cc*t,ed, on account of the 
effect of the levser Jensity of the Siwalik rocke, which certainly extend 
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for some thousands of feet under this station. If the thickness is 
taken a t  10,000 feet and the distance of the station from the bound- 
ary of the trough a t  between 2 and 3 miles, the defect in the attrac- 
tion of gravity would amount to  about 4 5  dyne, or much the same 
as the excess a t  Mussooree. It will be shown that  the excess of 
gravity, which ruay be attributed to the want of adjustme~lt of the 
compensation, decreases in the stations southwards of Dehra Dun, 
and so we may reasouably conclude that it will be less a t  that 
station than a t  Mussooree, but if the trough is 10,000 feet deep under 
Debra Dun, there would need to  be an excess of gravity apart from 
the effect of the trough of not less than the anomaly a t  Mussooree, 
and so again we find that  the depth of the trough under the Dehra 
Dun is somewhat under 10,000 feet. 

To the southwards of Dehra Dun are some gravity stations a t  
which the Hayford anomaly has not been calculated, but can be 
estimated approximately by comparison of the corrections a t  the 
stations already considered. with those in the plains to the south. 
Accepting the figures given on p. 92, we find that  a t  Asarori 
and Hardwar there is an anomaly of - -1 dvno ; as the effect of the 
trough would amount to a t  least - .04 to - 415 dyne, there is left 
an excess of gravity of from + .03 to + -04 dyne a t  these stations. 
At Mohan the anomaly, exclu~ive of the effect of the trough, is 
ahout -- -02, and the effect of the trough will be much the same as 
a t  Hardwnr, leaving an excess of gravity of about + 4 2  to + .03 
dyne. At Roorkee, the Hayford anotnaly has been calculated as 
- 4 4 3  dyne, and if this is directly interpreted in terms of the depth 
of alluviam uccessary to produce the same effect, it represents 
a thickness of about 6,500 feet, but if  interpreted in the terms of 
difference from Dehra Dun. indicates a depth of about 6,000 feet 
greater than a t  the latter station. In the last chapter a figure 
of 13,000 feet was indicated as the approximate depth indicated 
by the geodetic data. a figure which agrees very well with that 
inrlicat,ed by deduction from the geological structure, and a com- 
parison of this figure with those given in t8he last sentence suggests 
that the defect of compensation, found in thc stations to the north, 
still exists ander Roorkee, though the effect is reduced in amount 
to not more than -k .02 dyne. Here, however, we have reached 
a region where too inany corrections of unknown amount have to 
be applied for the result to be of any real value, but the station8 
to the northward, in the Dehre Dun district, indicate a gradually 
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increasing excess, as the range is neared, of gravity, which lnay 
be interpreted as an increasing defect of coinpnnsntion. 

Northwards of AIussoorce therc are no gravity stations, but 
in tlic group to the westward we have tlie stat'ion of Simla, situated 
about 13 miles further into thc hills than Mussooree, whether we 
measure the distance from the main boundary or the outer limit 
of the hills. At  Siinla the Bouguer nnomaly only has been calcu- 
lated, which is negative and larger in amount than a t  Mussooree 
by -009 dyne; as has bccn explained, the various corrections re- 
quired to convert this into thc IIa~rford anomaly would be very 
nlnch the same a t  hot11 stations, \\it11 tlle exception of tlie effect 
of tlie compensation of the range it,sclf, and a reference to table 
No. 11 shows that  this cffcct shoulcl bc greater a t  Simla than a t  
Mussooree by somewhere about 435 dyne. Prom this i t  results 
that mc should have expected the Bongucr nnolnaly a t  Sinlla to  
be greater than a t  Mussoorce by not less than about ,035 dyne, 
whereas the cxccsa of nc~at,ive anomaly is just short of ~ 0 1  dyne. 
aucl it is, ~onscqucnt~ly, rcasoi~ablc to concludc that  the Hapford 
anolualy a t  Siinln would certainly bc pnsit,ivc and larger in amoi~nt 
than a t  Mussoorce, probably somcwlierc ncar + 4 8  dyne. 

Froin this it will bc sccn that  t l ~ c  progressive increase in tlie 
defect of co~npensation, 8s compared with the I~ypothcsis on wl~ich 
the Hayford tablcs arc based, is rcpcatctl in t h i ~  part of thc outcl- 
IIimalayas, and that  the magnitude and rate of incrcssc is not \c iy  
largely different in the two regions i f  ~ v c  tnlw tlir outer edge of the 
liilla as thc ata.rting point for measuring rlistnnrcs. If, on t l ~ e  o t l ~ r r  
hand, we take the position of tlic main bo~~ntlnry as the zero dat~ilii 
for distance, the allon~alics arc larger in tllr \vestern grr1111> 1)y closc 
on 4 5  dync. ITrrc we have a distinct suggestion that  t l ~ r  111aili 
boluldary, wliicli ]nay be rcgardcd as n r1omin:int fcatilrc of geolo- 
gical stn~cturc,  is not continlied into t,lle region of colnpcnsation, 
blit is confinrd to the outer ],ortion of thc criist. 

This snggcstion is an important one, nnd nn attempt mas mado 
to tcat it hy n dctailcd cx~n~innt ion of tllc ohscrvt~tions in t,hc Dclirn 
Dun district ; thc result allowed that  t3hc apparent discrcpancics 
hrtwccn tlic ohscrvationa were distinctly dilniaisllcd i f  tlic roni- 
prnflntion was rcgardcd ns distributed with rcfcrcncc to the general 
course of.t,l~r mngc, rnther than i f  i t  mna distril~ntcrl with rcfercnrc t,o 
tlir sin~~ositics of t,hr coinwn ol tlio nlnin 1)oiinrlnry; but tlic revnlt 
H ~ I O \ V I Y ~  t h ~ t  tlicrc wcrc also vnriatinns in t l ~ c  force of t:ravity 
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which must be attributed t o  some other cause, one of which might 
be a vuiation in the depth of the trough. There are in fact too 
many corrections of unknown amount to justify a detailed dis- 
cussion of the inconclusive results, from which only one conclusion 
could be drawn, that  neither the course of the main boundary, nor 
tha t  of the outer boundary between hill and plain, coincided in 
detail with the limit of the compensation of the range. 

We have seen that  from the outer edge of the hills inwards, 
there is an  excess of gravity, or a defect of compensation, which 
increases continuously as far as the observations extend, and that 
these show no indication of the progressive increase coming to an 
end. Yet i t  cannot go on for ever,' and sooner or later the excess 
of gravity must diminish and ultimatcly disappear, and the prin- 
ciple of general isostasy requires that  the excess of gravity, which 
has been established, should be balanced by a corresponding defect 
on one or both sides, of the under supported tract. To the south- 
wards we can get no direct evidence, owing to  the preponderating 
effect of the defect of density in the alluvial trough, the amount 
of which cannot be estimated with accuracy. To the northwards 
we shall have precise information when the observations made 
by Dr. I?. de Filippi's expediti;n are published, but in the mean- 
while we have a good indication of what the nature of these 
results is likely to be in Capt. Basevi's determination of the force 
of gravity a t  Mor6. The results obtained by this observer, after 
having been discredited, have been reinstated and, the cause of 
the discrepancies between his values and those of later observers 
having been detected, i t  is once more possible to  nlalte use of his 
results. Every correction which has to be applied was used by 
Basevi, with the exception of that  for flexure of the ntand, the 
necessity for which had not been recognised, nor means devised 
for measuring its amount. Had he followed the usual practke 
of having pillars built a t  each station i t  would have been impo~si- 
ble t o  allow for this correction, but instead he used a strongly 
braced wooden stand, which was transported from station to 
station, and later observations, a t  stations where this stand was 
used, have so far indicated a fairly constant flexure corre~t~ion 
of about .04 dyne, with variation8 up to 41 dyne on either side of 
the average. Had this ,stand been used a t  MorA we .should be able 
to determine the force of gravity, within a limit of 901 clvne, hu t  
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it was replaced a t  this station by a lighter tripod, whose flexure 
would be different, and greater in amount than in the case of the 
standard stations; fortunately, however, the same stand was uaed 
a t  Mian Mir, and a later observation by Col. Lenox Conyilgham 
showed that  Basevi's determination was in defect by -109 dyne a t  
that station, a difference which may be attributed to the flexure of 
the stand used a t  that  station and a t  MorB. 

The published discussion of Capt. Basevi's observation indicates 
a defect of gravity, or negative anomaly, amounting to 24.11 swings 
of a pendulnm which would beat seconds a t  the equator, after 
allowing for the effect of latitude, altitude and attraction of the 
visible masses above sea 1evel.l Converted into modern standards 
the anomaly becomes .545 dyne, to which the correction found at  
Mian Mir may be applied, making the actual anomaly about 
- -434 dyne. As the formulae on which this result is based have been 
superseded by others, believed to be more accurate, i t  will be safer 
to use the more modern value published in the Report of the 1909 
meeting of the International Geodetic Association, where the 
anomaly is given as - .433 dyne, an allowance of -107 dyne being 
made for the flexure of the stand.2 The two values of the anomaly 
differ by only a 0 1  dyne and we may take i t  that  the deficiency a t  
Mork is not far from a 4 3  dyne, omitting the third ciecinlal figure 
as meaningless in the circumstances of the case. 

