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Tur Californian earthquake of 1906 was accompanicd by very
considerable displacements of the ground along a great fault-line,
which has been traced for a distance of about 200 miles from its
southern extromity to the point where it finally passes out under the
sea. As several stations of the principal triangulation lay within
the disturbed area, the Government of the United States decided to
repeat the obscrvations over this arca, and determine with aceuracy
the present positions of the points previously fixed. Tho result of
this work has been issned, with most commendable promptness, as
an Appendix’ to the Report of the Coast & Geodetic Survey for
1907, and the results scem of such importance, from tho light
thrown on the nature of the earth-movements which gave rise to
this earthquake, that I have thought it desirable to make a detailed
study of them from the geological poinfi of view,

The area covered by the observations is not co-extensive with, but
covers the most important part of, the seismic arca ; it extends from
near Monterey, in the sounth, to Point Arena, in the north, and
within this area all the points fixed by the triangulation which was
carried out at various times between 1851 and 1899 were again
fixed after the earthquake of 1906.

When the results came to he worked out, 1t was found that
wherever triangulation of carlier date than about 1568 was
counected up with triangulation of later date, the positions of the

t ¢ The Earth-Movements in the Californian Earthquake of 1906’ by John
F. Hayford, Inspector of Geodetic Work, & A. L. Baldwin, Computer, Coast
& Geodetic Survey. Washington, 1908, [Repriuted in the Report of the State
Earthquake Investigation Conunission. Carnegic Institution,Washington, 1908.}
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counecting points did not agree. Originally the differences were
adjusted as errors of obscrvations, but in Messrs. Hayford &
Baldwin’s report the more rcasonable conclusion is adopted that
the discrepancies are to be attributed to displacements connected
with? the carthquake of 1868. '

As a consequence of this latest claborate discussion of the data,
the numerous stations dealt with fall into three classes : first, those
of which the shiftings in 1368 and in 1906 are both known and can
be scparated from cach other; secondly, those in which the latter
but not the former are determinable ; and thirdly, those in which
the total displacement connected with the carthquakes of 1868 and
1906 is known, but not how much was due to each scparately.

In the Report the displacement of scveral stations in the third
class is split up, that produced in 1$6S being inferred from the
known displacements of other stations in the same region’; tho
method is of doubtful validity, and [ have thought it safer to exclude
the inferred displacements fron: consideration.? With this omission,
the data available for discussion are given in the tabular statement
appended to this paper (p. 15), in which the stations are re-arranged,
from the original list, in their order of occurrence along the fault-
line from south to morth. The displacements attributed to 1868,
and the total displacements, where those of 1906 wero not separately
determined by dircet observation, are also given, but will only
referred to incidentally, attention being devoted primarily to tﬁ
movements of 1906,

One more explanation is neeessary.  In the original report many
of the displacements are clussed as doubtful ; generally, this means
that the caleulated displacement is so small, that it may fall
within the limits of crrors of obscrvation, but in a few cases the
doubt arises from the fuct that cither the number or the character of
the observations is not such as affords a satisfactory check. I have
included and uscd all those falling within the former category, as
the fact that one station moved very little, if at all, may be as
important as that another was displaced a considerable distance :
but have excluded from the discussion all those of the second
category, which are distinguished by a mark of interrogation in the
tabular statcment.

§ 2. Turning now to the discussion of the data, we may deal
with the displacements in two distinet ways: cither considering
the calculated absolute displaccments, or looking merely to the
relative displacements as hbetween neighbouring stations. The
determination of the former of these depends on the assumption

' I use the words connected with, as it is by no means cortain that they
took place at the time of the carthquake, although they may reasonably be
regurded as the result of the same cause as that which gavorise to the earthquake.
Lu 1906, movements near the fault-line certainly occurred at the time of the
carthqunko; but the measured displacements of the trigonometrical stations may
partly have preceded and partly have followed the earthquake.

* The inclusion of these data would not in any way invalidate, but rather
support, the conclusions arrived at farther on; the support, nevertheless, would
be more apparent than real.
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Fig. 2.—Diagram of displacements along the San Andreas fault.
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that the basc from which the triangulation started was unaltered
by the earthquake ; the latter is independent of it, for no conceivably
permissible alteration in the length of the base would malke any
material change in the apparent relative movement of neighbouring
stations, I shall thercfore deal first with this, and cspecially with
the movement of points near tho fault-line.

At the extremo south, a number of stations lying west of the
fault have been displaced south-castwards by the combined cffects
of the movements of 1868 and 1 906, and it is probable that
part of this movement took place in connexion with the 1906
disturbance. The conditions in tGhis region are, howover, somewhat
different from thosc farther north : for here the fault-line trends
castwards from its general course, :md movement dies out as
a surface-phenomenon.  If, for the present, we cxclude these
stations from consideration, three facts stand out: (1) that all
stations to the cast have moved south-eastwards, and all to the west
have moved north-westwards ; (2) that the south-easterly shifting
was less than the north-westerly ; and (3) that stations near the
fault-line have moved farther than those more remote.

