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ABSTRACT
The petrology of gravels from a spit in the lee of th e  former island of Urk is discussed. The 

composition shows the gravels to have been derived from glacial till. The relations of roundness 
to distance of transport and of shape to vertical position on the spit are analyzed. Two principal 
methods of evaluating roundness and shape, those of Wadell-Krumbein and of Cailleux are 
compared theoretically and in relation to their results.

IN T R O D U C T IO N

T h e  rec lam at ion  of th e  northeas te rn  
p a r t  of th e  b o t to m  of th e  form er Zuy- 
derzee  has  m ad e  accessible a large area  
of p re d o m in a n t ly  fine grained marine 
sed im en ts .  O n ly  in a few places coarse 
sands  and  g ra v e l s . occur, derived from 
o u tc ro p s  of Pleistocene bou lder  clay. One 
of these  o u tc ro p s  co n s t i tu te s  the  wave- 
re s is ta n t  core of th e  island of Urk. A t  the  
n o r th e a s te rn  e x tre m i ty  of th is  island a 
sp it,  th e  so-called “ T ail  of U rk ,” has  been 
form ed, consis ting  of s a n d y  gravel, which 
in  th is  region acqu ired  some economic 
v a lu e  as  a  co n s t ruc t io n  m ateria l.  T h e  im ­
m in e n t  dan g e r  of d isappea rance  by  ex­
p lo i ta t io n  has  m a d e  i t  desirable  to  inves t i­
ga te  a t  least in some respects  th is  deposit,  
so exceptional in th e  N etherlands .  A de­
ta i led  m orphological s tu d y  was im pos­
sible  for lack  of t im e and  i t  w as decided 
to  co n cen t ra te  on a n  inves tiga tion  of 
shap e  an d  rou nd ness  of th e  pebbles, w ith  
some ad d it ion a l  w o rk  on composition and  
gra in  size. T h e  d epo s i ts  have  d isappeared  
since. T h e  m ain  reason for using this  
o p p o r tu n i ty  has  been th e  wish to co m ­
p a re  tw o d ifferent m e th o d s  for the  s tu d y  
of ro un dn ess  and  spheric ity ,  th e  one

1 Published with permission of the direction 
of the N. V. de Bataafsche Petroleum M aat­
schappij, the Hague and of the direction of 
the Wieringermeer (Noordoostpolderwerken), 
Zwolle.

p r in c ip a l ly  in use in th e  U nited  S ta tes ,  
th e  o th e r  in Europe.

T h e  coopera t ion  of th e  d irec tion  of the 
N o r t h  E as te rn  polder, which m ade  the  
field w ork  possible a n d  th e  v a lu ab le  a s ­
s is tan ce  of Dr. D. J .  D oeglas  and  D r. R. 
D. C rom m elin  a re  gra tefu l ly  ack no w ­
ledged . V ery  su b s tan t ia l  ass is tance has 
b e e n  given by  D r. H . Scheen in the 
m a th e m a t ic a l  ev a lu a t io n  of th e  relations 
b e tw e en  K rum b e in  an d  Cailleux m eas­
ures .  Of th e  various  p a r t s  of th is  paper  
th e  firs t a u th o r  assum es m ain  responsib il­
i t y  fo r  th e  petrological studies, th e  second 
for t h e  geology an d  th e  th i rd  for th e  de­
te r m in a t io n  of th e  com posit ion  of the 
gravels.

g e o l o g i c a l  b a c k g r o u n d

T h e  following geological descrip tion  
has  been  based on s tud ies  b y  De W aard  
(1946, 1949), M uller  a n d  V an  R a a d ­
sh ov en  (1947), a n d  a s  y e t  unpublished 
w o rk  b y  one of the  a u th o rs  (Wiggers). A 
geological and  sam ple m a p  is given in 
figure 1.

T h e  whole area  is underla in  b y  Pleis­
to cene  glacial deposits, essentia lly  boul­
d e r  clay of Riss-glacial age (Illinoian) 
w h ich  crops o u t  in th e  sou th -w es t  p a r t  of 
U rk  an d  over  an ex tensive a rea  n o r th  of 
th e  form er island.

Inc o rp o ra ted  in th e  Riss-glacial boul­
de r  clay lenses of a different till occur



F ig . 1.— G eolog ica l a n d  sa m p le  m a p  of th e  reg ion  a ro u n d  U rk .
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A ccord ing  to  D e W a a rd  (1949) these 
lenses h ave  been  derived  from deposi ts  of 
a n  o lder glaciation, presumably  in n o r th ­
w est  G e rm an y ,  an d  have  been carried 
w es tw ard  b y  th e  ice a s  k inds  of gigantic 
e r ra t ic  blocks.

O rig inally  th e  Pleistocene sediments 
were p a r t ly  covered b y  Holocene peat.  
A b o u t  th e  beg inn ing  of th is  e ra  a  layer  of 
fresh w a te r-c lay  w as  deposi ted  on this  
p ea t .  Archeaological ob serva tions  proved 
t h a t  th is  c lay  region, p ro tec ted  b y  dikes 
ag a in s t  th e  rising sea-level, w as inhab i ted  
in th e  M idd le  Ages.

A b o u t  th e  beginn ing  of th e  13th cen­
tu r y  th e  c o n ta c t  be tw een  th e  N o r th  Sea 
an d  th e  Z uyderzee  becam e more ex ten ­
sive. A large p a r t  of th e  clay a n d  p ea t  
a rea  has  been d es t ro yed  by  erosion. T h e  
sea a b ra d e d  considerab ly  th e  boulder 
c lay  o u tc rops ,  w hich  becam e covered 
w ith  ex tens ive  res idual pebble  and  cobble 
deposits ,  ro u n d ed  an d  co n cen tra ted  by 
th e  waves.

T h e  finer m a te r ia l  w as w ashed o u t  and 
deposi ted  a ro u n d  th e  ou tc ro ps  on the  
p a r t ly  e roded  p e a t  an d  clay. T h e  coarse, 
gravel ly  sand  is called U rk  sand. T h e  m ap 
show s t h a t  th e  U rk  sand has been  d e ­
posi ted  m a in ly  eas t  of th e  boulder-clay  
ou tcrops.

F a r t h e r  a w a y  m arine  clayey  sed im ents  
occur, p a r t ly  res ting  upon  th e  U rk  sand.

T h e  is land of U rk  consists  of a n  o u t ­
crop  of b o u ld e r  clay a n d  a low cia}' area. 
U n d e r  th e  m ar ine  clay  of th e  island 
occurs  th e  f r e sh w ate r  clay, which crops 
out. n o r th  of th e  is land. In  a  shorew ard  
d irec tion  th e  c lay  changes  in to  sand .  T h e  
T a i l  of U rk  consis ts  of san d y  gravel and  
represen ts ,  as  i t  were, th e  con tin ua t io n  
of th e se  sand  ridges. Archaeological d a t a  
p rov e  t h a t  th e  a re a  a rou nd  U rk  w as  still 
in h a b i te d  a t  th e  end  of th e  12th cen tury .  
T h e  first reliable topograp h ica l  maps, 
w hich  d a t e  from  + 17 00  A .D . show the  
th e  is land  a n d  th e  T a i l  a lr e ad y  w ith  the ir  
p re s e n t  shap e  an d  position. So th e  T ail  
of U rk  m u s t  h av e  been  formed betw een  
th e  12th a n d  18 th  cen tu ry .