This deficiency of gravity represents the effect not only of the 
compensation of the range but also that of the distant topograph~~. 
The exact amou~it  of this last has not been calculated in detail, 
but some estimate can be based on the fact that a t  Dehra Dun the 
effect of topography beyond a radius of 104 miles from the station 
ainounts to - .055 dyne on the Hayford hypothesis, and will not 
be materially different on any other adnlissible hypothesis of coni- 
pensation. At More the effect of distant topography would cpr- 
tainly be greater than a t  Dclira Dnn, but is not likely to be 
twice as much ; if it should be as much as - .100 djme i t  would I c a ~ c  
- -33 dyne for the effect of the compensation of the range, a value 
which is not materially different from tho effect of compensation 
within 100 miles of a station situated 150 miles from the edge of 
the Imaginary Range, namely about - .33 dyne if the Hayford 

' Account of the Operalions of the Orrat Trigonomctricnl Survey of Indin, V, p. 147, 
1879. 

W o t n p t e a  Rendttx dr I t ,  ,qr i ; i i~nr  c o ~ i f h r r ~ r c ~  gEnCrala dr I' Associrtl~on gkorlt!niy~t~ In-  
ternuliontrl~. Vol. 111, pp. 222 & 23G (1911). 
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tables, and about '29 dyne if the Fisher constants, are used. The 
coinpensation of the actual range should somewhat cxcecd that of the 
imnginary, for thc averagc lcvcl of the ground round Morb is more 
tllan the 15,000 feet assumed, but the difference cannot be great, 
and we may conclude that  if the effect of distant topography is 
as much as -.I00 dyne the range is just about completely com- 
pensated if the Hayford hypothesis is used, but that  if the Fisher 
constants are adopted i t  is distinctly over-compensated. If the 
effect of distant topography is less than -100 dyne, as sccins more 
probable, then the defect of gravity becomes greater than can be 
accounted for on either hypothesis, ancl we reach thc conclusion 
that  the range is over-compensated a t  MorB, just as i t  is under- 
cornpensatcd a t  the stations in the outer hills. 

Whether compensation is or is not in excess a t  More i t  is evident 
that  the defect of compensation, which was so conspicuous in the 
out,cr hills, has disnppc&xl, and that  the station is-eithcr within, 
or on the borders of. thc region of excess of compensation which 
is required to  balance the defect met with further south.1 

The conclusion drawn from the gravity observation a t  Morl! 
is to  some extent supported by the observations a t  two latitude 
atations sitliated on the southern border of the valley of Kashmir. 
These lntit~idc stations were not included in thc final account, 
of the Operations of the Great Trigonomctrical Survey, on account 
of a small uncertainty in their accuracy, due t o  unfavourable 
weather conditions, but, as this inaccuracy is certainly less than 
one second of arc, the results may be safely used for thc purpose 
of this inve~tigntion.~ The western station, Poshkar, is described 
ns situated on a well-marked pcak a t  the end of n Rplir that 
projcctls into the Kashmir valley from the Pir Panjnl range, and 
is evidently situated on the small inlier of Panjal roclts, rnarltcd 

I t  niny he pointed out  thnt,  whcn discu~sing the ITnyford nnomnlio~ of gravity 
in the  n l luv l~ l  plain, it wns necruanly t o  npply, what wnR in rffcct, a corrrction of -'02 
dyne, t o  avoid the o h t n i n i n ~  of n nraativr valilc lor the  clrpth of nlluvium. I t  i8 not 
i i~~pnqq~hlo that, this rfpresrntq a rrnl r o ~ ~ r r t ~ i o n  t o  t h r  mrthnrl nf cnlciilntion mntle 
ilao of. in which the  ocrxn hnrrinq nrr  nsqumerl t o  hr  rornprn~ntr t l  in the Rnmc mnnner, 
nncl within t h r  Rnmr depth. n~ t,hr rnn t in~n tn l  olcvntionq. nn n~qr~mptlon which 1s I)y 
no mcX%n* nrrcsmrily cnrrrrt. All thnt nrrrl I)c conairlrrrtl hrre is, thnt  any corrcrt#itln 
tbf t l~iv rhnrnctrr woulrt rhnnxr very ~ l o w l g  in nnionnt, n t  ~ t n t i o n ~  in tho intrrior of r t  
cnntinc>r~t%l a rm,  nntl wnllld hnvr tho rffcct of increra~ing t h r  ncgntivr vnl~lo of the nno- 
~ n n l y  n t  Morb. 

'See Oprmtions. ~ t c . .  XT. 18r)O. pp. 18 &27. ant1 Synnpqeq of tho Rrqnlts of the Op- 
rrrttinnn. rtc., Vol. VII ,  1879. 
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on Mr. Lydekker's map, in the position ascribed to  the latitude 
station. The eastern station, Gogipatri, is described as being on 
one of the long slopes from the Yanjal range. Both stations are 
in the region of the Icarewah deposits, south of the newer alluviu~n 
of the valley, and the observatioils gave a deflection of + 11" a t  
Yoshkar and - 1" a t  Gogipatri, using the Everest spheroid and a 
deflcction of + 4" a t  the reference station of Kalianpur ; deflections 
which becorne + 15" and + 3" respectively if the Bessel-Clarke 
spheroid is adopted. 

These southerly deflections were attributed by the Trigonometric- 
a1 Survey to the effect of the southerly attraction of the Pir 
Panjal range, yet i t  is doubtful whether this cause would, in itself, 
be sdlicielit to produce an actual southerly deflcction, tliough it 
would iiecessarily reduce the amount of the northerly deflectioil 
due to the Himalayas as a wholc. A11 approximate estimate, 
based oil the 32-milc coiltoured 111ap of India, gives the outward 
attractioil of the mass betweell the stations and the plains as about 
+ 20" and the inward attractioil of the masses towards the main 
range as about - 22", allowiilg for the Hayford cornpelisation 
of the visible masses in botli cases, the greater prosinlity of the 
hills in the former case about counterbalancing the greater mass 
in the latter, with the result that only a slnall dellection in 
either direction is to be expccted. 

From this i t  is evidcnt that  the northerly residual of deflec 
tion, found a t  stations up to  about 3G miles in from the main 
boundary further east, has disappeared nt these two stations, and 
this suggests that  they lie in the region where t,lle norbherly 
residual, resultiiig fronl the defect of coiupensation in tlie outer hills. 
la passii~g into the region whcre the cxcess of conlpc,iisatioil in the 
c e ~ ~ t r a l  part of the rangc would give rise to soutlicrly residuals. 
This deduction derives solnc support from the i~ldicatiolls of a 
general recci~t uplift of the hills to  the north of thc valley, bu t  
any such iilicrclice is rendered unsafe by the fact that  the aouthcrly 
deflection, at, both stations, may be due to  tllc eflect of thc alluvium 
filling the tleprcssioll of thc vullcy of Iiashmir, which, as in the 
case of thr Uangctic allnviunl, would cause an apporcnt repulsion, 
or sout,hcrly dcflcctioii, of thc plnnlb-line. This cause is, indeed, 
the oilly obvious explanation of the grcat difiercnce in thc deflec- 
tions observed a t  the two stations, for thc Poshkar station is juat, 
south of the greatcst dcvr lopn~~nt  of the alluvid doposit,, which 
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is not only narrower t o  the north :of Gogipatri, but probably 
shallower also ; as suggested by the inliers of rock in the Karewa 
region to  the west, and in the alluvium east of Srinagar. 

The unknown amount to  be attributed t o  this cause makes i t  
inipossible t o  determine the amount or direction of the residual 
of deflection, if the alluvium is taken out of consideration ; but the 
observations do throw' some light on an interesting point of geo- 
logical structure, for they enable us to  form some estimate of the 
depth of the depression of the valley of Kashmir. If we take the 
difference in the deflections to  be entirely due t o  the effect of 
the alluvium we find that  this is 12" in the meridian, which ys 
equivalent t o  about 17" a t  right angles to  the direction of the 
boundary of the alluvial deposit, and this, adopting the same 
density of deposit as in the Gangetic trough, would necessitate 
a depth of about 10,000 feet, or more. The estimate must be taken 
as very approximate, and subject to  several qualifications, the 
most important of which are, firstly, the fact that the alluvium 
mill not be altogether without effect a t  Gogipatri and, as the estim- 
ate is of a difference, this would necessitate an increase in the 
absolute depth ; and secondly, the possibility that the southerly 
attraction of the Pir Panjal range may be greater a t  Poshkar 
than a t  the other station, thus lessening the amount of the 
dilt'erence in deflection which should be attributed t o  the effect 
of the alluvium, and YO diminishing the thickness t o  be attributed 
to it. These two qualifications, thcrefore, introduce corrections 
in opposite directions and, as i t  is probable that  both must be con- 
sidered, they will, to  a certain extent, neutralise each other, yet 
after making every reasonable allowance, there remains the con- 
clusion that the depth of the depression under the valley of Kashmir 
is of such an order oE magnitude ae t o  bring its floor down to, if 
not below, sea level. 

We can now summarise the separate conclusions which have 
been reached, and attain an understanding of the general distribu- 
tion of the compensation of the Himalayas. I n  the central part 
of the range the compensation i~ in excess of the load which i t  is 
supposed to  support; in the outer Himalayas, a t  a distance of 30 
t o  40 miles in from the edge of the hills, i t  is in very considerable 
defect; and somewhere between these two regions must come B 

tmct where the compensation and topography are in adjustment 
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with each other, where, in other words, the anomaly of gravity 
should be zero, proper allowance being made for the effect of coa-  
pensation. Towards the outer edge of the hills the defect of com- 
pensation diminishes and the anomaly must ultimately become 
zero once more. 

