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n l~N'l 1r D UC'I"ION. 

IN the  case of n e a r l y  all bra,~&es of sc ience  a g rea t  advance  was 

m a d e  w h e n  a c c u r a t e  q u a n t i t a t i v e  m e t h o d s  were  used ins tead  of  

m e r e l y  qua l i t a t ive ,  One g r e a t  a d v a n t a g e  of this  is that: i t  

necess i t a tes  more  accu ra t e  thou,aht ,  l:~oints ou t  w h a t  r e m a i n s  to t)e 
l ea rned ,  and  somet imes  smal l  r e s idua l  qua~t i t i es ,  wh ich  otherwi,,_e 

wou ld  escape a t t en t i on ,  i nd ica te  iml)or t ;mt  faet:s. Since it al)plies 

to n e a r l y  all b r anches  of geolog'y, it is necessar i ly  a wide  subject ,  
b u t  so connec ted  t o g e t h e r  t h a t  it seams undes i r ab l e  to d iv ide  it. 

M y  object  is to apply  e x p e r i m e n t a l  physics  to l he  s t udy  o f  
rocks.  

At, leas t  six d i f fe ren t  k inds  of phys ica l  ques t ions  are  involved,  
some of  w h i c h  have  been suf t le ient ly  s tudied,  bu t  o thers  r e q u i r e  
e x p e r i m e n t s  w h i c h  w o u l d  be ve ry  difficult  to ca r ry  out ,  and all t.hat 

I can n o w  do is to e n d e a v o u r  to deduce  p l aus ib l e ' r e su l t s  f rom w h a t  

is k n o w n .  I n  doing  thi~, it m a y  be necessa ry  to a s sume  eases 
suff ic ient ly  s imple  for ca lcula t ion ,  which  ms{- but imper fbe t ly  
co r re spond  to n a t u r a l  condi t ions ,  so t lmt  the  resul ts  m a y  be only 
a p p r o x i m a t e l y  correc t .  I n  some easeb, facts  seem to ~tmw t h a t  
t h e r e  a re  i m p o r t a n t  proper t ie~ c o n n e c t e d  w i t h  subs id ing  m a t e r i a l  
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which cannot be explained in a satisfactory manner .  Notwith-  
standing this, it appears desirable to do the best that  I can with  
the material at my disposal, hoping to lead others to do what I 
intended to do, and correct such errors as are now unavoidable. 

In  order to clear the way for subsequent detail, I deseribe a few 
general faets. To learn the final velocities of subsiding sediment 
I made many experiments, and ibund it a most complex question, 
requiring much more study. Coarse and somewhat fine sand-grains 
subside aud collect at once on the bottom in a fairly-settled con- 
dition, yet the interspaees between the grains may amount to half  
the total bulk. Very fine-grained material, when more than 1 per 
eent. of the water, behaves in a totally-different manner, and, as a 
whole, somewhat like an imperibet l iquid;  and, in extreme eases, 
even after standing for a year, it may contain 90 per cent. of 
water. Very fine-grained sand possesses this latter property to a 
slight extent. 

I I .  FIXAL VELOCITIES. 

In the year 1859 I made many experiments, in order to learn the 
laws regulating the subsidence of various solid substances in 
water, more especially of sand and flakes of mica. Their size was 
first carefully measured with a mierometer-mieroseope, and those 
were selected which were of fairly-uniform diameter in all direetions, 
but only the smallest were adopted for the calculations. These 
grains were earefully introduced separately in a wet eondition into 
a tall ja r  of water, and the number of seconds which they occupied 
in subsiding a foot and a halt' was observed. In  experimenting 
with spheres, cubes, and thin plates of glass, as well as with g r a i n s  
of sand and mica, i t  was found that  the relation between the final 
velocity and the diameter is of so eomplex a character that  it 
emmot be expressed in any simple manner, as though the result 
depends on complex conditions. I therefore fall back on experi- 
ment, and deal only wi th  such eases as are of geologieal interest ; 
but I may say tha t  spheres, cubes, and plates of glass yield similar 
results. 

G r a i n s  of Sand.  

3iv best experiments were with  grains varying from 2 to 
~,~ inch in diameter, which gave final velocities from about a foot 
down to "055 foot per second. For diameters varying from two- 
fifths t:o a fifth of an inch, the final velocity was found to agree 
well with the supposition ~hat i t  varies as the square root of the 
diameter. When the diameter is about a tenth of an inch this law 
gives too large a result, but when it is about a fiftieth of an inch 
this excess increases, and when the diameter is about a hundredth 
of an inch the final velocity is only half  what  it would be if 
the same law holds true for i~he small grains as for the large. In  
fact, for grains measuril~g a hundredth of an inch in diameter and 
somewhat less, the final velocity varies neaNy as the diameter. 
I t  seems to me probable that  these facts may be explained by 
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supposing that  an adherent film of water is dragged down with the 
grains, the relative effect of which would be greater as their diameter 
became less. The results are closely as if' this film were about a 
thousandth of an inch thick. My data were, however, not suffi- 
cient to prove this, and yet they make it sufficiently probable to be 
adopted provisionally. I t  may thus be supposed that  the thickness 
of the film may increase when the particles move more slowly 
through the water ; and, if  so, the final velocity must depend on very 
complex conditions, and in the ease of extremely-small particles it 
may decrease more and more than the value of d. We may thus 
easily understand why the subsidence of extremely-minute separate 
particles is so very slow, even as slow as an inch per day. How- 
ever, this is greatly influenced by the amount of suspended matter, 
for, when there is much, the granules collect together into small 
pellets, which subside far more rapidly than the separate smaller 
granules. These facts must be carefully borne in mind in studying 
very fine-grained rocks. 

I t  may be well to give in tabular form the approximate final 
velocities in feet per second, deduced from many experiments for 
separate grains of sand of various sizes, i t  being understood that  the 
results would vary to some extent  with the shape of the grains. 

T A B L E  I .  

1 inch Shortest diameter 5 
1 _ _  

" " 1 0  " 

1 

1 

~' " 1 0 0  " 

i 

" " 2 0 0  " 

�9 910foot ] coarse 
t 

"680 ,, / sand. 

"430 ,, ~ medium 
"i06 ,, J r sand. 

"052 ,, ~ very fine 
!_ "010 f sand. 

" " 1 0 0 0  " " 

These velocities are of fundamental importance in many questions 
connected with stratified rocks. 

F l a k e s  of Mica .  

Flakes of mica of small size and varying thickness follow the same 
general laws as sand ; but, when the thickness remains constant, and 
the area is greater, the final velocity increases with the area up to 
a certain value and then decreases. The value of this maximum 
velocity varies closely as the square root of the thickness. I have 
no observation of facts which would be explained by the above 
peculiarities; and the flakes of mica in stratified rocks are usually 
too small for their application. However, i t  follows from my 
experiments that  thin flakes of mica of considerable area would 
subside much more slowly than grains of sand of small area;  thus 
we can easily understand why, as is so common, mica and fine sand 
occur in separate layers. 
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S a n d .  

A knowledge of tha angle of rest of different varieties or' sand, 
under various conditions, is of great interest, since its sine is a 
simple measure of the friction which would otherwise be difficult, 
to ascertain, and must have had a preponderating influence in 
connexion with the drifting forwards and deposition of the material 
of many rc.eks. I t  sums up the general eflbet of tile density, size, 
and shape of the grains, the character of their surface, and the 
relative lubrieating influence of the superficial layer of water. 

I made many experiments in a glass trough, so that  [ could 
measure the angle of rest: under different emJditions. One very 
important point is that  the angle at which moving sand stops an(l 

accumulates differs materially fron~ that at which it gives way, 
after having become s ta t ionary;  and this explains many important 
facts. 

l ';xperimenting with the coarse angular sand of the Millstone 
Grit, washed to get rid of the decomposed felspar, and sieved so 
tha t  the gr~ins varied in size from a.bout -03 to "07 inch, and 
averaged about "(t5, I found that  tile angle of rest in water was 
about 41 ~ when coming to rest. but about 4!) ~ when giving way 
alter being at rest. In the ease of sand varying in size tYom "005 
to "~20 inch, and averaging about "010, the angle when coming to 
rest was about 34 ~, and after being' at rest it gave wav at 36 ~ In 
the ease of very fine-grained sand from Alum Bay, in which the 
grains varied f~iom "()~1 to "0~)5, and averaged about "003 inch, 
the angles were req)ectively 30 ~ and 33 ~ I t  is thus clear that,  to 
a slight extent, the fine sands acted more as a liquid, tile difference 
belween the angles being 2 ~ or 3 ~ instead of S ~ When the above- 
mentioned coarse and fine sands were mixed in equal quantities, it 
was diflieult to prevent separation, since the coarse grains ran down 
over the flne. and accumulated at a higher angle than tile fine ; but, 
by using great care to prevent this, I found that  the angles were 
about 34 ~ (or the same as for the fine sand named above) and 38 ~ , 
or 2 ~ more than when no coarse sand was present. 

Pebbles .  

A rounded quartz-pebble measuring "4 by-25  inch easily ran down 
a slope of the coarse Millstone-Grit sand at 25", and came to rest 
when it was at ahout 9(I ~ I t  scarcely sank at all into the surfaee 
of the sand. In the ease of the finer sand, the pebble just  ran down 
at 20 ~ but did not sink mueh. When in water the very fine Alum- 
]3ay sand is extremely soft and mobile, so that  even a pebble 
measuring' only .9 by "15 inch half sank into il. and would not. run 
down the sm'faee un'til the whole gave way. All these faets agree 
well with the supposition that: the thin fi'lm of water adhering to 
the grain hqs more and more effeet on the properties of the material 
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in proportion as the particles are smaller. Thus, if the thickness 
be the same for 0"1 as for 0"001 inch in diameter, I calculate 
that  the relative effect would be 450 times as great in the latter 
case. This must have a most important  influence in modifying 
the deposition of coarse and fine-grained material ; and it seems to 
me tha t  all the facts that  I have described are of fundamental 
importance in studying stratified rocks, and well1 deserve a much 
more complete investigation. 

Thus, for example, the above-described facts show that  the 
different amount of sinking of the small pebble causes the friction 
to be 57 per cent. more in the case of very fine sand than in that  of 
coarse. On the contrary, a current of water would have much less 
power, since only half its surface would be exposed. I t  would thus 
be almost impossible for a small pebble to occur in fine sand, since 
a current much less than sufficient to drift along the pebble would 
wash away the sand; whereas, in the case of the coarse ]~illstone- 
Grit sand, the pebble would be washed along much more easily, 
and the sand washed away with much more difficulty, so that  it is 
easy to understand why pebbles are so common in such rocks as 
the Millstone Grit, and absent in the finer-grained sandstones of 
the Coal-]~[easures. The common occurrence of, as i~ were, a bed 
of small pebbles at the lower part  of many beds of drifted sand is 
also easily explained, since on arriving at the top of the slope 
at the angle of rest of the coarse sand, the great majority of the 
pebbles would roll down to the bottom and only a few stick higher 
up in the sand. In  a similar manner, these facts would probably 
explain many other details of structure which have attracted little 
attention. 

Poss ib le  E x p l a n a t i o n  of the  Ang le s  of  Res t  of 
DiffereLlt Sands .  

Aswi l l  be shown in the sequel, when sand is deposited and well 
shaken, the grains arrange themselves on an average so that  the 
percentage of interspaces is the same as that  deduced theoretically 
for such an arrangement as would give rise to depressions bounded 
by a mean slope of 30 ~ up which a grain would have to be raised to 
be carried away. If a general surface of such a kind were inclined 
at an angle of 30=, tile above-me~tioned small slope wo~lld be level:  
therefore the grain would not require any lifting, and the only 
force to be overcome to let it go free would be that  rqquired to start  
motion and overcome friction. Taking all the facts into considera- 
tion, it  appears to me that  the most probable supposition is that, 
when the slope is such ~hat the grain slips off and slides down, the 
force of gravitation acting at that  angle is just in excess of that  
which kept i t  in position, and that  this three varies as the sine of 
the angle of the slope. Part  of this is b~lanced by the conditions, 
and the rest by friction. I f  these suppositions are correct, i t  follows 
tha t  the variation in the angle of rest for different kinds of sand 

O. J. G. S. h'o. 254. N 
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depends mainly on these latter retarding conditions. Assuming 
that  the sine of the angle of re~t ~is a measure of all the forces just  
balanced, we may calculate as follows. For grains of "05 inch in 
diameter the sine is "755, and for "01 it  is "588. Hence for each 
�9 01 above "01 the value of the sine increases about "042. Sub- 
tracting this from "588 we get "546, which is the sine'of 33"6 ~ or 
closely that  of the angle of rest for grains "003 in diameter. The 
excess over 30 ~ may be due to the force necessary to start  movement, 

o r to the somewhat different arrangement of the surface-grains from 
that  assumed. These facts seem to show that  the above-named 
resistance is of little value where the grains are small, but  increases 
nearly as the diameter of larger grains. At all events, these suppo- 
sitions explain the variations in the angle of rest sufficiently well 
for the purposes of this  paper. 

R e l a t i o n  be tween  the  A n g l e  of  Res t  and  the  
Ve loc i t y  of  a Cu r r en t .  

I trust that  it  will not be thought  that  I am making mountains 
of molehills, when I discuss in detail the properties of grains of 
sand ; but it  must be borne in mind tha t  the very existence of some 
mountains must have depended on the properties of their  constituent 
grains. As described above, the most probable angle of the slope 
of the minute depressions on the surface of sand is about 30 ~ up 
which a grain would have to be lifted before it  would be washed 
along by a current. In  addition to this, there would be friction to 
be overcome, so that  the effective angle may be about 33 ~ . 

i t  seems to me, therefore, that  these conditions are so closely the 
same as in the case of the angle of rest, that  the sine of this angle 
may be looked upon provisionally as a measure of the resistance tha t  
must be overcome by a current just  able to drift along the sand. At  
all events, this seems to give satisfactory results, when we compare 
one variety of sand with another. 

IV. THE EFFECa'S OF CURRENTS. 

Ve loc i ty  of  C u r r e n t  Able  to  S t a r t  or M a i n t a i n  D r i f t i n g .  

As in the case of the friction of one surface on another, there is 
a difference between the current necessary to start  the motion of 
sand and tha t  which is necessary to maintain it. This is well seen 
in the case of the angle of rest--s ince the angle at which sand slip~ 
down after having been at rest, and that  at which moving sand is 
brought to rest, differ materially. Very important  results depend 
on this property. We may, I think, provisionally calculate the 
velocities of current required to s tar t  and maintain the drifting of 
different varieties of sand from these angles, as measured in each 
case. I t  is, however, important to bear in mind that  drifting on a 
rippled surface is not the same as on one without ripples. 
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Conclusions to be drawn from the Change in the Angle  
of Rest  in Var ious  Rocks.  

When material like sand or oolitic grains is drifted along the 
bottom to where the velocity of the current is so reduced by 
increased depth that the material can be no longer washed along, 
it falls down on a slope at the angle of rest. By this means a bed 
may have been formed several hundred yards long, and the angle of 
rest can easily be determined, allowance of course being made for 
the true dip of the strata. This sort of bedding should be carefully 
distinguished from irregular deposition, which may very properly be 
called f a l s e  b e d d i n g .  As it is formed by the drifting along of 
the material, I have always called it d r i f t - b e d d i n g .  

The value of the original angle of rest can usually be estimated 
from the nature of the deposit; but, in many cases, it has been 
subsequently much reduced by chemical or mechanical changes in 
the rock, and the alteration in the thickness of the bed can be 
learned by comparing the values of the tangents of the original 
angle of rest and of the present angle. In the case of irregular or 
thin drift-beds or drifted ripples, the original angle of rest may have 
been materially less than normal, because of the current sweeping 
down the slope, and thus it could not be relied on. There is also 
doubt regarding the original value when, as in some limestones, 
the rock has been so changed that the character of the material 
when deposited is imperfectly known. I much regret that I did 
not see t h e  importance of these facts in years gone by, and did 
not measure the angle of rest in many cases suitable for these 
calculations; but fortunately I have sufficient data to show the 
kind of results that could be obtained by a more complete appli- 
cation of this method, now that all parts of the subject have been 
more developed. 

Freshwate r  Limes tone ,  Bins tead  (Isle of Wigh t ) .  

The angle of good drift-bedding was found to be as a mean about 
24 ~ ; and, assuming that originally it was about 34 ~ the reduction 
in thickness has been from 100 to 66, or a contraction of 34 per cent., 
which to a large extent may have been due to the filling-up of 
original cavities by carbonate of lime derived from aragonite-shells 
in close proximity. 

Lower  Greensand near  Folkestone.  

I measured several good cases, and found the mean angle of 
drift-bedding to be close on 20 ~ in sand which would originally 
have had an angle of about 34 ~ This would indicate a contraction 
of from 100 to 54, or of 46 per cent., which must to some extent 
be due-to the filling-up of the interspaces, but also to removal of 
material by solution. 

N2 
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M a g n e s i a n  L imes tone .  

There is so much uncer ta inty respecbing many important  parti- 
culars connected with this rock, that  I should say nothing about 
i t  if  i t  were not in the hope that  it may help to clear up the 
difficulties. One thing that  seems fairly certain is, t h a t  in South 
Yorkshire, North Derbyshire, and :Nottinghamshire, the rock was 
not deposited as it now is. In  many places the material has been 
drifted along the bottom, but i t  is difficult or impossible to know 
what  would be the original angle of rest or the amount of the 
interspaces. 

Many years ago I made a considerable number of chemical 
analyses, and found that,  as a general rule, the specimens con- 
tained an excess of carbonate of lime above that  which is found in 
a true dolomite. I then concluded that  in many, if  not all, cases 
this excess was due to infiltrated calcite. Sometimes there appeared 
to be good evidence that  the rock had been changed from a lime- 
stone after deposition, but  in others tha t  dolomite-mud had been 
deposited originally. In  the county of Durham the excess of carbo- 
nate of lime in the Magnesian Limestone is great ; and i t  seems t(> 
me that  some of the exceptional coneretionary structures seen there  
may have been due, in part, to the original deposit having been to 
some extent aragonite, afterwards segregated and crystallized as 
calcite. 

As determined by the boiling-water method described farther on, 
the empty spaces in the rock in South Yorkshire vary from 9 to 29 
per cent., and in one case were increased from 11 to 21 per cent. 
by the action of dilute acid, perhaps due part ly to the removal 
of infiltrated calcite. On the whole, these values do not differ 
materially from those found in rocks of Oolitic age, and, like them, 
indicate no great pressure. 

I have fairly-complete particulars of two cases near Conis- 
borough. In  one at Crookhill the angle of a drift-bed is now 18 ~ 
I f  originally the material were of moderate grain, the angle of rest 
would have been about 34~ this would indicate a contraction 
from 100 to 48. The cavities might have been originally about 
48 per cent. and are now about 8 per cent., so that, as indicated 
by them, the contraction has been to about 56"5 of the original. 
This indicates a removal of 8 or 9 per cent. of solid matter. In  
a good case at Cadeby the angle is 20 ~ but the cavities amount 
to 27 per cent. : this indicates a contraction of 54 per cent., and 
the removal of 17 per cent. of solid material. Taking the mean of 
the four determinations, it should appear that  the rock is now 
about 52"5 per cent. of its original thickness and that  13 per cent. 
has been removed ; these, however, must be looked upon as only 
rough approximations, because the original character of the rock 
is unknown. 
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M i l l s t o n e  Gr i t .  

:For some miles north and south on the west side of Sheffield, 
the  Millstone Grit  contains many excelle,~t examples of charac- 
teristic drift-bedding. At one time, it was puzzling to find that  the 
mean angle of the inclined beds i,1 a quarry at Bell Hag,  where the 
sand-grains measure on an average "01 inch in diameter, is only 
about 25 ~ , since the anglo of rest for such sand is 34 ~ . However, 
on further study it was found that  this reduction iu the angle agrees 
wi th  what would be the effect of the alterations tha t  have taken 
place in the rock. Pebbles o[' felspar are common, and on close 
examination i t  was seen that  what  was originally felspar-sand has 
been decomposed, and the resulting clay forced into the interspaces 
between the grains of quartz. In  the case of such sand when 
recently deposited and not shaken, the intorspaces amount to about 
46 per cent., whereas they are now only 15 per cent., thus showing 
a contraction of 36 per cent. of the original volume. The tangent  
of the original angle is "674, and therefore that  of the altered rock 
should be 64 per cent. of this, which nearly agrees with the tangent 
of 25 ~ as seen in the rock. Hence, both the change in the angle 
and tha t  in the amount of interspaces agree in showing that  the 
thickness of ~he rock is about two-thirds of the original. As 
indicated by the angle of rest, the aw~rage contraction for all the 
above-described rocks is from 100 to 59, which is a very con- 
siderable change. 

D r i f t i n g  on a H o r i z o n t a l  Surface.  