These facts are noticed in Messrs. Haylord & Baldwin’s report :
according to their figures, the average displacement at 0-9 mile from
the fault-line on the castern side was 5°1 fect, at 2:6 miles 2-8 feet,
and at 4 miles 19 feet; on the west side the figures are, at 1-2
miles 9-7 feot, at 3:6 miles 7S fect. As a number of stations were
utilized in obtaining theso averages, ab which the displacement
attributed to the 1906 carthquake was deduced by inference, it
will be desirable to examine the evidence yielded by those stations
at which tho 1906 displacements were dircetly determined. These
form three natural groups : the first consists of 7 statious near and
to the south of San Francisco, the sceond of 1

3 stations near Fort
Ross, and the third of 9 stations in the Point Arena neighbourhood,
Subdividing

cach of thesc groups uccording to direction from the
fault and again according to distance, we get the tollowing result
for stations at a distance of 5 miles or loss from the fault-line :—

Tasurar Starenewy sowing the averaqge displacements of stafions
within & iniles af the funlt.

i

Under 271 miles. ] 21 to 5 miles.
t
i 1 ) ]
| No.ot | Menn No. of Mean
‘\sm(ions,“Distzmcc.‘i Shifi. | Stations. | Distance.| Shift.
. A ~ —— .
. \ | I
W.side of fanle: ‘ miles } feet miles | feet
San Francisco group. | 209 74 9 35 5
Fort Ross group ...... ! 700 13 69
Point, Arena group ; 1 09 107 5 41 35
1
E.side of fault: ‘ i \ R
i : \ -
San Francisco group. | 1 7 16 13 3 37 07
Fort Ross group 5 I 47 1 43 18
Point Arena gro ;02 50 1 24 26




6 MR. R. D. OLDHAM ON THE INTERPRETATION  [Feb. 1909,

From these figures it will be seen that the statements in Messrs.
Hayford & Baldwin’s report as to the greater movement mnear the
fault are borne out, although the figures are slightly different;
excluding the stations on the west side of the fault in the San
Francisco group, the displacement in the outer zone is from 20 to
GO per cent. less than in the inner, and the deerease is more rapid
on the eastern than on the western side. Moreover, these displace-
ments are positive; that is to say, the stations ncar the fault have
not lagged behind, but have moved forward in opposite dircctions
to a greater distance than those farther away.

The increase of displacoment was not, apparently, carried right
up to the fault-line, and the shifting along this scems to have been
less than the relative displacement of points at a little distance from
the fault. The published data do not admit of any direct comparison,
as we do not posscss a series of measurcments at points situated
along or near to a straight line at right-angles to the run of the
fault; but the displacements at the fault-line, as measured by
the offsct of interrupted fences and roads, seem to have been no
greater, and sometimes less, than thoso at a distance of a mile or so
away.!

The diminished displacement at the fault-line is not difficult to
explain, and may rcasonably be ascribed to a frictional drag or
resistance to movement along this plane, The increase in displace-
ment as the fault is neared, and until it is actually reached, is not
s0 easy to explain ; but, before dealing with this point, it will be well
to see how far from the fault-line permanent displacements can be
recognized, and to determine the arca which has suffered permanent
distortion in connexion with the earthquake.

In the Report it is assumed that the stations Mocho and Mount
Diabolo had suffered no displacemonts, and that the line joining
them could be accepted as a base-line of the triangulation in
1906-07, being unaltered in length or direction. The observations
show that there has been no appreciable change in the azimuth of
the line joining these two stations, and the authors have most con-
clusively shown that the apparent displacement of other stations
cannot be explained by any alteration in its length; but they have
not shown that there was no change in the length of the accepted
base-line, and it is necessary to consider whether the displacement
of stations, which certainly took place in connexion with this
carthquake, may not have affected the assumed unaltered base.

In 1897, after the great carthquake in Assam, a part of the
primary triangulation in the disturbed area was reobserved, and the
result, as published by the Great Trigonometrical Survey, indicated
an apparent enlargement of the area resurveyed. In this case, it
was possible to show that the line which was taken as an unaltered

! [The Report of the State Earthquake Investigation Commission, received sinco
this paper was read, shows that this was confined to the immediate neigh-
bourhood of the fault-line. Fig. 15 on p. 64, fig. 21 on p. 71, and fig. 38 on
p- 101 are plans of dislocated fences which show clearly a drag or diminished
displacement within 120 feet or less of the dislocation.]
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base-line, because it redueed the apparent displacements to a
minimum, had very probably been shortened’; and as this shortening
would have the effect of increasing the scale of the survey, and of
making the more distant stations appear to be farther removed
from each other and from the base-line, it became evident that the
calculated displacements werc in all probability made up of two
elements, (1) the rcal shift due to the carthquake, and (2) an
apparent shift due to an alteration in length of the base-line. It
was not, however, possible to determine the separate amounts due
to each of these causes.

On exawining the chart of displacements in California, the same
featurce is evident as thut which was observed in Assam; that is
to say, there is, in spite of irregularities and exceptions, a general
tendency to displacement outwards, or away from the base-line, which
suggests that this had been shortened.  For instance, I’oint Pinos, at
the southern limit of the arca, has been shifted about 16 or 19 feet to
south-cast by east; Bodega Head, near the northern limit, has been
shifted about 17 feel to north by west, as the combined result of the
earth-movements in 1868 and 1906. A large part of these apparent
displacements could be explained, on the supposition that the base-
line has been shortened by about 8 feet ; but it is not suggested that
shortening to this cxtent has taken place, for a consideration of the
apparent displacements of other stations shows that the alteration,
if any, must have been considerably less than this.