T h e  o r ien ta t io n  of the  T a il  (N. 60° E.)

does n o t  agree e n t i re ly  w ith  th e  p revai l­
ing  s o u th - s o u th w e s t  w inds. I t  has  been 
s h o w n  by V an  V een  (1940), however, by  
m e a n s  of a  s tu d y  of a n c ie n t  observations, 
t h a t  d u r in g  the  18th cen tu ry ,  th e  m ain  
d i r e c t io n  w as  slightly more westerly. 
H e n c e  long-shore d r i f t  and  accu m u la t ion  
of m a te r i a l s  der ived  from th e  boulder 
clay co re  in th e  lee of th e  th en  prevailing  
w in d s  m a y  a c c o u n t  p a r t ly  for th e  fo rm a­
tion o f  the  Tail.  T h is  does n o t  preclude 
th e  p oss ib i l i ty  of sed im e n t  su pp ly  from 
th e  n o r th e rn  till ou tc rop s  b y  s to rm  
f loods, or from th e  en t i re  sou th e rn  and 
e a s t e r n  sand  area.

U n d e r  th e  con d it ion s  j u s t  prior to  the 
re c la m a t io n ,  th e  so u th  side of th e  Tail 
w as m o re  exposed to th e  prevai l ing  wind 
an d  w a v e  ac tion  th a n  th e  no r th e rn  side. 
H e n c e  the  w estern  p a r t  (fig. 2, section 3) 
sh o w s  pronounced  la te ra l  a s y m m e t ry  in 
i t s  profile  w ith  th e  s teep  slope exposed 
so u th e a s tw a rd .  T h e  end of th e  Tail ,  how ­
ever ,  bends n o r th w a rd  a n d  p ro bab ly  
re a c h e d  far enough  to  come u nd er  the  
in f luence  of th e  swell t h a t  b e n t  a round  
th e  is land  and  h ad  ob ta in ed  a more w e s t­
erly  d irec tion . T h e  vert ica l  a s y m m e t ry  in 
th i s  p a r t  h a s  therefore  been reversed 
(fig. 2, section 4).

A t  its  n o r th e a s t  ex trem ity  th e  wall 
f l a t t e n s  and  b ro ad en s  and  imperceptibly 
m e rg e s  in to  its  base. On th e  island side 
i t s  morpholog ica l  d e v e lop m en t is a b n o r ­
mal a s  a re su l t  of artif icial shore  p ro tec ­
t io n  b y  groins an d  s tone  e m b an k m en ts .

T h e  body  of th e  sp i t  is b u i l t  up  by  
a l t e rn a t in g  sandy a n d  pebbly  layers, b u t  
th e  surface is co n s t i tu ted  by a  residual 
l a y e r  of pebbles only. T h e  wide flat p la t ­
fo r m  consists of a  v e ry  sandy gravel. 
A p p a re n t ly  w ave ac t io n  a t  th is  d e p th  has 
n o t  been  capable  of w ash ing  o u t  all sand.

A  series of sam ples has been collected 
a lo n g  the  sou th  shore of th e  is land and  on 
th e  Tail,  and  w here  possible from  the  
p la t fo rm , th e  slope a n d  th e  top .  For 
com p ar iso n  sam ples of th e  bo u ld e r  clay 
of t h e  no r th e rn  ou tc rops ,  of the  residual 
r id g e s  on th e  la t te r ,  an d  of the  U rk  sand 
w e re  inves tiga ted  also.
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F ig . 2.— C ro ss se c tio n s  o f th e  is lan d  sh o re  a n d  T a il a t  th e  v a r io u s  sa m p le  lo ca tio n s. 
P o sitio n  of th e  lo w erm o st sa m p le  is  zero.

G R A IN  S IZ E  A N D  C O M P O S IT IO N

A  s tu d y  of grain size can  be t ru ly  sig­
nificant on ly  w hen  each sam p le  rep re ­
sen ts  a  layer  deposi ted  u n d e r  essentia l ly  
un iform  conditions. On th e  T ail  this  
condition is difficult to  fulfill in conse­
quence  of considerable  art ificial d i s tu rb ­
ance, the  ve ry  limited  th ick ness  of the  
superficial residual layer  a n d  th e  u n d e r ­
ly ing beds, and  th e  p resence  of finer- 
grained in te rs t i t ia l  m a te r ia l  deposited  
d u r in g  th e  sh o r t  t r an q u i l  phase , when 
d ikes  a lready  p ro tec ted  th e  area .  In  the  
s h o r t  t im e ava i lab le  i t  ap p e a red  im pos­
sible to  avoid these  sources of e r ro rs  and  
oni) ' the  lim ited  in fo rm at ion  requ ired  for 
th e  roundness  a n d  shape  s tu d ie s  could be 
ob ta in ed  b y  sieving the  gravel g rade  ( > 4  
m m ). T h e  ar t if ic ia lity  of th e  low er lim it  
in troduces  a  cer ta in  a m o u n t  of negative  
skewness in some d is t r ib u t io n s  an d  p ro ­
duces  b e t t e r  sor ting . F o r  those  d is t r ib u ­
tions only th e  median  re ta in s  a  certa in  
va lue . In  tab le  I th e  ph i2 m edian , 
phi sor ting  an d  phi skewness are  given. 
T h e  l a t te r  tw o h a v e  been  d e r ived  from 
th e  16th an d  84 th  percen ti le  (In m an ,  
1952). F ro m  these  d a t a  i t  can  be con­
c luded t h a t  th e  sam ples  from  th e  sp i t  
wall a re  generally  finer t h a n  th e  corre­

2 D ia m e te rs  in ph i a re  th e  n e g a tiv e  lo g a­
r i th m s  to  th e  b ase  o f 2 of th e  d ia m e te r s  in  m m . 
a s  p ro posed  b y  K ru m b e in .

spond ing  sed im en ts  from th e  p la t fo rm . 
T h e  l a t te r  show a  l inear increase of size 
in phi w ith  increasing d is tance  from  the  
bou lder  c lay  core of th e  is land (fig. 3). 
T h is  fac t  seem s to  disagree w ith  o th e r  
evidence, w h ich  p o in ts  to  th is  core as  a  
m a jo r  source of th e  T a il  sed im en ts  (see 
below). Progressively  g rea te r  exposure 
to  w ave ac t ion  w ith  increasing d is tan ce  
from th e  p ro tec t ion  offered by  th e  island 
m a y  explain th is  phenom enon.

T h e  o th e r  samples, w hich  occupy  v e ry  
d ifferent positions in relation  to  th e  relief 
an d  show a s t ro n g  influence of th e  defi­
ciencies of th e  m e tho d ,  do no t  p e rm it  any  
general conclusions.