According to Du Bunt (' Traitd d 'Hydraulique') ,  the velocity of a 
current near the bottom is about half  the mean velocity of the whole 
depth. Possibly, however, that  of the water in contact wi th  the 
sand is still loss. My experiments and observations showed that,  in 
shallow water, the mean velocity of the current jus t  able to wash up 
sand moasuring about a hundredth of an inch in diameter is about 
�9 4 foot per second. Before being moved, the surface would be very 
similar to tha t  of sand inclined at the angle of rest, and i t  seems 
probable that,  as in that  case, the forco necessary to lift the sand 
out of the depressions against gravity and overcome friction, so as 
to move it  forward, must be nearly as the sine of the angle of 
rest, which in this case is "59. The final velocity of such sand is 
�9 106 foot per second, so that  the calculated velocity of a current" 
just ablo to move the sand would be "59 x ' 1 0 6  = ' 0 6 3  feet per 
second, which is not quite a s ixth of the observed mean velocity, 
or about a th i rd  of tha t  near the bottom according to Du Bunt. 
This lower velocity is, however, that  in actual contact with the 
sand, which must certainly be considerably less than higher up. 
On the whole, considering all the circumstances, we may conclude 
provisionally that  the velocity in contact wi th  the sand is about 
a s ix th  of the mean velocity, although this might  not be correct 
in the case of deep water. 
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Effec ts  of  C u r r e n t  on Sand .  

Fif ty-nine years ago, when I was living at Woodbourne, a 
country-house on the east side of Sheffield, there was at the bottom 
of the small park a brook entirely under my control. I n  order to 
investigate a number of questions, I constructed a place for experi- 
ment with Dome s e l f  registering appliances. I could easily regulate 
and measure the depth and velocity of the current wi thin  certain 
limits. :By these experiments, and by observations made in a clear 
brook at Fulwood (near Sheffield), [ cared to the conclusion that,  
when the velocity of the current is about 6 inches per second, sand 
wi th  grains about a hundredth of an inch in diameter is drifted 
along slowly, and a surface is produced, grained in the line of the 
current, but  no ripple-marks are formed. When the velocity is 
somewhat greater than 6 inches per second, ripples are produced. 
When it is about 1 foot per second, these are well developed and 
advance about 3 inches per minute, by the sand being washed 
up on the exposed side and deposited on the other;  which velocity 
may be looked upon provisionally as an average for undoubted 
drifted ripples. I f  the velocity at tains 18 inches per second, the 
ripples are destroyed by the washing-away of the sand ; but the 
surface may still show graining in the line of the current. Much 
depends, however, on whether sand is or is not being deposited from 
above; since, when it is, ripples are produced at a somewhat 
lower velocity and advance more quickly. These results applied to 
the case of water varying from 1 to 8 inches in depth, and might  
be very different in the case of much deeper water. I have long 
felt that  such experiments ought to be conducted on a much larger 
scale, but have never had the opportunity in a suitable and. con- 
venient place, free from disturbance. In  the present state of the 
subject it  may be assumed that, in the ease of moderately-fine 
sand, the well-developed ripple-drift, so common in certafi~ rocks, 
indicates a current wi th  a mean velocity of about 1 foot per 
second. 

Assuming that the sines of the angles of rest are a fair measure 
of the friction which must be overcome to move the sand when at 
rest, and to continue the motion when drifting over the same sorV 
of sand, and also tha t  the effective action of a current of about 
1 foot per second varies as the velocit, y, I calculate out the following 
table. I t  must, however, be looked upon as little more than a 
provisional illustration, since it is possible that  many other factors 
should be taken into account. They are not velocities, but the 
relative forces needed to move the sand a.long the bottom, where 
the current would be much reduced by friction. 

TABLE II. 

Coarse sand. 

Angles of rest ............... 41~ 49 ~ 

Sines of angles ............... "65 "75 

Fine sand. P~ryfi~e. 

24 ~ 26 ~ 30 ~ 33 ~ 

�9 56 '59 "50 "54 
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Assuming, for the sake of simplicity, that  the effective action of a 
current on grains of sand of varying size but of similar shape varies 
directly as the exposed surface, and that  the frictional resistance to 
be overcome varies directly as their weight, the velocity of a 
current just able to drift them along would be when these two 
quantities are equal;  that  is to say, roughly speaking, that  the 
necessary motive power would vary directly as the size of the grains. 
Now, as already described, the mean velocity jus t  able to drift grains 
a hundredth of an inch in diameter is a little under "5 foot per 
second, or s ay ' 4  foot. Hence, in the case of Millstone-Grit sand 
measuring a twent ie th  of an inch in diameter, it would be about 
2 feet per second; and for the very fine Alum-Bay sand y~-~ 
inch in diameter, it would be "13 foot. Combining these results 
with those deduced from the angles of rest, we obtain the 
following : ~  

TA.nnE III. 

Size of grains ......................... ~ inch. y-~-~ inch. ~_1 im.h. 

Mean current just able to drift... 2"00 feet. 0"40 foot. 0'13 foot. 

Mean current just able to wash up 2"24 feet. 0"44 foot. 0"17 foot. 

Though deduced from entirely different data, these results agree 
well with the fact that  the weight of the grains varies as the cube 
of their diameter, and the surface exposed to the current varies 
as the square. 

As shown later, the velocity at the very bottom just enough to 
drift the sand up the ripples is only "09 foot, which agrees with tile 
fact that  a velocity o[' 12 inches washes up the sand vigorously; 
and, when the mean velocity is 18 inches and tha t  at the bottom 3, 
the sand can scarcely maintain itself'. We thus have two import:Ant 
l imi ts - -one  just  sufficient to wash it along, and the other to wash 
i t  away, which had no upper limit. 

V. RiPPLE-DI~IFT. 

Only that  structure is considered which is produced by a currcn~ 
moving in one direction, as shown by the detailed characters. This 
is a most interesting structure, since it~ enables us to ascertain with 
approximate accuracy, not only the direction of the current and 
its velocity in feet per second, but also the rate of deposition in 
fractions of an inch per minute. This introduction of minutes and 
seconds into geology may probably surprise those who are accus- 
tomed to deal with long geological periods, but it must be remem- 
bered that my minutes and seconds can be verified by experiment, 
which cannot be done with their long periods. 

The production of this structure (see Pls. XV & XVI)  involves a 
number of variable conditions, namely, the depth and velocity of the 
current ; the size, shape, and density of' the drifted materiM ; the 
length and height of the ripples, and the rate at which deposition 
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is t a~ng  place from above ; and it is  necessary to enter somewhat 
fhlly into detail, in order to show the data from which conclusions 
may be drawn. 

I t  is convenient, in the first place, to consider the case when no 
deposit is being formed from the superjacent water, material being 
merely drifted along the bottom. Also, for the sake of simplicity, 
we may assume that the sand consists of grains having an average 
diameter of about a hundredth of an inch, and that the length of 
the ripples is about 3~ inches, which I find is a common size in 
many rocks. I shall also consider only their length and height, 
since the third dimension may be looked upon as uniform and as 
having no influence on the ratios under discussion. 

By very carefully studying some excellent ripples on the shore 
at Ryde and Sandown, I found that, although their average length 
varied from 1"3 to ]2 inches, their shape was almost identical, the 
exposed side being inclined at about 18 ~ and the sheltered at about 
30 ~ Hence, for ripples 3~ inches long, the height would be "72 
inch: which corresponds to what is seen in older rocks. :However, 
fbr a reason which I do not fully understand, some ripples 3~ 
inches long are only about "36 inch high, and the slopes are in- 
clined at 9 ~ and 19 ~ Those formed in my experiments at Wood- 
bourne seem to have been of this character, and X found that with 
a current of about 1 foot per second they advanced 3 inches per 
minute. So far as I can judge, their length was about 4 inches, 
which would give a minute and a third as the time in which they 
would advance their own length, which I call their per iod .  I t  
seems very probable that this period would be nearly the same for 
ripples varying considerably in length, since the exposed surface 
from which the sand is washed up would vary directly as the length 
of the ripples, and we may, therefbre, assume that the period of 
ripples 3~ inches long would be 1"33 minute. The question then 
is, what would be the period for those that are "72 inch high ? 
The amount of material to be drifted forward in their period 
would be 72-----2, and there is no reason to believe that it would 
be drifted along more quickly. On the contrary, it would have 
to be washed up a slope of ]8 ~ instead of 9~ and, adding the 
angle of rest when such sand gives way for the effect of the small 
depression, the extra inclination is 54 ~ instead of 45 ~ and the extra 

force required s )nes : i~  1.14. Hence, probably the period for 
sine 45 ~ 

ripples "72 inch high would be 1"33 • 2 X 1"14 = 3  minutes ; bu~ 
this must be looked upon as merely an approximation, which needs 
confirmation by experiment on a larger scale. I t  must also be 
remembered t}mt all my calculations refer to sand of medium 
coarseness, with grains about a hundredth of an inch in diameter. 
The tables given in this paper supply the data for calculating the 
results for coarser or finer sand. 
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Ripple-i~/[arks, etc.  

~fy experiments at Woodbourne showed that  when the velocity 
of the current was only about 0"1 foot per second no ripples were 
formed, even when sand was deposited from above. When the 
velocity was from a quarter to half a foot per second, ripples were 
produced when deposit took place, though not otherwise, but they 
did not advance. This appears, therefor% to be the condition 
necessary to produce such ripple-marks as are seen in some thinly- 
bedded rocks, which show almost or quite symmetrical ripple-forms, 
but little or no effect of drifting. When this does occur a true 
rippled surface is seldom visible; but, in a section perpendicular 
to the stratification, inclined laminae are seen, and a surface of 
peculiar character is shown when the rock is broken parallel to the 
plane of bedding. 

P r o d u c t i o n  of  Ripp]es and  t h e i r  Re la t ions .  

As shown by my experiments and observations, when the mean 
velocity of a current decidedly exceeds 6 inches per second, ripples 
are formed; and when it is 1 foot per second they are well de- 
velopedand advance about 3 inches per minute, by the washing-up 
of the exposed side and deposition on the sheltered side. The 
formation of these ripples makes a considerable change in the 
conditions, since the sand must be drifted up the slopes. Very 
careful observation of excellent ripple-marks on the shore at Ryde 
and Sandown showed that  the angle of the slopes exposed to the 
current was very nearly 18 ~ in the case of both long arid shorter 
ripples. The surface would be very similar to that  when a hori- 
zo~Jtal one is tilted up 18 ~ a~d the grains would have to be washed 
up this as well as over the small depressions between the grains, 
so that  for calculation we have 1 8 ~ 1 7 6  ~ The sine of this 
multiplied by the final velocity is "$5 x "10(i='09 foot p e r  second, 
which multiplied by 6 gives "54 for the same velocity, in close 
agreement with observation. 

W a s h i n g - a w a y  of Ripples .  

I found that in shallow water ripples are washed away when the 
me~m velocity of the current is 18 inches per second and upwards. 
This is when, at the very bottom, it is so strong as not to allow sand 
to remain at an angle of 18 ~ . This result may not apply in the 
case of deep water. I found, however, that  some sand may remain 
at the bottom with a current of 18 inches per second, grained in 
the line of motion, though not in the form of ripples. Hence, 
although the normal conditions for a horizontal grained surface are 
not much above 6 inches per second, cases may occur when the 
velocity is 18 inches, as may often be seen in clear brooks; but it 
would usually be easy to distinguish the two conditions by studying 
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their relation to ripple-drift. C~,nsidering all the complex factors, 
it is satisfactory to find that the observations can be harmonized 
quantitatively by ~ few probable suppositions. 

Ripp le -Dr i f t  with Deposi t ion f rom Above.  

The structure of ripple-drift shows that  when deposit is formed 
from above, it is accumulated on the protected side of the ripple in 
thin layers at the angle of rest. That this deposition would reduce 
their period admits of no doubt, since the protected side would 
advance more rapidly. As the ripples move forward a portion is 
washed up from the exposed side, and an amount equal to that 
deposited from above is left, and covered up by the next ripple 
advancing from behind. I t  thus seems to follow that the amount 
drifted forward, independent of the deposition, is the same as when 
there is no deposit from above. The question is, what is the effect 
of the deposit on the rate at which this normal amount is washed 
along ? Since the total to be removed would be greater, it is quite 
possible that it would have a retarding influence and lengthen the 
period of the ripple. At the same time, since, as I have shown, 
the velocit.y of the current some little distance from the bottom is 
considerably greater than on the actual surface of the sand, the 
subsidence of material would increase the velocity of the current at 
the bottom, and therefore shorten the period of the ripples. All 
these suppositions ought to be verified by experiment; but, in the 
meantime, it seems to me that we may assume provisionally that the 
above-mentioned two influences may so far compensate one another, 
that they may be neglected. I therefore calculate as follows : p  
The normal area of the sect.ion of a ripple perpendicular to the 

3"5 • "72 
surface in the line of the current is -~2-- -=1"26 inch. The 

area of the material deposited is 3"5 d, when d is the tbiekness of 
the deposit in inches. Then the period of the ripple would be 

1"26 3 
3 •  

1-26 + 3"5 d = ~-+~2:~;-~" 

These values, however, must be looked upon as only approximate, 
but yet most probably of the true order of magnitude, and sufficiently 
near the truth to Warrant the conclusions described later. 

d 
The rate of deposition would be ~ .  

Leng th  of Ripples. 

The exact relation between the size of ripples and the conditions 
under which they are formed requires further study. If  consi- 
deration w~re confined to those usually seen in rocks, it would 
appear most probable that their size depends to a great extent on 
the character of the sand. The smallest that I have seen are only 
about three-quarters of an inch long in a very fine-grained sandstone. 
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The usual size is 3 to 4 inches in medium sandstone. They are 
not well seen in the coarse-grained Millstone Grit, in which, 
however, they may be perhaps about a foot long. To judge from 
these facts alone, it would seem as though the length varied some- 
what  as the velocity of the current necessary to wash along the 
sand. The ripples seen on the sea-shore would in many cases 
agree with this supposition. The mean length at Ryde was 5"7 and 
at Sandown 6'9 inches. Now and then I have come across some 
which, so far, [ am quite unable to understand. The most remark- 
able were at the northern end of the Menai Strait, where there was 
an extensive development of ripples some feet long. I was unable 
to learn the exact conditions under which they were termed, but 
still they make me think that  other factors besides the size of the 
grains of sand may occasionally play a very important  part. The 
current in the Menai is certainly strong, at~d the chief difficulty 
is, not to understand why the ripples are long, but why they are 
not washed away. I t  may be that  the current along the bottom 
itself was not p~rticularly strong, while that higher up was much 
greater, which determined the length of the ril@es. 

VI. VXRYI~G S~ZE OF THE GRXI~S. 

Another question of much importance in connexion with the 
structure of sandstones and some limestones is the relative size of 

t h e  grains found mixed together. In  some cases these are nearly 
all of the same size, but in others, between certain limits, they 
differ almost as much as possible. In  many sandstones, although 
there is considerable uniformity, numerous smaller grains occur in 
the spaces between the larger. The exact cause of this occurrence 
deserves more s tudy;  but, as bearing on the question, I may refer 
to the fact tha t  a good many small grains may exist among the 
coarse without producing any marked change in the angle of rest. 
Many years ago I paid much attention to the general question, 
and contrived a simple instrument  for readily measuring the size 
of the gra ins ;  but  it is only lately that  the study of a different 
class of rocks in I-Ierefordshire has thrown light on the true nature 
of the problem. Unfortunately,  direct observations are difficult in 
the case of consolidated rocks. 

Taking everything into consideration, the most important 
general conclusion appears to be that  m o r e  or  l ess  p e r f e c t  
s i m i l a r i t y  in  t h e  s ize  of  t h e  g r a i n s  u s u a l l y  i n d i c a t e s  a 
s o r t i n g  of t h e  m a t e r i a l  b y a c u r r e n t  a t  t h e  v e r y  b o t t o m  
of c o m p a r a t i v e l y - s h a l l o w  w a t e r ;  w h e r e a s  g r e a t  i r r e -  
g u l a r i t y  in  t h e  s ize  i n d i c a t e s  t h a t  t h e  m a t e r i a l  was  
d e p o s i t e d  f r o m  m u c h  d e e p e r  w a t e r ,  in  w h i c h  t h e r e  
w a s  l i t t l e  c u r r e n t  a t  t h e  b o t t o m ,  t h o u g h  a good  d e a l  
of c u r r e n t  h i g h e r  up. This is, of course, one of the most 
important l)(~ints in connexion with many rocks. 
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Possible  Connex ion  be tween the  S t r u c t u r e  of a Rock  and  
the  Dep th  of  the  W a t e r .  

I f  the final velocity ( f )  at which a grain of sand subsides in a 
deep current is the same as in clear still water, so that  my experi- 
mental results can be utilized for calculations, it follows that  the 

d 
time taken to subside through a given depth (d) would be j. seconds. 

Also, if it were carried along by a current of V miles per hour for 
L 

a distance of L miles the time taken would be V" If, then, we 

considered a case in which during the time a grain subsided from 

the top to the bottom, we should have d - - f x  I, Since f is known 
V" 

by experiment, the depth depends on two independent variables, 
the value of which can be roughly estimated, so as to see whether 
the result is in any way probable. Assuming then that  the grain 
of sand is a hundredth of an inch in diameter, having a final 
velocity of "11 foot per second, and that  the distance to which it 
can 1)e drifted is 10 miles, by a current of 4 miles per hour, we 
have for the depth "11x 9000--990 feet = 165 ththoms, which 
appears to me so unreasonably great as to indicate some flaw in the 
argument. Possibly, in subsiding in muddy water the bigger grains 
collect into pellets with the finer and with organic matter of l i t t le  
density, so that  the rate of subsidence is much less than "11 foot 
per second. Supposing tha t  it were only a tenth of that, the depth 
calculated as above would be only 161 t.ithoms, which is not 
unreasonable. On this principle we could explain how fairly- 
coarse sand could be carried for some miles and accumulate with 
fine-grained material which had subsided from a lower level, 
where the velocity of the current was less. Quantitative results 
are at present out of the question, bu~ it seems extremely probable 
that  the difference in the structure makes it possible to distinguish 
between deposits !brmed f'rom deep water and those fbrmed fi, om 
shallow. I t  is even possible that ihr ther  study would euahle us 
to tbrm some estimate of the actual depth. 

The chief defect in some of the foregoing conclusions is that  the 
influence of the depth of the water is so imperfectly known. This 
probably cannot alter materially the relation between the sand 
and the current, on the actual surface of t, he bottom, but might 
considerably modify the relation between this and the mean velocity 
and that of the upper surface, so that  some of the velocities given 
may not be stricth" correct. 

VII .  ])RIF~-]JEDDI~G. 

What  I have always called drift-bedding is formed when sand 
is drifted along, it tile water is of proper depth and the current 
sufficiently strong to carry it on, until  it arrives where the depth 
is so much increased, and the current so greatly reduced, that it  is 
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unable to wash sand any farther, the sand being therefbre thrown 
down at the angle of rest, forming a bed the thickness of which 
corresponds to the increased depth. Numerous examples of this 
structure, on a small scale, may be seen on sandy roads after 
rain. The thickness of the bed (t) does not bear a constant 
relation to the depth of the water, either before or after depo- 
sition. I t  may be abnormally small, when the reduction in the 
velocity of the current merely causes the sand to be thrown down 
at a less angle than the normal angle of rest, owing to the 
current sweeping down the face of the slope, and causing the 
stratula to be s-shaped, curved at the top and bottom. On the 
contrary, the increase in depth may be indefinitely great, so as 
to give rise to a thick bed at the  true angle of rest, perhaps 
modified at the bottom by a talus due to the giving way of the 
deposit, caused by breaking waves or other disturbances. Between 
these two extremes is what may be called a n o r m a l l y  thick bed, 
where the increase in depth and the diminution of the current are 
just  sufficient to allow of the sand accumulating at the true angle 
of rest, in a bed the thickness of which bears a definite relation to 
the depth of the water and the character of the sand, so that  the 
depth may be determined. 

Judging from the Millstone Grit near Sheffield, when the thick- 
ness of the bed (t) and the angle of the stratula (a) are abnormally 

t t '  
small, sin a -" sin---a' and therefore in each case we may calculate 

the value t. Considering the independent evidence of great variation 
in depth, this yields reasonable conclusions, and assists in giving 
the true value of t. 

Iu  studying particular rocks, allowance must be made for the 
contraction which has occurred since deposition. What  should be 
learned in each case is the smallest thickness of the beds when the 
angle of rest is just  true. This may vary considerably in different 
parts of the same rock, since the depth has often been reduced by 
as much as 20 feet by one conthmous drift, over a tint bottom of 
considerable area, leaving the water so much more shallow. In  
varying currents in shallow water, there is often much confusion 
and much that  may be called f a l s e  b e d d i n g ,  from which little 
can be learned by calculation. 

Having then determined, in a more or less satisfactory manner, 
the normal thickness in one or more particular cases, the question 
remains, what  was the actual depth of the water before and after 
deposition ? Experiments are wanted on a fairly-large scale, with 
plenty of water under complete control, in order to ascertain the 
general facts. In the absence of these, it  is necessary to fall back 
on what  I learned in another ma:mer. I found that  sand of the 
average diameter of a hundredth of an inch is drifted along with a 
current of 1 foot per second, a~d, if it  arrives where the depth is 
twice as deep, so that  the velocity is reduced to 6 inches per second, 
i t  is thrown down and accumulated at the true angle of rest. Both 
these limits are doubtless subject to variation, according to circum- 
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stances, but the)' may probably be looked upon as a fair average 
from which to determine approximately the depth : the result being 
that when the sand is drifted the depth is t, and when deposited 2t. 