For the 1906 carthquake the data are, unfortunately, scanty near
the limits of the arca, and the only real check which can be applied
13 the displacement. of Farallon lighthouse by 5:8 feet to north 62°
west, or at an angle of about 27° with the gencral direction of the
fault-line. A shortening of the assumed unaltered base-line would
give rise to an apparcnt westerly displacement of Farallon by about
double as much as the shortening of the basc-line: if, then, the
whole of the westerly displacement of Farallon is apparent, it involves
a shortening of the base-line by about 1-3 feet; and, if the real
displacement of Farallon was parallel to the fault-line, it leaves an
apparent westerly displacement of 1:8 fcet to be explained by a
contraction of ‘9 foot in the length of the base-line. We may,
therefore, conclude that any alteration which took placc in the
distance between Mocho and Mount Diabolo must have been of the

1 Obsessed by the knowledge that the earth is losing heat by radiation into
space, and the deduction, by no means inevitable, that it 1s therefore contracting,
geologists have been too prone to regard all strains in the crust of the earth as
necessarily compressional, and to ignore the possibility that large arens may
possibly be subject to tensile strains. In the case cf the Assam earthquake the
hypothesis of origin, which seemed most probable to me, almost necessitated a
shortening of the line taken by the Trigonometrical Survey asan unaltered base;
but, if Col. Harboe's suggestion (* Beitrage z. Geophysik’ vol.v, 1903, pp. 206-36)
be accepted, this necessity disappears, and the expansion of the ares resurveyed
may be real. In California, there secis no escape from the conclusion that there
has been a lengthening of the coast-line; the width of the opening of Monterey
Bay has increased 10 feet and the length of the Bay of San Francisco by about
the same amount, as the combined result of the movements connected with the
earthquakes of 1868 and 1906.
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nature of compression, and could not have exceeded 1 foot ab most,
This measure must be accepted as a maximum value ; and although
we may be certain that tho base-line was not shortencd by morc
than a foot or so, it is by no means certain that it was altered to
this extent, and it is evident that the base-line was either outside,
or not far from, the eastern limit of the permanently distorted
area.!

Lo the westwards, it is impossible to say how far this extended
under the bed of the sea; Farallon lighthouse, at 23 miles from the
fault, was certainly included, for the northerly displacement cannot
be explained by any shortening of the base-line, and the faet that
the displacements near the faunlt-line were greater on the west than
on the cast suggests that the permanently distorted area extended
farther to the west than to the east of the fault-line. The width
of the area over which displacement of the ground took place to a
greater or less extent may be put, roughly, as not far from 30 miles
to the east and 50 miles to the west, or o total width of about S0
miles, near the parallel of San Francisco.

§ 2. We may now turn to the interpretation of the displaccments,
and are met at the outset by the apparently inexplicable nature of
the movements near the fauli-line, movements which appear to
involve thrustsin opposite directions at the same time and the same
place. An explanation has been suggested to me by Lrof. Porry,
which accounts for most of the facts. If a block of coherent
material is subjected to a lateral distortion as indicated by the
arrows outside the square in fig. 3 (p. 9), it will experience a series
of stresscs and strains represented by the arrows inside the square ;
here we have a right-handed couple, indicated by the vertical
unbroken arrows, balanced by a left-hand couple, indicated by the
horizontal arrows, and as the resultant of these two couples the
system of compressional and tensile stresses indicated by the brolken
arrows. These compressional and tensile stresses, in combination
with each other, produce a shear in the directions MM and NN ; ana,
if there be weakness in cithor of these directions, a sliding fracture
may arise, accompanied by movements on opposite sides in the
directions of the unbroken arrows, while elsewhere, if there is not
weakness, or the stresses arc not greab enough to cause fracture,
there will be a strain but no movement, and so we have an effcct
produced which resembles the shifting at the San Andreas fault.?

! [The distribution of isoseismals, as determined by the Californian Earth-
quake Investigation Commission, shows that this, and the statements in the
subsequent paragraph, are only true so far as they apply to digplacements
directly connected with the movement, along the San Andreas fault. There
was evidently another centre of disturbance in the San Joaquin Valley, about
40 miles east by south of Mocho and about 20 miles beyond the contmuation
of the Mocho-Mount Diabolo line.]

2 To prevent misunderstanding, it may be well to state that T use the words
strain, stress, and shear in their phiysical sense. Strain was defined hy
Rankine as the change of volume and figure, constituting the deviation of a mole-
cule of a solid from that condition which it preserves when free from the action

'
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& Now, it must be borne in mind that the apparently complicated
serics of stresses just deseribed is in reality a complote system of
which no member can exist alone, and the production of any one of
the four, by application of an external force, brings the other three

e . . .
Tig. So—Diayram showisy eouples wnd sheariug stresses.
A ‘

Into play; consequently, it is casy to construct a model which
will illustrate the effcet. The form that 1 have adopted consists
of a block of indiarubber S incles Iong by  inches broad, with a
shit 4 mchgs in length cut longitudinally in its centre ; this, as
representedin figs. 4 & 5 (p- 10, 1s enclosed in o loose-jointed wooden