A variation of this kind in the adjustment between topography 
and compensation, or between load and support, is with difficulty 
intelligible, except on the supposition of a support of the range by 
flotation, and certainly finds easiest expression in terms of that  
hypothesis. I n  t:he centre of the range the downward protuberance 
of the crust is over-developed and there is an excess of buoyancy, 
tenhng. to make the range rise, the excess of load in the outer hills 
would then be an indication that  such rise hae taken place, carrying 
with it the outer hills, till the load thrown on the central tract 
became large enough to  check the further uplift and leave the main 
range a t  a lower elevatio~l than that which would result from the 
protuberance beneath it,, while, o ~ l t h e  flank of this central tract, 
the outer hills are upraised beyond the height which they would 
attain by the effect of the support immediately below them. The 
general distribution of the stresses set up in the mountain range, 
by this want of adjustmellt between load and support, would be 
88 shown by the arrows in fig. 8 ; in this diagram the points 0 0 
represent the points a t  which there is a complete adjustment of the 

FIG. 8.-To illustrate tho adjustment between topograpl~y and compenea- 
tion in the Himalnyas. 111 tho omtrsl region, to t,he left of the diagram, 
tho cornpensattion is in excess of the load. producing an upward stress, as 
indicatpd by the arrows; iu the outor mgion compensation is in defeot, and 
there is a downward stress. The firm line represents the actual cantour 
of the ground, the dotted line, that which it would have if tho adjuetment 
between topography and compensation, of hui and support, wero everywhere 
exact and complete. 
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compensation to  the topography, not necessarily coincident with 
the zero points of the Hayford anomaly ; to  the left there is an ex- 
cess of compensation, resulting in a tendency of thc range to rise 
as indicated by the arrows ; betwecn the two zero points the com- 
pensation is in defect and the excess of load results in a tendency 
for the hills to  sink. The same conclusions niay be otherwise 
depicted in the outline of the topography where the firm line re- 
presents the section of the range as i t  actually exists, and the dotted 
line that  which i t  should be if the topography were everywhere 
adjusted to  the compensabion. 

One more conclusion may be drawn from the distribution of 
stresses indicated in the diagram. If the crust has sufficient 
strength to  bear thc load imposed on i t  by the superelevatiori of 
the outer hills, i t  is improbable that  the adjustment would cease 
a t  the right hand zero point; the load on the tract between the 
two zero points would tend not only to  hold down the central por- 
tion of the ranqc trorn rising but also to  bear down the crust on 
the right into the plastic, dcnscr, layer below, and so we might 
expect t o  find a defect of gravity outside the range, quite apart 
from that  due to  the dkfect in density of the alluviurn. It will 
be shown, further on, that  there is some indirect evidence of the 
existence of such a depression of the under side of the crust, but 
there is no possibility of getting any direct confirmation of it 
from observations in the alluvial area, for t,he effect would be 
masked by that of the trough ; and as our only estimate of the 
depth of the trough, except closc t o  it6 margins, is derived from 
the geodetic evidence, any attempt, based on this evidence, to 
sepaiate out the onc effect from the other would be merely arguing 
in a circle. 

The local departures from a condition of equilibrium between 
topography and compensation, which have been found in the Hima- 
layas, indicate a degree of rigidity, arid strength, of the crust greater 
than that which has somctimcs been attributed to it, and thiv might 
lead to  doubt as to the correctness of thc infcrcnccs which have becn 
drawn. On this point we have. fortnnatrly, the reccnt elaborate 
investigation of t.hc rigidity of thc carth't.1 crust by Prof. J.  
Barrell,' in which, after dealing with geological and geodetic data 
in the Unitcd Statev and c~lscwherc, he concludes that  the crust 
is strong enough to  tlupport a load of over 3,000 feet of rock, her- 

' J~~urrral of Ucolr~gy,  Volx. XXII nnd XXIII pa.yai?r,, 1814-15. 
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monically distributed over a wavelength of nearly 400 miles,l a 
degree of strength which is inuch greater than is needed to allow 
of the local departures fro111 ecluilibriunl which are nlet with in the 
Himalayas. 

It will be of interest to find where the position of the light hand 
zero point of fig. 8 lies with regard to  the outer edge of the I-Lirna- 
layas. In  this connexion wc b v c  a suggestion in thc fact that  the 
Hayford anomaly near the outer edge of the hills, after allowing 
for the effect of the Gangetic trough, seenls to have a small positive 
value, of the orclcr of -01 dync, on both the Dehra Dun and the 
Siltkim sections. Too much weight lnust not be attached to tllis 
coincidence, as the actual compensation will not bc identical with 
that adopted in the tablcs conlputed by RiJcssru. Hayford and Bowie, 
but i t  is suggestive of the conclusion that  the zero point, where 
the uplift of the outer Hinialayas comes to an end, lies bcyond 
the edge of the hills, and under the northern part of the alluvial 
plain. 

This conclusion receives sonle support on thc geological side. 
Everywhere along the foot of the hills thcre is a gravcl slope, com- 
posed as a, rulc of nlucli coarser n~aterial, and having a steepor 
surface gradient, than thc alluvial plain beyond. Tl is  gravel slope 
known in part of Upper India as thc bhnbar, is the result of deposit 
of coarser inaterial by the streams as they leave the hills, und the 
steeper surfacc gradient has gcncrally been attributed to the steeper 
slope of deposit of this coarscr mat.crial, as conlpared with the 
finer silt of the plain proper. On soiile sections, howevcr, the 
increasc of surfacc gradient towards thc hills results in a slope 
too steep to bc accounted lor in this way, and alnlost cverywhere 
we find thc streams cutting tllcir way through the old gravel 
deposits a t  a lowcr level, and on a lower gradient, than the gcneral 
slope of thc surfacc. To some cxtcnt this may be due to climatic 
chantre but this cxl~lanution does not seem adequate, and there b '  
reniains :L distinct suggcst'ion, evcn where thcre is not a practical 
certainty, that there has been a general tilting of the surface and 
an uplift on the sidc towards tlie mountuins. It is ilnporhnt to  
note that thia surfacc tilt ia too even and regular to be referrcd to 
any coniprcssion, folding, or siniilnr process; i t  is not analogous 

Vol. X S I I I ,  1). 30. Not, bc it obscrvod, in utlditio~i to tho wcipht of tho crust 
Itsolf. This ia su~lpnnrtl to I)o vvc\rgwhoro isnutnticnlly uupl~orto~l ; it is only the_un- 
supported oxcvss or doIcct wl~ich is borno l ~ y  tho tltrcnglh of tho crust. 
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to the disturbance which the strata have undergone in the Siwalik 
hills, but is a general tilt, which may reasonably be attributed to 
a general displacement of the crust, and to  a continuation of the 
general uplift which is indicated in the outer hills, which, in this 
case, must extend beyond the limits of the hills into a region where 
its further progress can only be traced by inference from the 
geodetic data. It may also be poipted out that  this interpreta- 
tion is in accordance with, and may in some respects be regarded 
as a confirmation of, the conclusions, independently reached, that 
the great boundary faults of the sub-Himalayan region are the 
result of tectonic processes in the outer part of the crust, and do 
not extend downwards to  its lower limit. 

The conclusions which have been elaborated, as to  the excess 
of support in the central part of the Himalayas, and the uplift which 
has thereby been superirnposed on the mountain building processes 
in the outer hills, are of great importance in attaining an under- 
stirnding of what these processes are, and to what causes they may 
be attributed. In  one respect the question of the origin of the 
~xlountains may be regarded as having been put in a new light, 
for, hitherto, i t  has been usual to regard the visible range as the 
primary problem and the provision of support, or compensation, 
as a secondary one ; but, in the light of the results of geodetic work 
in the Himalayas, the order must apparently be reversed, the 
primary phenomenon being the production of an excess of buoyancy 
under the range, in virtue of which the range is uplifted, and the 
range itself becomes but a secondary, though the most conspicuous, 
effect of the processes a t  work. 



SUh1RIAR.Y AND CONCLUSIONS. 

CHAPTER VI. 

SUMMARY AND CONCLUSIONS. 

The various groups of geodetic stations have now been con- 
sidered in detail, and the conclusions, which may be drawn from 
each, have been indicated, but i t  is still necessary to review these 
as a whole and to consider how far they help in the solution of the 
problems, still in doubt, which were indicated in the opening chapter 
as those in which the geodetic evidence might help. 

These questions will nlost conveniently be taken in the revcrse 
order to that  adopted in stating them, and i t  may be said that  
the geodetic observations fully support the two conjectures, that  
a rock barrier extends, a t  no great depth below the surface of the 
alluvium, from the peninsular rock area to that of thc Assam Range 
to the east, and to  the Salt Range to the west. 

We have also found co~nplete confir~nation of the geological 
deduction that  the depth of the alluviuin along the outer edge of 
the Himalayas is great, amounting to about 15,000 to 20,000 fect 
towards the northern boundary of the alluvial plain, figures which 
are in complete accord with those deduced from the geological 
examination of the Siwalik hills. 