However, since the bottom past the slope would be somewhat 
protected by the slope, tile possible depth in the two places may 
be 2t and 3t. These depths seem small, but, so far as is known, 
they are of the right order of magnitude, In  any case d +  t must be 
decidedly greater than d, which means that d is not great compared 
with t, and may be small. 

A p p l i c a t i o n  to  P a r t i c u l a r  Rocks .  

I made many observations in the Great Oolite near Bath. In  
one good case near Box were two drift-beds, each about 15 feet 
thick, drifted from nearly opposite quarters. These were separated 
by a bed full of borings showing little evidence of current. In  
other places were beds only 1 to 3 feet thick. My data are 
imperfect, since I did not determine the angle of rest ;  but they 
indicate a depth varying from a few feet up to perhaps 20 or 30 
feet, or more in places where there is no evidence of depth. 

I have records of very many measurements in the Millstone Grit 
near Sheffield, and the general conclusion seems to be that  the water  
was of extremely-variable depth, and generally shallow. Thus ab 
Bell l-Iag the true angle of rest, as altered by consolidation, is 25 ~ 
and the rock is now 70 per cent. of its original volume. With  this 
angle are beds 25 ~ and 5 inches thick, 20 ~ and 36 inches thick, 
and 17 ~ and 15 inches thick, which can be explained approximately 
by supposing that in one part or another, before and after depo- 
si~tion and filling up, the depth varied from 12 to 18 feet down to 
1 or 2 feet, with a general average of 6 to 10 feet. 

G e n e r a l  Conc lus ion  r e spec t ing  Sands tones ,  etc. 

The facts now described enable us to divide sandstones and 
analogous rocks in the following manner  : - -  

1. Thinly- or thickly-bedded rock, without ripples or drift-bedding, and 
showing little or no graining of the surface in the line of the current. Good 
examples of this occur in the Old :Red Sandstone of the :Black Mountains, 
in the Llanthony valley. This could be explained by supposing that the 
water was at considerable depth, and the material mainly deposited from 
above, not drifted along the bottom, where the velocity of the current was 
much less than 6 inches per second. 

2. Thinly-bedded rock, with well-marked graining of the surface in the line 
of the current, indicating a mean velocity varying up to about 6 inches per 
second, but showing few or no ripple-marks. 

3. More or less thick masses of rock almost entirely made up of ripple-drift. 
This must have been when the velocity of the current was something like a 
foot per second, but varying with the character of the sand, which drifted it 
along the bottom accompanied by more or less rapid deposition from above ; 
and, as the ripples advanced, more was deposated on the sheltered side than 
was washed up on the exposed side, so that the rate of deposition would be 
known if our knowledge of the advance of ripples were more complete. :But, 
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SO far as the facts are known, deposition at something like the rate of a 
quarter to h:,]f an inch per minute may be looked upon as a common average. 

4. What I have called d r i f t - b e  ~t d in  g in numerous published papers is 
when the sand is drifted Mong the bottom to a point where the depth is so much 
greater and the velocity of the current so reduced that it is thrown down at 
t.he angle of rest. The velocity of the current is indicated by the nature of 
the sand; and probably further experiments would enable us to learn the 
approximate depth, which probably was small, since an increase of a very few 
feet made so great ~ differen('e in the strength of the current. Excellent 
examples of this structure are common in many rocks, and the direction and 
character of the current are sometimes found to have been very uniform over 
a wide area. 

Some examples  of w h a t  has been ealled ' f a l se -  b e d d i n g '  are 
i r regular  accumula t ions  from which  no accurate  conclusions can 
be deduced. 

V I I I .  JoI~TS oF E~eRImzEs, E~C. 

Each  plate  and spine of echinoderm and each jo in t  of ener in i t e  
is, as i t  were ,  a single crystal  of calcite,  hav ing  a complicated 
e x t e r n a l  and in t e rna l  organic s t ruc ture .  The minute ,  twis t ing ,  
hollow, in t e rna l  spaces of big spines are full  of air  in dry  specimens,  
expel led and replaced by wa te r  on boiling, and mus t  be full of sea- 
w a t e r  when  the  animal  is alive. I t  is no doubt  by this  t h a t  the 
carbonate  of l ime is in t roduced when  these joints,  etc. become almost  
or quite  solid on tbssilization. The s t ruc ture  of the tes t  of all species 
t h a t  I have examined,  and of the joints of the l iving Pentacrinus 
is pract ica l ly  the  same, so far as the cavities are concerned.  I n  
the  case of a big spine of Echinus, I found t h a t  the  hol low spaces 
a m o u n t e d  to 51 per cent .  of the  volume, and the specific gravi ty  
w h e n  dry was 1"32, and when  full of water  1"83 ; hence, the  excess 
of we igh t  over wa te r  is less than  one ha l f  of tha t  of a solid shell of 
the  same bulk.  These facts fully explain the  very special characters  
of fossilized echinoderms.  They do not  decay, bu t  are filled wi th  
inf i l t ra ted  calcite in crystal l ine cont inu i ty  w i th  the original,  so tha t  
t he  s t ruc tu re  is s imilar  to t ha t  of a single crystal  w i th  the  usual  
cleavage. The specific g rav i ty  being so small  and the i r  form so 
very  favourable,  joints  of encr ini tes  would be washed along by a 
cu r ren t  wh ich  wou ld  not  move f ragments  of more solid shells and 
corals of s imilar  size, the  specific gravi ty  of which  is from 2"7 to 2"8. 
W e  can thus  easily unders t and  w h y  they so often occur almost  or 
qui te  free from other  mater ia l .  The same genera l  principles would ,  
to some extent ,  apply to foramini fera  and small  univalves.  Separate 
valves of bivalve shells, on the  cont rary ,  easily tu rn  over and lie 
w i th  thei r  convex side upwards ,  so as to offer much  resistance to a 
cur ren t ,  and may  thus  be sorted by being left alone. 

I X .  Vln~Y F1NE-GRAINI~D D]~P0S]TS. 

The properties of ex t r emely -minu te  part icles of clay and chalk 
differ in some remarkable  par t iculars  from those of sand, as though  
a th in  adheren t  film of w a t e r  p layed a most  impor tan t  par t ,  when  
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they subside and afterwards become more or less consolidated. Sand 
subsides quickly, and almost at once attains a state of comt)arative 
stability. On the contrary, in the case of very finely-divided clay 
and chalk, although they may not take long to subside and leave the 
water almost clear, yet the accumulated deposit, after settling for 
a day, acts like an imperfect liquid, and contains no less than 
86"5 per cent. of water in the case of clay, and 74"3 per cent. in that  of 
chalk, so that  the particles must be comparatively far fl'om touching 
one another. With such fine-grained material an extremely-thin 

1 inch in layer of water would suffice. Thus, for particles ~,oo0 
t 

diameter, a film N:5~o inch thick would explain whet  occurs when 

no pressure is present, squeezed out th inner  when under pressure. 
On keeping, the material slowly sett led; but, even after a week, 
the amount of included water was still 79"8 per cent. in clay, and 
68"1 per cent. in chalk. After no further contraction in volume 
occurred, the amount of inchded water was 75"5 per cent. in clay, 
and 64"6 per cent. in chalk. In one case, pipe-clay which had been 
kept for about a month until  no further subsidence was visible, 
was kept, for a whole year without further contraction, and was 
tbund still to contain about 75 per cent. of water. In  the case of some 
fine-grained mud from a depth of 251)0 fathoms, collected by the 
Challe~qer, after i t  had stood until  no further subsidence took place, 
the amount of included water was no less than 89 per cent. This 
permanent  state is reached most probably when the downward 
pressure of the particles is equal to the cohesion of the surface-film 
of water. Hence, we may conclude that,  since this pressure would 
increase with the thickness of the deposit lying above, the amount 
of included water would decrease as the depth became greater, a 
conclusion which agrees well with observed facts. 

When actually dried, after having subsided as much as the~ 
would, both clay and chalk gave evidence of considerable con- 
traction, and the volume of included air was in clay 37"9 per cent. 
and in chalk 41-4 per cent. On water being again added without, 
disturbing the material, this swelled up considerably, as though the 
water forced itself in energel:ically, and the final volume of water 
was in the day  increased to 62"9 l'~er cent., and in the chalk to 57"2 
per cent. I t  was extremely interesting to observe the difference in 
the two materials, for the clay easily broke up into laminae in the 
plane of subsidence, but the chalk did not. The great contraction 
in thickness had developed a sort of imperfect cleavage in the clay, 
but not in the chalk--most  likely because the clay contains many 
flat particles, and the chalk few. 

The  Depos i t i on ,  etc. of F i n e - G r a i n e d  Mater ia l .  

Possibly many may think that  the deposition and consolidation 
of fine-gl'~,dned mud must be a very simple matter, and tile results 
of little interest. I-Iowever, when carefully studied experimentally, 
i t  is soon found to be so complex a question, and the results 
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dependent on so many variable conditions, tha t  one might feel in- 
d ined  to abandon the enquiry, were it  not that  so much of the 
history of our rocks appears to be written in this language. 

The method employed in my experiments was to break up 
thoroughly in water some fine-grained yellow clay from my garden, 
due to the decomposition of a Coal-Measure shale, and, allowing the 
coarse matter to subside, to pour the finer into beakers of various 
sizes, with nearly perpendicular sides. After the contents of these 
had been well stirred up, the extent  of .the subsidence was carefully 
marked and measured at equal intervals, at first of a quarter of an 
hour, and later of one and two days. 

The laws regulating the deposition and consolidation of clay in 
still water are very complex, and differ completely according to the 
relative amount of the solid material. When this is less than 
about 1 per cent., the particles remain separate, and appear to 
subside with u final velocity depending on their size and density. 
The result is that,  in the earlier stages, the coarser grains collect 
at the bottom, and the supernatant water is not clear near the 
surface, but  is increasingly muddy downwards. On further standing, 
finer and finer-grained mud reaches the bottom, and the water 
becomes less and less muddy. The upper part remains more or less 
turbid for a considerable time, since the final velocity of the finest 
grains is only about I inch per day. The result is that  the sub- 
sided mud is moderately firm, but far from homogeneous, being 
possibly a sort of very fine sand at the bottom, and the finest 
possible clay at the top. This may be looked upon as a normal 
layer for one period of mud. On the contrary, if the amount of 
solid material is decidedly more than 1 per cent. of the volume, 
the grains collect together into small compound masses, which 
subside with a small velocity, quite unlike that  of the larger or 
smaller constituent grains, forming an almost liquid mud, aI, d 
leaving the supernatant water almost clear from the beginning. 
This mud slowly decreases in volume by forcing out the entangled 
water, but may remain in a semi-liquid state for a long time, which 
explains a number of interesting facts. The grains of varying 
size may thus be very li t t le separated, and an almost homogeneous 
deposit formed, with a mere trace of division into layers ; though, 
on final consolidation, it may show fissility analogous to imperfect 
slaty cleavage. 

The following tables (IV & V, pp. 192 & 193) show the character 
and rate of deposition in the case of the less and the more muddy 
water during tile first two hours and the first eight days. The 
intermediate state is best shown by an experiment in which the 
proportion of mud was larger, described later. 

I t  will be seen from Table IV that, when tile mud collects at the 
bottom as separate grains, it is at first i~ a somewhat loose condi- 
tion and afterwards settles down ; but, if the amount were consider- 
able, it  migh'~ remilin for many weeks in a semi-fluid condition. 

In  an experiment in which the percentage-volume of the dry 
mud was 15~, semi-liquid mud continued to subside for about 

Q. 5. G. S. No. 254. o 
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six weeks, and then, although soft, was not liquid. The water was 
removed and the whole left several months to dry, when it  greatly 
contracted in volume ; but, though looking quite solid, it was found 

T A ~  IV. 

Depth of water 2"30 inches. 2"90 inches. 

[ - [ 0 ~ ' 8 .  I 

x 

]. . . . . . . . . . . . . . . . . . . . . .  

1�88 . . . . . . . . . . . . . . . . . . . . .  

1.~ . . . . . . . . . . . . . . . . . . . . .  

1-~ . . . . . . . . . . . . . . . . . . . .  

D a y s .  

3 , .  . . . . . . . . . . . . . . . . . . .  

4 . . . . . . . . . . . . . . . . . . . . .  

5 . . . . . . . . . . . . . . . . . . . . .  

6 . . . . . . . . . . . . . . . . . . . . .  

7 . ~  . . . . . . . . . . . . . . . . . . .  

8 . . . . . . . . . . . . . . . . . . . . .  

Dry .................. 
Solid 

M u d  

a t  bot tom.  

"12 
"23 
"35 
"40 
"35 
"30 
"28 
"27 

"20 
'i8 
"16 
"15 
"14 
-13 
"12 
"12 
"03 
'02 

"05 
"14 
20 
'30 
"50 
"60 
"70 
"80 

Days. 

1 . . . . . . . . . . . .  

2 . . . . . . . . . . . .  

4 . . . . . . . . . . . .  

5 . . . . . . . . . . . .  

7 . . . . . . . . . . . .  

Dry ......... 
Solid . . . . . . .  : 

L i q z d d  m u d .  

2'85 
2'76 
2"70 
2"60 
2'40 
2'30 
2"20 
2"10 

1"33 
1"08 
1 "02 
"99 
"94 
"90 
"88 
"87 
"16 
"11 

by the oil-method (described later) to contain only two-thirds of its 
volume of solid material, the rest being invisible cavities. Table V. 
(p. 193) shows the amount of subsidence in hundredths of an 
inch, smoothed down, for every two days until  the volume became 
permanent, and in the lower part the constant volume when wet 
and when dry. 

As shown in Table V, the successive differences prove tha t  
the predominant influences vary greatly as subsidence goes on. 
During the last few weeks the first differences are nearly equal, 
as though the rate of subsidence were nearly uniform; whereas 
during the first few days, it is not until we arrive at the fourth 
order of differences that  they become nearly equal. Towards 
the end, when no further  subsidence occurs, although there was 
five times as much water as solid material, i t  is as though the 
gravity of the minute particles were jus t  balanced by the cohesion 
of a film of water. For about four weeks before this, the rate of 
subsidence varied nearly as the amount of space through which the 
rising water had to escape upwards, but in the first few days the 
rate approaches the fourth power of the time, as in the case of 
water  passing through small pipes. I t  will  thus be seen tha t  we 
have to deal with a very complex subject. 
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T A B L E  V .  

1 9 3  

Days. Depth o j-" clay. 

0 . . . . . . . . . . . . . . . . . .  186 

2 . . . . . . . . . . . . . . . . . .  146  

4 . . . . . . . . . . . . . . . . . .  120 

6 . . . . . . . . . . . . . . . . . .  : 104 

8 . . . . . . . . . . . . . . . . . .  95  

10 . . . . . . . . . . . . . . . . . .  90  

12 i 87 . . . . . . . . . . . . . . . . . .  

, 

14 . . . . . . . . . . . . . . . . . .  8-~ 

16 . . . . . . . .  82  

18 . . . . . . . . . . . . . . .  80  

20  . . . . . . . . . . . . . . . . . .  78  
i 

22  . . . . . . . . . . . . . . . . .  i 76  

24  . . . . . . . . . . . . . . . . . .  q 74 

26 . . . . . . . . . . . . . . . . . . .  72  

28 . . . . . . . . . . . . . . . . . .  70  

30 .................. 68 

32 .................. 66 

! 

34  . . . . . . . . . . . . . . . . . .  ~ 64  

36 . . . . . . . . . . . . . . . . . . .  63  

38 . . . . . . . . . . . . . . . . . .  62  

40  . . . . . . . . . . . . . . . . . .  i 61 

42  . . . . . . . . . . . . . . . . . . .  60  

44  . . . . . . . . .  i 60  

46 . . . . . . . . . . . . . . . . . . .  60  

D r y  . . . . . . . . . . . . . . .  15 

S o l i d  . . . . . . . . . . . . . . .  I 10 

40  

26 

16 

9 

5 

3 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

1 

1 

1 

0 

0 

Dif'ere~ces. 

14 

10 

7 

4 

2 

0 

1 

0 

0 

o 2  
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To investigate fully what occurs under natural conditions would 
be a difficult undertaking, because some of the most important 
facts could be learned only in rough weather when it would be 
impossible to collect material. The result is that some of the 
most striking peculiarities of many of our rocks cannot be satis- 
factorily explained experimentally, or by appeal to what now takes 
place. 

When dry hydrous pipe-clay was pressed together by hand it 
contained 43"4 per cent. of interspaces. On applying more pres- 
sure they amounted to 24"4 per cent., or closely as in the case of 
spheres arranged to occupy the least volume ; but on further pressure 
they were reduced to 21"4. These results were very different in 
the case of ignited pipe-clay, for even after great pressure the inter- 
spaces were 48 per cent. Hence it seems clear that when the clay 
is hydrous, the grains are sufficiently soft and mobile to yield and 
partly fill up the interspaces, which is an important fact to bear 
in mind in studying the structure of many rocks. 

The change produced by varying amounts of water in clay is of 
much interest. When only 40 per cent. of the volume of water is 
present, hydrous pipe-clay breaks easily and is not plastic. With 
45 per cent. it is just plastic and soft, and completely plastic with 
50 per cent. I t  thus appears that complete plasticity depends on 
the presence of rather more water than is sufficient to fill the 
interspaces. When less than this, its action is probably that of 
suction, but when more: it acts as a lubricant. This must also be 
important in connexion with the consolidation of many natural 
rocks. 

The Effects of Curren ts .  

Although the laws of the deposition of clays in still water had 
first to be learned, yet it seems quite certain that in many eases 
the results must have been greatly modified by gentle currents. 
Suitable experiments would require a considerable stream of clear 
water and special arrangements. However, judging from the rate 
of subsidence, the velocity of current necessary to produce decided 
effects must vary much according to the nature of the mud, and 
must be of some such order of magnitude as from 1 inch to 1 foot 
per hour for very fine mud, and 1 foot per minute for coarser. 

I t  is easy to understand how irregularities in velocity can be 
produced. I have paid a good deal of attention to the movements 
of currents in tidal estuaries. The velocity varies much vertically, 
and although there is often a strong current in mid-stream, there 
is none (or else an eddy) towards the shore. Moreover, vortices 
are often formed with horizontal axes more or less perpendicular to 
the direction of the current, which on one side may bring up mud 
and carry it down the other. The result of all such actions would 
be to produce more or less variations in the suspended mud ; and, 
when the movement of the water becomes sufficiently slow, layers 
of different texture may be deposited. I t  would be extremely 
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difficult to verify this by collecting mud from deep water and 
studying its microscopical structure;  at present, therefore, it is 
necessary to make inferences from experiments. At the same time, 
the subject is so complex that unknown conditions may vitiate 
some of the conclusions. 

So far as I can judge, a gentle current of varying velocity in 
muddy water would explain the structure of many rocks which 
have alternating layers of different character, some very fine-grained 
and others more sandy, the thickness of merely an inch having a 
complex history of deposition and microscopical denudation. How- 
ever, at all events in the older rocks, cases are fairly common 
which seem to require much more rapid slight alterations in the 
current than seem likely to have affected the general mass of water. 
Since the bottom of a current is retarded by friction and moves 
more slowly than that  higher up, it seems probable that  eddies are 
formed causing the water at  the bottom to move with sufficiently- 
varying velocity to modify the deposition, and to give rise to very 
thin laminm. I am sorry that  I have not been able to verify this 
experimental ly;  but the structure of the ripple-drift in the green 
slates of Langdale, described later (P1. XV), seems to prove the 
existence of such pulsations, whatever may be the true cause. In  
the ripple-drift on t~he side where the material was thrown down 
on a slope, in what  represents the 'ripple-period,'  may be counted 
eighty layers of slightly-varying material ;  and, since the most 
probable length of this period is half a minute, they would indicate 
about 160 pulsations in a minute. Similar thin layers are seen in 
a part where the current was not sufficiently strong to produce 
ripples, but they are thicker, as though the pulsations were slower. 
Since the calculated period depends on so many factors, all subject 
to error, it would perhaps be best to assume that  when the current 
is too slow to produce ripples or drift-sand, ' the pulsations were, 
roughly speaking, of about the magnitude of one per second, which 
would indicate that  the thickness of a single layer was deposited 
in that time. This must be looked upon as only an approximation ; 
but, at all events, it is an interesting and plausible conclusion, and 
agrees fairly well with the probable period of the pulsations which 
must  accompany the bottom-ripples. 

App l i ca t i on  to P a r t i c u l a r  Rocks .  