of external forces, and stross as the foree or combintation of forces which such
a3 molecule exerts in tending to recover its free coudition. Lord Kelvin intro-
duc:ed the use of the term stress for the external forces or system of forces by
which the deformation is produced ; this is equal, bug opposile in direclion, to
the forcg mvolved in Rankine's definition, and, being usually more convenient
m practiee, has €ome to supersede it, Shear is a strain consisting of a com-
pression m one dircetion, and an clongation, in the same ratio, I'Ilt.:l, direction
perpendicular to the first.  Strain in jis popular sense involves a partial
rupture of continuity, and results when the strain, in jts physieal sense, over-
comes the molecular cohesjon of the sabstance strained. — It is somyewlmt
unfortunate that there should be these two meanings for the same word, as {le
are in reality contradictory : (hie production of a Sﬁ'nin in the popul Csenso o
3 ] ietor) : he popular sense ia
1n fact a relief of strain jn the pliysical sense of the word,
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frame, fitting closely but without adhesion, and capable of distor-
tion out of the squarc for the purpose of causing compression
along one diagonal, while the concomitant lengthening of the other
diagonal allows room for expansion of the indiarubber block., In
the position represented by fig. 4 the frame is slightly distorted
50 as to produce compression along the diagonal E-W, the block
being free to cxpand along the diagonal N-S, as shown by the
gaps ab these corners between the block and the frame; and in
this view may be scen a narrow white band, extending in a straight
line across the block between the centres of the two longer sides of
the block. On cither side of the narrow white band is a browder
black band, the purpose of which will hecome apparent in fig, 5
in fig. 4 it is broken at the slit, the upper halt being shifted to the
left and the lower to the right. Fig. 5 represents the block in
another condition, compressed along the diagonal N-8, and free to
expand aloug B-W. The hlack bund, which was broken at the sljt
in fig. 4, now forms a continuous band across the block, while the
white line in the middle of it hus become broken. “There was no
appreciable movement of the outer ends of {hese bands as between
the two extreme positions, so that, the edges of the black and white
bands, when continuous, represent straightlines joining two stationary
points, on either side of and at a distance from the slit, and a com-
parison of the two views illustrates the manner in which the applica-
tion of shearing stresses to the block as a whole can produce positive
displacements in opposito directions along a line of weakness. A
comparison of the two figures shows that, as a result of the alteration
of shape from that represented in fig. 4 to fig. 5, the upper half has
moved to the right and the lower to the left, the amount of displace-
ment increasing progressively as the slit is approached, and thisis Just
what took place along the San Andreas fanlt-line in California.

We have, then, an explanation and an illustration of the dis-
Placements connceted with the carthquake of 1906. Neither
explanation nor illustration is complete in every respect, but they
indicate the kind of strain which preceded and gave rise to the
earthquake; they cxplain the occurrence of detached areas of
inereased violenee of shock by the formation or movement of
independent fissures ; and finally they show that this fault was not,
as has been gencrally thought, the cause, but consequence, of the
earthquale, if the word be wsed in its fullest sense as covering the
whole of the disturbance.’

)

1[In*Nature, May 28th, 1908 (vol. Lxxviii, 1.78), L pointed out that (wo distinet
forms of disturbance ave covered by the ordinary use of the word ca rthiquake,
namely—(1) the vibratory movement, of the nature of an clastic wave, which is
due to molecular disturbance, and leaves the ground as it was before the enrth-
quake, apart from damage Lo buildings or disturbance of the surface-layers
which may be produced as a seeondary result of the molecular displacements
involved in the propagativa of the wave-wmotion ; and (2) wolar displacements
of solid rock, which are not the result of the wave-motion, and are permanent,
in the sense that the wusses affocted do not return to their original position
after the earthquake has passed. I proposed that the word carthquake
should be Limited to the first sense, and that the word carthshake should be
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§ 4. This conclusion, so much at variance with ideas prevalent
ab the present time, necessitates a brief examination of the history
of our knowledge of the connexion between faults and carthquakes.
The earliest published description of the appearance of faulting
at the surface of the carth at the time of an carthquake, contem-
poraneously rccognized as such, appears to be 1 the account,
compiled Dy Sir Charles Lycll from the narratives of e)ic_-wl\ntnessqs,
of the New Zealand earthquake of January 2‘3rd, 1835 ; but in
this, and for some time subscquently, the; fault-movement was
regarded as a consequence, not the cause, of the ea_rthqua];e. .lho_
nature of an carthquake was inaccurately ap[‘)rccmted—xt.mlghb
almost be said, was wholly misunderstood—before the publication
of that remarkable scrics of researches by which LRobert Mallet
cstablished seismology as a science; to him, an earthquake was a
wave or scries of waves of clastic compression, propagated outwards
from.a focus or origin of small sizc relative to tho area over which
the shock was felt. A disturbance of this character could not
produce fissures in solid rock, but the connexion of earthquakes with
taults and fracturcs was recognized and regarded as that of cffcq‘t to
causc ; and when the Mino-Owari earthquake of October 25th, 1891,
was found to have been accompanicd by the production ab the
surface of a fault more than GO miles long, with a _throw of
20 feob in places, it scemed obvious that here was a sufticient cause
for the phenomena which accompanied it.  Mercover, the know-
ledge that regions where carthquakes arc most frequent are 'alsr%
regions of great and recent tectonic changcs, gave rise to 'd.‘h:]blt o1
connecting carthquakes with the production of the great structura
features, morc especially with the great faults or flexures Whl()l} can
be recognized by surface-observations. The Assam eartbquake of
1897 was associated by My, La Touche * with the great mol_locl:n:q
flexure along the southern cdge of the Assam rango; and in 1906
the San Francisco earthquake was immcdlatvolyV aseribed, by more
than one anthority, to fresh movement along the San Andreas fault.
In the former case, the prophecy was not borne out by S}Ibscqucnb
investigation; in the latter case, it received an apparent fulfilment,
which loses value with a fuller consideration of the facts known
regard to this and other earthquakes.