This agreement, between the rcsults of two wholly independent 
and different lines of research, leaves little room for doubt that  
we have rcached a correct interpretation of the underground form 
of the Gangetic trough from near its northern limit to the s~u t~hern  
boundary, and that  its maximum depth is about 15,000 to  20,000 
feet, possibly more on sorue sections, probably less on others, but 
in nloet cases lying within the lilnits named. From this maximum 
depth, a t  a distance of from 10 to 30 miles from the northern edge 
of the plain, the floor slopes upwards, with a fairly uniform slope, 
to the southern limit, whether this is marked by the reappearance 
of solid rock, a t  the northern boundary of the Peninsular area, 
or by the hidden barriers under the alluvial plains, over which 
the drainage of the Ganges and Brahmaputra reaches the Bay 
of Bengal on the one hand, or the rivers of the Punjab flow down 
to the Indua and so into the Arabian S a  au the other. 

The 1111rl~rground form of the trough in its northern portion, 
along the edge of the Himalayas, is less clcarly defined. On only 
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one section, that  of thc Dehra Dun, do the observations extend 
across the Siwalik area to the IIinlalayae propcr, and here they 
indicate that  the ma.uiinum depth of the alluviu~n lies not far froln 
the outer edge of the Siwalilr hills, but whether actually a t  the 
boundary or a t  some distance from i t  is not established. Ullder 
the Siwalik area there is a distinct shallowing of the trough, pro- 
bably abrupt and coincident with the outer edge of the hills, and, 
a t  the northern boundary of the Siwalik region, the floor of tile 
trough rises abruptly along the main boundary fault, the throw 
of which is indicated as something less than 10,000 but probably 
over 7,000 feet. 

Another section, which traverses the whole width of the allu- 
vium near the 81" meridian, but stops short a t  the foot of the hills, 
indicates much the same conclusions, that  the floor of the trough 
rises rapidly under the Siwalik area, though here the niaxinlum 
depth may be 50 miles or more from the edge of the hills. A 
third section, near the eastern end of the trough, where the Siwalik 
zone is unreprcsented, or covered by alluvium, inclicates an increase 
in depth from south to  north almost up to the outer edge of the hills, 
though a larger number of obscrvatione might put the maximum 
depth somewhat south of thc statiou ncarest the hills, a t  which 
the largest depth is indicated. 

The structure indicated on these sections may reasoilably be 
extended to others, and in i t  we find a confirmation of the deduc- 
tion, which had been drawn from geological data, that  the under- 
ground form of the trough near its northern limit, as well as the 
nature of the northern boundary, is radically different from what 
is to  be found under the southern part of the trough. To the south 
of the present linc of maximum depth the trough has been formed 
by simple subsidence and thc alluvium deposited on an old lalid 
surface, preserved with littlc or no change in its original form. 
To the north, the rise is not only more rapid, but more irreh~lar 
and determined mainly by tectonic processes, connected with the 
origin of the hills, which have profoundly altered the original form 
of the floor of deposition, and involved some of the originally un- 
dsturbed deposits in the foldng and faulting of thc process of 
mountain formation. 

Incidentally we find -a confirmation of the interpretation which 
had been accepted, rather than demonstrated, that  there is a rise 
in the floor of the trough under the 8iwalik area, and indirectly 
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of the dednction that  the outer edgc of the hills inarks the posi- 
tion of a structure similar in character to  the faults which traverse 
the Siwalilr area, and form its northern bo~uldary for a large portion 
of the length of the Hima1ayas.l 

There remains only the question of whether the compression, 
which the rocks of the Himalayas have unquestionably under- 
gone, is the cause, or merely the accompaniment, of the elevation 
of the range. The treatment of this question is inlpossible without 
considering that  of the origin of the Himalayas and a discussion, 
which necd not be detailed, of the explanations which have been 
offered, of the origin of the Himalapas, and of the closely con- 
nected problem of the origin of the Gangetic trough. 

It has already been shown that  there is some suggestion of the 
boundary faults, nnd with them of the tectonic processes which 
havc modified the underground form of the floor of the trough, 
being phenomena of the upper part of the crust alone, and inde- 
pendent of the more deep-seated changes in the distribution of 
density on which the compensation depends.l This being so, i t  
is obviously possil~le that  the same concliision might be extended 
to the whole of the trough, and its existence be regarded as due 
to processes which wcre confined to the upper part of the crust 
proper, with thc result that  there would be ncither need nor reason 
to look for any more deep-seated cailsc of origin. The magnitude 
nncl estcnt of the trough secm to make any snch localised cause 
inappropriate, and thc radical difference in the form and boundary 
of tlic southern part, as compared with the northern iringe, makes 
i t  probnble that  an entlirely different set of processes havc been a t  
work, and that  the troiigh as a ~ 1 1 0 1 ~  111ay be due to deep-seated 
2nd widespread forces. involving the crust, as R whole, and the 
material which underlies it. In t l ~ i s  case we cannot ascribc the 
trough to  any deformation of a pa.rt of the crust, such as has pro- 
foundly modified the form, nnd defined the boundary, on the north, 
hut rather to n general siibsidrncc of the  crust,, increasing in amount 
from ~011th to north. 

In senrrhing for n cause, \vhicIi coi~ld havo prodneed this depres- 
sion, we nii~st  first of all reject t,hr notion trliat i t  can be n direct 
downwnrd prcssi~re due to the weight of the allnvium. The notioil 
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that  the deposit of sediment on the surface of the earth must cause 
a subsidence, in consequence of the additional load, is one which 
has had some vogue ; i t  is unnecessary here to  discuss the justifica- 
tion of this idea, i t  is sufficient t o  point out that  the cause is obvi- 
ously inapplicable in the case of the Gangetic trough. Not only is the 
surface of the alluvium a t  a lower level tha>n that  of the rock areas 
to  the north and the south, but the density of the material is very 
considerably less than that  of the rocks on either side ; consequently 
the load borne by the crust in the region of the Gangetic trough 
must be less than in the Himalayas to  the north, or in the peninsular 
rock area to  the south, as is proved by the result of gravity observa- 
tions in the alluvial plain. But though the weight of the sediment 
cannot have been the originating cause of the depression of the 
Gangetic trough, i t  may well have had considerable influence in 
determining the magnitude of its dimensions, for if there had been 
some other cause capable of forcing down the level of the crust 
to a given depth before the resistance to fnrther movement became 
equal to the force, then the addition of a load of alluvium would 
enable the same force to lower the level to  a greater extept than 
if the hollow had been left empty or only filled with water. The 
amount of this extra depression would depend on the balance 
between the force and the resistance; if both remained appreciably 
constant, within the limits of movement involved, the weight of 
thr  alluvium would enable this to be carried about five times 
fi~rther than would otherwise be the case, so that  the Gangetic 
trough, taken as 15.0(;0 feet deep, would only have had a depth 
of about 3,000 feet hacl i t  not been filled with alluvium as fast as 
i t  was formed. 

One such possible cause has-been indicated by Mr. Fisher. He 
pointed out that if material is removed by denudation from the 
s~irface of a range, and deposited bv its side, the centre of gravity 
of that portion of the crust comprising the two regions would be 
shifted laterally. and, on the assumption of a crust supported by 
flotation, there wonld he s tlisturhancc of the condition of equili- 
brium, so that the centrw of gravity and of buoyancy would no 
longer lie on the same vertical linr. As a result, a couple would 
be ~ e t  up, tending to raise t h ~  range and depres~ the crust along- 
side it., till the loss of huoyancv under tbe range, and the gain under 
t h ~  plain, led to a re-e,stnhliahment of a condition of equilibrium 
and, as a further result, a depression of the surface woulcl be formed 
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along the foot of the range, which would grow in depth, and in 
breadth, a s  the range increased in height. The reasoning is per- 
fectly sound from a mechanical point of view; given a crust of some 
degree of strength and rigidity, supported by flotation, the processes 
conceived will follow with logical necessity, and i t  is i n t e r e s t i ~ l ~  t.o 
note tha t  the results of this purely mathematical investligation agree 
remarkably with the deductions which result from geological 
examination as t o  the character of the southern margin of the 
alluvium, the history of its gradual extension to  the south, and the 
radical contrast in character between the southern and northern 
margine of the trough. The only doubt is a s  t o  whether the cause 
invoked by Mr. Fisher would be quantitatively sufficient t o  pro- 
duce the results, and with regard to this i t  may be pointed out 
that  the action, which he conceived, would be reinforced by the 
effect of an  increase in the buoyancy under the range, such 
as has been indicated in the preceding chapter, so tha t  i t  is possible 
for the combined effect of the two causes, working in the same 
direction, t o  have given rise to the depression of the Gangetric 
trough, though neither of them would, independently, have been 
sufficient. 