Although I possess a fairly-large collection of thin sections of 
slate-rocks, yet the variations due to chemical and mechanical 
changes are so numerous that  I have but few throwing light; 
on this particular question. I have, however, some excellent 
examples. In one from the Skiddaw Slate of Portinscale there are 
darker and paler layers of different-sized grain, evidently due to 
water  depositing different material ;  but these layers are divided 
into more or less well-marked laminae, varying from "002 to '010 
inch in thickness, and therefore, perhaps, indicating that  the rate of 
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deposition varied from about 7 inches to 3 feet per hour. A second 
specimen from another locality indicates a rate of from 9 inches 
to 3 feet per hour. Different specimens of the slate-rocks near 
Moffat indicate deposition of from 12 to 18 inches per hour. 
Various specimens from near Bangor indicate from 9 to 18 inches 
per hour. On the whole, my specimens give from 7 inches to 
3 feet, but the usual rate is from 9 to 18 inches per hour. These 
may seem quick rates, but of course they refer to periods of decided 
current bringing deposit, which may have been separated by long 
intervals without deposition, as in the case of the green slates 
described later. 

I have made thin sections of fine-grained rocks which break up 
at once when wetted, by hardening them with Canada balsamS; 
but, until quite recently, I never suspected that anything of special 
interest could be learned from sections of soft clays, and it is now 
quite out of my power to collect and prepare such material. 
Judging from my experiments, much could be learned respecting 
the conditions under which such rocks were formed. I t  would be 
a wide branch of study, and would necessitate microscopical work 
on a large scale. The examination of the rocks in a natural 
condition is enough to show that the structure of clays differs 
enormously, and indicates formation under very different conditions ; 
but there is always some doubt as to their true structure, when 
not made into thin sections. 

A puzzling question is the origin of thick beds of almost homo- 
geneous fine grain, like the slates of Penrhyn and Llanberis, since 
.aey may have been formed in two different ways, either by a 
gentle and uniform current, continuously drifting very uniform 
material, or by the deposit of cohered mud from very tranquil 
water. I t  is, however, possible that the above-named slates may 
originally have had a thin laminar structure, which was obliterated 
when cleavage was developed. So far as can be judged from the 
rocks in a natural condition, a homogeneous structure is common 
in our later deposits, and seems to indicate drifting by a very 
gentle current to spots where there was scarcely any at all. As 
examples, I may name deposits in old lakes, much of the Gault and 
Speeton Clay, and some Coal-Measure shales. The structure of 
much of the Boulder-Clay must be explained in a different manner. 
The Gault of Aylesford, the Kimmeridge Clay near Filey, and the 
Lias near Whitby, show laminar structure due to currents. 

We thus see that the history of fine-grained rock is written 
in a well-defined special language, still imperfectly understood, 
for want of adequate experimental st, udy, both in the field and 
microscopically. 

X. TItE GREEI~I SI~ATES OF LANGI)ALE. (Pls. XIV-XYI . )  

Probably no better example could be found of the effects of 
currents acting for a short time, than specimens that I procured 
from the quarries in Langdale. These structures would probably 
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have been overlooked, if the slates had not been wetted by a shower 
of rain ; but, in order to see them to perfection, the surface of the 
slate should be ground flat and smooth, and coated over with a th in  
layer of so-called ' negative ' varnish. 

In  my specimens the plane of cleavage on which the structures 
are seen is inclined at about 45 ~ to the stratification, and in calcu- 
lat ing out the results allowance has been made for this, and also 
for the change of dimensions when the cleavage was developed. The 
existence of this constitutes, however, a great advantage, since the 
rock has been compressed so as to be very nearly solid, the cavities 
amounting to only 0"5 per cent. ; whereas in analogous rocks 
from the Coal-Measures they amount to over 13 per cent. More- 
over, the character of the rock is eminently favourable for exhibiting 
the structure, since the fine-grained material is a pale green, and 
the coarser a dark green. The microscopical structure shows clearly 
that  practically the whole material is a volcanic ash;  and the 
structure in many cases is as though this had been deposited from 
above, with little o1' no drifting along the bottom or sorting by a 
current. In  the following account of my specimens, I adopt for 
calculation, etc. the general conclusions already explained. P1. XIV 
is a reproduction of a photograph of a case where the current was 
so gentle that  only very line-grained green material was deposited in 
just the same creamy semi-liquid condition as recently-deposited 
clay in which the amount of included water is about 80 per cent., 
so that  it  can be easily washed up by a gentle current. Then must 
have come a fresh volcanic disturbanae and deposit of ashes, 
with a current moving from left to right, which broke up this 
semi-liquid material into what might  be compared with breaking 
waves, some of which were permanently et~tangled in the ash, and 
others carried away. This not o~ly shows the original character of 
the deposits, but also roughly the time that  elapsed between the 
disturbances. Very fine-grained material does not remain in this 
semi-fluid condition for more than a few weeks ; and therefore we 
have permanent evidence that,  in some cases, the volcanic dis- 
turbances were separated by only a short interval. Other specimens 
indicate much longer periods, the breaking-up in similar cases being 
comparatively small. 

The next  i l lustration (P1. XV) is of a case where the current 
set in and soon increased to probably about 9 inches per second, 
being able to develop ripples, yet not strong enough to drift along 
any but  the finer material. The rate of deposition can be learned 
from the central portion when the current was at its maximum. 
The ripples were about 31 inches long, of normal height, and the 
thickness of the tails of the drift, corrected for bedding and 
cleavage, is "86 inch. Then, iu accordance with what  [ have 
explained in connexion with ripple-drift,  the period of the ripples 

2"52 ~ ' 4 9  minute, in which time "86 inch was wouldbe 3"0 x 2'52x7 x'86 
deposited. This is equal to about 1~ inches per minute of the rock 
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in its present state, or to about 2~ inches when deposited ; but, since 
the current was probably less than 12 inches per second, the rate of 
deposition may be looked upon as about 2 inches per minute. This 
may seem rather a large amount, but the facts appear to just ify 
the conclusion, which is not unreasonable in the case of a volcanic 
eruption. The current would seem to have set in somewhat sud- 
denly, and to have continued for about 2 milmtes, after which fine 
semi-liquid mud was deposited, somewhat broken up by a fresh 
eruption of ashes, which, judging from my experiments, ~probably 
took place in the course of a few weeks or months. 

Another specimen is very different, and shows that  the current 
suddenly increased from under 6 inches per second to 12 inches for 
a doubtful period, but probably for about 2 minutes, during which 
deposition took place at the rate of only "10 inch per minute. 

The third illustration (P1. XVI) is of great interest. In the 
lower part is level bedded deposit, indicating a current too small 
to develop ripples. This gradually increased until  it was strong 
enough to wash along the sandy ashes, and produce a thin bed 
of truc ripple-drift, deposition taking place at the rate of "4 inch 
per minute. The current then gradually decreased, and could no 
longer drift  along the coarser l)art of tile material, and the fine- 
grained semi-liquid clay was deposited, and was partly in this state 
when a fresh disturbance brought coarser ashes and broke up and 
entangled some of the creamy material. 

The maximum angle at which stratula dip is of much interest,  
as indicating the character of' the m-~terial when it was deposited. 
~[akiug all the necessary corrections, and allowing for the com- 
pression from the condition of a newly-deposited rock to one almost 
solid, I find that  the angle of rest of the material must have been 
closely the same as that  for a fine-grained volcanic sand. Hence, 
although the slate is now of almost exactly the s:~me hardness 
throughout, we have good physical evidence that  one part was 
originally fine loose sand, and the other a semi-liquid clay. 

All these results must be looked upon as only approximate, but  
they are as likely to err on one side of the t ruth as on the other. 
As will be seen, the rate of deposition varied greatly, but all my 
specimens agree in showing that  currents set in more or less sud- 
denly, and, after continuing for a few minutes, died out. I t  seems 
to me, therefore, much less likely that  they were currents of the 
kind so common during the deposition of many rocks, than due to 
volcanic disturbances accompanying the throwillg-out of the ashes 
of which the rock is composed. I t  is possible that  further study in 
the quarry would show cases in which the current acted for a 
longer period. I describe only some of the specimens that  I collected 
and prepared iu a suitable manner. At all events, there seems, 
to be here good evidence of the rate of deposition, and indication 
of the intervals between different volcanic disturbances. 
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R i p p l e - D r i f t  itt o t he r  Rocks .  

The detailed study of ripple-drift in other rocks is far more 
difficult than in the Langdale Slates, because the colour of the 
material does not vary so much, and my collected specimens do not 
enable me to give such precise results. One, however, which is 
fairly characteristic of Coal-5[easure sandstones, indicates a current 
of about 1 foot per second, and deposition at the rate of about 
two-thirds of an inch per minute, as the rock now is, or 1 inch per 
minute in its original condition. Beds of varying ripple-drift of 
considerable thickness are common, and they differ widely from the 
Langdale Slates just  described. The careful study of the rocks 
in situ would probably yield interesting results, and furnish infor- 
mation respecting the exact nature of the currents. There certainly 
appears good evidence to show that  deposition up to 1} inches 
per minute was common, but associated with possibly long intervals 
during which there was little deposition. I t  must also be borne 
in mind that  there may have been currents of over 1S inches per 
second, which would wash up the sand and leave little or no 
evidence of their  existence, if no coarse material existed in the 
district. 

I possess a specimen from the Lower Coal-5[easures at Ringinglow 
near Sheffield, which, like the Langdale Slates, shows a current of 
about 1 foot per second, acting for a short time, so as to produce 
ripples, and not merely graining of the surface (like in the rest of 
the rock), as if due to currents varying frequently up to somewhat 
less than 6 inches per second. 

XI.  ~VAsHI~a-Ue, ~c .  or CL~t~s. 

The velocity of current needed to just  wash up very fine-grained 
deposits must necessarily depend so much on the length of time 
tha t  has elapsed since they were deposited and their state of con- 
solidation, as well as on the effect of the associated small animals 
and plants, that  in many cases all calculation is impossible. 
Judging from my experiments, recently-deposited fine clay, un- 
modified by minute organisms, would be washed up by a very gentle 
current, since its density differs so little from that  of water ;  
and we may safely conclude that  it would not be permanently 
accumulated, except in more or less still water. On the contrary, 
I have dredged up fine-grained mud, made so te,mcious by Jassa 
2ulchella and other small organisms, that  it was almost impossible 
to wash it out of the dredge. Banks of such mud would resist a 
much stronger current than one that would wash away sand, so 
that  calculation from the size of the grains is out of the question. 
Itowever, i t  is more important  to consider the velocity of current 
that  would allow of deposition ; but, even then, very much would 
depend on the quanti ty held in suspension and on the extent to 
which the particles collected into compound groups. Assuming 
that  no deposit would be formed when the current was stronger 
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t h a ~  the final velocity, it seems probable that  for granules '001 
inch in diameter the velocity of the current could not be above 
�9 01 foot per second, equal to about 36 feet per hour, and for those 
'0001 inch in diameter about 3~ feet per hour or less. At all 
events, for fine-grained clays these velocities are probably of the 
true order of magnitude, though possibly too great. 

XI I .  O~ r  INTERStAtES ]3ETWEE~, ~ XKE CONSTITVENX GRhINS 
OF D]~POSlTED ~[AT]~RIAL. 

A knowledge of the relative volume between the constituent 
grains of rocks, as originally deposited, or as modified by subse- 
quent mechanical or chemical changes, throws much l ight on many 
interesting questions. In  studying t h i s  subject the foundation is 
to a large extent mathematical ; and, in order to facilitate calcu- 
lation, i t  was desirable to assume that  the grains are spheres of 
equal size, uniformly arranged in various ways, so as to occupy as 
much or as little space as possible or some intermediate amount. 
Possibly this problem has never before been treated from its geolo- 
gical side. For the sake of simplicity, I have made my calculations 
as though there were only eight spheres, but so treated the question 
that  the results would be the same as if the numbers were so great 
that  the effects of the outer surfaces could be neglected. 

(1) The first case to consider is when four spheres are arranged 
as a square, and the other four placed directly over them, so tha t  
each sphere rests upon only one, and the bounding surface of the 
whole is a cube. The radius of each sphere is taken as unity,  
and therefore the length of each side of this cube is 4, and the 
volume 64. The united volume of the spheres themselves is then 

33-51 __52.36 per 47r x 8 -  33"51. Hence their relative volume is 64 

cent., and of the interspaces 47"64 per cent. 
(2) The next case is when four spheres are arranged as a 

square, and the other four tilted over, so that  each rests upon two, 
and the bounding surface is a parallelepiped, four sides of which 
are squares and the others parallelograms having angles of 60 ~ 

and 120 ~ so that  the height above the square base is 2~/3,  and 

the volume 2 vz3 • 4 • 4 - -  55"42, whereas that  of the spheres alone 
33'5~ 

is 33"51. Hence the relative volume is ~ - ~ - 6 0 " 4 6  per cent., 

and the relative volume of the interspaces is 39"54 per cent. 
(3) The third ease is when four spheres are arranged as a square, 

and the other four tilted over in the line of one diagonal, so that, 
if the number were indefinitely great, each would rest upon four. 
This would give a parallelepiped having a square base, and two edges 

inclined at 45 ~ to the base, so tha t  the height would be 2 ~/2, and 

the volume 2 ~ / 2 x 4 x 4  = 45-25. Hence the relative volume 

33"51 74"05 per cent., and that  of the interspaces 25"95 would be 45:25 = 

per cent. 
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(4) The last case tha t  we need consider is when the base itself 
is not square, but the spheres so shifted that  each one touches two, 
and the base is a parallelogram, having angles of 60 ~ and 120 ~ ; and 
the other spheres are arranged as much as possible in the same 
manner. I t  is, however, impossible to have each one resting upon 
three when the number is indefinitely large, but there are alternate 
rows with 1 on 3 and 3 on 3 cross ways. We thus get for the axes 

of the bounding parallelepiped 2 ~/4 - sec ~ 30 ~ 2 ~/3, and 4 : so that  

the volume is 2~4- - sec~30~  • 2 ~ / 5 •  or exact ly  the 
same as in the last case considered, and the relative amount of 
interspaces 25"95 per cent. This is a very interesting result, since 
it shows that ,  when occupying the least volume, the spheres could be 
moved about considerably, without altering the volume. I may say 
that,  in order to test my calculations, I made very careful measured 
drawings, and obtained practically the same results. 

E x p e r i m e n t s  w i th  Spher i ca l  Shot .  

My experiments were made in a glass bulb holding a known 
weight of water, and the amount of interspaces was ascertained from 
the weight of water between the grains, when full of wate r ;  and, 
in other cases, from the weight of the material used, compared with 
that  of an equal volume, if it had been solid lead. When the 
small shot was filled into the bulb without shaking, the volume of 
the interspaces was 47"2 per cent., which thus agrees closely with  
47"64 per cent., calculated for spheres occupying as much space as 
they can when each touches six. When the glass bulb was turned 
about and well shaken, so as to cause the shot to occupy as small a 
space as it  would, the interspaees were reduced to 40 per cent. 
This agrees closely with 39"54, found by calculation in case :No. 2, 
for spheres arranged rectangularly in two directions, but one over 
two in another. I t  is scarcely probable that  such an arrangement 
is brought about by shaking, but the above agreement is remarkable. 

I then hammered the same shot, thus obtaining disks with a 
diameter about three times their  thickness. On filling these gently 
into the bulb and afterwards well shaking them, the amount of 
interspaces was found to be practically the same in both cases as 
if  they had been spheres. This is somewhat remarkable, but of 
much interest in connexion with sand built up of grains of irregular 
shape ; tbr it shows that, if these are of fairly-uniform size, iu the 
long run they occupy nearly the same volume as if they were 
spheres. 

E x p e r i m e n t s  w i th  Q u a r t z - S a n d .  

As might be expected, the results differ materially with sand of 
different character. In  the case of the somewhat coarse and 
angular sand of the Millstone Grit, having grains on an average 
'05 inch in diameter, when filled in variously, but not shaken, the 
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average volume of the iuterspaces was 49"4 per cent., and when 
well shaken 43"5 per cent. In the case of Calais sand, the 
grains of which had a mean diameter of about "0l inch, the inter- 
spaces as above were respectively 45"8 and 38"7 per cent. The 
means of all my experiments with both kinds of sand were, for 
not shaken 47"0 per cent., and for well shaken 40'0, which agree 
remarkably well with 47"2 and 40.0 retold in the case of shot. 
In  no case with sand of fairly-unifbrm grains did shaking reduce 
the volume of the interspaees to anything like ti~e theoretical 
minimum, namely 25"95 per cent. In the case of flnely-powdercd 
sand, having grains on an average ~ inch in diameter, when 
filled in quickly the interspaees were 47 per cent., and when well 
shaken 34:  this much smaller amount being probably due to the 
greater relative range in the size of the grains. 

Sand  wi th  G r a i n s  of E x t r e m e l y  Var i ab l e  Size. 

Theoretically, the admixture of tilde sand with coarse ought 
greatly to reduce the amom~t of the interspaces. For example, 
if the spaces between the coarse grains were filled with fine sand, 
the interspaces should be 40 per cent. of 40 per een~.: that  
is, only 16 per cent . ;  but in no case have I obtained so low a 
result by experiment. Thus, on mixing the coarse Millstone-Grit 
sand with an equal volume of Calais sand, I found the interspaees, 
when filled in quickly, to amount to :~8 per cent., and when well 
shaken, 32 per co'at. When equal quantities of these two sands 
and of the powdered sand were mixed, the interspaees when shaken 
were further reduced to 28"9 per cent. This, however, is far 
greater than it would be theoretically, if arranged with i~telligent 
design ; it  might: probably be the result, if the sands were exposed 
to pressure and vibration for an indefinitely-long period. The facts, 
n~vertheless, clearly show tMt,  as might have been expected, the 
proportion of interspaces in such sand as would be deposited from 
deep water, and not sorted by bottom-currents, would be much 
less than in well-washed sand. Hence, other things being equal, 
the amount of interspaees gives some indication of the relative 
depth of the water, which agrees well with many general facts. 
Calais sand mixed with half its weight of pipe-clay, when gently 
compressed contained 36"7 per cont. of interspaccs, which was re- 
duced to about ~18 per cent. by a pressure roughly estimated at 
about equal to 60,000 feet of superimposed rock. in  the ease of 
clay alo~te it was only 14-6 per cent. We thus see tha~ the effect 
of clay is great. 

Smal l  F lakes  of  Mica .  

When fine particles of mica were put into a brass tube, the 
amount of interspaces was about 74 per cent., and by moderato 
pressure this was reduced to 55 per cent. When the mic~ was well 
shaken before pressure the amount was about 57 per cent., and when 
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afterwards compressed it was reduced to 5:2. These facts show 
clearly how very far small flakes are from arra~lging themselves 
in the smallest space, since, even when somewhat compressed, they 
occupy more than the maximum for spheres arranged rectangularly. 

X I I I .  S~+~r,+~,~ON. 

Before further considering the cavities in sedimentary rocks, it 
is desirable to point out the difference between two extreme fbrms 
of alteration subsequent to deposition. One, which may be called 
s e g r e g a t i o n  f r o m  t h e  ou t s i de ,  is when the cavities originally 
existing between the ultimate particles have been more or less 
completely filled, usually by carbonate of lime, introduced from 
without from contiguous water or deposits, the original grains 
being unchanged. The other may be called i n t e r n a l  s e g r e -  
g a t i o n ,  and is when original material migrates from one place 
to another, leaving empty spaces, and making other parts more or 
less completely solid. As examples of the former, I may cite some 
calcareous sandstones, and a case from St. Helena, where the 
original rounded grains of corallines and shells are quite unchanged, 
but the spaces between them filled with crystalline calcite; and 
as an example of the latter, a limestone from Binstead (Isle of 
Wight), where the original fragments of shell have been com- 
pletely removed, leaving empty cavities, and the carbonate of lime 
has been transferred to the intermediate spaces. A combination 
of both these changes is seen in many limestones. 

Coral -Reef  Limestones .  

An analogous transfer from one part to another may result in 
irregular cavities, and in a far more solid intermediate material 
than the original deposit, conditions which are very characteristic 
of those coral-reef rocks that I have been able to examine. 
Through the kindness of the Trustees of the British Museum and 
Dr. A. Smith Woodward, I have been able to study carefully four 
specimens from various depths in the boring through the reef at 
Funafuti. In all of these there are empty spaces, in no way like 
casts of decayed bodies, but of the most irregular shape: when 
small, some may represent bubbles of gas, and when larger they 
are of such irregular shape as to defy description. Their surface 
is generally covered with small rounded protuberances. I cannot 
explain the facts better than by internal segregation, causing the 
material to collect into certain parts, so as to make them nearly 
solid, and to leave other parts void, fbr lack of matter to make all 
solid. 

These cavities are so unevenly distributed as to make it useless 
to determine their amount from a small piece, but Dr. W. M. 
Hicks kindly ascertained the specific gravity of the whole of each 
specimen with the large balances at the Sheffield University, from 
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which I could calculate the amount of empty cavities completely 
enclosed in the solid rock. Then, by careful measurement and 
calculation, I was able to determine approximately the volume of 
the cavities open to the outside. Combining these volumes with 
those calculated from the specific gravity I obtained the following 
results : - -  

TABL~ VI. 

From 150 to 160 feet deep 18 per cent. 
,, 643 to 646 . . . .  32 . . . .  
,, 755to 766 . . . .  20 . . . .  
,, 1080 to 1090 . . . .  29 . . . .  