used for the second.  Bxception has been taken to this proposal; and, on con-
sideration, T admit the inconvenience which lmght arise .fr(.)m an gmttempt to
linit the meaning of the word carthquake, wluch”I use in its ordinary scnse
and take to include all the pliecnomena concerned. ) l'here seems to be,.11<3\vev§‘|1,
areal need for special terms to be used when it is necessary to dxstv‘mglms 1
between these two forms of carthquake-disturbance : for the 1!1012}11" f}xspl ace~
ments 1 propose to adapt the verh poxAéve, 1 heave or (llsplaC}e,' w hicl,, )911%
anly used for the displacement of heavy weights or masses, appears .11pp|01{1 11 :
in this connexion, and from it we obtain m oc hileusis !()1‘ the result, aTl“‘ylcTz
legitimately but conveniently, moebleuseism for the disturbanee bly \\. lic '\ 11
is produceﬁ. Similarly, for the vibratonl'y1movcme1;t ilsbl;gg]esh orchesis and
»seisny, from the verb opyéouar, I dance or tremble. o

()r‘c}]l}i‘ﬁlc.ﬂss(::.’ (f}l:)(;;l France, scg.xﬁl,,i'ol. xiii (1856) p. 661, and ¢ Principles’
10th ed. vol. ii (1868) Chap. xxviii.

2 « Nature, vol. Ivi (1897) p. 444, ‘

3 ¢Popular Science Monthly” August 1906, p. 104.
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The growth of our knowledge of carthquakes is making it
3 continuously more and more cvident that, whether great or small,
! they have little or no connexion with the faults which reach the

surface of the carth. Leaving out of account minor carthquakes, the
origin of which can seldom be determined with sufficient accuracy to
connect them, cven by position, with—though they can froquently
be shown to be independent of—any known surface-faults, and
considering only great earthquakes, we have Col. Harboc's demon-
stration that the origin of the Mino-Owari earthquake was probably
much more extensive and complicated than the fault to which it is
commonly ascribed, and the certainty that the Assam earthquake
was neither solely nor muinly the result of movement along the
great structural Hexure which scparates the clevated area of the
Assam Hills from the depressed arca of the Barak Valley. The
Kangra earthquake of 1905 was unaccompanied by any ‘surface-
faulting, or conspicuous changes of surface-level, nor does its
orizin seem to have been due to movement along the great boundary-
fault of the Himalayas. The Culifornian carthquake of 18638 was
unaccompanied by any surface-laulting, and, so far as can be judged
from the displacements of trigonometrical stations, was the result of
a set of strains very different from that of 1906, and this again was
evidently far from being localized in its origin to the displacements
along the San Andreas fault.  The local centre of great violence at
Santa Rosa points to movement along an independent fracture or
fault, and the same may be said of the carthquake at Cape Mendo-
" eino, which can only be attributed to a submarine extension of the
San Andreas fault by postulating an improbable change in the
direction of the course of that fault.

Not only are the irregularitics in distribution, both of the violence
of the shock and of the permanent displacements, inexplieable it
the origin of the carthquake is assuwed to have been localized o a
sangle fissure ; but they are also difficult, if not impossible, to account
for if wo suppose the carth’s crust to huve heen involved as a unity
in the straivs which caused the carthquake. This ditliculty very
largely disappears if we adopt the not improbable hypothesis that
the outer 30 miles or so of roeks (which we are in the habit of
designating the crust of the earth) includes an outer skin of a fow——
~probably very few—miles in thickuess of more discontinnous and
fractured rock.

: It is mot to be supposed that there is a hard and fast boundary
©. between the rocks constituting what T have caljed the outer skin,
~ and these forming the greater part of the thickness of the crust.
To some extent there must be a difference of composition, for the
former cousists largely of clastic rocks, composed of the products of
weathering and denudation, while the latter is mainly composed of
matzer which has not been exposed to the action of air and water at
the surface of the earth. A more material difference, however,1s to
be Jooked for in the fact that the surface-rocks, being exposod to a
smaller pressure. still preserve in the main the characteristies that we
attach tosolidity ; while at a greater depth the increase of pressure
causes matter, wiich must still be called solid, to take on the
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power of changing its form without breach of qontinuity, which we
speak of as flow and regard as the most conspicuous characteristic
of a fluid. o

It is to the outer skin that we must look for the origin of the
greater part of the disturbances which we call earthquakes, and
usually to a sudden yielding, ordinarily of the nature of fracture, to
strains set up in it. DTrobably all local earthquakes originate in
the outer skin; the strains may owe their origin to slow movements
of the underlying crust, but the abrupt yielding and sudden
displucements do not descend into it, and such earthquakes, though
occasionally of great vielence near their origin, aro charactcl.'xzcd
by their localization and produce no impression on the most delicate
instruments at small distances outside the scismie arca. .