T h e  Pleistocene bou ld e r  c lay  form s 
th e  on ly  possible source of th e  T ail  
gravels. As concerns p é t ro g rap h ie  c o m ­
position th is  source is n o t  homogeneous. 
D e W a a rd  (1949) has  show n t h a t  in ­
co rpora ted  in th e  d a rk  norm al till n u m ­
erous  large lenses or b locks of a  v e ry  d if­
fe ren t  till occur. A ccord ing  to D e W aa rd  
these  lenses have  been derived  from  the  
deposi ts  of a n  o lder glaciation, p r e s u m ­
ab ly  in n o r th w e s t  G erm an y , an d  have 
been carried w estw ard  b y  th e  ice as  k inds  
of gigantic e r ra t ic  blocks. T h e  p é t r o ­
g raph ie  composit ion of th e i r  g rave ls  is 
v e ry  different from t h a t  of th e  norm al 
b o u ld e r  clay an d  since they  con ta in  m a n y  
more pebbles per u n i t  of till ( ± 3 - 5  t im es  
as  m an y )  the com posit ion  of the  o u tw ash
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T a b l e  I.— Parameters of grain size distributions of Tail gravels

S am p le  num ber l e 2b 2c 3 a ' 3a 3 b 3c 4 a ' 4a 4b 4c

M  d <i>
S orting  = 0 $  
Skew ness =ai¡>

3 .4 5
1.30

- 0 .0 6

2 .85
0 .5 0

- 0 .0 6

3.75  
1 .30  

- 0 .4 2

3 .5 5  
1 .00 

- 0 .1 2

3 .5 0
0 .6 5

- 0 .2 4

3 .5 0  
1 .20 

- 0 . 5 0

4 .2 0  
1 .20 

- 0 .3 5

2.65
0 .5 5

- 0 .5 1

3 .3 0
0 .8 0
0 .0

3 .0 0
0 .6 0
0 .1 8

4 .3 0
1 .7 0

- 0 .1 1

gravels  is la rgely  contro lled  by  the  p res ­
ence of lenses of till in th e  source area. 
T a b le  I I  co n ta in s  th e  pé trog raph ie  an a l­
yses of som e of the  sam ples  (analyses by  
M aar leve ld ) .

F ro m  th is  tab le  an d  analyses of De 
W a a rd  (1949) th e  principal  difference be­
tw een  lens till an d  norm al till ap pea rs  to 
be th e  absence  of fl int in th e  former. 
M oreover ,  th e  l im es tone  percentage, 
th o u g h  variab le ,  is m uch  lower in the  
no rm al till.

T h e  percen tages  of th e  principal co m ­
p o n e n ts  flint, c rys ta l l ine  rocks and  lime­
s ton e  h a v e  been  reco m p u te d  to 100 and 
p lo t te d  in fig. 4 (20 -30  m m  grade). All 
m ix tu res  be tw een  no rm al  till  an d  lens till 
w ould  p lo t  in th e  c ross-hatched  area. T he  
U rk  s an d  sam p le  re p resen ts  such a  mix­
tu r e  in w hich  no rm al  till p redom inates .  
I t  is a p p a r e n t  t h a t  th e  com posit ion  of the  
sam p les  from th e  res idual ridges does n o t  
re su l t  from m ixing only. Such a com posi­
t io n  has  to  be expla ined b y  selective re­
m oval (by  abras ion)  of th e  limestone, re ­
su l t ing  in high percen tages  of crystall ine 
rocks. S ince th e y  con ta in  b u t  li t t le  flint 
an d  fl int u n der  th e  exis ting condit ions is 
v e ry  re s is tan t ,  the  original materia l  
m u s t  h ave  c on ta ined  a  large a m o u n t  of 
lens till m ater ia l .

T h e  position of th e  T ail  sam p les  can 
be exp la in ed  in tw o ways. T h e  first pos­
s ib i l i ty  is progressive m ixing of residual 
ridge ty p e  m ater ia l  an d  a  fresh gravel in 
w h ich  lens  till p redom ina tes .  T h e  a m o u n t  
of re s id u a l  ridge m a te r ia l  requ ired  w ould 
n o t  exceed  40 pe r  cent. A n o th e r  exp lan a ­
tion  i s  selective rem oval  b y  ab ras ion  of 
l im es to n e  from a  limestone-r ich  source 
m a te r i a l  w i th o u t  a d m ix tu re  of residual 
g rave l .  T h e  line B rep resen ts  such  a 
th eo re t ic a l  d ev e lo p m en t  b y  rem oval  of 
l im e s to n e  from  a lens till g ravel w ith  
± 2 0  p e r  c en t  o r no rm al  till. P e t ro g rap h ie  

co n s id e ra t io ns  alone are  insufficient to 
solve th i s  problem, especially since th e  
d a t a  a r e  scarce.

S im ila r  re la tions  could be show n for 
th e  5 - 8  m m  grade. T h e  re la tive  increase 
of l im es to ne  in th is  grade, w hich  accom ­
p a n ie s  th e  decrease in th e  20-30  m m  
g ra d e ,  poin ts  to  selective ab ras ion  as  a 
m a jo r  cause for th e  v a r ia t ion s  in co m ­
p os i t ion  of th e  T ail  gravels. T h e  co m ­
bined  d a t a  from b o th  frac tions  a re  th e r e ­
fore i n  favor of a  de r iva t ion  from  lens till 
an d  m odif ica tion  b y  abras ion ,  t h a t  is a 
d e r iv a t io n  from th e  bou lder  c lay  core of 
th e  t h e  island itself a n d  no t  from th e  U rk  
sand ,  if  th e  single sam ple  of th is  l a t te r  
w o u ld  be rep re se n ta t iv e  of th e  whole. As

Md
0 5 c  4 c  

__________• -------------------------------------------— •

l e _______-

2 c ------ -------- ----------- -
________ © -----

<â-—

700 1050 1600 2000 

m from  o u tc ro p  of b o u ld e r clay

F ig . 3.— R e la tio n  o f m e d ia n  size in p h i to  d is ta n c e  f ro m  th e  b o u ld er c la y  co re  of th e  islan d
fo r p la tfo rm  sam p les (c-series).
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T a b l e  I I .— Petrographie composition of samples from the Tail and 
from source formations1

N um ber
F lin t C rystalline L im estone Q uartz O thers

Size G rade  in  m m 20-30 5 -8 20-30 5-8 20 -3 0 5 -8 20-30 5-8 20-30 5 -8

le Ta il 12 5 32 41 29 28 ___ 5 27 21
2c Tail 14 8 27 36 30 29 2 4 27 23
3c Tail 20 8 32 47 24 23 — 2 24 20

T a il 19 6 32 41 18 32 2 4 29 17
5 R esidua l R idge 7 5 50 44 16 26 3 6 24 19
6 R esidua l R idge 16 4 42 44 1 23 4 8 37 21

7 L ens till 1 — 26 26 63 70 — — 9 4

8 U rk  sand 32 21 26 37 5 2 2 6 35 34

9 N o rm a  till 38 14 23 44 1 1 2 9 36 32

F igures given  in percen t by  n u m b e r of pebbles in  a  g iven  size g rade.

i t  is, th is  a rg u m e n t  has  to  be used with 
considerable care.