Mean=about 25 
"5 

I t  will thus be seen that,  from the four specimens studied, no law 
can be deduced connecting the empty spaces with the depth ; but i t  
might be apparent, if all the specimens were studied in the same 
manner. The mean value is, at all events, of the same order 
of magnitude as would occur in deposits that  were consolidated 
by internal segregation without being first subjected to any con- 
siderable pressure, and it affords no certain evidence of material 
segregation from the outside. The hardness and structure com- 
pletely prove the great extent  of the internal  segregation. 

The limestones from Bermuda and Bahama contain analogous 
cavities; but their  total volume seems much smaller, and some look 
as if they were spaces originally occupied by bubbles. At a]t 
events, both these and the Funafut i  specimens differ in a marked 
manner from nearly, if not quite, all the 500 thin sections of 
British limestone in my collection. 

D e t e r m i n a t i o n  of t he  A m o u n t  of I n t e r s p a c e s  in  
N a t u r a l  Rocks .  

In  studying the interspaces in rocks, two courses are open to us. 
We may determine their  volume in the rock as it now exists, 
which may or may not have any connexion with its original 
condition; or, by studying a thin microscopical section, we may 
ascertain their relative volume in the early condition of the rock, 
before it  was materially changed by subsequent deposition or 
solution of material. The former is much the most important 
when looking upon the rock as a building-stone, but the latter,  
when we wish to ]earn the history of its deposition. 

To enter into full particulars would be almost equivalent to 
wri t ing a treatise on the microscopical structure of rocks;  and 
I shall therefore take it  for granted that,  in the cases here 
considered, there is no practical difficulty in distinguishing between 
the materials originally deposited and those subsequently in- 
troduced by infiltration. Having then selected a suitable portion 
of a suitable specimen, a photograph or a careful caznera-lucida 
drawing is made on thin cardboard of uniform thickness, showing 
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the original constituent fragments and the interspaces. These are 
then accurately cut out with scissors and their weight determined 
separately, from which the percentage of the interspaces can be 
at once calculated. The volume of the very minute interspaces 
existing in the grains themselves cannot thus be determined, but 
is not needed for the purpose in hand. The method which I have 
adopted in determining the interspaces in the whole rock as it  now 
exists, is to boil thoroughly a portion in water in a flask, and t ightly 
cork it  when full of hot steam, so that on cooling there is a partial 
vacuum. After remaining for a few days the fragment is taken 
out, the loose water removed, and the weight of the fragment full 
of water determined. I f  thought necessary, the process may be 
repeated, so as to make sure that  there is no increase in weight. 
The fragment is then dried until  its weight is constant. The specific 
gravity of the rock being known, the volume of the open spaces 
can then be easily calculated. Those completely closed may be 
neglected for the purpose in hand, though in all cases they may 
cause the determinations to be somewhat too small. There are 
cases in which these two methods give nearly the same result, 
but others in which they are absolutely different, on account of 
changes since deposition. 

In  order to clear the way ibr subsequent descriptions, it may be 
well to state a few general conclusions applicable to the case when 
the grains may be treated as if they were spheres. Deposited 
quickly and shaken very slightly, the interspaces may amount to 
nearly half the volume, but the grains are then in a state of 
unstable equilibrium. On shaking, a sort of equilibrium is 
established, when the tendency to settle into smaller volume and 
the resisting friction are nearly equal, in which case the interspaces 
amount to about 40 per cent. of the volume. Another much more 
stable equilibrium is when the grains, probably under greater 
pressure, have arranged themselves so as to occupy the smallest 
space without their shape being altered, namely, where the inter- 
spaces amount to about 26 per cent. Another final condition occurs 
rarely and partially in limestones that  have been subjected to the 
intense pressure which produced slaty cleavage, when the original 
interspaces have been almost or entirely obliterated. I t  will thus 
be seen that  the detailed study of sandstones and some allied rocks 
is a very special, wide, and complex subject, which is likely to lead 
to a new class of results. 

A p p l i c a t i o n  to P a r t i c u l a r  Rocks .  

For some of the purposes of this paper limestones are by far the 
most suitable. Thin sections of coarse-grained sandstones are 
difficult to prepare, and teach so little that  I have made very few. 
Considering how many thin sections of limestone I have made, 
very few are suitable for calculations, because the three axes of 
the original fragments are not sufficiently equal to t enable us to 
t reat  them as spheres. In  some cases, where the original deposit 
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consisted of fragments of bivalve shells, more than one-half of the 

present solid rock must have been a subsequent chemical deposit 

from solution, brought in by percolating water. It is manifest 

that calculations in such cases are of little value. Deposits almost 

entirely composed of oolitic grains of nearly equal size are very 

suitable, and so are those composed of small joints of encriflites or 

fragments of shells or corals worn into fairly equi-axed grains 

of nearly equal size. Cases totally unfit for calculations are 

common, in which the grains are of very unequal size, and the 

spaces between the larger filled by smaller, as though not sorted by 

a bottom-curre~at. 

Sprudelstein, Carlsbad.--The amount of spaces between 

the almost spherical grains, as determined by the camera-lucida 

method, was found to be 44"3 per cent., which corresponds to what 

happens when deposited spheres are only slightly shaken. They 

must have been soon filled with infiltrated material in such a 

manner that all further settling was impossible. 

~ecent deposit, St. ]-Ielena.~\Vhat was given to me as 

such many years ago, is composed almost entirely of rounded 

grains of calcareous algae, nearly all of one size. The amount of 

interspaces ascertained by the camera is 39"6 per cent. This 

corresponds very closely with 40 per cent. in the case of shot or 

sand well shaken. They are almost completely filled by infiltrated 

calcite, and probably this took place at an early period in the 

history of the rock, and its structure was thus made permanent. 

This specimen is extremely interesting, because the percentage of 

interspaces corresponds so closely with that observed in many older 

rocks, down to the Silurian. 

O o l i t i c  r o e k s . - - I t  appears to me that  a good deal remains to 
be learned respecting the exact conditions under which our Oolitic 
rocks were formed, since they differ so much from any deposits 
associated with recent coral-reefs that  I have been able to examine, 
in which I have found only a very few oolitic grains of a kind 
rarely seen in British rocks. These generally appear to have been 
formed originally of calcite, a few of aragonite, and probably in 
certain districts of a mixture of the two. Over a considerable area 
in the  Great Oolite, what  was the original deposit is now a mere 
wreck. Properly to explain all these variations would require 
further researches of various kinds. For my present purpose, some 
of these rocks are of especial interest--because the oolitic grains 
can w, rv fairly be looked upon as small spheres. In  the first 
place, I 'wi l l  consider cases in which there has been little change 

since deposition. 

O o l i t e s  of t h e  L i n c o l n s h i r e  d i s t r i c t ,  e t c . - - I  have two 
excellent microscopical sections of a specimen given to me, and 
said to come from near Grantham (see P1. XVI I ,  fig. 1). The 
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nearly sl)heric'd g'rains are (lltite hard, ~,~ld the intersl)aces almost 
e~tirelv eml)ty, eontainin~ only t~ few small crystals of calcite. 
The vol.,,ne of t he.~e i,~tersl,r~ces, a:~ d(.~ermined by tile camera- 
l ,(;da method, was tlmnd to he 25"8 ]wr cent., which, allowing for 
slight eompressi~)m eor,'espowls remarkat@ well with 25"!)5, the 
theoretical minimmn for *phere,. i t  should appear therefore, 
tlmt, although mere shaking will no. + cause grains of shot to arrange 
themselves in the lea.*t volume, pressure (and perhaps earthquake- 
shocks) acting throug'h geological 1)eriods will 1)reduce this result ;  
b,tt of course not, if the intersp'~ces had been filled by infiltrated 
calcite at, a~, early i~art of the history of the rock. 

I h:tve examined s,,me analogous rocks from the same part 
el England by the boiling-water method. The b,filding-stone of 
Kctton was found to contain 29-7 per cent. of empty spaces, and 
another specimen from l~ear Stamford :I{;'8 per cent. This latter 
was extremely soft when obtained in the quarry, and the grains 
the,nselves may not ],e solid. The excess over 26 per cent. may, 
therefore, nor. },e (lug. to t h e / r a i n s  not having accommodated them- 
selves to the least, volume, but to the dift'erenf manlwr in uh ieh  
the interspaees were determined, those in the grains t.hemselves 
having no influence in the case of the (;rant],am sl)ecimen. 

P o r t 1 an d o o 1 i t e . - - l )e termined by the cam~,,'a-l,cida method, 
the Portland tmil(ling-stone was found to co~,ta.in 23"(; per cent. of 
interspaees, only to a. small extent filled with infiltrated calcite: 
t)ut it can be seen that the grains have been to a slight extant 
i)ressed together: so as to explain why the inter.~paces are less than 
26 per ('ent. \\'he,~ determined by tt~e boiling-water method, those 
now eml)ty were ibund to amount to 22 per cent., which smaller 
amount as thns determined is no (louht due to infiltrated calcite. 
I t  is, however, only particular portions of the Portland rocks that  
are at all suitable for the purpose in hand ; for, in some, the oolitic 
grains have been changed since deposition in an unusual and 
remarkable manner, especially when near the Dirt-Bed. 

O o l i t i c  b e d s  in t h e  C a r b o n i f e r o u s  L i m e s t o n e  of 
C l i f t o n ,  n e a r  B r i s t o l . - - I n  one excellent case the original 
intersi)aees must have amounted to 40 par cent., but these are 
now filled by infiltrated calcite. This agrees with the supposition 
that. this infiltration occurred before the dep(~sit was subjected to 
nmeh pressure, though in another specimen belonging to my h'iend 
511'. 3'. S. Cole, a, td t)hotographed by him, the interspaees l~ad been 

) ) * 
reduced to 32"~) per cent., or even less. 

( ) o l i t i e  bed  in tl~e W e n l o c k  L i m e s t o n e ,  n e a r  W e s t  
3[ a I v e r n . - - l )e termined by t he ca,,~e,'.-l~ci,.t~ method, tilt original 
interspaces were fo,md to ]rove been 39"6 per cent. ; and thus, like 
the above-described Carboniferous Limestone, they must have been 
filled by infiltrated calcite at an early period in the history of the 

Q. 3. G.S.  No. 254.  p 
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rock. The mean of the two is 40"2, which is practically identical 
with what occurs in the case of shaken shot and sand, and in the 
recent rock from St. Helena. This seems to me a very interesting 
conclusion, since it shows that  right down to the Silurian Period 
the infiltrated calcite was introduced while the rock was still what  
would now be called ' recent.' In  other cases it must have been 
introduced when the rock was much older, or only partially up to 
the present time. 

M o d i f i e d  o o l i t e s . - - T h e  freestones of Corsham (near Bath), 
Minchinhampt'on, and Cheltenham differ remarkably from those 
near Grantham and Ketton, inasmuch as the original oolitic grains 
are now mere residues, and the present solidity of the rock is due 
to the interspaces having been filled by infiltrated calcite. By the 
vamera-lucida method, I found that  in the Cheltenham rocks the  
interspaees originally amounted to 46 per cent., which does not 
materially differ from what is found in the Sprudelstein of Carlsbad 
(see p. 206). I t  seems to indicate a somewhat rapid deposition, and 
little disturbance before the grains were permanently fixed by the 
infiltration of calcite. As I pointed out in my address to the  
Geological Society in 1879, 2 there is good reason to believe that 
the grains in a few of our oolitic rocks ware originally deposited 
as aragonite, but others as calcite ; and that the former have since 
been changed, though not the latter (except in the ease of the 
Portland rocks, as described above). I t  seems quite possible that 
some may originally have been a mixture of these two minerals, and 
that, in the same manner as in the case of some fossil-shells, the 
aragonite-portion has been removed and the calcite-portion left. At 
all events, this would explain why some parts of the oolitic grains 
have been removed, so as to give rise to their partly-decayed character. 
Much more experiment is needed to ascertain the exact conditions 
limiting the production of aragonite and calcite. Temperature 
certainly, but evidently other things also have great influence. So 
far, I have found very few oolitic grains in recent coral-reef rocks, 
and these seem to be aragonite. The conditions under which our 
characteristic oolitic rocks were formed appear to me to have 
involved shallow water, perhaps rather warm, and highly charged 
with carbonate of lime, which not only gave rise to the oolitic 
grains, but also crystallized out between them very soon after they 
were deposited. One specimen of the building-stone of Corsham 
gave, by the boiling-water method, 25"6 per cent. as the amount of  
cavities now exist ing; but the microscopical structure shows t h a t  
this must have little to do with the original condition, although it  
may have some connexion with the amount of cavities when the 
oolitic grains were partly decomposed. [ very much regret that  I 
did not measure ~he angle of rest of the material, since a knowledge 
of the change in its value would probably have furnished valuable 
information. Judging from the facts at my disposal, the above- 

1 Quart. Journ. Geol. Sol. vol. xxxv (i879) :Prec. p. 84. 
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described differences it~ the oolitic grains vary in different beds and 
in different localities, but seem to extend over a considerable area. 

L i m e s t o n e s  c o m p o s e d  of f r a g m e n t s  of  c a l c a r e o u s  
o r g a n i s m s . - - W h e n  made up of joints of encrinites or of frag- 
ments of shells or corals so nearly equi-axed that  they ,nay be 
treated as imperfect spheres, their study leads to much the same 
results as in the ease of oolites. All my best, specimens of Oolitic 
age belong to the Coralline Oolite. That shown in P1. XVII ,  fig. 2 
was found to have originally contained 43"3 per cent. of inter- 
spaces, and another from Oxford 43"1. Yet another from Filey 
contained 53"1 per cent,., this larger amount being probably due 
to the fragments having too flat a shape to be strictly comparable 
with spheres. A Devonian limestone from Hope's Nose (near 
Torquay), composed of small joints of enerinites, gave 45-6 per 
cent. Leaving out the specimens from Filey, the other three give 
as a mean 44 per cent., or almost exactly the same as the 
Sprudelstein of Carlsbad. Everything therefore agrees with the 
supposition that  the material was deposited rather quickly, and 
not much shaken or pressed before the interspaces were filled with 
infiltrated calcite. A specimen of the lower part of the Carboni- 
ferous Limestone near Bristol, mainly composed of fragments of 
encrinites, seems to have contained only 25 per cent. of interspaces, 
as though they were not filled up with calcite unti l  after the 
material had been exposed to considerable pressure; and a speci- 
men from the Wenlock Limestone of Easthope (P1. X V I [ I ,  fig. 1) 
contained only 17"7 per cent., which seems to have been due to 
the still closer pressing-together of the angular and irregular 
fragments of shells, corals, and enerinites. 

Taking, then, all these facts into consideration, the stud~" of the 
interspaces seems to indicate that,  as might have been expected, 
the effects of pressure are more marked in the older than in the 
newer rocks. I t  reaches, however, its maximum in some Devonian 
limestones associated with well-developed slaty cleavage. This is 
notably the ease in a portion of a thin bed composed of joints of 
enerinites at Ilfi-aeombe, in some parts of which nearly all traces 
of the original iuterspaees have been obliterated. 

M a g n e s i a n  L i m e s t o n e . - - T h e  empty spaces seen with the 
microscope in some specimens, as in that  of Balwell (near Notting- 
ham), are really places left empty when the crystals of dolomite 
were formed. In  this they amount to 13"3 per cent.;  but the 
whole history of the rock is too complex and difficult of under- 
standing to make it desirable to do more than allude to it, as an 
example differing entirely from most others that  I have described. 

Cavi t ies  d e t e r m i n e d  by  the  B o i l i n g - W a t e r  M:ethod. 

Although the percentage of cavities now existing in a rock may 
throw little l ight  on its original formation, yet it is of great interest 

P 2  
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in connexion with  the present condition of the rock. Many of my 
experiments were made with building-st:one, in order, if possible, 
to obtain some elite to the ~ause of their variable durabi l i ty;  
but I will mass them ~ogether, and give such results as are of 
geological interest. 

S a n d s t o n e s . - - F i r s t  of all, we may compare the sandstones of 
New Red, Carboniferous, and Old Red age, of which I have 
examined a fair number, but only from a tbw districts, so tha t  
my results cannot be looked upon as necessarily applying to every 
place. Those of New Red age were from Maer in Staffordshire, 
and ~Iansfield in Nottinghamshire. Leaving out a shaly bed, the 
mean for the different places near Maer is 25 per cent., which 
agrees closely with  the mi'nimum for spheres and for fairly-uniform 
grains of sand. The variation from 21"5 to 2S'S may be explained 
by variation in the grains and the presence of a small amount of 
infiltrated carbonate of lime. The very friable sandstone at Mans- 
field, in which the rock-houses were excavated, contains 33"5 per 
cent. of vacuities;  which looks as though the grains had never 
completely accommodated themselves to the smallest volume. The 
very special and excellent building-stones contain on an average 
only 16'9 per cent. of vacuities, and thus appro~eh closely to the 
building-stones from the Old ~Red of Hevefordshire; like them, 
the greater solidity is due part ly to infiltrated calcite, and part ly 
to deposition in deeper water, wi th  less sorting of the material by 
bottom-currents. 

The sandstones of Carboniferous age were from South Yorkshire, 
Derbyshire, and the Forest of Dean. [['he vacuities vary from 
8"7 to 14'8 per cent., the mean being 11"1. This small amount is 
sometimes due to the original cavities having been, to a con- 
siderable extent, filled up by decomposed felspar; but sometimes it 
may be ascribed to the feebleness of the bottom-current. 

[['he Old ~Red specimens studied were building-stones from various 
quarries in Herefordshire; and, leaving out those containing an 
unusual amount of carbonate of lime, the vacuities vary from 
16"1 to 21 per cent., the mean being 18"4. In those eontaining 
much carbonate of lime, some of which are building-stones of 
remarkable durability in pure country-air, the cavities have been 
to a large extent  filled up, and the mean is only 6 per cent. This 
infiltration and the greater depth of water and less bottom-current, 
and also exposure to pressure for a longer time, will explain why, 
on an average, there is a marked difference between the sandstones 
of Old and those of New ~Red age. 

The Gannister near Sheffield is, in some eases, an excellent 
example of the almost complete filling-up by infiltrated quartz 
of the interspaees in a deposit of very fine sand. When fractured 
surfaces are examined with a microscope, many small crystals 
may be seen. The boiling-water method shows that,  in some 
specimens, free from the rootlets of Sti.qmaria, t, he empty cavities 
amount to less than 1 per cent., which is far below what occurs in 
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recently-deposited sand of fine grain. It seems to me probable that  
slight deposition of quartz may play an important part in causing' 
the grains to cohere, in many sandstones which are not disintegrated 
by long exposure to strong acids, and thus resist, exposure to the 
weather remarkably long. 

L i m e s t o n e s  of  O o l i t i c  a g e . ~ I  have made many determina- 
tions of the open interspaces by the hot-water method; but their 
present structure is due to so many complex conditions, tha t  the 
results are of little value in connexion with my present purpose. 
In  the ease of building-stones, the maximum was ;37 per cent. and 
the mean of the maximum values about 31. The minimum for the 
more solid was 13 per cent. and the average about 15. This is 
as though such limestones were more or less solidified by infiltrated 
calcite not long after deposition, and as though the process had 
not been carried out so completely as in the case of many older 
rocks. 

K e n t i s h  Rag.--13y the boiling-water method I found that,  in 
its natural  condition, this rock contains only about 3"5 per cent. 
of open interspaees; whereas the much-weathered rock contains 
26"1 per cent., owing to the removal of soluble material, which left 
the rocks with  about the same amount of interspaecs as in the case 
Of the most closely-packed fragments. 

The cavities in many other rocks will be considered, when 
dealing with the pressure to which they have been subjected. 

D e t e r m i n a t i o n  of the  Cavi t ies  in  F i n e - G r a i n e d  Rocks .  

The physical characters of different fine-grained rocks vary so 
much that  the fairly-accurate determination of the cavities is in 
some eases quite easy, but in others difficult. This is due to the 
combination of a number of curious relations between a cert, ain 
class of rocks and water, which they seem to contain in four oi' five 
different conditions : - - (1)  The water is combined chemically, but  
lost on strong hea t ing ;  (2) it- is absorbed, somewhat like an 
occluded gas ,  (3) it is condensed from a damp atmosphere among 
the very minute particles, but not in such quanti ty as to fill the 
cavities : (4) when the rock is placed in water, tile iatter fills up 
the cavities ; and (5) it may not only fill them, but interpenetrate 
the material with such three as to swell it to a considerable extent, 
or even break it  up completely and cause it  to occupy about twice 
and a third the volume of the solid material. One result of the 
absorption of water from a damp atmosphere is tha t  it may be 
almost impossible to decide what ought to be looked upon as the 
correct weight. This is certainly not due to mere fine division, 
since very finely-powdered calcite does not increase in weight 
in an atmosphere saturated with water, whereas clays largely 
composed of decomposed felspar vary considerably in weight from 
day to day, according to the state of the weather, the amount 
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varying up to at  least 5~ per cent. Very much remains to be 
learned respecting the connexion of these facts with the history of 
the reeks ; but they are evidently of fundamental importance, and 
in some way are connected with the age of the rocks. One stri ldng 
fact is, that  specimens of different geological periods may look almost 
alike, and yet differ enormously in t.heir reaction with w~ter. 