In the case of great carthquakes, like the Californian one of.
1906, the surface-disturbance is b:till the immediate result of
fracture and yielding of the outer skin, but these are the result and
accompaniment of an abrupt yielding of the underlying crust. It
is diffieult to belicve that this yielding can be precisely similar to
the fractures which may be and arc produced in the surface-rocks:
but it is probably analogous in the sense that the ultimate result
is tho same, and that there is a sudden yiclding and displacement
of adjoining masscs of matter relative to cach other. On this
hypothesis we have, in great eartl}qu_akcs, two closcly connected and
yet distinct disturbances : there is first the dislocation of the outer
skin, which gives rise to the surf‘acg—shock, and sccondly the deep-
scated displacement, or bathysecism, which gives rise to thc‘
wave-motion, which, propagated to great distances, impresscs 1tself
on suitable instruments all over the world and constitutes the
teleseism, or world-shaking carthquake. ‘

It is possible that the downward continuation of the San Andreas
fault may pass decp into or even right through the crust of the
earth, and have given risc to the deficieney in power of resistanco
which resulted in a sudden yielding under strain and so produced
the Californian carthquake of 1906, but this is by no means
necessary. LThe distribution and variation in amount and dirce~
tion of the surface-displacements suggest that the yiclding of
the inner crust followed more or less closel'y the run of the coast-
line, and that the strains in the outer skin were, consequently,
greater along this zone than clsewhere: but there is no necessity,
either in this zone or farther away, for an exact c01nc'1dencc between
the surface-displacements (which must have been mﬂuf;n.ced_, to a
large extent, in direction and amount, by local irregularities in ‘Phe
power of resistance of the superficial rocks) and the movements which
affected the crust as a whole.!

1 [In the description of the surface-displacements, contained in the Report of
the State Barthquake Investigation Comnission, it is shoyvn that wherce the' out-
erop of the San Andreas fault is cove.re({ by alluvium, it .fl'e(}x{ently mamfgsts
itself as a series of fractures arranged in échelon and each individually running
obliquely to the general direction of the main fault.  According to the view
developed in the paper, the relation of the displacements in the bathyseism to
the San Andveas fault is very similar to that of the displacements along the
fault to the obliquely disposed surface-fractures.]
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The San Francisco carthquake of 1906 is being subjected to an
investigation more complete and exhaustive than any great carth-
quake has yet received; the report, when completed, will be a
document of the greatest importance, and, until it lays all the
details before us, any attempt to follow up the subject would
be futile: yet this much is evident, that the great fault was not
the sole, nor cven the principal, causc of the carthquake, and that
the movement along it wus merely an incident in the final rupture,
consequent on the growth of a widespread strain, distributed over
an area of the earth’s erust comparable in magnitude with, and
possibly cqualling or cxceeding in size, the scismic arvea. This
strain was of the nature of a shear, such as might be produced by a
shifting more or less parallel with the coast-line, with compression
n a direction about north and south and extension in a dircction
about east and west.  How it was produced cannof be established,
and more than one hypothesis is tenable 5 but, however produced,
one thing is clear, that the forces concerned must have been very
different from thoso which led to the formation of the San Andreas
fault. The earthquake, therefore, cannot he regarded as an incident
in the growth of the fault, nor the fault as the cause of the
earthquake,

ArreNDpIX.

List o DisvLacMesTs associated with ihe Californian carthquakes of 1868
and 1906, as determined iy the U.S. Coust & Geodelic Surcey in 1906-07.

i
i

Displacements,

.‘ Position
Station. | relative | -
to Fault., T
: 1868, ! 1906, f Cowbined.
f | I
L i, ’dil ot dir.
s Mount Toro ............... 20 | W, n
~sGavilan ... SO AT 1S, hI° K,
¢ Point Pinos Station ...... W L 16:1 ‘ S, 380 Is.
Point Pinos Lighthouse . 24 ’ Wl (1‘.)‘3 I's. 870711,
“Santa Cruz Lighthouse. ;12 | W. oW ?
- Santa Cruz Az. Station. /12 J Wol oo C 838 150 I8,
s Loma Prieta ......... 30 1. - 1818, 540 I
. * Lick Observatory ... ‘ 12,
¢ Black Mountain > O O el A S 6918, 44° T,
‘" Pulgas E. Basc............ LI 1318, 58° E.
- Sierra Morena .
‘Red Hill ....... 1IN 47° K.
-t Palgas W. Base . . 2| S, 160 16,
- 1 Guano Island ............ 07]8s. 230,
9
......... LeRIN. 290w
........................ o] e | S0IN.28° W
. [ T f 08B 708,
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List or DrsrLACEMENTS (continued).

Station.

Black Bluil
Black Ridge No. 2
Rocky Mound
Bonita Point Lighthouse
Farallon Lighthouse ...
Mount Tamalpais
Hammond... ..............
Point Reyes Lighthouse.
Point Reyes 1ill
Hans .o
Foster
Sonoma Mountain
Mershon.....co.ccovureennnnn
Tomales Bay....
Tomales Pomt .
Smith ..ol
Bodega
Bodega Head...
Peaked Hill ...
Ross Mountain .
Chaparral s
Dixon...oooooo
Pinaacle Rock .

relutive

to fault.

|

Position '

Displacements.

1863.

|

mi. |
16 L.
43 L.
20 . K.
57
23 WL
40 L.
07! K.

=2

—
&

=EEEREEE;

[RTRJCRY |

o

-

t

‘

mEz

=

Ifort RRoss ....
Henry ILL ...
Tiwber Cove....
Stockbofl
Funcke .....
Salt Point..
Lancaster ............
Horseshoe Point .
High Bluff
Pt. Arena Catholic Ch. .
Sinelair ...o.vieeeeeann. ..