M E T H O D S  O F  S T U D Y  O F  S H A P E  
A N D  R O U N D N E S S

W adell (1932) was th e  first to  show 
t h a t  the re  is a  fu n d a m e n ta l  difference 
betw een  sh ape  an d  rou nd ness  a n d  th a t  
these  p roper tie s  are  g eom etr ica lly  in ­
dependen t .  A n  o b jec t  m a y  be qu ite  
spherical in shape  b u t  com p le te ly  a n ­
gular, for exam ple  a  do d ecah ed ro n ;  or 
perfec tly  rounded  b u t  fa r  from  spherical, 
for exam ple  a  cylinder cap ped  b y  two 
half spheres. T h e  shape  of part ic le s  in ­
fluences the i r  behav ior  d u r in g  t r a n s p o r t  
an d  deposition, since spherical partic les 
se t t le  more qu ick ly  from  a  suspension 
a n d  roll fas te r  in b o t to m  t r a n s p o r t  th a n  
flat particles. H ence so r t ing  m a y  be con­
tro lled  p a r t ly  by  shape. R o un d n ess  is 
influenced b y  rigor of w ear an d  d is tance  
of t r an sp o r t ,  b u t  does n o t  h av e  an y  effect 
on sorting  or t r an sp o r t .  T h e  definitions 
of roundness  and  spher ic ity  a re  en tire ly  
in d e p e n d e n t  an d  it  is genera l ly  assum ed 
t h a t  only v e ry  g rea t  changes  in one m ay  
influence th e  o th e r  (P e t t i jo h n ,  1949, p. 
54). T h is  independ ency  of defin it ions is 
a n  im p o r t a n t  prerequisi te  for th e  s tu d y  
of bo th  properties.

Based on th e  a ssum p tion  t h a t  partic le  
shapes  can be a r ran ged  in a  series w ith  
th e  sphere as  th e  m o s t  developed  stage, 
Wadell has  expressed shap e  as  th e  ra t io  
b e tw een  the  surface of th e  part ic le  and

th e  surface  of a sphere  w ith  th e  same 
volum e. K ru m b e in  (1941a) has  shown 
t h a t  this  ra t io ,  th e  spheric ity  (S )  of the 
gra in  w hich ranges from 0 to  1 for perfect 
sphericity ,  can  be simplified w ith  sa t is ­
fa c to ry  accu racy  to  one in which only 
th e  longest (a), th e  in te rm e d ia te  (b) and  
th e  sh o r te s t  (c) d iam eters  of th e  particle 
appear ,  t h a t  is S  = \ /b c  'a-2. H is  definition 
of these  d iam e te r s  has  been followed in 
th e  p resen t  s tu dy .  T h e  co m p u ta t io n  of 
th e  ra t ios  b /a  a n d  c 'b p e rm its  th e  g ra p h ­
ical d e te rm in a t io n  of th e  spheric ity . 
F igu re  5 shows th e  p lo t t ing  in a  spheric­
i t y  g raph of all pebbles of sam ple  1 c.

So far i t  has  been ta c i t ly  a ssum ed  t h a t  
shape  and  spher ic ity  are  identical no­
tions. F igure  5 shows, however,  th a t ,  for 
ins tance, disc-shaped an d  rod-like p a r ­
ticles m ay  h ave  th e  sam e spher ic ity ,  n o t­
w i th s tan d in g  th e  fac t  t h a t  th ey  have  very 
different shapes, a n d  p re su m ab ly  will be­
h av e  in d ifferent w ays  d u r in g  t r an sp o r t  
an d  deposition (K rum b e in ,  1941a). 
H ence  th e  use of spher ic ity  values  in 
sed im en t  s tud ies  does n o t  a lw ays  perm it  
th e  com plete  eva lua t io n  of shap e  influ­
ence. T h is  difficulty  can  be overcom e by 
using sphericity  d iag ram  plots  instead  of 
ac tu a l  spher ic ity  values, w hereas  large 
n um bers  of sam ples  m a y  be sum m arized  
b y  classing th e  pebbles  in to  4 classes, 
each ind ica ting  a p a r t  of th e  field of the  
spheric ity  d iag ram . T h ese  classes have 
been used first b y  Zingg (1935) a n d  the  
Zingg percen tages c o n s t i tu te  a  useful
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F ig . 4 .—T r ia n g u la r  d ia g ra m  of th e  p é tro g ra p h ie  c o m p o s itio n  of ta il a n d  p o te n tia l  sou rce
samples, 20-30 mm grade.

su p p lem en t  to  th e  spher ic i ty  values.
R ou nd ness  (R w )  w as expressed by 

W adell as  th e  ra t io  betw een  th e  rad iu s  r 
of th e  sh a rp e s t  co rne r  of th e  par t ic le  and 
th e  rad ius  R  of th e  la rgest  inscribed 
circle, b o th  in th e  m ax im u m  pro jec tion  
of th e  partic le .  T h e  m e a su rem en t  of 
roundness  in  th is  w ay  is len g th y  and  
K ru m be in  (1941a) has  con s t ru c ted  a 
ch a r t  for v isual d e te rm in a t io n  of ro u n d ­
ness (R k)  b y  com par ison  w ith  peb b ly  
images, th e  ro un dn ess  of w hich has been 
measured b y  W a d e l l ’s m e tho d .  T h e  
ag reem en t b e tw een  d e te rm in a t io n s  in 
bo th  w ays  is close, w hen  large n u m b e r s  of

pebbles  a r e  used (25 or more). T h e  values  
range  f ro m  0-1 ,  th e  l a t te r  rep resen ting  
p erfec t  roundness,  w h a te v e r  th e  shape  
m ay  be.

M a n y  more m e th o d s  for th e  d e te r ­
m in a t io n  of sh a p e a n d r o u n d n e s s h a v e  been 
p ro po sed .  T h e  m a jo r i ty  have  n o t  found 
w ide  usage, excep t those  of Cail leux 
(1945, 1948), w hich  h a v e  p ro v ided  th e  
d a t a  for a  considerable  series of in v es t ig a ­
tions  b y  F rench  and  G e rm an  s tu d e n ts  
(for ex am p le  Berthois,  1950, 1951;
Cailleux, 1945, 1947, 1948; H ö v e rm an n  
and  P ose r ,  1951; P ou q u e t ,  1950; T r ica r t ,  
1951; T r i c a r t  a n d  Schaeffer, 1950, and
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F ig . 5 .— S p h e ric ity  d ia g ra m  of all p ebb les o f sa m p le  1 c.

others) .  I t  is therefore  desirab le  to  ex­
am in e  th e  theore tica l re la t ionsh ips  b e ­
tw een  b o th  sets  of m easures .  T h e  results  
o b ta in ed  by bo th  will be c o m p ared  in the  
nex t section.

C ailleux’s sh ape  fac to r  is th e  flatness 
index  F = a +  b, 2c, a s  o r ig ina l ly  p roposed 
a n d  used b y  W e n tw o r th  (1922). T h e  def­
in i t ion  of the  in te rcep ts  a, b an d  c is the  
sam e as  for K ru m b e in ’s spher ic i ty  S.