The only test which we can apply to this interpretation is t o  
be derived from the geodetic ilata. It is evident tha t  a clepres- 
rJion of the lower surface of the crust, with the consequent displace- 
ment of denser by less dense inaterial, \vonld produce an  effect on 
the plumb-line and the pendulum, i t  ~ o n l d  cause a northerly deflec- 
tion to  the north of the trongh, and a southerly deflectZion to the 
sout,h, and would give rise to a defect, of gravity, g~eat~es t  along the 
line of niaxin~uin depression and decreasing on either side. These 
effects, i t  will be noticed, are similar in kind to thosc prodnced by 
the alluvial trough, but, being much smallcr in amount,, are so 
effectively masked hy those due to the n l luvi~~m itself tlint it, is 
difficult to  disentangle them. An attcnipt was madc, by a coni- 
parison of the results derived from t,l~e deflcctinns and the gravity 
observations, t o  separate out the effect of a possible depression of 
the crust as a whole from that  of its uppcr snrfacc, the attempt 
led to  an apparent confirmation of t,hc hypothesis, but i t  involved 
too many considerations of very doubtfnl validity to justify the 
space necessary for its exposition. There are, however, within 
the area of t,he alhivium sonie o I ) ~ ~ e r v ~ t i o n ~ ,  otherwise dificult 
t o  understand, which find an easy interpretation in this way, namely, 
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the very considerable defect of gravity a t  Monghyr and the lesser 
defect a t  Snsamm, which cannot bc attributed to  the alluvium, 
but could find nn explanation in a depression of the crust into 
the denser material below, though whether this explanation is 
valid cannot be established. 

It is outside the alluvial area that  the test of the hypothesis 
must be looked for ;  the boundary of the alluvium would not neces- 
sarily coincide with that  of the trough, for south of the alluvium 
the gencml level of the surface continues to rise, and in this region 
we may look for effects to be recognisable, which would be masked 
by others, of greater magnitude, in the alluvial plain. Now the 
investigation by Sir S. G. Burrard of the deflection of the plumb- 
line in India, published in 1901,' showed that  along the northern 
edge of the peninsular area the deflections were all to the south- 
wards, and that  further south comes n belt in which northerly 
deflections prevail. His investigation established the conclusion 
that  these facts could only be explained by the exisbence of a 
belt of excess of gravity, or as he expressed i t  a Hidden Range, 
traversing the Peninsula in a direction approximately parallel to 
the lIimalayan Range, and having its crest dircctly under the 
station of Knlianpur. This conclusion has since been supported 
by the gravity ohservations. and by Major Crosthwait's deter- 
mination of thc residuals of unexplained rleflcction a t  a number 
of stations in India. The highest positive anomalies of gravity 
are a t  I<alinnpur and Sconi ; bctwecn these stations nnd thc 
alluvial plain, positive anomalies prevail, hut of lcsscr amount ; and 
the line of ~epnrat~ion between thosc stations a t  which Major 
H. L. Crosthmait obtained a southcrlg. and thnse rhich sl~ow a 
nort,herly, resiclnal, also runs through these two places nncl follows 
alnlost exactly the course of the " Hirltlen Rangc " as indicnterl 
by Sir S. G. Burrnrcl in 1001. In thc diagrammatic rcpresenta- 
tion, reproduced in fig. 9, of this belt of grentcr dcnsity i t  is shown 
as comprtratively narrow and steep-aided, and in this form thc 
result woulcl not accord vcry well with observation, a mass of thc 
form intlicated would produce cffrcts distrihutetl vcry much na 
shown by t,hr fimircs in trthle No. I ,  immcdiatcly over the crcst 
there ~vould hr no deflection, thrn n grnrh~nl increaw t'o a maximum 
and a gradanl (lying out nqnin as the tlint,nnce incrt~nscd. Actual- 
ly, hoivevcr, thc obscrvntions a~lpgcst the cxistencc of 

Survey of Tnclin, Prnf.!'Pnl-rr No. h ,  T)rl~rn T h n ,  1!)01. 
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irregularities of deflection superimposed 
on a general southerly deflection, which - 
remains fairly constant over a wide tract 
of country ; this condition would be satis- 
fied if we supposed the belt of greater 
de~lsity to have the fornl indicated by the 
dotted lines in fig. 9, tha t  is to say, instead 
of being narrow and steep-sided, to be 
broad with a gentle slope downwards on 
either side. If the excess of gravity along 
the crest of the range is taken a s  equi- 
valent t o  about .04 dyne, and the zero 
point a t  a distance of about 200 miles, the 
southerly deflection would be about 3"; 
and if the slope of the Hidden Range were 
continued into the depression under the 
Gangetic alluvium, in the manner wl~ich 
will be suggested inlrnediately, this deflec- 
tion would continue in fairlv constant 
amount up t o  and bevond the honndary 
of the alliivinni. 

So far as I know. the onl!r suggestion. 
whicli 113s y r t  brcn made, to accolint for 
~ I I P  orizin oE this Hidden Range, is that  
t,hr eucclss of density is tlr~e to an intrusion. 
or srrirs of intnisions, of densc basic or 
ult,rabasic rocks.' To this thr  same ohjec- 
tion applies as to any ascription of the 
effect, to  a cor~l~arat ively narrow belt of 
excessive density, and we must look else- 
where for all exl)lanation of the origin of 
this frtlture, which seems nlarlit~d out,, by 
its co~r ses  and posi t io~~.  as in so~ne  11 q 
connected the origin of the Hima- 
layas. Onr such esplanation follows. as a 
natural consequenrcl from Mr. Fisher's 
intcrllretation of thc origin of the Gangrtir 
t rn~~gl i .  (Jrantrd tllc csistencr of a floating 
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crust, of sufficient strength to enable it to be forced downwards into 
the denaer matter underlying it, in the manner which has been 
out,lined, i t  is improbable that  so large a depression would a t  on@ 
die out into a condition of equilibrium on the further side from the 
hills. The  very strength of the crust which enabled the depres- 
sion to be  formed would be likely to uplift the crust, on the further 
side, beyond the point of equilibrium, before i t  finally sank down 
into a normal condition, unaffected by the exceptional circum- 
stances connected with the Himalayan range. In  this way the 
depression of the Gangetic trough would be bordered on the south 
by a tract where the crust was uplifted, as a whole, with the con- 
sequence of the rise of the denser matter from below into the hollow 
formed in the under surface of the crust, and so give rise to pre- 
cisely the phenomenon which Sir S. G. Burrard found necessary 
to  invoke, in order to account for the observed deflections of the 
plumb-line. 

The argument of the last paragraph may be made clearer by 
reference to fig. 10, where a cross-section is depicted, from the 
centre of the Himalayas to about the centre of the Peninsula, 
covering about 10" of latitude or a distance of some 700 miles. 
In  this figure the actual relief of the surface is indicated on a some- 
what exaggerated vertical scale, in order to make it recognisable; 
below is repre~ent~ed, on an equally reduced scale, the under surface 
of the crust, adopting Mr. Fisher's constants of a lthickness of 26 
miles for the undisturbed crust, and a ratio of 9.6 : 1 between the 
prominences on the under and upper snrface of the crust, respec- 
tive1y.l In this part of the figure there are two lines, one firm and 
the other dotted, of these the dotted line represents the under sur- 
face of the c n ~ s t  as it woulrl be if there was a t  every point a 
complete cornpensatiot~ of the surface irregularity, the firm line 
repreeents the form of the under surface of the crust ae it would 
have to be in accordance with the departures from exact com- 
peneation which have been established or inferred. Tbe treatment 
is in fact the reverse of that  adopted in fig. 8, in which the adjust- 
ment was made by an alteration of the surface level, and the hills 
eupposed to be either held down or uplifted. 

It ia obvious that the dotted line, which represento what the under surfaco should be, 
were the inequalities in the ~urface and the Gangetic trough completely compeneeted 
under every point, may elgo be regarded an representing the proportionate amount 01 
the oompensetion, irrespective of sny theory of how it is brought about. 
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Turning now to  the interpretation of these two lines, we see 
on the extreme left of the figure, that  the firm line is below the dotted 
one, representing the greater depth of " root " required to produce 
the excess of compensation which exists in this region. To the 
right, but still within the region of the hills, this excess of corn- 
pensation disappears and we enter a region where the crust is up- 
lifted. as a whole, by the excess of buoyancy to the left, the hills 
are still compensated to a large extent, but not conlpletelp, and 
the defect may reach a m a x i ~ n u n  of about the equivalent of 2,000 
feet of rock, or one-sixth to  one-fifth of the whole amount of what 
would be complete local compensation of this portion of the range. 
Further to the right. this uplift gradually dies out and a condition 
of equilibrium is reached. a t  a point somewhat beyond the outer 
limit of the visible hills, but not maintained, for the weight of the 
tract which has been uplifted by the excess of buoyancy in the 
central region bears down the crust on the side towards the plains, 
and causes the crust to  be depressed below the level of equilibrium, 
giving rise to the depression of the Gangetic trough. This depres- 
sion reaches its nlaxinium limit and then the buoyancy of the crust, 
further away from the hills, causes i t  to bend upwards, till a con- 
dition of equilibrium is again reached, a t  a point which scems to 
lie not far from the southern boundary of t,he alluvium, where it 
attains its greatest development and width, hilt, to lie south of the 
boundary in the region of the Aravalli hills, ancl whrrc tlic Rnj- 
mahal hills project into the alluvial area west of the (:anyetic cleltn. 
Further to the right the condition of eqnilihrinni is. once more, not 
maintained, but the dowrlward tilt of the crust to the left is continuer1 
as an upward tilt to the right, with a corresponding rise of the under 
surface of the crust, till the weight of the unsupported crust beyond 
p u b  an end to this uplift, and the crust bends downwards again into a 
condition where the influence of the IIimcalayan range is no longer felt. 