Then, again, we have to consider the amount of soluble salts 
dissolved out by water, as shown by the loss of weight,. The amount 
and the nature of ~hese form a subject worthy of careful study. 
,My results are but imperfect, because deduced from experiments 
made specially to learn other facts. So far as they go, they make 
it  appear possible tha t  in fine-grained shales there are to some 
extent the salts originally contained in the water from which the 
shales were deposited; this was slowly lost, by evaporation, since 
the amount of salts is sometimes liar greater than in the volume 
of sea-water th'tt would fill the cavities. There is also in the 
specimens examined more salt in the shales deposited in sea-water 
than in corresponding reeks from the freshwater Coal-Measures. 

When fine-grained rocks are treated with water, there is generally 
a certain amount, of swelling, which may be so small as to be invisible, 
and there is no breaking-up ; but sometimes the tlmleseenee is so 
great and energetic, that  the specimen quickly breaks up from a fairly- 
hard rock into a soft clay. In such eases, it is of course impossible 
to determine the amount of natur 'd cavities by means of water, and 
almond-oil or benzol must be used. In this event, allowance must 
be made for what  may be dissolved by these liquids. When the rock 
does not break up, the volume of absorbed w, ter may be considerable, 
and due ahnost entirely to swelling, the amount of oil or benzol 
absorbed being comparatively small. After being soaked with water, 
the specimen may, or may not, contract to its original volume, on 
drying. Then, again, after the specimen has been kept in water 
tbr several days, its weight when dried may be considerably less 
than it was, owing" to the remowd of soluble salts, which may 
amoun~ to several per cent. 

The S t r u c t u r e  of F i n e - G r a i n e d  Depos i t s .  

The results of my experiments with clav and chalk explain the 
structure of many deposits of nearly all ages. I t  appears as though 
the comparatively--recent mud of our estuaries may remain ffbr a 
very long time in a sort of semi-fluid condition. That in the wide 
mud-flat in the Deben. opposite Waldringfield, which may have been 
there for ages, is so soft, that an oar can be pushed down into it for 
a good many feet with scarcely any resistance, the mud being in 
much t,he same condition as the clay in my experiments, which did 
not subside more on keeping. In other cases, the upper part is very 
soft ; hut the material becomes firmer at a lower level, where it may 
have existed for ages under some little pressure. The much older 
r and shales agree with what would happen if more and more 
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included water had been squeezed out by the pressure of superin- 
cumbent  material ; and their fissility is like that  produced in m y  
experiments, being due, not to any alternation of different materials 
in the plane of bedding, but to the necessary change in ultimate struc- 
ture  brought about by the great decrease in thickness. As shown 
by these experiments, the interspaces in clay which had settled 
so as to become somewhat stable amounted in extreme cases to no 
less than 86 per cent. of the volume, whereas in the fine-grained 
shales of the Coal-Measures they amount only to 13 per cent., which 
indicates a probable reduction to about a sixth of the original 
volume. Considering the nature of the material, this would be 
qu!te adequate to develop an imperfect cleavage in the plane of 
bedding, in accordance with the principles which I have described 
in my papers on slaty cleavage. The experiments also explain the 
change consequent on the weathering of the shMe, which has 
become soft, and now contains 39"2 per cent. of interspaees ; this 
corresponds to what  happens when the dried clay swells up by water 
forcing itself into it, such an effect being no doubt increased in 
the shale by frost. 

As bearing on the production of sehistosity in shales and of 
cleavage in slates, I may mention an experiment that  I made with 
what was given to me as ' Brodie's graphite. '  This, when filled into 
a brass tube about 2 inches long, was loose and bulky, but could be 
compressed down to about a quarter of an inch by a t ightly-fi t t ing 
brass rod, when it  was found to be fairly solid, and to possess a 
nmre perfect cleavage than any slate, in the plane perpendicular to 
the direction of compression. 

C h a l k . ~ M y  experiments with fine-grained chalk show that, 
when deposited so as to arrive at a kind of temporary stability, it  
is a sort of imperfect l iquid;  and this was probably the ease with 
the natural  deposit. The amount of interspaees might well have 
been more than 70 per cent. My impression is that,  many years 
ago, I examined a soft, chalk in which they were still about 50 
per cent. Artificially deposited, very fine-grained chalk, when 
contracted by drying without any pressure, contains 41 per cent. 
of interspaces, or sensibly the same as shaken shot or sand. The 
eluneh used for internal artistic work was tbund, by the boiling- 
water method, still to contain 34 per cent. The Chalk of the 
Yorkshire coast has been much hardened by infiltrated calcite, 
and contains only about 15 per cent. Probably, then, the reduction 
in thickness of natural chalk has been to about 45 per cent. of 
the original thickness, which is a much smaller reduction than 
in shales ; and this, combined with the difference in the character 
of the material, will explain why, in the ease of the natural  
rocks, and in my experiments, no fissility was developed approaching 
that  of shales. 

C a v i t i e s  in  s l a t e - r o c k s . - - T h e  determination of the exact 
amount of cavities in rocks possessing cleavage is rendered difficult 
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by a peeuliarit.y which, i~l most cases, is of fie importance. After 
boiling in water, there can be little doubt that, as a rule, 1,early all 
the loss of weight on drying is due to liquid water which existed in 
the cavities. In the ease of slate-rocks, which are so nearly solid, 
what  otherwise would be small eflbcts become of importance. 
Thus, in the ease of the I 'em'hvn slate, after being boiled in water, 
and kept in the water until  the weight was constmJ~, the speci- 
men on being d,'ied in the atmosphere at the natural temperature 
indicated (by loss) the existence of about "24 pet" cent. el'inter.spaces ; 
but, when it was dried at a very moderate heat, near a/ire,  there was 
a further small toss, which, it' due to l i q u i d  water which had been 
in cavities, would ilJ(licate that  these amounted to nearly a hail  pet" 
cent. This should make a very considerable difference in the calcu- 
lated pressure, discussed later (p. 2"2"2). ] t  seems, however, impro- 
bable that  liquid water would remain in the rocks when dried for 
several days in the air of a warm sitting-room, and more probable 
that  the further loss in weight represents water occluded in, or 
loosely combined in some way with, the solid material, it ' so, the 
question arises whether part  or even all of the water  los~ after 
boiling is not also thus combined, and does not represent cavities. 
On the whole, in the present state of the question, it  ib probabl)" 
the best to adopt, a mean result, and to conclude that  the empty 
spaces in the Penrhyn slate amount to "24 pet' cent. 

X I V ,  CONTIlACTION el," ]{OCKS AFTER DEPOSITION. 

This may be very little, or as much as 90 pet" cent. of the original 
thickness, even when nothing has been removed chemically. In 
the case of sandstones and allied rocks, having at first, about 46 pet" 
cent. of cavities, the contraction when the grains had accommodated 
themselves to the least, volume would be about 25 per cent., but 
much less if the sand consisted of grains of extremely-variable 
size. Much depends, however, on whether the cavities had or 
had not been filled with calcite at an early period; and a rock 
may now be almost quite solid, and yet may: have contracted very 
little. Manilestly, then, we mus~ rely on the evidence furnished 
by each particular ease. As shown already, the best is that  
afforded by the change in the angle of rest of well-devel0ped drift- 
bedding or ripple-drift. Information of a less reliable character 
may be furnished by concretions, as will be shown when dealilJg 
with them. 

The contraction in the caso of very fine-grained rocks may have 
been very much greater, since, even niter standing for a year without 
further subsidence, such material may contain 90 per cent. of water; 
whereas consolidated older rocks of analogous character may have 
been made almost solid by the squeezing-out of this water--so 
that,  in extreme cases, shales and slates may occupy only a ninth 
of the volume which they possessed when ori'g'inally deposited. At 
all events, it is important  to bear in mind that, the thickness of 
many of our rocks may now be very much less than the original. 
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XV. Co~'ca~TIO~S. 

The accurate, detailed study of concretions is a promising enquiry, 
likely to yield interesting and unexpected results. Except in the 
ease of the green spots in some slates, which I studied earefiflly many 
years ago, I have unfortunately made but few accurate measurements 
in the field ; and I must now rely on what  can be learned from such 
specimens as are in my collection, which, however, include those of 
nearly all geological periods. I t  is desirable to divide them into 
those formed before they were final!y deposited, and those formed 
in the rock after its deposition. The former division includes 
oolitic grains, pisolites, and a few analogous objects ; and the latter,  
more or less rounded bodies of very diverse character. 

Pisol i tes .  

The mean ratios of the three principal axes of the examples in 
my collection of Oolitic age arc 0"4, 1, and 1"33, no two being 
equal, and the shortest being unusually short. This is largely 
due to the flat nucleus. In a sandstone at Barlborough, near 
Sheffield, probably of Lower New-Bed-Sandstone age, the ratios 
of the axes are 1, 1, and 1"41, and the well-developed grains are 
remarkably uniform in size. The) are composed ef fine sand held 
together by carbonate of time, and their peculiar form was probably 
due to rolli~g along the bottom. 

One very important  fact connected with pisolites is that  their 
flatter surfaces are often inclined at various angles to the stratifi- 
cation, as though deposited irregularly from a rather strong current. 
Concretions formed after deposition usually have their  longer axes 
all nearly in the plane of stratification. 

Ool i t ic  Gra ins .  

These are often remarkably uniform in size in each part of the 
rocks, as though more or less sorted by a current of water. 

The  P l a n e  of  S y m m e t r y .  

So far as I can judge from the specimens in my collection, the 
plane of symmetry of the rocks in three eases out of four coincides 
with the plane of stratification, but in one-fourth of the cases it is 
inclined at an angle varying from 5 ~ to 10 ~ This is apparently 
in no way due to chance, being uniform in all the specimens from 
the same place. Those in my collection are not adequate to ciear 
up all the difficulties, which would require extensive work in the 
field. The main question is whether the inclined plane of symmetry 
was produced at the time of deposition, or long after. I f  produced 
at the time, i t  seems to indicate that in that  particular place the 
bottom was not quite horizontal, but inclined at a considerable 
angle, and that,  although the layers of different quality lie in the 
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plane of stratification, the unequi-axed particles were deposited as 
they t'ell horizontally. Subsequently the material settled in a 
t)erpendicular line, so that  the unsymmetrical structure was in- 
creased. If these suppositions are allowable, all the facts seem 
explained. I f  the inclined plane of symmetry was produced long 
after deposition, i t  would indicate that  the rock as a whole was 
somewhat compressed in a line perpendicular to this plane, so tha t  
it is analogous to one having a very imperfect slaty cleavage ; but, 
considering all the circumstances, this seems extremely doubtful. 
Possibly, however, both explanatiol~s may be true in particular 
c a s e s .  

C o n c r e t i o n s  fo rmed  in s itu ill S t ra t i f i ed  Rocks .  

Their actual size is of secondary importance, and may vary 
greatly. The most important  consideration is the relative length 
of their axes, which may be called a, b, and c, a being the shortest 
and c the longest. This may depend, to a considerable extent,  
on the length of the axes of the original nucleus, which we may 
call x, ?/, and z. :Round this tile material  of the concretion has 
been collected ; and the thickness in diff,.rent directions depends, to 
a great extent, on the structure of t hc rock. When ~his is the same 
in all directions in ~t, particular plane, which we may call t h e  p l a n e  
of s y m m e t r y ,  the thickness of the deposit mtr), be called T ;  but 
pert)c~ndicuiar to this it, may differ, and may be called T', the 
water penetrating equally well in all directior~s along the plane of 
symmetry, though with greater difficulty perpendicular to it, pro- 
'bablv because the fiat particles of the rock lie mainly in the plane of 
symmetry. This is assuming" that, when the nucleus is elongated, 
its thickness is constant. If  this varies much, t, here may be a 
corresponding variation in the thicl(lless of the deposit ; in extreme 
cases, there/bre, the concretion may taper off to a sharp point, or 
show ether abnormalities. We m;ly, then, generalize the axes as 
follows :~xA-2,1", y-4-2T, zA-21'. If, as in some cases, x, y, and z 
are small or nearly e(lual , and I ' a n d  T '  are also equal, the con- 
cretion is a sphere. In many. cases, however, though x, y, and z 
are small or ~early equal, ~" is less than T, owing to the structure 
of the rock, and the result is that  two axes are equal and the third 
less. In  other cases x, y, and z, and perhaps also T and T', are 
unequal, and consequently all the axes differ. In a few eases, two 
axes are equal and the other much !onger, owing to au elongated 
nucleus. Of course, the effect of the nucleus becomes relatively 
less as the concretion increases in size. In  some cases, owing to 
variations in the nucleus, extlmplcs of several of the above-named 
groups are found in the same rock, but sometimes all belong to one 
of them. 

I t  seems probable that, in most cases, the concretions were formed 
at an early period in the history of the rock, while the nucleus was 
still chemically active. 

The relative length of the axis perpendicular to the plane of 
symmetry seems to have depended chiefly on the nature of the 
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material in which the concretion was formed, and on the amount 
of contraction which had previously taken place. I f  the original 
deposit consisted of particles more or less completely symmetrical  
in all directions, a considerable amount of contraction would produce 
little or no effect, and the growth of the concretion would take place 
equally in all directions. This would explain why the concretions 
in the Magnesian Limestone are almost perfect spheres. In  
the ease of those in fine-grained sandstone at Arborthorne (near 
Sheffield), the axis perpendicular to bedding is 90 per cent. of those 
in its plane. The thickness of sand quickly deposited is reduced to 
89 per cent,, when well shaken, or to about the relative length of 
the shorter axis in the Arborthorne concretions, and is exactly the 
same as the mean for them and the green spots in the Old :Red 
Sandstone. The shortest axis in one from shale at Woodbourne is 
49 per cent. of the mean of those in the plane of symmetry. When 
fine clay which has subsided for a day is allowed to subside for a year, 
the contraction is 54 per cent. of the original, and would have been 
close on 49, if the measurement had been taK.n earlier in the day, 
or if the clay had been subjected to the pressure of superincumbent 
deposit. The explanation that  I would suggest is that,  as may be 
seen with the microscope, many of the fine particles of clay are flat 
flakes, and these to a great extent subsiding as compound granules 
would originally be inclined at all angles to the horizon. Then, 
when the deposit contracted vertically, they would become less and 
less inclined, and the permeability for water would be increased 
in the plane of symmetry and decreased in a line perpendicular 
to it. In  such a case, the relative length of the short axes of the 
concretion would indicate the approximate amount of contraction. 
This conclusion would, however, apply to a particular class of rock 
alone, and then only approximately. 

Specia l  E x a m p l e s .  

The concretions in the ~Iagnesian Limestone seen along the 
coast north of Sunderland vary much in size, but when not 
interfered with  by others are almost true spheres, the axes being 
i00  : 100 : 100, a}ld when they leave impressions upon one another 
these are almost perfect circles. In  my best specimens no axis 
differs from the mean by more than a hundredth of an inch. The 
nuclei must, therefore, have been small, and the surrounding 
material of very uniform structure in all directions. 

The concretions in a fine-grained sandstone at. Arborthorne (near 
Sheffield) are a good example of those which have the axes in the 
plane of stratification nearly equal, and that  perpendicular to i t  
shorter. The means for the bigger specimens are 92 : 100 : 100, and 
for the smaller 87 :100  : 103~--thus showing the greater effect of the 
nucleus on the smaller, and in both cases the effect of the different 
structure of the rock in a direction perpendicular to the bedding. 

A red sandstone used in Gloucester, which looks very like some of 
the Old Red Sandstone of the ]3tack Mountains, cot, rains very perfect 
green spots, varying in size from very small up to 1 inch or more irt 
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diameter, which can easily be measured to a hundredth of an inch. 
The material is of fine grain, the particles varying in size from 
a hundredth of an inch down to very small. I t  is very compact, 
and by the boiling-water method ~as found to contain only 
7"2 per cent. of cavities. There is no indication of a bottom- 
current of as much as 6 inches per second ; and the whole structure 
is that of a deposit tbrmed in fairly-deep water, the chief current 
being some distance from the bottom. In  the plane of symmetry 
the ratios of the axes are 100:  101, the variations from this 
being only a hundre&h of an inch. :Perpendicular to the plane 
of symmetry the axes are 8 8 : 1 0 0 ,  or closely the same as in 
the concretions at Arbor~hon~e. Unlike them, they cannot be 
obtained separate, and are merely the red eolour discharged by the 
deoxidizing action of some nucleus. It, is important, to observe 
that the plane of symmetry in all my specimens is inclined a~ about 
10 ~ to the stratification, probably because the bottom was not 
horizontal. 

A small concretion from the Coal-3Ieasures at Woodbourne (near 
Sheffield) is an excellent illustration of the laws of formation. It, is 
split open through the centre, showing the exact shape of the nucleus, 
which is very much like the seed of a plant. The dimensions of this 
are : perpendicular to the plane of symmetry "2 inch, and in the plane 
�9 g3 and "50. In this plane the deposit is on two sides -55, and on 
the other two "60 ; so that, including the nucleus, we have for the 
entire concretion "83+2 • 5 5 =  1"43 and "50+2  • 6 0 =  1"70. Hence 
there is not equality, but rather more deposit in the line of the loeg 
axis of the nucleus, probably due to a slight difference in structure 
in the direction of the gentle current, which caused the long axis of 
the nucleus tol ie  in that  direction. Perpendicular to the plaae of 
symmetry, we have for the shortest axis " 2 0 + 2 x  2 8 - -  ~6; so that  
the three axes are "76, I '43,  and 1"70. I t  is also important  to 
notice that the plane of approximate symmetry is inclined to the 
stratification at an angle of go in the line of the longest axis of both 
nucleus and concretion, as though the bottom dipped in the line of 
current. 

In the case of a concretion from the Coa]-3feasures ab ~Broomfield 
(Sheffield), in a line-grained sandstone, the plane of symmetry 
appeared to be inclined ~t about 20 ~ to the stratifications, which may 
be partly due to compression near a fault. 

In  driving a drift through the :Lower Coal-)Ieasures at  Stannington 
.(near Sheffield), some very large and perfect concretions were found 
m a sandy shale. One of these, over 7 inches iI~ diameter, gives as 
the ratio of the axes 78 : 100 : 103. Besides this, I collected a con- 
siderable number of much smaller size, down to less than an inch 
in diameter. The variation in their shape is so great, that  at, first 
sight, it might seem impossible to deduce from them any general 
conclusions. A few differ completely from the rest, being broad and 
flat, imperfectly consolidated, and break up in the plane of bedding. 
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ends.  Tak iag ,  as usual ,  the  sho r t e s t  axis in the  p lane  of bedd ing  
as I00 ,  the  ]onges~ axis varies f rom 2 0 T  to 100 and  t he  shor tes t  
t rom 94 to 55, the  meal:s of all m v  t w e n t y  specimens being 
81 : 100 : 127. Those  which are a lmost  c i rcular  in the  p lane  of 
bedding ,  and  therefore  have a n e a r l y - s y m m e t r i c a l  nucleus ,  give for  

the  axes 79 : 100 : 101 : wh ich  differ f rom those in the  case of the  
large spec imen by about  a h u n d r e d t h  of an inch.  Hence ,  at  t he  
t ime  w h e n  t, he concre t ions  were  formed,  the  relat ive p e r m e a b i l i t y  
of the  rock in a l ine pe rpend icu la r  to the  s trat i f icat ion was abou t  
79 per  cent.  of  t h a t  in i ts  plane.  The  preva i l ing  grea te r  l eng th  of 
one axis  in  the  p lane  of bedd ing  was p robab ly  due  to the  nuc leus  
be ing  more  or less e longated,  combined  wi th  a s l ight  w a n t  of 
s y m m e t r y  in the  rock, due  to cur rent .  I have en te red  in to  all 
these  det'fils, in order  to show t h a t  the  proper  discussion of very  
u n p r o m i s i n g  mate r i a l  yields never the less  ex t r e me l y  sa t i s fae to@ 
and concordan t  resul ts .  

F o r t u n a t e l y ,  I possess a few spec imens  of coarse shale  w i t h  
inc luded  concret ions .  These  show t h a t  t h e  l ' tyers of the  rock do 
n o t  pass t h r o u g h  the  concret ions ,  bu t  curve round  them,  as if t he  
shale  had  been compressed  to about  ha l f  i ts  th ickness  since t h e y  
were  formed,  unless  they  (to some ex ten t )  pushed  it  aside in  g rowing .  
Of this  t h e r e  seems to be no good evidence,  whereas  e x p e r i m e n t  shows 
t h a t  the re  m u s t  have been a g rea t  ver t ica l  cont rac t ion  in shales and 
clays. This  is, however ,  a ques t ion  which  needs  f u r t h e r  inves t iga-  
t ions,  differ ing f rom any  t h a t  I have been able to car ry  out.  

The  fol lowing (Table  V I I )  is a list of all the  concret ions  w h i c h  I 
have  s tudied,  w i t h  the  ratios of the i r  axes, the  shor tes t  axis in  
the  p lane  of b ed d in g  be ing  t aken  as 100 : ~  

TABLE VII. 

All axes ~tearl!/ equal. 

1. Magnesiml Limestone, Sunderl,~nd .. . . . . . . . . . . . . .  100 100 100 
2. Post-Glacial, Bridlington . . . . . . . . . . . . . . . . . . . . . . . . . . .  103 100 106 

Two axes ,~early e~ucd. 