In  figure 6 th e  re la tions be tw een  5  and  
F  has been given for all U rk  sam ples.  All 
a \a i la b le  F  m easu re m en ts  of ind iv idua l 
pebbles  have  been classified acccording

to  the ir  5-class (c lass- in terval of 0.1). T h e  
a r i th m e t ic  m ean  a n d  s t a n d a rd  dev ia t ion  
of th e  F  d is t r ib u t io n  in each 5-class  have  
been p lo t ted  ag a in s t  th e  m id -p o in t  of th e  
5-class. T h is  m e tho d  is n o t  en tire ly  
correc t  b u t  considered to  give a  fair 
approxim ation .

T h e  theore tica l re la tion  betw een  
F  = ( a Jrb,'2c  a n d  5  =  (b c /2)% d ep end s  on 
th e  d is t r ibu t ion s  of a 'b, b 'c a n d  c 'a. 
Uniform or p a tc h y  d is t r ib u t io n s  of each 
of these ra t ios  an d  the i r  m u tu a l  r e la t io n ­
ship  result in a d ifferent re la tionsh ip  b e ­
tw een  5  and  F. T h e  m a th e m a t ic a l  trea t-
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Fig. 6.—Relation between sphericity (S) and arithmetic mean and standard deviation of 
flatness (F) per class of S  for all Urk samples. Broken line: theoretical relationship of F a n d  5  
assuming uniform distribution of b/a  and c/b (see text).

m e n t  of these  v a r io u s  possibilit ies, which 
has  k ind ly  been u n d e r ta k e n  by  D r. H. 
Scheen, will n o t  be discussed here. H o w ­
ever, if we assum e uniform  d is tr ib u t io n  
of b /a  a n d  c/b , v isualized b y  po in ts  dis­
t r ib u te d  even ly  o ve r  a  d iag ram  like t h a t  
of figure 5, we find a re la tionsh ip  between 
S' a n d  F  as  rep resen ted  b y  th e  b roken  line 
in figure 6, w hich q u i te  closely agrees 
w ith  th e  exp er im en ta l  relations. If the  
p o in ts  occur m a in ly  in th e  u pp er  left 
han d  or lower r igh t  han d  co rne r  of figure 
5 the  line of theore tica l  re la tion  shifts  to 
th e  position  of one of th e  s t a n d a rd  dev ia ­
t ion  curves . F ro m  th is  we m a y  d raw  the  
conclusion t h a t  th e  com bined  usage of 5  
an d  F  would su p p ly  in fo rm at ion  of the 
sam e ty p e  as  do  th e  Z ingg-percentages. 
T h e  flatness r a t io  itself does n o t  d is t in ­
guish betw een  ro l ler-shaped  an d  disc­
shaped  pebbles, s ince it  co m pares  c to  the  
av erage  of a and  b. T h u s  i t  does no t  offer 
a  m eans  of avo id ing  th e  deficiencies of 

R ou nd ness  (R c) has  been defined by 
Cail leux (1947) as  th e  ra t io  of th e  d i­
a m e te r  of the  sh a rp e s t  corner  (2r) in the  
p lane  of m a x im u m  pro jec tion  a n d  the 
g rea te s t  leng th  a. I t  b ea rs  a  c e r ta in  re ­

sem b lance  to  th e  W ad e l l -K ru m b e in  de f­
in i t ion  of roundness,  which as  a first 
a p p ro x im a t io n  m a y  be w r i t ten  as 
R k  = 2 r /b . In  b o th  cases the  m ax im u m  
value  o f  2r = b and  i t  is obvious t h a t  only 
w hen t h e  largest  pro jec tion  of th e  partic le  
is a  circle can Rc reach  its  m ax im um  
va lue  of 1. A cy linder capped  by  two 
s p h e re s  is perfectly  rou nd ed ,  2r = b and  
R k  =  1, b u t  Rc  m ay  h ave  one of a n  infinite 
series o f values, d epend ing  on th e  ratio  
b /a . A s  a m a th e m a t ic a l  conception  Rc, 
p a r t ly  controlled b y  shape , is definitely 
in fe r io r  to R k.

If  w e  assum e the  la rges t  pro jec tion  to 
be an  ellipse then  2r = b2/a ,  R k  =  2 r/b  =  
b /a  a n d  Rc = 2r/ a = b'1 / af  T h e  relation  
b e tw e e n  Rc an d  R k  is th u s  th e  fu nc ­
tion  2 r /a  = (2Ar/b 'f ' or Rc = (R k )2. W hen 
th e  la rg es t  p ro jec tion  is n o t  an  el­
lipse R k  will a lw ays  be h igher  for the 
sam e v a lu e  of Rc, th a n  th e  va lue  given 
b y  th e  equation . T h e  R c  va lues  of all 
p eb b le s  of U rk  have been classified ac ­
co rd in g  to the ir  R k  classes. T h e  a r i th ­
m etic  mean and s ta n d a rd  dev ia t ion  of 
th e  R c  d is tr ibution  in each R k  class have  
been p lo t ted  in figure 7 ag a in s t  th e  m id ­
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F ig . 7.— Relation between Krumbein roundness (Rk) and arithmetic mean and standard 
deviation of Cailleux roundness (Rc) in each class of Rk  for all Urk samples. Broken line: 
theoretical relationship, when the largest projection is an ellipse.

p o in t  of th e  la t te r .  T h e  cu rv e  for the  
positive d ev ia t io n  closely agrees  w ith  th e  
theore tica l  re la tion  for a n  ell iptical p ro ­
jection . T h e  m a jo r i ty  of th e  pebbles ,

however,  a p p a re n t ly  h av e  p ro jec t ions  
t h a t  a re  no t  ellipses and  th e i r  R k  va lues  
a re  h igher than  expected  from theore tica l  
considerations.



110 TJ.  LI. V A N  A N D E L  E T  A L .

T a b l e  I I I ,— Correlation between size and shape and size and roundness in  
the 20-40 mm grade of U rk samples

Sample
number n

Shape —Size Roundness—Size

r P r P

le 100 0.17 > 0 .  10 0.18 0.10
3 a 100 0.13 > 0 .  10 0.18 0.10
3c 100 0.16 > 0 . 1 0 0.09 > 0 .1 0
7 100 0.11 > 0 . 1 0 0.11 > 0 .1 0

T h e  d e te rm in a t io n  of 2r for Rc  is 
carr ied  o u t  b y  selecting v isually  the 
sha rp es t  corner  an d  d e te rm in ing  its  d i­
a m e te r  on a  disc w ith  concentr ic  circles to 
th e  n eares t  0.5 m m . W ith  decreas ing size 
an d  roun d in g  th e  accuracy  of th is  tech ­
nique also decreases rap id ly  (Berthois, 
1952).