Shoemake ..
Clarke
Pt. Arena Lighthouse ...
Spur ..

Dunn...

Pt D et bk et e b e e et

N it ]

=
AN
=

Yy S T Y Y LIPS

= . .
3 OB

(SRS NN Y LR

dir,

2 |w.

ssmdses

Discussiox.

16 [N 270w,
54 N 120W.

GO N.7OW.

[c)
e

— O =D
[RE PPN
vz2nenn

=)

Qe
DA

HECAE A Ol

[UUE"- B N
AHARZL AT LS

e GG T T 0 G e e s
Twooe

91
88
84
33
107

30
50

' 50

10

=

=z zwm

L 33°E

AT I

47 1N 190 18,

420 W
97 N3O L.
430 W |
20OV
17° W
19O W
190w,
160 W
3001,
199 W.]
360 T,
SlOT
20° L. f

Mr. J. H. Corrixs said that he was Interested to hear t}le
Author’s statcment that there had been considerable lateral dis-

placement on either side of the Sun Andreas fault.

The fact that

00, i Cowbined.
!

div. )t din
470K,
S19°0 W |
.35°W.i 26|N. 9° W
Jews L] ?
L620 W 99| N.47° W,
CS6O R 87| N
...... 7| W.99s.
67° W.!

...... {16-0 | N. 300 W,
...... Lo 11 B0 W,
...... 197 |N.31OW,
...... LFO|N. BOE,
...... 13| 8. 800 K.
...... 175 | N.30° W,
...... [Lo4 | N.200W.
...... 21| . 11°N.
...... L 30| N.59° 1,
...... AT LN, ToW!

“the anticlinal fault of Charnwood Forest.
:the hade of this fault raust have shifted from one side to the other
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the great majority of Jode-displacements—in Cornwall for instance—
could be aecounted for by a simple ¢ descent of the hanging wall’
had led many students of fault-phenomena in recent years some-
what to underrate the importance of the small minority of cases
where lateral and cven rotational movements were postulated.
This observed fact in California was useful in restoring to some
extent the old and broader idea of fanlt-movement.

De. J. W, Livans thought that, although the permancnt deforma-
tion, to which the Author gave the name mochleusis, and the
faulting were no doubt duc to a comwmon cause which remained to
be determined, yet the vibratory movement or orchesis (as the
Author termed 1t) must be the direer result of the sudden snap or
fracture of the strata in faulting,

Mr. G. Barrow, referring to the lateral displacement along a
definite line, drew attention to the fact that, in many of the lead-
veins of North-West Yorkshire, the sides of the veins were often
fluted and * slickened " in a horizontal rather than in a vertical direc-
tion. The frequent oceurrence of carthquakes within or on the
margin of arcas of voleanic activity secemed to the speaker to suggest
some councxion of these tremors with igneous intrusions.

Dr. Srrauan said that he joined in the diseussion on this difficult
subject with diffidence, but that he had been interested in hearing
a paper in which shocks were not assumed to have originated
necessarily in fault-movements. Mo considoved that that theory
had been pressed too hard; certainly in some cases the wrong
fault had been eredited with the cflect, while in other cases faults
which had no existence had been invented for the occasion. More-
over, no account had been taken of the fact that faults belonged to
two wholly different classcs.  Normal slip-faults, which frequently
occurred in pairs as {rough-fuults, resulted in an expansion of
the tract that they traversed, each fault representing a horizontal
gain proportionate to its hade and throw. Upwards of a mile had
been gained in cortain regions, where complete knowledge of the
character of the faults had rendered sncasurement possible.  But
in other regions overthrust faults prevailed, and had resulted in
horizontal contraction, No distinction had been made hetween
these different elasses, nor had any reason been assigned why one
only, out of a serics of closcly related faults, should suddenly display
activity. It had become customary to call in any fracture which
happened to be conveniently situated, whatever its character and
whatever its age, to do duty us the ¢ originating fault.” Moreover,
the tracing of the isoscismic lines was founded on evidence which
was oot wholly convincing. He welecomed, therefore, the aliernative
explanation of the displacements observable after shocks, which
had been so Iucidly advanced by the Author.

Prof. Warrs quoted the coincidence of the Leicester Fault with
Dr. Davison inferred that

along the course of the fault. Of the Charnwood-Forest faults, the
only one of which the hade would be likely to shift along its course

Q.J.G.S. No. 257. ¢
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would be the anticlinal fault, and not any of the several overthrusts
which run parallel to it, and this was the one which seemed to
correspond with the focal line of the Leicester carthquake.

Prof. Core asked whether the Author was prepared to locate tha
origin of large carthquakes at a far greater depth in the crust than
Mallet would have proposed. It scemed possible that what were called
lines of weakness in the carth’s crust, along which movements
of the surface might take place, represented lines of wealkness in those
inuceessible regions that Dr. Awmpferer had ealled the untergrund.
Qur surfacc-movements might thus, as Ampferer had urged, have
no relation to the characters or disposition of the rock-masses
visible to us, but might, unhappily for geological reasoning, depend
on thosc of more active masses cutirely beyond our reach.