3. In fine s,~nd, Arborthorne . . . . . . . . . . . . . . . . . . . . . . . . . . .  90 100 101 
4. Green spots, Old Red Sandstone . . . . . . . . . . . . . . . . . .  88 100 101 
5. Lower Coal-Measures, Stannington (small) ...... 79 100 !01 
6. Do. do. do. (large) ...... 7,q 100 103 
7. Fish-nodule, Old Red Sandstone . . . . . . . . . . . . . . . . . .  53 100 103 
8. Imperfect, Stannington . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  40 100 101 

i'2[onf/afed nue{ei. 

9. Post-Glacial, .Bridlington . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 100 222 
10. Pyritds'in Chalk . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 100 444 

AIZ axes m~equaL 

11. Gault, Lidhurst . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  $8 100 153 
12. Post-GlaciaL ]3ridlington . . . . . . . . . . . . . . . . . . . . . . . . . . .  86 100 136 
13. Lower Coal-Measures, Stannington .. . . . . . . . . . . . . .  ~i 100 127 
14. Oxford Clay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  77 100 143 
15. Coal-shale, Woodbourne . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  54 100 190 

Nos. 1, 3, 4, 5, 8, & 13 are means of a number of' specimens, and 
the rest single good cases. 
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In  the case of pyrites in chalk, it seems clear that  this pushed 
aside the chalk and did not, include it. On the contrary, when 
concretions of carbonate of' lime or iron were formed in sandstone, 
they appear to have filled up the interspaces between the grains, 
a~d did not displace them. In some rocks, both kinds of action may 
have combined. 

XVI.  Seo~s i s  WELs~ SLX~ES. 

Many years ago I made nearly 200 measurements of these spots, 
determining the length of greatest and least axes to about a 
hundredth of an inch, excluding those manifestly much influenced 
by stratification. 

At that  time I little thought what interesting conclusions could 
be drawn from them, and my object was merely to ascertain the 
amount of compression to which the rock had been subjected when 
the cleavage was developed. I even then saw that  the original spots 
were not spheres, and endeavoured to make my observations so that  
the stratification was inclined at all angles to the cleavage, and the 
spots could be treated as spheres in making my calculations. In  
some cases this was approximately; correct, but not in others; and my 
results were not sufficiently accurate tbr the purpose now in hand. 
I devoted therefore some weeks to the discussion of the observations, 
my aim being to learn what  was the condition of the material when 
first deposited ; the period in its history when the spots were formed ; 
their  exact shape ; the extent of the consolidation to which the rock 
had been exposed, beibre cleavage was developed; the amount of 
lateral compression caused by the elevation of the Welsh mountains ; 
and the change in dimensions and structure of the rock, caused by 
the compression. Since this may appear an impossible programme, 
i t  will be necessary to enter into much detail, in order to show how 
the facts enable us to learn all t:hese particulars approximately. 

In  manv cases, when measuring the axes of the spots, I also 
determine(] the direction of the stratification; but this could not 
always be done, and in some cases there is so much contortion that 
the conclusions are doubtful. I invariably kept separate measure- 
ments made in the plane of cleavage and perpendicular to it. They 
were made in a quarry at ~Bethesda, in one at the bottom of ~Nant 
Ffrancon, in the great Penrhyn quarry, and in sundry quarries near 
Llanberis. The first step was to calculate the relative length of the 
longest axis, that  of the shortest being taken as unity. In some 
places, where the stratification was fairly unilorm, this ratio did not 
differ materially in as many as 26 cases ; but in others there was a 
wide difference, because of the stratification cutting the cleavage at  
various angles. This was visible at once by marking the value of 
each measurement along a straight line. I t  was then seen that,  
for certain calculations, the measurements in the quarry at Bethesda 
were extremely good, since the long axis of the spots seems to be 
inclined at all angles to the cleavage. Those in the quarry at Penrhyn 
in a plane perpendicular to the cleavage were also well distributed 
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a~ all angles, but in the plane of cleavage were inclined on an 
average at 27 ~ to the horizontal. In  the quarries in iNant 
Ffrancon and at Llanberis, the data, being intermediate, are not 
good for calculation. 

Although having much in common with concretions, the spots were 
due to the deoxidization of the peroxide of iron. They are really 
ellipsoids, but, since the calculations require the ratios of the axes 
in particular planes, we need not consider the third dimension. 

In  studying the rocks in situ, it was easy to see that  the axis of 
the original spots was longest in the plane of stratification; and 
the question to be first considered is, what  was the exact ratio of 
the axes ? I t  was assumed, in the first place, that  in the plane 
perpendicular to the cleavage, when the rock was compressed, the 
sectional area of the spot remained the same ; so that,  ibr example, 
if  the axis in the line of the pressure was reduced to one-half, that  
at right-angles was increased to double. If then the longest axis of 
the spot was inclined at all angles to the cleaw~ge, the maximum 
vahm of the ratio between the lo~gest and the shartest axis must be 
when the stratification was nearly in the plane of cleavage, and the 
smallest ratio when it was nearl)(perpendicular to the cleavage. I t  
can thus be easily shown that  the ratio of the shortest axis of the 
original spot, compared with its longest, was the square root of the 
smallest ratio after cleavage was developed, divided by the largest. 
In  the quarry at Bethesda, perpendicular to the cleavage, the smallest 

ratio is 1 : 4  and the largest 1:10.  Hence we have v / N _  

that  is the axes of the original spots were 63 :100:100 .  In the 
quarry at Penrhyn the extreme ratios are 1:4"78 and 1:11"96, 

, , / i . ; s  which give _ _ ~  = ' 632 ,  or the same as Bethesda. However, 

the probability is, that  in both cases the result is somewhat too 
large. Combining the measurements made at both quarries, and 
taking the means of the maxima and minima, we get 3"66 and 

10"37; and therefore ~ /~ '66= '597 .  Consequently, I conclude 
~I0'~7 

that  the axes of the original spots were about 60 : 100:100. In  the 

quarry at Bethesda, in the plane of cleavage we get ~ / ~ = ' 6 4 5 ,  
~ 3 " 0 1  

whereas at Penrhyn we have V/i~---- '836. These last two results 

agree with what would be expected from the manner in which the 
axes of the original spots were inclined to the cleavage. At all 
events, it seems reasonable in further calculations to adopt the 
conclusion that,  before cleavage was developed, the axes of the 
spots were about 60:100:100.  

The next thing to consider is, what  change was produced by the 
eompressmn of the rocks. :For the quarry at Bethesda, the mean 
ratios of all my observations are, in the plane of cle.~vage 1:2"01, 
and perpendicular to tke cleavage 1 :7"10 ;  and for the quarry at 
Penrhyn, 1:1"60 and 1: 6"99. The great discrepancy between the 
results in the plane of cleavage is mainly due to the fact, that  at 
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Bethesd~ the spots had their  axes distr ibuted at nearly all angles to 
tile cleavage, but at t 'e~lrhyn at angles v'~rying from ] 7 ~ to 41 ~ the 
means of all m r  measurements  being 27 ~ . Calculating from 
this, and eorreeti~g accordingly, we obtain as the corrected ratio 

8~5 
l ' ~0X~i :4= l 'SC.  The mean *br both quarries would thus be 

1:1"94 and 1 :7 ,  and the  tength of the shortest  axis 1-c,4=.275 
7'01 

The lengr~h of tha t  in the line of str ike being taken as unity,  we 
obtain the following results  :--- 

t?,efore c leavage  was deve loped  . . . . . . . . .  '61)0 • 1"00 • 1 = '(~0 

After cleavage had been developed ... "275 • 1"94• 1='53 

Hence,  the reduction in volume due to pressure was from 60 to 53, 
or about 11 per eenl~. The most satisfactory explanat ion of this is 
that, before compression, the rocks contained about 11 per cent. of 
cavities, which were ahnost  completely squeezed up, since the slate 
now contains only about "24 per cent. This 11 per  cent. must  be 
looked upon as only approximate, since it  depends on four quanti t ies  
all subject to error. I consider, however,  the resu!t very satisfactory 
in showing that,  before cleavage was developed, the rook was, if 
anything,  ra ther  more consolidated than  the fine-grained beds of 
the Coal-Measures, an inference which agrees admirably wi th  the 
microscopical st,ruetnre described in other parts of this paper. 

These various data seem to lead to the following conclusions : - -  

(1) 'JChe m a t e r i a l  when  d e p o s i t e d  was n o t  e x a c t l y  a. clay,  s ince  t he  axes  
of the spots were originally 60:100:100, instead of" more nearly 
52 : 100 : 100. 

(2) The spots were formed early in the history of the rook, before the 
deoxidizing power of some nucleus wa.s lost. 

(3) ~l?he rock was fi~irly hard and consolidated. 

(4) It was subjected to enormous pressure, and so changed in dimensions 
in different directions that, cleavage was developed. 

(5) The thets appear to estab!ish conclusively the meehanioal origin of 
eleavage. 

X V I I .  Sl;~e-SuR~ae~s. 

On eareful]y examining  some varieties of mueh-eonfor ted mica- 
schist, it  is very easy to see that,, in many eases, there has been an 
i r regular  g iv ing-way of the reek in a plane perpendicular to ~he 
pressure, and one bent  portion has slipped over another,  so as to give 
rise to a surface of part ia l  or complete diseontinuity.  A similar 
s t ructure can be seen wi th  the microscope in th in  sections of some 
imperfeet ly-eleaved slates;  and tha t  these slip-surfaces are, as it, 
were,  mieroseopio faults, often i~om a hundred th  to a thousandth  of 
an inch apart,, is proved by the upthrow or downt,hrow of very 
thin beds, or by broken flakes of mica, the movement, being a 
hundred th  of an inch or much less. 

As seen under  the mieroseope, these slip-surfaces in section look 
like very th in  black lines, on the  whole perpendicular  to the  l ine 
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of pressure, as shown by small contortions of the bedding; yet~ 
they are seldom straight, being, as i t  were, drawn by a shaking 
hand. They are sometimes parallel for a short distance, but  
usually unite with or branch into each other. Although small 
in size, these slips are sometimes so numerous that ,  if those in a 
square inch of surface were united end to end, they would extend 
to a length of fully 50 feet ; and, if  the surfaces of those in a cubic 
inch were united, they would give an area of 5 or 6 square feet. 
It, need not be wondered, then, that  they play so important  a part  
in the structure of the rock;  and they prove most conclusively 
that ,  when it  was compressed by the force which developed the 
cleavage, the rock did not give way as a truly-plastic substance, 
but to a large extent  yielded as though fairly hard. These slip- 
surfaces are in fact analogous to the slip-planes in metals described 
by Prof. J. A. Ewing & Mr. W. Rosenhain. 1 

The detailed study of these slips in different rocks is very 
instructive. I have examined carefully all my numerous thin 
sections of rocks allied to slates, and find that  ia those without 
cleavage comparatively-long slips are absent, and even short ones 
occur only when there is a very sudden change in the nature of 
the rock, as, for example, from fine sand to clay. / t ighly-cleaved 
thickly-bedded slates, like those of Penrhyn,  show very few, if any 
long slips. On close examination, however, of a section perpen- 
dicular to the cleavage in the line of dip, vast numbers of those a 
hundredth of an inch in length or less can be seen; but they 
arc not so much developed in the line of strike. 

I have an excellent section of a purple slate from Birnam (near 
Dunkeld), containing a band composed of a mixture of a green and 
a colourless mineral, bent into contortions which show that  there 
has been great compression in a line perpendicular to the cleavage. 
The above-mentioned minerals must have been formed before the 
cleavage, since they are broken up in the most remarkable manner,  
and the structure of the fine-grained purple slate near the junct ion 
is very instructive. At the round ends of the contortions, where 
the green band has protected the purple slate from compression, its 
structure is almost exactly like that  of an uncleared rock ; whereas 
alongside the contortions, where there must have been great 
differential movement, the purple slate looks like a complete mass 
of slip-surfaces, which are only ~-~1 w or ~ - ~  inch apart. In  passing 
away into the purple slate the longer slips rapidly decrease in 
number, and there are only slips of a hundredth of an inch or so in 
length between the constituent particles of the rock. I t  will thus 
be seen that there is good evidence to prove that,  when the rock 
was greatly altered in dimensions by pressure, it was so hard that  
the crystalline mineral was broken up, and the purple part  yielded 
by slip-surfaces. T h e s e  conclusions are well borne out by similai 

1 :Phil. Trans. Roy. Soc. ser. A, vol. cxciii (1900) p. 353. 

Q. J. G. S. ~o. 25~. 

University on June 1, 2016
 at Nanyang Technologicalhttp://jgslegacy.lyellcollection.org/Downloaded from 

http://jgslegacy.lyellcollection.org/


224 1)I~. it. c. SORl~r os T,I~ ,I'r~ICATIOX OF [May i9o8 , 

facts. Iu a considerable number of different localities I have met 
with fine-grained, spotted slate-rocks ; and, on careful examination 
with the microscope, it was easy to see that  the spots are small 
iluperfectly-dcveloped crystals of chiastolite, som('~what broken up 
and compressed, with their long axes in the 1)lane of cleavage. 
The relation between these and the surrounding rock clearly shows 
that,  when slaty cleavage was developed, the rock was nearly as 
hard as ehiastolite, yielding little more to compression. 

As already shown, the best slates of Penrhyn prove that, in the 
line of dip, portions of rock which before cleavage were 100 : 100 
are now ou an average 100 �9 705. The small flakes of mica, or a 
mineral of similar character, which constitute so large a portion of 
the rock, may bc assumed not to have changed their dimensions, 
and thus the entire yielding of the rock must have been due to the 
giving-way of the surrounding finer particles. There must conse- 
quently have been a great relative movement;  and, assuming as a 
fair average tha t  the flakes of mica ibrm one half of the rock, the 
surrounding material must have been elongated along the line of 
dip from 1 to 1 to 1 to 14, whereas the flakes were not elongated 
at all. I t  is thus easy to understand why there is so vast a 
number of minute slip-surfaces perpendicular to the pressure 
among the ult imate constituent grains iu the line of dip, and why 
such surfaces are much less developed in the line of' strike, where 
little elongation could occur. A number of thcse facts were over- 
looked in my early papers, and they show that  the compression of 
the rock would alter its structure much more than I suspected. 
The change in the position of the flakes would be twice as great as 
I calculated. Instead of half of them being as before cleavage 
spread over 90 ~ they would after comprcssion be spread over only 
8~ and this, combined with the numerous small slip-surfaces, 
easily explains the ilssility of' the rock. 

Slate near 1)enrhyn, which has been much changed in appearance 
by a trap-dyke, still shows well-marked traces of the previously- 
existing slip-suri'aces, so tha t  the rock cannot have been softened 
by heat. In  the mica-schist between Aberdeen and Stonehaven, 
with cleavage-foliation and therefore metamorphosed after com- 
pression, all traces of slip-surfaces have been obliterated. 

XVI I I .  SURFACE5 OF PI~ESSURE-SOLU~IO~'. 

[n my Bakeriau lecture to the :Royal Society ' I showcd that  
pressure iucreascs the solubility of tile greater number of soluble 
salts. Also in my pai)er on ttle impressed limestone-pebbles of the 
~Nageliluh ~ in Switzerland, I showed that  the impressions could 
no~ have beeu produced by simple mechanical action, since i t  is 

I Prec. Roy. See. vol. xii (1863) p. 538. 
Neues Jahrb. 1863, p. 801. 
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only the carbonate of lime tha t  has been removed by solution, and 
the whole of the insoluble material  of the stone has been left, as 
carefully determined by suitable mea,~s. 

An equally striking example of pressure-solution was described 
in my address to the Geological Society, ~ in which I showed that  
it1 a Devonian limestone ,,t Ilfracombe the joints of encrinites have 
been part ly dissolved where the pressure which produced the 
cleavage was at a maximum, and the dissolved calcite has crystal- 
lized out where the pressure was at a minimum. Unti l  quite  
recently I did not recognize fully how important  ~ part  this action 
plays in many other cases. 

What  l propose to call s u r f a c e s  of p r e s s u r e - s o l u t i o n  are 
often numerous and sm~dl ; but some years ago I obtained from the 
Carboniferous Limestone of Stoney Middleton (Derbyshire)speci-  
mens in which they are unusually large. The nornml characters 
are layers of dark, apparently bituminous, material extending over 
a considerable area, passing up and down like larger and smaller 
interlocking teeth. Sometimes one of theso layers branches into 
two, which may again unite, and they cannot have been due to 
stratification. The most probable origin of the bitumen is tha t  
i t  is a residue of the solution of the limestone ; and that  solution 
of carbonate of lime has occurred is clearly proved, by the manner 
in which the ]avers pass into the shells of brachiopoda and into 
eucrinites. Th~s is shown by the accompanying text-figure. In 

the centre, not sha- 
Tooth-lilce structure penetrating, by removal, ded, is a portion of 

a fossil shell and the surrounding lime- a shell with well- 
stone, most probably by pressure-solution, preserved structure, 
(Magnified ~ diameters.) and, us will be seen, 

the zigzag bim - 
minous layer (shown 
black) passes quite 
through the centre, 
and partly on each 
side into two de- 
pressions filled with 
the limestone (shown 
shaded throughout).  
The laminar struc- 
ture of the shell 
seems to have slightly 
influenced the di- 
rection of solution. 
Taking all the facts 

into consideration, it seems as though both pressure and solution 
have acted, and in some cases their  combination will explain 
the facts. However, when we come to examine the detail of 

i Quart. ffourn. Geol. Soc. vol. xxxv (1879) Proc. p. 89. 
~ 2  

University on June 1, 2016
 at Nanyang Technologicalhttp://jgslegacy.lyellcollection.org/Downloaded from 

http://jgslegacy.lyellcollection.org/


226 DR. ~r. O. SORBY OX THE APPLICATIOlV OF [May 1908, 

the Stoney-Middleton specimens, of which I have ten excellent 
microscopical sections of unusual size, it seems almost impossible 
to explain why the pressure should have been at a maximum along 
so complex and tooth-like a surface ; and sometimes I feel tempted 
to conclude thav a cause may have acted, about which we know 
little or nothing. The quantity of carbonate of lime dissolved 
and transferred to where the pressure was less must have been 
considerable, as shown in the figure by the amount of shell 
removed. 

I t  is chiefly in those Devonian limestones in which slaty cleavage 
has been developed that surfaces of pressure-solution on a small 
scale are common, and play an important part in modifying the 
structure, since they have often conspired in altering the form of 
joints of encrinites and other organisms. In  a few cases, however, 
notably in a specimen from Kingskersweli, the rock has been 
greatly changed as a whole, and joints of' encrinites altered from 
about 1 : i to 1 : 4. There is also another interesting fact which 
for a long time puzzled me- - tha t  is, the alteration in crystalline 
calcite in which pressure has sometimes given rise to curved 
cleavage, or broken up the crystal into thin layers of twinning, 
similar to wha~ can be produced by a knife, as shown by 
]:I. Baumhauer. 1 

Oolites with Pressure-Solu t ion .  

The most remarkable specimen in my possession is one from the 
Carboniferous Limestone on the south side of the gorge at Clifton. 
As will be seen from P1. X V I I I ,  fig. 2, instead of the grains being 
well separated or merely touching one another, as in Grantham 
Oolite, they (as it were) interpenetrate to a considerable extent by 
surfaces of pressure-solution, and yet their structure is not materially 
disturbed. This interpenetration could not have occurred, if the 
interspaces had been filled by infiltrated calcite before the rock 
was subjected to great pressure. This seems to have acted in a 
line perpendicular to the stratification, for there is little or no 
interpenetration in the plane of bedding. In the part figured 
the interspaces amount to only 11 per cent., which is a great 
reduction from 26 per cent., and closely corresponds with the 
change of dimensions calculated from the shape of the oolitic 
grains, which is from 100 to 83. The production of this excep- 
tional specimen may be explained by supposing that the interspaces 
remained unfilled until after the rock had been exposed to great 
pressure, and that  the cavities were then filled by material possibly 
:transferred by pressure-solution from the altered oolitic grains. 

1 Zeitschrift fiir Krystallographio, vol. iii (1879) p. 588. 
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In  some places east of Sheffield similar surfaces of interlocking 
teeth, separated by a thin layer of earthy residue, are met with 
in the Magnesian Limestone, which well deserve further study, 
and might show that it is necessary in the case of dolomites to 
take into account other circumstances besides pressure and simple 
solution. 

~ I X .  I)E'rEI~MINATIOI~ OF ~ m E  ]?RESSURE TO W~[IClt ROCKS 
~AW msn~ SUbJECteD. 

That tile pressure brought to bear when mountains were elevated 
and slaty cleavage developed was very great will readily be admitted, 
since i t  causes fairly-hard rocks to yield as if more or less plastic. 
I t  appeared to me, however, unsatisfactory to remain content with 
merely calling it a great pressure, and not to at tempt to form some 
estimate of its value in tons to the square inch, or the weight of so 
many feet of superincumbent rocks. I theretbre attacked this 
problem, both by experiment and by the discussion of my observations 
made with different rocks. 