It will he Heen that  this development of the consequences which 
would result froni the hypothesis of a floating crust, supported 
on a denser. plastic, but not necessarilv liquid, substratum, is in 
close accordance with the larger features of the s t r~~c tu re  of the 
c o ~ ~ n t r y  south of the Hinialayas. I t  provides for the trongh. for 
the elevation of part of the earlier d~posita formed from thc waste 
of the hills on the north of this trough, and for n gradunl extension, 
by progressive regular subsidence, to the southwards, as the range 
iteelf grew in magnitude ; it provitles also for that, belt of positive 
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anomaIy of gravity, traversing the Peninslila, with .its comcomit- 
ant effect on the plumb-line ; and i t  may be added that  the Yfrength 
of the crust, required to  produce these effects, is much the same 
as , that  deduced by Prof. Barrell from the geodetic work in 
North America.l This agreement, between the results of con- 
clllsions clrawn from observation and those obtained bv deduction, 
lends considerable support to the hypothesis on which the deduc- 
tions were based, but i t  must be confessed that  the Himalayas are 
the only range where anything like this agreement has been found, 
yet even this may rather strengthen than weaken the support, for 
i t  may well result from the lnagnitude of the range, which is not 
attained by any other mountains of the world. It is conceivable 
that  only in the mountain system, of which the Hi~nalaya~e form 
the culnlinating member, do the gravitational stresses set up by 
the processes of nlountain forination reach a magnitude which 
enable them to doininate all other influences, and to prcduce a 
simplicity and n~agnitude of structure, obscured in other cases by the 
action of other influences and resistances, which becoille more promi- 
nent with the decrease in the ~napi~i tude  of the gravitational streescs.* 

We have seen that,  the phenomena actually observed, in the 
region lying in and to the south of the hills, are in agreement u-ith, 
and are easily explained by, the hypothesis of a solid and some- 
what rigid crust supported by flotation on a substratum of denser 
material ; but when we come to consider more especially the range 
itself, difficulties arise in the accept.ance of Mr. Fisher's explana- 
tion of a sinlple thickening of the crust by ronlpression. In his 
investigation the crlist is supposed to be con~preased as a whole 
and, recopnisinp that  the resistance of the lower part R-ould be less 
than that  of the upper, the neutral zone was put at two-fifths of 
the thickness from the upper surface, so that  all above t h k  would 
be thickened upwards and all helorn in a downward direction. 
In these circumstances the downward protuberance would be half 
as large again as the upwnrd one, which wolilcl give an insufficient 

' .Iolrrnnl of Ceology, XXIII,  p. 30 (1415). 
' T o o  little is known of the Andes, the only other mountain systc-n~ of comparable 

magnitude, to  admit of comparison w ~ t h  the Himnlaya~. [Since- tbls was wntten, eomc 
particulars of deflection of the plnrnb.line In the Andes have been published, indicat~ng 
that it varies In much the same manner, and to about the enme extent, in these two 
rangee, whioh am of very much the finme magnitude, in the portions which have a 

redominating sl~nrr in the effect on the plumb-line. Oeog. Joltr. SLVTI. 484-46i, & 
% 1 ~ 1 1 1 .  IN,-181, (1916) 1 
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eupport by flotation, and the range would sink, carrying with i t  
the crust on either side till a condition of equilibrium was 
attained. This explanation carries with i t  the necessity of a 
depression on both sides of the range ; i t  renders the elevation of 
the marginal deposits almost impossible, and is in contradiction 
to the excess of support which is actually found in the central 
Himalayas. The latter condition could, however, easily be met 
by putting the neutral zone a t  a higher level. If placed so that 
the amount of the crust below were ten times that above, which 
would correspond to a depth of about two and one-third of a mile 
in a crust of 25 miles in thickness, the downward protuberance 
would exceed the upward one in just about the proportion necessary 
to provide a small excess of flotation. 

I n  some respecte a neutral zone so near the surface would be 
welcome, for some of the complicated structures, which have been 
revealed by geological survey of the more highly disturbed regions 
of the earth, certainly seem easier of explanation if we can 
consider the relief from compression as having taken place in a 
downward, rather than an upward, direction, and i t  is equally 
easier to  accept these structures as having been brought upwards 
from a depth of a couple of miles than from five times that 
depth. On the other hand, 8 neutral zone so near the surface 
eeems to give an inadequate cove; for the production of a con]- 
plicated folding of hard rocks, such as could only take place, without 
crushing and fracture, under a heavy superincumbent load of rock. 
A more important objection to this explanation is the fact that, 
though i t  would provide an adequate amount of support, i t  would 
not provide for the alternate defect and excess of compensation, 
which is revealed by observation, for, so long as the neutral zone 
is maintained a t  the same absolute level, preserving the same 
proportion between the thickness of crust above to that below it, 
the reletive dimensions of the upward and downward protuberance 
would remain unchanged, and the hills would be uniformly over- 
or under-compensated, as the c u e  might be. 

A relief from this difficulty may be obtained in several directions. 
In the first place if the neutral zone mainta.ined a nearlv constant 
depth from the surface, instead of the same fraction of the total 
thicknew of the crust, the downward protuberance under the 
central range would be developed in greater proportion to the 
upward one, and the excess of buoyancy attained. The distri- 
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bntion of resistance to compression, needed to  bring this condition 
about, would be somewhat peculiar, but by no means impossible, 
yet i t  must remain merely a suggestion, in the absence of any means 
of testing it. Another possibility is that,  in addition to the thicken- 
ing of the crust by compression, its density is actually reduced in 
some way or other, and here Dr. Fermor's suggestion of the pass- 
age of roclts, belonging to the same norm, from a mode of greater 
density to  one of lesser, affords a feasible explanation, but, like 
the previous one, i t  must remain a mere suggestion. 

Neither of these suppositions involves the implication of any 
fresh material, from outside the portion of the crust covered by 
the hills, in the process of mountain formation, but the excess of 
support under the main range might equally be accounted for 
by an invasion, of the tract under the hills, by material from out- 
side, whether by the injection of acid intrusions, or by a differen- 
tial movement of the lower and upper parts of the crust, such as 
could be described indifferently, according to the point cf view, 
as an over-thrust of the upper portion towards the sout,h, or an 
under-thrust of the lower towards the north. 

It is in the last-named direction that  the easiest relief occurs from 
the difficulties arising from a limitation of the cause to the area 
actually covered by the range. The attribution of part of the dokvn- 
ward proliline~ice to an invasion of material from outside the limits 
of the range, would enable the neutral zone to be brought do\1711 to a 
level which would remove any difficulty in explaining the production 
of complicated folding of thc rocks, hut i t  is in~pnl-tant to note tha t  
any proccss of this sort can only be subsidiary to the effect of com- 
pression, and tha t  we cannot, 011 the hypothesis under consideration, 
attribute the whole, or even the major pnrt, of the elevation of the 
range, to the invasion of material from outside. The case can be put  
simply enough : using Mr. Fisher's constants, the total thickness of the 
crust under the range would have to he just about twice a s  much 
as the normal thickness of the undisturbed crust, but these cons- 
tants, as has been pointed out,l represent what may be regarded 
as R minimum value for the thickening, which mag amount to 
three times the normal thickness ; the hypothesi8, therefore, 
detnands a co~npression of from one-half to  two-thirds of the original 
horizontal extent of the crust. The actual amount of compree- 
sion, indicated by geological structure, canliot be estimated ni th 

1 See p. 48. 
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accuracy but, allowing for all possible over-estimates, i t  cannot 
be put lower than one-third, and is probably not much over one- 
half, of the original extent. It will be seen that  the two estinlates 
overlap, so that  it is just possible to  account for the support of the 
range, by cornpression limited to  the area covered by the hillu ; 
on the other hand, if we take the highest estimate derived from 
the hypothesis and the lowest possible from observation, the 
downward prominence produced by compression would have to be 
reinforced by an equal bulk of material, of similar density, to pro- 
vide sufficient support for the visible range. These may be regarded 
as the extreme limits, and the most natural conclusion is that, 
although simple compression might account for the whole of the 
support, or might be unable t o  account for more than one-half, the 
conditions lie somewhere between these two limits, and probably 
nearer to the first than the second, so that we may take it that, 
on the hypothesis which is being considered, the greater part of 
the support of the range would be provided by the co~npression, 
which i t  has certainly undergone, though a arnall portion may be 
attributable to the invasion of material from outside. 

The specific question which had been put, of how far the ele- 
vation of the Himalayas is the direct result of the compression 
which they have undergone, seems to have been answered. An 
hypothesis has been found which is in accord with observation, 
not onlv within the limits of the range itself, hut in the regions 
outside the range, where structures closely related to i t  in geograph- 
ical extent and, presumably, in origin, are rnet with. Hut before 
this hypothesis can be accepted ss In any deprce satisfactory, i t  
is necessary to mamine the other explanations wl~ich have been 
offered a t  varioux times, and it will be of interest to pursue the 
hypothesis which hau been discl~ased somewhat further, to see 
whether a satisfactory explanation car1 he found of the colnpression 
which i t  makes mainly revporrsible for the clevatio~i of the Himalayas. 