T h e  n u m ero us  s tu d ies  m en t ioned  be­
fore d e m o n s tra te  t h a t  in sp i te  of their  
deficiencies R c  a n d  F  a re  v a lu ab le  tools 
especially in e n v iro n m en ta l  studies.  I t  is 
beyond  d o u b t ,  how ever,  t h a t  a  large 
scale app lica t ion  of R k , S  an d  Zingg per­
centage  would  yield th e  sam e  results . T h e  
de te rm in a t io n  of 5  is s l ightly  m ore  time- 
consum ing  th a n  t h a t  of F, b u t  th is  is 
coun te r -b a lan ced  b y  th e  more rap id  and 
ac cu ra te  d e te rm in a t io n  of R k  as  com ­
p ared  to  t h a t  of Rc. Personal experience 
and  published d a t a  (K ru m b e in ,  1941a) 
show, t h a t  th e  accu racy  of all m easu re ­
ments ,  even w hen carried o u t  b y  dif ferent 
persons, is v e ry  sa t is fac to ry .

A  definite re la tion  exis ts  between 
ro undness  or spher ic i ty  a n d  size. Since 
sep a ra te  d e te rm in a t io n s  in all size grades 
would  be  too  t im e-consum ing ,  on ly  the  
20-40 m m  g rade  has  been s tud ied .  W i th ­
in th e  lim its  of th is  g rade  th e re  is no sig­
n if icant re la t ion  betw eeen  size an d  shape 
or roundness.  C orre la tion  coefficients (r) 
for s ize /ro u n d n e ss  an d  s ize /sp he r ic i ty  
w ith in  th e  chosen g rade  h av e  been  cal­
cula ted  for a  se t  of rep re se n ta t iv e  s a m ­
ples, using  & a s  a  size m easure .  T h e  cor­
re la tion  is v i r tu a l ly  n o n -ex is ten t  in all 
cases, since r is low an d  P ,  in d ica t in g  the 
p ro b ab i l i ty  t h a t  th e  re la t ion  is due to 
chance only, is  high.

S in c e  th e  rock  ty p e  is of considerable  
in f luence  on th e  effects of a b ras ion  a n d  on 
s h a p e ,  pé trog raph ie  h om ogene i ty  of the  
m a te r ia l  is necessary. In  th is  s tu d y  lime­
s to n e  has been selected for i t s  ab un d an ce ,  
easy  recognisability , c o m p a ra t iv e  su s­
cep t ib i l i ty  to  w ear  an d  ra th e r  uniform 
h a rd ness .  Sam ples le, 3a, 3c, a n d  7 have 
been measured for one h u nd red  rand om ly  
p ick ed  pebbles (tab le  I I I ) .

S H A P E  A N D  R O U N D N E S S  O F  T H E  
U R K  G R A V E L S

T h e  roundness  and  shap e  f r equency  
d is t r ib u t io n s  of each sam ple can  be  su m ­
m ar ize d  in conventional s ta tis t ics ,  t h a t  
is in  te rm s of a norm al p ro b ab i l i ty  d is­
t r ib u t io n  an d  d ev ia t ions  thereof. U su a l­
ly t h e  median  an d  quart i le  p a ra m e te r s  
a re  used, b u t  for th e  p resen t  stud} ' i t  was 
t h o u g h t  t h a t  s ta t is t ic s  descr ib ing  no t  
o n ly  the  centra l p a r t  of th e  d is tr ib u t io n  
b u t  also i t s  ex trem e  ends would  be  m ost 
r e le v a n t .  H ence  th e  first th ree  m o m en ts  
a b o u t  the  m ean  have  been ca lcu la ted  
a n d  th e  a r i th m e t ic  mean, s t a n d a rd  d e v ia ­
t io n ,  and skewness of th e  f r eq uen cy  dis­
t r ib u t io n s  of R k , Rc, S  an d  F  h av e  been 
t a b u la te d  in table  IV  tog e th e r  w i th  the  
Z ingg  percentages.

T h e  d a t a  for R k  an d  Rc  have  been re­
p re sen ted  in figure 8. A ssum in g  as  a 
w o rk in g  hypo thes is  t h a t  d is tan ce  of 
t r a n s p o r t  is one controll ing  fa c to r  for 
roundness ,  th e  m eans  of th e  c-series of 
T a i l  sam ples have  been p lo t ted  ag a in s t  
th e  d is tance  from th e  is land, a  po ten t ia l  
g rave l source. T h e  sam ples  of lens till 
(no. 7), residual ridges (no. 5) a n d  U rk  
sand ,  p resum ab ly  in th e  given order ,  also
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T a b l e  I V .— Arithmetic mean, standard deviation and skewness o f the frequency distributions of 
roundness (Rc — Rk) and shape (S — F) and Zingg values of all Urk samples

S am p le  num ber le 2b 2c 3a 3b 3c 4a 4c 5 7 8

R k  =  K rum bein  roundness

A rith m . M ean_X  
S td . E rro r  of X
S td . D ev. <7
S kew ness a

.494 
.008 
.085 

+  .040

.500 

.010 

.096 
+  .045

.499 

.007 

.071 
+  .040

.549 

.009 
.086 

+  .055

.537 

.008 

.080 
+  .049

.533 

.007 

.075 
+  .056

.553 

.009 

.089 
+  .047

.575 

.008 

.082 
+  .032

.422 

.010 

.102 
+  .057

.305 

.013 

.133 
+  .076

.478 

.010 

.105 
+  .093

R c =  C ailleux roundness

A rith m . Mean_.Y 
S td . E rro r  of X  
S td . D ev. a 
Skew ness a

.234 

.010 

.104 
+  .074

.282 
.014 
.139 

+  .109

.259 

.009 

.095 
+  .044

.267 

.010 

.106 
+  .042

.298 

.012 

.117 
+  .076

.309 

.012 

.123 
+  .095

.289 

.013 

.127 
+  .118

.333 

.011 

.114 
+  .018

.156 

.010 

.102 
+  .110

.085 

.006 

.059 
+  .112

.194 

.013 

.102 
+  .099

S = S p heric ity

A rith m . M ean_Ÿ  
S td . E rro r  of X  
S td . D ev. a 
Skew ness a

.698 

.007 

.070 
+  .228

.678 

.010 

.104 
+  .048

.695 

.007 

.074 
+  .111

.699 

.007 

.075 
+  .148

.729 
.008 
.083 

+  .408

.747 

.008 

.079 
+  .744

.720 
.009 
.088 

+  .627

.702 

.008 

.076 
+  .403

.711 

.007 
.073 

+  .053

.690 

.008 

.084 
+  .059

.685 

.008 

.076 
+  .381

F  =  F la tn ess  ra tio

A rithm . M ean_Ÿ  
S td . E rro r  of X  
S td . D ev. a 
Skew ness a

1 .75 
0 .05  
0 .4 9  

+ 0 .S 2

2 .45  
0 .1 0  
0 .9 6  

+  1.03

1.81
0 .0 5
0 .5 4

+ 0 .5 6

2 .0 2
0 .0 6
0 .57

+ 0 .6 1

1 .86 
0 .0 7  
0 .6 8  

+ 0 .8 3

1.75
0 .0 4
0.42

+ 0 .4 3

2 .0 0
0 .0 7
0 .6 6

+ 0 .7 4

1 .86
0 .05
0 .47

+ 0 .4 8

1.75
0 .0 4
0 .39

+ 0 .4 9

1 .9 6  
0 .0 5  
0 .5 0  

+ 0 .3 9

1.93 
0 .0 5  
0 .4 7  

+ 0 .4 0

Zingg sh ap e  percen tages

B laded 6 14 6 12 9 3 10 5 4 5 10
R od-like 14 13 12 12 15 13 15 10 16 26 15
D isc  shaped 38 64 48 54 42 44 44 45 42 50 50
S pherical 42 9 34 22 34 40 31 40 38 19 25