My first experiments were made in strong brass tubes, "6 inch in 
internal  diameter, into which a solid brass rod fitted. Finely- 
powdered dry pipe-clay was used, since the presence of water would 
have greatly increased the difficulties. The tube was filled with 
this clay and it  was compressed by hand with the brass rod, and so 
much added as to make the length of the column of clay 2 inches. 
Then gradually increasing pressure was applied, and the reduction 
of volume determined by measurement. The weight of water filling 
the tube up to 2 inches and that  of the clay were known, and also the 
specific gravity of the solid material of the clay, from which it was 
easy to calculate the percentage of empty spaces, when variously 
compressed. Taking the solid volume of the clay as 100, that  of 
the interspaces was, when pressed by hand, 76"7 ; when the brass 
rod was driven in by moderate blows of a 1 lb. hammer, it  was 
34 per cent. ; and with hard blows, 21"4 per cent. This method, 
however, did not enable me to estimate properly the pressure. 
This was attempted by forcing in the rod by a screw, with a 
pressure estimated at not much short of 10 tons, or about 30 tons 
to the square inch, which is equal to the pressure of about 75,000 
feet of superincumbent rock. In  this ease the amount of inter- 
spaces was 29"2 per cent. I t  is, however, probable that  it  would 
have been a good deal less, if tha pressure had been continued for 
a long time. Thes8 experiments, therefore, merely show that,  in 
some way or other, the interspaees vary inversely as the pressure. 

The Table (VI I I )  on the following page is a list in descending 
order of all my determinations of the interst)aees in clays, shales, 
and slates, adopting what seem to be the most probable results. 
The amounts are percentages of volume. 

University on June 1, 2016
 at Nanyang Technologicalhttp://jgslegacy.lyellcollection.org/Downloaded from 

http://jgslegacy.lyellcollection.org/


228 DR. B:. C. SORBY ON TBE APPLIC!kTION OF [-May I 9 o 8  , 

TABLE VIII .  

Clay from an old lake at Sewerby ... 49'5 
After Boulder-Clay, Bridlington ... 33"9 } 32"0 
Alluvial clay, Orgreave ............... 30"2 
New Red Marl, Leamington ......... 34"4 

. . . . .  , ,, ......... 30"0 ) 32"2 
,, ,, ,, fi'om a deep boring. 10"0") 

9'0~ 
" " " " " " 7'5 ,, ,, ,, ,, ,, ,, 6"2 

4"8 , ,  , ,  , ,  , ,  , ,  , ,  

Tertiary Clay, Watch Point ......... 29"8") 
,, , ,  Whitecliff ............ 28"4~ 28"8 

Barton Cliff ......... 28"3) 
Boulder-Clay, Bridlington ............ 25"5"~ 

,, ,, ,, 25"5 }-24"8 
. . . .  ,, . ........ 23"4J 
. . . .  Balby (nr. Doncaster). 24"1 

,, . 23"9 ) 24"0 
, ,  , ,  , ,  

Kimmeridge Clay, Oxibrd ............ 30"7 
Filey ............... 19"0 } 24"8 

Lias~ic clay, ]3ath ..................... 27"7-1 
,, ,, ,, . ....................... 23'0 }-24"4 

,, ,, Robin Hood's gay ... 22"5_J 

Gault, Aylesford ........................ 28"1"~ 
25"0}24"0 " F~176 :::::::::::: I s ' g J  

Speeton Clay, weathered ............... 18"4,~ . 
unweathered ......... 8"8 ) 13 6 

Coal-Meas. hr..Nottingham, 510 f t . .  13"4~ 
,, ,, 829 i t . .  14"6 ~12"9 

,, 1190 f t . .  10"72 
" Blfightside .................. 14"3 "~ 
" Darna]l ..................... 12"8 ~ 12"5 

Wenlock Shale, Malvern, weathered. 14"1 
unweathered. 5"8) 10"0 

Slate, Mawnan (Cornwall) ............ 5"9 
Slates, etc., Moffat, black ............ 5"2~ 

............ 3"8 
" " red' ............ 3"~ 3"6 
' " 2"lJ ,, ,, green ............ 

Slate, Hele, Ilfracombe . 3"5 ) 2% 
r35 ,, ,, ,, 

Westmorland slate, black ............ 0"55~ 

,, ,, Coniston ...... 0"52 ~-0'49 
,, Langdale ...... 0'40j 

Purple slate, Penrhyn .................. 0"24 

A few r e m a r k s  on  t he se  r e su l t s  m a y  be apposi te .  T h e  a m o u n t  of  

invis ib le  cavi t ies  in  t h e  a p p a r e n t l y - s o l i d  depos i t  f rom an  old l ake  
a t  S e w e r b y  is so u n u s u a l ,  t h a t  I t h o u g h t  I h a d  m a d e  a m i s t a k e - -  
u n t i l  I f o u n d  t h a t  a second e x p e r i m e n t  gave  e x a c t l y  t h e  s ame  

resul t .  T h e  probable  e x p l a n a t i o n  is t h a t  t he  m a t e r i a l  is of ab-  
n o r m a l  c h a r a c t e r ,  and  not, comparab le  w i t h  c lay.  The  p e r c e n t a g e  

of  cavi t ies  in t h e  N e w  R e d  M a r l  in  some cases seems  so a b n o r m a l l y  

g r e a t  as to i n d i c a t e  t h e  r e m o v a l  by  w e a t h e r i n g  of  some cons t i t uen t ,  
w h i c h  is easi ly  u n d e r s t o o d  w h e n  we  find t h a t  spec imens  f rom a 

cons iderab le  d e p t h  in a deep bor ing,  g iven  to me  by  Mr.  J .  A. ~ o w e ,  

con ta in  so l i t t l e  of  i n t e r spaces  a n d  also c rys ta l s  of  i n t e r e r y s t a l l i z e d  

calci te ,  g iv ing  f r a c t u r e s  of u n i f o r m  ref lect ion.  T h e  a m o u n t  of 
cavi t ies  in  a n u m b e r  of  spec imens  of Bou lde r -C lay  is so r e m a r k a b l y  

u n i f o r m ,  as to m a k e  m e  t h i n k  t h a t  this  deposi t  deserves  f u r t h e r  s t udy .  

I t  is so m u c h  less t h a n  w o u l d  agree  w i t h  t h e  smal l  p ressure  of  t h e  
m a t e r i a l  n o w  l y i n g  over  t hem,  as to m a k e  me  t h i n k  t h a t  t h e  c lay  

has  b e e n  s o m e w h a t  compressed  by  the  l a t e r a l  p r e s s u r e  w h i c h  forced  

i t  a long,  or  by  s u p e r i n c u m b e n t  ice, or  by  some o t h e r  specia l  cause  

n o t  fu l ly  under s tood .  The  g r e a t  va r i a t i on  in t h e  G a u l t  . a n d  

K i m m e r i d g e  Clay  is p r o b a b l y  due  to c a r b o n a t e  of  l ime.  T h e  m u c h  

sma l l e r  a m o u n t  in t he  Spee ton  Clay t h a n  in t h e  Gau l t ,  as in t h e  
Y o r k s h i r e  Cha lk  c o m p a r e d  w i t h  t h a t  f r o m  m a n y  o the r  locali t ies ,  is 

c e r t a i n l y  due  to th is  cause.  The  Liass ic  c lays  w e r e  fa i r ly  sa t i s fac to ry .  

T a k i n g  e v e r y t h i n g  in to  cons ide ra t ion ,  t h e  C o a l - M e a s u r e  shales  give 

good resul t s .  T h e  spec imens  of W e n l o c k  Sha le  a t  m y  disposal 

w e r e  u n s a t i s f a c t o r y ,  s ince one con ta ins  too m u c h  c a r b o n a t e  of  l ime ,  
a n d  the  o t h e r  is too  m u c h  w e a t h e r e d .  T h e  va r i a t ions  in t h e  s l a ty  
rocks  of  M a w n a n ,  Moffat ,  a n d  ]-Iele a re  in some cases m o s t  c e r t a i n l y  

d u e  to v a r y i n g  p r e s su re  c o n n e c t e d  w i t h  s la ty  c leavage.  W h a t  is 
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wanted is the careful study of more and better specimens, unaltered 
by infiltration, chemical action, or surface-weathering, collected so 
as to be specially suitable for this subject. 

I t  will thus  be seen that,  ill some cases, the results for different 
specimens agree su~liciently well, and therefore the mean may be 
relied upon as approximately correct. In  other cases, there are 
great differences, sometimes certainly due to the presence of too 
much carbonate of lime, and sometimes to the specimens being 
too much swollen and weathered. Collecting together those cases 
which seem most t rustworthy for calculation, we may compile the 
following list : - -  

TABLF, IX. 

All uvial clay, etc . . . . . . . . . . . . .  32"0  Coal-lYfeasure shales ......... 13"2 
Tertiary clay .................. 28"8  Slate-rocks, Moffat ......... 3"6 
Boulder-Clay .................. 24"4  Slate-rocks, Hele ............ 2"4 
Liassic clay ..................... 2 4 " 4  Slates, Westmorlan4 ......... 0"49 
Gault ........................... 04"0  Slate, Penrhyn ............... 0"24 

I t  will thus be seen that  there is a fairly-uniform decrease in the 
amount  of cavities, in passing from clays which have been subjected 
to very lit t le pressure, down to the oldest rocks ; and a most marked 
decrease in those with  well-developed slaty cleavage. The question 
then arises whether  the compression is due to age or to pressure. 
Although quite prepared to believe tha t  mere age may have some 
effect, when combined with pressure, yet taking all into con- 
sideration, and bearing in mind my experiments with clay, i t  seems 
to me more probable tha t  the chief cause of the compression was 
the pressure of superincumbent rock, or of that  which developed 
slaty cleavage. 

Though it seems almost certain that  the amount of interspaces 
varies in some way inversely as the pressure, their exact relation is 
�9 mknown.  Possibly it could be learned by experiments wi th  a 
testing-machine, by means of which suitable pressures could be 
applied continuously for a long time. I t  seems, however, unde- 
sirable to delay the publication of this paper, and better to make 
use of the data now known. I t  is clear that  the law must be 
of such a kind tha t  the effect of a given increase in pressure is 
much greater on material which has been slightly compressed and 
contains a large amount of cavities, than on highly-compressed 
rocks. I t  is, of course, not the compression of the cavities, but the 
deformation of the solid particles involved in filling them up which 
is of prime importance;  and this must be relatively greater and 
greater as their  amount becomes smaller and smaller. This must 
have been brought about by the slow giving-way of minute grains 
during long geological periods, and not by the sudden fracture 
of large objects, as taken into account in studying the strength 
of materials for engineering purposes. 

The percentage of cavities iu fine-grained clays of great anti- 
quity but never exposed to the pressure of more than a few feet of 
superincumbent material,  is about 3;3 per cent. ; and, after careful 
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consideration, it seemed to me probable that  the formula connecting 
cavities and pressure may be of the form : 

32- -  car .  
cons t an t  q u a n t i t y  X 

32 • cav. 

In  order to make the bcsg use of tim material at my disposal, I 
adopted the following plan to learn the value of the constant. 
The amount of cavities in clays of great antiquity,  which have never 
been exposed to a pressure of more titan a few feet of super- 
incumbent material, is about 32 per cent. ; and I endeavoured to 
ascertain from known geological data the thickness of super- 
incumbent strata corresponding to a medium amount of cavities. 
The best cases at mv disposal were from the Coal-Measures near 
Sheffield, and the calculated cavities in the Penrhyn slate before 
cleavage was developed. The former gave 13.~ per cent. of cavities 
for a medium thickness of 2500 feet,, and the latLer 11 per cent. for 
a thickness of about 3400 feet of rock, as now compressed, of specific 
gravity estimated at 2"85, which equals 3976 feet of rock of 
specific gravity =2"50. Combining these together, I obtained for 
13�89 per cent. of cavities a pressure of 2700 feet of rock, instead of 
2500, which would agree with the supposition that  200 feet of 
the uppermost part of the Coal-Measures has been lost by denu- 
dation. As a first attempt, I therefore worked on the supposition 
tha t  for no pressure the cavities are 32 per cent., and for 2700 feet 
13~ per cent. 

On the whole, i t  seems to me probable tha t  the necessary force 
may vary as the ratio between the amount of solid material and 
that  of the cavities, commencing at 32 per cent. ; something like 
the s trength of a beam of' the same thick1~ess with a long or a short 
span. From this it  would follow that,  when the cavities approach 
32 per cent,., a small pressure would produce considerable effect ; 
whereas, when the percentage is small, a great increase in pressure 
would be necessary to produce much influence. On this supposition, 
the law connecting cavities and pressure would haw'. the form 

1 0 0 - - c a r .  10 t ) - -32  
. . . . . . . . . . .  

c~tv. 32 _~ feet x . . . . . . . .  
100-- la.5 100-- 32 

13"5 ~2 

So far as I can see, this agrees with all the facts of the case, 
and yet it must be l o o k d  upon as only a plausible approximation. 
Although this and the previous formula diff?r much, yet, strange 
to say, they yield so nearly tt~e same results as to make me think 
tha t  they may not be far wrong. 

The ~'able ( X ) o n  the following page was calculated from the 
formula jus t  given, and shows not, only the ratio between the 
volume of the solid material and the cavities, but also the pressure 
in feet of rock of specific gravi ty -~ and that  in tons per square 
inch. 
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TABLE X. 

100--c.  Tons per 

c 2"eet o[ rock. square inch. 

Little pressure . . . . . . . . . . . . . . . . . . . . .  2"1'23 0 0 
Tertiary clays . . . . . . . . . . . . . . . . . . . . .  2"472 220 0"102 
Boulder-Clay . . . . . . . . . . . . . . . . . . . . . . . .  3"032 573 0"265 
Liassic clays . . . . . . . . . . . . . . . . . . . . . . . .  3"160 616 0"285 
Gault . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3'167 658 0'304 
Coal-Measure shales . . . . . . . . . . . . . . .  6"407 2"700 1"250 
Yenrhyn slate before cleavage... 8"091 3"807 1"764 
Slate, Mawnan . . . . . . . . . . . . . . . . . . . . .  15"949 8"715 4"040 
,Moffat rocks . . . . . . . . . . . . . . . . . . . . . . . .  26"777 15"550 7"200 
Hele, Ilfracombe .. . . . . . . . . . . . . . . . .  40"666 24"310 11"250 
Slates, Westmorland .. . . . . . . . . . . . . .  203'080 126"800 58'700 
Slate, Penrhyn . . . . . . . . . . . . . . . . . . . . .  416'700 26 t'500 121'000 

Compared wi th  clays, shales,  and slates, l imestones and sand- 
stones are unsat isfactory for the  de te rmina t ion  of pressure,  since 
those of different  ages vary so much  in  impor t an t  part iculars .  Still, 
the  mean  results  of a considerable n u m b e r  of specimens are never -  
theless  of some in teres t .  Thus  the  average amoun t  of in terspaces  
in fifty samples of Oolitic l imestones is 32"2 per cent.  of the  soIid 
mater ia l .  I n  the Magnes ian  Limes tone  it  is 19"2, and in the  
Carboniferous L imes tone  it is 11 per  cent. ,  whereas  in the Car ra ra  
marb le  it  is onIy 0"7 per  cent .  These numbers  agree fair ly wel l  
wi th  the conclusions deduced from the clays. 

I n  the  case of sandstones my  results  are, for the cavities in the  
N e w  I{ed Sandstone 66 per cent .  of the  solid ma te r i a l ;  for t im 
sandstones  of the  lower  pa r t  of the Coal-~feasures  and the Mills tone 
Gri t  25 per cent.  ; and for the  Old .Red Sandstone  of tIercfordslalre 
45 per  cent .  These resul ts  agree in a rough  way  w i t h  the others ,  
bu t  the  differences in  the  depth  of the  wa te r  and in  the  mine ra l  
const i tu t ion make  them vaIueless for cadaulating pressure.  

I n  conclusion, I may say tha t  a number  of my numer ica l  values 
mus t  be looked upon as only approximate ,  though  probably of 
the  t rue  order  of magn i tude .  More accura te  results  would  often 
requi re  c o m p l i c a t e d e x p e r i m e n t s  on a large scale, which  could be 
carr ied out  only in a special ly-organized laboratory,  or in a small  
clear r iver  w i t h  artificial a r r angemen t s  to control  the  cur ren t .  

EXPLANATION OF PLATES XlV-XVlII .  

[Plates XIV-XVI  are slightly-reduced photographic reprocluctions fl'om 
the slates, and the other plates are reproduced from my own drawings.] 

PLATE XlV'. 

This shows the breaking-up of a fine-grained deposit soon after deposition, 
while still in a send-liquid condition. (Green slate, Langdale.) See p. 197. 
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:P~,A~ XV. 

This shows ripples with not much drifting forward, rapid deposition, and 
~light breaking-up of the fine-grained material, while still somewhat soft. 
(Green slate, Langdale.) See p. 197. 

PLAT~: XVI. 

In this is a t]~fil layer of ripple-drilL, over which is a fi~e-gr~ined deposit, 
very little broken up by the current bringing the coarser material, as if 
partly consolidated. (Green slate, Langdale.) See p. 198. 

PLAT~ XVIL 

Fig. 1. Oolite from Grantbam, showing an amoun~ of empty spaces nearly 
equal to the theoretical minimum. (Magnified 50 diameters.) See 
pp. 206-207. 

2. Coralline Oolite from Scarborough, in which the interspaces, some filled 
wi~h c~lcigo, are n~arly of tile same volume as when recently del~osited 
with little shaking. (Magnified 50 diameters.) See p. 209. 

PLAT~ XVIII. 

Fig. l. Wenlock Limestone from Easthope, showing angular fragments much 
squeezed together. (Magnified 25 diameters.) See p. 209. 

2. Carboniferous Limestone from :Bristol : an unusual example of oolitic 
grains considerably influenced by pressure-solution. (Magnified 
50 diameters.) See p. 226. 

])isc~ssIo~. 

The Pn~SJDE~T observed tha t  any paper coming from their veteran 
comrade, Dr. Sorby, could not fail to be full of suggestion and to 
be m~rked by that  wealth of experimental detail and sagacious 
calculation for which all his scientific writ ings had been dis- 
tinguished. The present communication was the result of many 
years of experiment and reflection, although the Author was now 
confined to his room and unable longer to continue the prosecution 
of active research. I t  was probably safe to say that ,  although only 
his own brief summary of results had been read to the meeting, 
the paper when published wtu ld  be found to mark a new start ing- 
point for the investigation of the origin, history, and chronology of 
rocks. An interesting point of connexion could be noticed between 
the two papers communicated to the Society tha t  evening. 
Dr. Wright,  while lessening the length of the uni t  in the geological 
time-scale, still dea]~ with a period of several thousand years. I t  
would be remembered tha t  Baron Gerard de Geer, as the President 
had recently announced, had discovered, among the marine deposits 
tha t  followed the retreat of the ice-sheet in Sweden, a remarkable 
repetition of distinct layers which he interpreted as indicating the 
succession of seasons in a series of years. And he was believed to 
have lately detected among the deposits of the inland Glacial lakes 
a similar series of apparently-seasonal deposits. But Dr. Sorby, 
in the paper of which they had heard an abstract, thought himself 
in a position to speak confidently of the number of minutes which 
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FIG. 1.--OOLITE, GRANTHAM, x 50 DIAMS. 

1-t. C'. Sorby, deL Be~trose, CoZla., Derby. 

FiG. 2.--CORAL.L.INE OOLITE, SGARBOROUGH, x 50 DIAMS. 
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WENLOCK L IMESTONE,  EASTHOPE, x 25 DIAMS. 

H. C. ~%r3y, deL Bemrose, Collo., Der3y. 

C A R B O N I F E R O U S  L I M E S T O N E ,  BRISTOL, x 50 DIAMS. 
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certain layers .of sediment had taken for their deposition. The 
geological world woukl await with impatience the publication of 
his full paper, and the Society would meanwhile return to him 
its hearty thanks for having honeured it by communicating so 
important a memoir, and would express the earnest wish that 
he might still live to complete the preparation of ether papers 
embodying the result of his long years of quiet work in experi- 
mental geological dynamics. 

Prof. JUDD, while pointing out that it was impossible to discuss 
(and much less to criticize)the paper from the abstract, directed 
attention to its highly-suggestive character. Like all the work of 
the Author, its value consisted not only in the conclusions arrived 
at by him, but still more in the indication of new methods of 
observation, and novel lines of reasoning, which could not fail 
to have an important influence en the future development or' 
geological science. He was sure that all present united in 
sympathy with the Author in his enforced absence from them;  
in admiration for the energy with which, despite all difficulties, 
he continued his researches; and in the hope that they would 
receive still further contributions to science from his hand. 

Mr. E. A. MA~T~s wished to call especial attention to the 
allowance made by the Author for contraction in some of the 
older rocks. Estimates had been made of the Earth's age, according 
to the number of feet of total thickness ef existing strata ; but no 
allowance had in such estimates been made, as a rule, for com- 
pression. An attempt in this direction was made in the ' Geo- 
logical 5Iagazine'  for August 1907, but few would have anticipated 
that the older rocks must be allowed to have contracted to 20 per 
cent. of their original thickness, or even in the case of the Chalk 
to 45 per cent. The publication of the paper would be awaited 
with very great interest. 
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