To take this laat question first, i t  mllst be confessed that 
Mr. Fisher's investigation gives no conclusive answer. He rejected 
the obvious suggestion that i t  was due to the contraction of the 
earth by cooling; the cause may be a real one, i t  provides a force 
very many t,imm more than adequate to produce the effect required, 
hut the possible range of motion is almost ecyuslly in defect of that 
necessary to accouut for the comprension which hae taken place. 
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He next investigated the possibility of an expansion of the crust 
by the injcction of dykes ; this process seems just about able to 
produce the amount of force required, but herc again thc range 
of lnotiorl is inadequate. He finally suggested the existence of con- 
vection currents, rising micier the ocean beds, flowing outwards 
along thc uuder surface of the crust towa,rds the col~t.inents, alltl 
giving rise, by a drag on the under surface of thc crust,, to comprcs- 
sion in the continental areas. This cause, grailt,ed the existerlce 
of the currents, would produce an ample range of movement, but 
it is doubtful whether i t  could produce sufticient, force t,o givc rise 
to a yielding and coliipression of the c n ~ s t .  The drag exerted by 
such a current on the nnderside of the crust would be proportionate 
to three factors, the co-efficient of friction. the rat.e of flow, and t.he 
length of the tract along which the flow t,akev place ; of these the 
first would be small, the second probably also small, but the t,hird 
would be some hundreds of miles, and therefore large, so that  thc 
stress, accuinulated along a length of the crust, might atkain a 
magnitude sufficient to give rise to conlpressioil of the wcaker 
portions of the crust.l It seems that, granted the existe~ice of the 
currents postulated, thc effect might hc ~)roduced, but the con- 
clusion is by no means est,ablished, and the 1)ostulat'c has by no 
means beer) accepted, very 1a.rpely on account of the nomenclature 
adopted. 

The notion of convec,tion currents connotes, a.nd was certainly 
intended to imply, :t degree of fluidity which a,ppea,rs difficult to 
grant, but it, is i~nport~ant, to observe t , l ~ i ~ t  silnilar movements might 
take place in a ~nat~erial which crhibits none of the properties 
associated with a fluid, as it exists on t,hs surface of the earth. 
A material having the properties of the asthenosphere of Prof. Barrell,2 
would have sufficient power of yielding, to long cont,illued stresses, 
to pern~it  of the existfence of n~ovcn~ents analogous to convection 
currents, tind so provide tflic? ~llot~ive, power required. Though 
possible, however, this explana.t,ion can hardly be rcgarded as  
probable, or even satisfactory, but it is at least a feasible one, and 
not more unsatisfactory than any other which has been offt?red as yet. 

Of these the first to be considered is that  of Prof. Suess 
which, being incorporated and developed in his great work on tbe 

1 Phyuirx of the Earth's Cruet, 2nd rd., 188U. y. 320. 
2 JourreaE oj Ocology, X S I I ,  1014, p. O(jb. 
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Face of the Earth, has attained a certain vogue, and a con- 
siderable amount of influence on geological thought and specu- 
lation. This explanation is based on the hypothesis of an originally 
highly h a t e d  solid globe gradually cooling by radiation from the 
surface, and the effects of surface deformation are attributed to the 
compression, to which the outer layers of the earth would be 
subjected, by the gradual contraction of such a globe. In ex- 
plaining the actual forms, assumed by the surface, great stress is 
laid on the supposed directions from which pressure was applied, 
and to  which movement took place. In  the case of the Hima- 
layas i t  is specially argued that  the form of the ran$e, and of the 
associated ranges on the eastern and western frontiers of India, 
can only be explained if pressure was applied from outside towards 
the steady mass of the Peninsula, and is inconsistent with the 
supposition that  the pressure and movement came from the south. 
On this view of the case the peninsular area naturally became a 
foreland, and the Gangetic trough a foredeep ; but the whole of the 
reasoning, on which the conclusion is based, is permeated by two 
mechanical fallacies. 

The first is the possibility of a one-sided application of pressure ;. 
but pressure can only exist if there is some resistance, and the 
resistance necessarily gives rise to an equal and opposite pressure. 
If these opposing pressures exceed the resistance of the material, 
compression, and consequent movement, will take place, but the 
direction and form, which this yielding will assume, is dependent 
eolely on the nature of the resistances, and the amount of move- 
ment needful to relieve the pressure. The other fallacy is the 
possibility of absolute movement, and this will be most easily 
explained by reference to a diagram ; in fig. 11 let A B be two 

points near the outer limit of the. Himalayas, C a point well away 
to the northwards and D one well away to the eouthwards, and 

Dm Aldlitz der El&, I11 (Z), p. 707. English translation IV, p. 614. 
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suppose the distance between C and D to be reduced. Then, in 
the first place, we can only determine the change in distance, and 
cannot say whether C has moved to the right or D to  the left, except 
by reference to some more distant point, such as the north pole, 
which again can only be fixed by reference to some still more dis- 
tant points such as the sun or stars, which obviously have nothing 
to do with what goeE on between C and D. Next, as regards this 
tract, we may suppose the tract to be uniformly compressed, in 
which case all the distances are proportionately reduced and the 
positions of A and B relative to each other are unchanged ; or we 
may suppose the distances from C to A and from D to B to remain 
unchanged, those from C to B and froin D to A being shortened, 
and in this case the effect will have a different aspect according 
as i t  is viewed from C or D. From the side of C i t  will seem that  
A has been unmoved while B has been underthrust to the left, 
but from the side of D the reverse action will seem to have taken 
place, and A to have been overthrust to the right ; so far, how- 
ever, as A and B are concerned i t  is only the relative movement 
which comes into consideration, and the resnlt in either case is the 
same. Prom this we see that, as regards the processes which take 
place within the hills themselves, the question of whether the sur- 
face has been overthrust to the south or the lower layers under- 
thrust to the north, is nleaningless ; the forill of the range, and of the 
~tructures developed in the rocks of which i t  is composed, depends 
on the power of resistance, and the direction in which yield- 
ing takes place most easily, and not on the supposed direction 
from which pressure is applied. In  other words the form of the range 
depends entirely on the distribution of rcsistailces within the hills 
themselves, and the answer to the question of the direction in which 
this relief has taken place, depends antirely on the point of view 
from which it is regarded. 

This matter has been dealt with as i t  seems important to clear 
i t  up, for t'he fallacies referred to are widespread and deep-seated 
and permeate s great deal of geological and other reasoning. The 
whole of the arguments based upon them are meaningless, so far 
as the origin of mountain ranges is conccrncd, but tlio fundamental 
objections to Prof. Suess' theory arc, that  it fails to  provide a 
sufficient range of movement., and is incompatible with the existence 
of componsation. Tho first of these objections can be put simply; 
given e solid, heated globc, cooling into space, i t  is poesible to 
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calculate the amount of contraction which i t  has undergone, if certain 
constants are known. These are, the original temperature of solidi- 
fication, the co-efficient of contraction, the conductivity, and the 
temperature gradient ; none of these are known exactly, but they 
are know11 to  lie within certain possible limits, and calculation, 
based on these, shows that, on this hypothesis, thc total decrease 
in the circumference of the globe, since i t  became solid, rnight be 
as small as a couple of miles and cannot be more than about ninety. 
I n  other words the whole of the contraction, which could have 
taken place throughout geological time, is not oreater than the 

? 
compression of the Himalayas alone, within the limit of the Tertiary 
epoch. 

The other objection is an  even inore important one; i t  was fore- 
seen by Prof. Suess, and anticipated by a denial of the existence 
of compensation. In the case of the Himalayas he must be credit- 
ed with a greater intuition than many of his successors and followers, 
for he recoanised the fact that  an  alluvial trough, of thb for111 which 

'? 
had been Inferred from geological. examination, would account for 
a large part of the facts on which the concept of the compensa- 
tion of the range had been based ; fro111 this i t  was not a long step 
forward to the suggestion that the whole of the facts might be ac- 
counted for in this manner, and the absence of any compensation 
of the range asserted.l The position, though difficult, waa still 
tenable a t  the time when he wrote, but in the light of subsequent 
observations, and oi the investigation of the form and dimensions 
of the trough in chapter IV ,  must now be definitely abandoned. 
There a n  be no doubt, a t  the present time, that the Himalaya, 
as a whole, are compensatecl, though there are local departures 
in one direction or tlie other from exact equilibriun~. This being 
so the onlv hypothesis of mountamin formation which is consistent 
with a solid, rigid, globe is one of tumefact,ion, all hypotheses which 
refer the origin of n~oul~tains to compression, due to contracbion, 
being exclucled by the irnpossihility of' providing for compensation. 