re p re se n t  a series of progressive wear, 
b u t  th e  d is tances  of t r a n s p o r t  co rre ­
spond ing  to  each s tage  are u n k n o w n  and 
even  low an d  ir re lev an t  in th e  case of 
w ave-rou nd in g  in th e  residual ridges. In  
th e  lef t hand  p a r t  of figure 8 these  s a m ­
ples are therefore  spaced eq u a lly  a n d  the  
s teep  rise of th e  curve  co nnec t ing  the ir  
m e a n  roundnesses does n o t  r ep re se n t  an 
especially rap id  increase. O n ly  th e  c- 
ser ies has  been  represen ted ,  since on ly  
these  sam ples were ta k e n  in com parab le  
places. O nly  such sam ples can  be  com ­
pa red  directly , since i t  is conceivab le  t h a t  
a  low er or h igher position on th e  gravel 
wall m a y  app rec iab ly  affect roundness.  
O n  th is  p o in t  th e  availab le  in fo rm at io n  is 
s o m e w h a t  con trad ic to ry .  W e shall first 
confine the  discussion to th e  R k  d a ta .

T h e  increase of roundness  w ith  in creas­
ing d is tance  from th e  island p o in ts  again  
to  th e  boulder c lay  of U rk  a s  th e  principal

source and  confirms th e  reasoning  based 
on th e  com posit ion  of th e  gravel.  If  we 
a ssum e  th e  gravel of th e  bou lder  c lay  of 
U rk  to  have  th e  sam e  m ean  rou nd ness  as 
th e  pebbles  of sam ple  no. 7, we m a y  t e n ­
ta t iv e ly  rec o n s tru c t  th e  com ple te  round- 
ness-dis tance g rap h  (fig. 9) T h e  shape 
of th is  cu rve  is q u i te  rem arkab le .  A fte r  a 
s teep  rise the  cu rve  levels off m a rked ly  
a f t e r  a b o u t  1500 m. In  general sh ape  th is  
p a r t  of th e  curve is qu ite  s imilar  to a b r a ­
sion mill graphs published b y  K ru m be in  
(1941b) b u t  for th e  d is tance, w hich  is 
on ly  a b o u t  half th e  d is tance  of t r av e l  in 
th e  ab ras ion  mill. W e m a y  see here the  
influence of the  w aves  on th is  so m ew h a t  
exposed shore, w ash ing  the  pebbles  back  
a n d  fo r th  a n d  causing th e  ac tu a l  d is tance  
of t r a v e l  to  be m u ch  g re a te r  th a n  the  
d is tan ce  measured in a  s t r a ig h t  line from 
th e  p o in t  of depar tu re .

A f te r  th is  subhor izonta l  p a r t  th e  curve
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F i g .  8 .—Variations of mean roundness (Rk and Rc) along the Tail of Urk (horizontal axis 
indicates held spacing of samples) and among possible source gravels (spacing unrelated to 
transport distances).

surpris ing ly  s t a r t s  to  rise again  a b o u t  
ha lfw ay  do w n  th e  T a il .  T h i s  b ehav io r  
recalls th e  un expec ted  increase of grain 
size w ith  increasing d is tan ce  from th e  
island as  described before. P ro b ab ly  th e  
ex p lana tion  is th e  sam e  a n d  has  to  be 
sou gh t  in a n  increase  of w ave  energy 
where th e  p ro tec t ion  offered by th e  island 
g radua l ly  d isappears .  T h u s  th e  pebbles 
e n te r  a second cycle of ro u nd in g  a f te r  
the ir  first a d a p ta t io n  to  th e  m o dera te  
vigor of t r a n s p o r t  a long  th e  island shore.

T h e  tr e n d  of th e  ro u n d in g  curve  a t  th e  
sam e t im e  seem s to  exclude th e  possi­
bil ity  of a  fresh su p p ly  of gravel, for in ­
s tance  from th e  U rk  sand  from th e  n orth ,  
since such a  su p p ly  of re la tive ly  low 
ro undness  w ould  considerab ly  affect the  
sm ooth  rise of th e  curve .  T h e  possibility

rem ains ,  however, t h a t  th e  T ail  has 
o r ig ina ted  as  a re su l t  of concen tra t ion  by 
w a v e s  of a local p a tch  of U rk  sand  suffi­
c ien t ly  long ago to reach  a s tage  of ro u n d ­
ne ss  equilibrium. T h e  roundness  curve  in 
t h a t  case would on ly  reflect th e  a d a p ta ­
t io n  a t  each p o in t  to local w ave  ac t iv i ty  
a n d  no t  th e  rela tion  be tw een  round ing  
a n d  tran sp o r t .  T h e  p é t ro g raph ie  co m p o­
s i t io n  is n o t  a  ver)" rel iable a rg u m e n t  
ag a in s t  th is  hypothes is ,  since U rk  ty p e  
s a n d  deposits  so ne a r  th e  island m a y  well 
h a v e  had a com posit ion  m ore  s im ilar to 
t h a t  of lens till  t h a n  sam ple  no. 8. On th e  
o th e r  han d  a  progressive increase of 
w av e  energy, sufficient to  explain the  
f irs t steep increase of roundness,  seems 
h a rd ly  p robable  a long  th e  is land beach. 
M oreover  longshore t r a n s p o r t  c a n n o t  be
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F ig . 9 .— R e c o n s tru c te d  re la tio n  b e tw e e n  m ean  ro u n d n e ss  a n d  d is ta n c e  of 
t r a n s p o r t  o n  U rk .

ruled o u t  w ith  wind d irec tions  from  th e  
sou th -sou thw es t.  A  com p os ite  origin 
seems therefore  probable .  A n  a r g u m e n t  in 
favor  of such a  composite  origin is the  
re la tive  scarceness of g ravel be tw een  the  
is land core a n d  p o in t  2. W e m a y  th e re ­
fore te n ta t iv e ly  explain th e  T ail  a s  a  w ave 
co n cen tra te  of a n  U rk  sand  ty p e  deposit,  
which itself originally has  been derived 
from till. Some supp ly  of g ravel d irec tly  
from  th e  is land  m u s t  h av e  been  going on. 
R e cen t  su p p ly  of U rk  s an d  from  the  
n o r th  or n o r th w e s t  seems im probab le .