Mr. J. F. N. Geeex sald that it had been shown that the sug-
gosted distribution of stresses was competent to produce a displace-
ment along the line of fault.  Such a displacement must necessarily
produce vibration, which accounted in any case for at least part
of the carthquake, which part might be said to be caused by the
fault. He enquired whether there was any evidence that o part of
the earthquake remained which could not thus be accounted for.

The Rev. K. C. Seicer asked the Author whether he had arrived
at any conclusion with regard to the origin of the forces that pro-
duced a serics of couples acting horizontally in the ecarth’s crust
and producing apparently a ¢ law’ rather than a fault.

AL M. Arvonrer, referring to a stay which he had made in
California two years before the earthquake of 1900, said that,
although he was unable to investigate the nature of the unter-
grund, he had nevertheless been impressed by some structural
features whicl tallied very well with the Author’s ingemious ex-
planation of recent events. Already at that timo the San Andreas
fault, along which considerable displacement was to take place two
years later, gave rise to unusual featurcs in the topography. Along
that ¢ carthquake-crack,” cutting the coastal ranges obliqucly, there
were series of low passes, of elongated basins, some of which had
reversed slopes or even no outlets.  The recent seism had thrown
light on the genesis of all these unsystematie topographical
featnres, which might be accounted for by a truncation and a lateral
displacement of the drainage-system.

'The second point that impressed the speaker was the evidence
afforded by physiography of the recent and possibly present forma-
tion of newer folds off the coast of California. The city of Los
Angcles was as much exposed to carthquakes as San I'rancisco.
On a line running south-south-west of Los Angeles was the rocky
promontory of San Pedro, formerly an island and now connceted
with the mainland by a succession of elevated beaches. The island
of Santa Catalina, 25 miles off San Pedro, was a maturely dissected
sierra, the summit of which alone stood above the waters of the
Pacific ; submerged valleys and short rios presupposed a recent sub-
sidence. Some 30 miles to the south-south-west lay another island
{San Clemente), exhibiting a terraced profile with raised beaches.
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It seemed probable that San Pedro eorrcsponded to an anticlinal
axis in course of formation, Santa Catalina to o syncline, and
San Clemento to another anticlinal ridgo.

Pressures great enough to produce these foldings must act at
right-angles to the oricntation of these islands, that was, north-
north-castwards.  When stresses acting in that divection encoun-
tered obliquely the great fault ranging [rom Point Arena to the
Mohave Desert, they naturally must have a tendeney to bo relieved
by an horizontal displacement of the proximate lip in a direction
away from the acute angle of incidence formed by the direction of
the stresses and the strike ol the fault, in the way illustrated by
the Author’s diagrams and experiments.

Mr. L. . Cooxe said that Mr. Collins's suggestion, as to the
possibility of ‘lheaves’ having bLeen formed by a relative displace-
ment of the two walls along their strike, deserved special attention
in the cases where the walls were slickensided, Huted, and striated
horizontally, as was most usual in the lead- and zine-mines in the
Mountain Limestone of Flintshire and Derbyshire according to his
(the speaker’s) observations,  In these districts, the vein-fissures
had mostly small ¢ throws,” and in some instances might possibly
be merely enlarged joints in which the sides and filling had been
slickensided by repeated to-and-fro movements—a view which
scemed in consonance with what had been written by Sir Archibuld
Geikie.  The common allegation that the Hutings and striations of
slickensides indicated the dircction of dislocation had not, so far
as he knew, been proved: it scemed a survival of the regrettable
practico of confidently putting lorward plausible assumptions as
proved facts. Siuce, howevcr, the precise trigonometrical survey
in California had demonstrated movement or dislocation along tho
strike of the fissure, it was very desirablo to scrutinize these
Flintshire and Derbyshire veins more closely in this respect.

Attention had been previously called to apparent strike-dislo-
cations in highly disturbed rocks (as, for example, in the Lewisian
Gneiss), but in such districts some alternative explanation was
nearly always possible, and geologists would doubtless be grateful
to the trigonometrical surveyors ot California for presenting them
with incontrovertible proof of sueh movements,

The century-old J. C. L. Schumidt rule, which postuluted a descent
of the hanging wall, applied, so far as he had been able to test it,
on the lines first indicated by Christian Zimmermann, to the great
bulk of heaves in other districts with which he,was acqualtnted.

The Presippyr remarked that the Author fully admitted that
local earthquakes might arise from tectouie dislocations, and his

-eonclusions only applied to great world-shaking seisms,  Bub, even
if it were found impossible to trace the San Francisco earthqualke
to a particular line of fracture, it by no means followed that the
cause was not to be found in a sudden release from a state of strain.
The system of forces applied to the material used in the mould
would give risc to a fracture inclined at 45° to the direetion of tho
slit which represented the San Francisev fracture. The subject
¢c2 ’
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was one of extreme difficulty ; but the paper, if it did not afford a
solution, had at least the merit of raising the question.

The Avrnor, in reply, said that he was unable to form any con-
clusion as to the manner in which the stresses were produced, or
as to their exact nature. As regarded the connexion of faults with
carthquakes, it was undeniable that they often determined a local
increaso of violence of shoek, and to this extent could be regarded
as the cause of earthqualkes ; but the conclusion to which he hiad been
driven was, that although the presence of pre-existent fractures
might determine the localization and distribution of the violence of
the shock, the disturbance was really independent of them, and that
the position of carthquale-origins and the forces to which they
were duc were independent of the leading structural features of
the district and of the forces and movements by which these were
produced.