Another explariatior~ of the origin of the Hi~rlalayas and the 
Gangetic trough, which has attracted eome attention of late years, 
is that offered by Sir S. O .  Hurrard.2 Like that of Prof. S u m  

Daa Adlilz der Brdc 111 (2), p. 707, English translation IV, p. 614. 
a On the Origin of the Himalaya Mountains. Survey o j  India, Prof. P a p r ,  NO. 12, 

Calcutta, 101 2. 
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i t  is based on the hypothesis of a solid heated, cooling globe, but 
differs in recognising tha t  this hypothesis necessitates the existence 
of a zone of Gnsion imderneatb the outermost layers of the crust. 
The fact that this consequence followtl inevitably froni the hypo- 
thesis, was first pointed out  by Mr. Itellard Reade,l and once statrrl 
is so axionlatic that  i t  inlnlediatelv iuet with general acceptance. 
Jf we suppose a cooling globc, in which the cooliiig has only reached 
a certain distance down from the surface, we have ail outer shell, 
which is colltractiilg and so reducing its circumference, surroundinp a 
ceutral core, which remains unaltered in dimensions, and in these 
circumstances the outer shell must he thrown into a state of tension. 
Only in the outermost lavers will the general reduction of the bulk 
of the globe, under the layers which, being already fully cooletl, 
are incapable of further contraction, lead to the existence of com- 
pression, and i t  has been abundantly shown that  the zone of tension 
must be of much larger dimensioils than that  of compress i~n .~  
Sir Sidney Burrard, however, inakes a solnewhat different use 
of this deduction from his predecessors, and considers that  the 
depression of tlie trough was produced by a withdrawal of material 
tow~rt ls  the Himalayas, and the rangc to liavc been produced by 
the invasion of the material so withdra~vii. Si~cli, eliminating the 
details of the mechanism invoked, is tlic csscutial r h a m c t ~ r  of 
the hypotllesis ; it, sccnls t o  involve :t qrcnt,cr tensile strength in 
t h ~  zonc of extension tlinn cnn cnsilv bc qrallted. grentcr cer- 
t:~inlv than t l~i i t  of any known rocks, u s  niet ~vitli ncnr the surface 
of the earth ; but so little is lrnown, or call be known, of the plysic:~l 
properties of the irlnterial of the earth, when auhjected to the tern- 
peratures and pressures which exitlt in its interior, that  we cannot, 
summarily reject the explanation, oil this ground alone. 

I n  developing his explaiiatioii Sir S. G. Burrard is as  insistent 
on the direction of nlovelnent a s  Prof. Suess, t,hoiigh he insists 
on the exact opposite, and maintains that  the Hiiualayas are due 
to an undert,hrust of the si~b-crnst fro111 the southwards, instead 
of an over-thriist of the upper layers froni the north. This matter 
has heen dealt with allbeady and i t  has bee11 shown thnt. the distinc- 
tion is meaninqlcss, so far as the processes which linvc taken place 
within t.ha range itself nrr concerned ; hilt i t  is not ~nenningless 

' Origin of Mountain Ranges. 1886, p. 123. 
V j .  0. I~islir,r. I'h!y,vir.u oj I h r  Rtlrlh'u f'rrr.qI. 2nd rrl.. IRR'J. cli. VIII. for a discuvsion 

of this mntt.rr nntl rrfrrrnrrs to  mrlir-r litornt~irr. 
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as regards the region to  the south of the range, now occupied by the 
Gangetic trough, and if this trough is really due to  a withdrawal of 
material towards the hills, we have a process which is the converse 
of that  suggested by Mr. Fisher. I n  the one case the crust is supposed 
to have been borne down, displacing a certain amount of denser 
material from beneath it,  in the other the underlying material is 
aupposed to  have been withdrawn, leading to a settling down of 
the lighter material above, and as the form of the resulting trough, 
developed in Sir S. G. Burrard's latest exposition of his explanation,l 
is practically identical with that  resulting from the present in- 
vestigation, the geodetic effects would be identical in either case, 
and we have no criterion for disc~imination between the two inter- 
pretations. 

Nor do we get any help from the geological evidence. There 
is no indication that the region of the Gangetic trough is one of 
tension, as suggested by Sir S. G. Bnrrard, but equally there is no 
certainty that i t  is not ; within the region of the alluvium all evi- 
dence, one way or the other, has been obliterated, and only by con- 
sideration of the associated phenomena can a criterion be obtained. 
I t  has been shown that the view which regards the origin of the 
Gangetic trough as a consequence of the process of the elevation 
of the range, and the disturbance produced in the equilibrium of a 
floating crust, is in agreement with the geological and geodetic 
observations along the border of the alluvium and in the country 
beyond ; the same cannot be saicl of the alternative explanation. 
On the southern side i t  is not incompatible with the facts, and 
might give rise to the phenomenon of the Hidden Range of excess 
of gravity ; on the northern, in the region of the Himalayas, there 
are the same fundamental objections, which were pointed out in 
dealing with Prof. Suess' explanation, that the hypothesis does 
not admit of a sufficient range of movement to account for the 
structure, and that it is inconsistent with the existence of com- 
pensation, ,and more especially of the alternate excess and defect 
of compensation, of the range. So far, however, as the explanation 
refers the origin of the Himalayas to an invasion of the region of 
the hills by the lower layers of the crust, independent of the de- 
formation which has taken place in the upper layers, i t  is in accord 
with the inve~tipatio~l which has been developed in this memoir ; 
for i t  has been shown that the facts, as they are known, seem 

1 Proc. Roy. Soc., Series A, XCI, 1916, pa 233. 
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incapable of complete explanation without invoking some such action, 
though the ultimate cause to which i t  is due has not been estab- 
lished. 

The same action is provided for by Mr. Bailey Willis, who attri- 
buted the origin of the mountain ranges of Asia to the greater 
density, and weight, of the crust under the Pacific and Indian Oceans, 
and to an underground transfer of material, from the oceanic to' the 
continental regions, in consequence of the pressure set up by this 
difference of weight.' At a later date a similar explanation \{-as 
adopted by Mr. J. F. Hayford, who puts the action as taking place 
within narrower horizontal limits.2 

So far as this undertow is supposed to occur a t  a depth below 
that in which the contortion of the rocks, now lying near the surface, 
took place, i t  is in effect sinlilar to that of Mr. Fisher's convection 
currents ; but while these supply a continuous action, ample to 
provide for all the range of nlovement required, the alternative 
process only provides for a limited and insufficient range of move- 
ment, and in both cases i t  is questionable whether the pressure 
requisite to produce con~pression could be communicated to the 
upper layers of the crust. If, on the other hand, the compression 
is supposed to take place nritliin the layer involved in the movement 
of the undertow, the range of motion might be sufficient, but the 
pressures developed, especially 1~11en supposed to be tralumitted, 
through a long horizontal colnmn of material, appear to be utterly 
inadequate. As has been pointed out before, we know too little 
of the conditions actually exist,ing in the interior of the earth to 
reject, this explanation as impossible, but!, in view of the many 
difficulties in the way of acceptance, i t  cannot be regarded as a 
satisfactory and sufficient explanattion of the facts revealed by 
observation. 

One more explallation of the origin of mountain ranges, which 
may be referred to, is the suggestion of Mr. Mellard Reade.3 He 
pointed out that  if the average temperature of a tract of the earth's 
crust was raised, i t  would expand, not merely in a vertical but also 
i n  a horizontal direction, and that the cubical expansion of the 
whole tract would most naturally find relief by yielding along a 

Rw~orch in China, Vol. IT, Chap. E'JII, 1907. 
Sricnca, new 8erie.y XXXIII. 1911, pp. 199.208 ; Journ. awl., XX, 1912, 602.678, 
The Origin of Mount~in Ranges. London, 1886. 
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line of weakness, where the rocks would be compressed, and thickening 
of the crust take place. If the temperature then sank, the material 
would not return to its original position, but the contraction be 
relieved by a general subsidence of the superincumbent rocks and 
a co~npressive extension of the lower layers. On an increase of 
tenlperature again taking place, relief would .once ~ilore be fonnd 
along the original lines, and the disturbance and thickening of the 
crust accentuated, till, by a repetition of the process, the largest 
mountain ranges might be formed. 

There can be no question that  this cause is capable of producing 
much more than the pressure required, and a sufficient range of 
movement. It is a cause which might quite conceivably act, but, 
with the masses involved, the process would be slow, so slow in 
fact that  even the vast periods, which have been deduced from the 
study of radioactive minerals, would seem insufficient for the pro- 
duction of the effect. 

A'he explanations which have been passed in review do not by any 
means complete thc list of those which have been proposed, hut 
they scrve as types. and the dificulties which lie in the way of the 
acceptance of each of thrm npplv equally t,o the variants of the 
type. The general reault of t,he examination is t,liat. while the 
gerlernl clistribution of thc cxccssea and ilefccts of gravity nzrees 
best with thr  supposition oE n somewhat rigid crust,, snpporterl by 
flotation on a denser yielding Inyrr, we can, neither on this nor a n v  
other hypothesis of snpport, find an explanation of t11e origin nf 

the Himalayas, which call be regarded as conlylete and satisfactory ; 
nor does i t  seen1 possible to offer any alternative which call be 
accepted. I n  spite of this negative result the investigation has not 
been in vain ; i t  was undertaken with no expectation of attaining 
a solution of the problem of the ultimate cause, to which the 
elevation of the Himalayas is due, and it has not failcil this want of 
expectatioti ; hut i t  has yielded a fresh criterion, which n ~ u s t  be met 
before ariy hypothesis can be regarded as acceptable. The con- 
clusions, however, must not, a t  present, he extended to other ranges 
of n different type of structnre, without corroboration of indcpcn- 
d m t  observations, anil even in the case of ranges of ~imilnr ac~irral 
geologiral stnlct,ures, but very different magnitude, ~ n c h  as t>hp Alpfi, 
~t is not irnpo~~ible that  the difference of scale may ~ ~ r i o u s l y  vitiate 
an application of the conclusions, drawn from n, aturly of the greatest 
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range on the surface of the earth. If the conclusions, drawn from 
a study of the Himalayas, are corroborated by the study of other 
mou~ltain ranges, an important step forward will have been made, 
and the problem will become one of accounting for the excess of 
support, of which the mountains themselves are but ti secondary 
result and manifestation. 
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