T h e  s t a n d a rd  dev ia t ion  of th e  ro u n d ­
ness f r equency  d is t r ib u t io n s  shows a

m arked  te n d en c y  to  decrease w ith  in ­
creasing m ean  roundness  un ti l  th e  first 
equil ibr ium stage  is reached. A p p a re n t ly  
all pebbles te n d  to reach th e  sam e ro u n d ­
ness which is the  m ean  rou nd ness  of the  
equilibr ium stage. T h e  onse t of a  new 
cycle of ro und ing  in te r ru p t s  th i s  develop­
m e n t  and is accom panied  by  a  s l ight 
increase of th e  s ta n d a rd  d ev ia t ion  possi­
b ly  a s  a r e su l t  of ch ipp ing  an d  even 
in itia l b reakage. In  th e  l ig h t  of the  
th e o ry  on th e  origin of th e  T a il  a s  given 
a b o ve  this  m e a n s  t h a t  no  perfec t  a d a p t a ­
tion  to  local w ave energy  a n d  no com ­
plete  s tab i l i ty  have  as  y e t  been  reached.
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F i g . 10.—Changes in shape in a  section 
across the Tail a t  location 3.

T h u s  longshore t r a n s p o r t  ma)" still be 
im p o r tan t .  T h e  a s y m m e t ry  a s  expressed 
in th e  skewness of th e  d is t r ib u t io n s  is 
small and  positive. T h e  la t t e r  indica tes  
t h a t  everyw here  a n  apprec iab le  nu m b er  
of pebbles a re  considerab ly  less rounded  
th a n  the  m a jo r i ty ,  b u t  t h a t  now here 
have  a n y  been ro unded  m uch  be tte r .  
T h is  again  p o in ts  to th e  exis tence of a  
roundness  m ax im u m  for each local set of 
conditions. F ro s t  ac t io n  an d  glacial 
t r a n s p o r t  easil> a cc o u n t  for th e  v e ry  
high skewness in th e  source  m a te r ia l  (no. 
7). In  th is  case of no. 8, an  ex p lana t ion  is 
n o t  easily given b u t  m a y  be  so u g h t  in the  
fac t  t h a t  th is  is th e  o n ly  depo s i t  in which 
sand  predom ina tes .

T h e  Rc  d a t a  show th e  sam e  general in ­
crease, b u t  w ith  less de ta i l  (f igure 8). I t  
would  be possible to  t r ace  a n d  explain all 
dev ia t ions  from th e  R k -curve  b y  m eans  of 
a de ta i led  an a ly s is  of th e  a, b re lations. 
T h e  second ro u n d in g  cycle for in s tance  is 
en tire ly  obscured  b y  th e  m u ch  higher

ra te  o f  increase of high Rc  as  com pared  
to  h ig h  R k  va lues  (com pare  fig. 7). Since 
each o f  the  lower Rc classes com prises  a 
m uch w id e r  range  of ro un dn ess  values 
th a n  d o  the  lower R k  classes, a  re lation  
which g rad u a l ly  reverses  w ith  increasing 
ro u n d n es s ,  th e  Rc  s t a n d a rd  d ev ia t ion  
begins low, increases to  a  m a x im u m  a n d  
decreases  again.

In sp ec t io n  of th e  shape  d a t a  of ta b le  IV  
shows t h a t  no significant v a r ia t io n s  in S, 
F  o r  Z ingg  values  are  d iscernable  a long  
th e  T a i l .  T h e  v ar ia t ion  is small and  
h a rd ly  exceeds th e  s t a n d a rd  e rro r  of e s t i ­
m a te  o f  the  m ean . If  th e re  is a  ten d en c y  
of spec ia l  shapes  to  be t r a n sp o r ted  more 
ra p id ly ,  th e  effect is en t i re ly  obscured  by  
th e  inaccu rac ie s  of sam pling  an d  analysis .

A profile  across  th e  wall, on th e  o th e r  
hand ,  shows a  m arked  regu la r i ty .  T h e  
c h a n g e s  in section 3 are  p resen ted  in fig­
ure  10. T h e  o the r  sections a re  incom plete  
a n d  t h e  positions of th e  sam ples,  a s  a p ­
pears  fro m  figure 2, a re  n o t  com parab le .  
T h e  m a rk e d  decrease of sp h e r ic i ty  and  
in c rease  of flatness to w a rd s  th e  to p  of the  
wall is  explained b y  th e  c o n cen tra t ion  of 
spher ica l  partic les on  the  p la t fo rm  and  
b lad ed  and disc-shaped pebbles  high on 
th e  s lope  (Zingg values).  T h e  rod-like 
p eb b le s  show no  special preference. Since 
spher ica l  part ic les  are  more susceptib le  
to  t r a c t io n  and  flat part ic les  are  more su s­
cep tib le  to suspension t r a n s p o r t  (Wadell,  
1934, K rum bein ,  1942), i t  seem s th a t  
suspension  t r a n s p o r t  is th e  m ain  a g e n t  in 
w ave sorting . Possibly th is  ac t ive  la teral 
s o r t in g  process is p a r t ly  responsible for 
th e  la ck  of longshore sh a p e  sorting .

T h e  5  and  F' frequency  d is t r ib u t io n s  
show n o  significant v a r ia t ion s  in s t a n d a rd  
d ev ia t io n  a n d  the i r  skewnesses v a ry  
largely  and erratically.

C ail leux  (1945, 1947, 1948) a n d  T r i ­
c a r t  a n d  Schaeffer (1950) give typ ica l  
va lu e s  for F  an d  R c  in va r ious  en v iro n ­
m en ts .  T h e ir  va lues  for glacial an d  m a ­
rine pebb les  h av e  been tab u la te d  below 
( tab le  V) for comparison w ith  th e  U rk  
sam ples.  T h e  general a g re e m e n t  is qu ite  
sa t is fac tory .  U n fo r tu n a te ly  insufficient
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T a b l e  V.— Typical roundness and shape values of morainic and 
beach pebbles compared to Urk data

Morainic Gravei Beach Gravel

RC F Rc F

Cailleux 1948 — — 0.32 -0 .51 2.3 -3 .4
Cailleux 1947 — 1.7 — 2.0 -3 .0
Cailleux 1945 — — 0.250-0.610 —
Tricart & Schaeffer 0.100-0.150 — 0.300-0.350 —
Urk + 0 .100 1.75 0.200-0.330 1.75-2.50

R k  a n d  S  d a t a  are  availab le  to  p e rm i t  a 
s im ilar comparison.

S U M M A R Y  A N D  C O N C L U S IO N S

T h e  resu lts  of th is  s tu d y  m ay be s u m ­
marized a s  follows:

A. C oncern ing  m ethods  of inves tiga tion .

1. K ru m be in  (R k)  a n d  Cailleux 
roundness  (Rc) a re  closely related . 
D e te rm in a t io n  of R c  is more p re ­
cise a t  least for h igher  classes th a n  
d e te rm in a t io n  of R k ,  b u t  also more 
t ime-consuming.

2. R k  d a t a  seem to  p rov ide  m ore  de­
tailed  a n d  more p e r t in e n t  in fo rm a ­
tion th a n  Rc  da ta .

3. S pheric ity  (S ) and  fla tness  ( F ) are 
shape  fac tors  of th e  sam e  ty'pe an d  
bo th  provide  inco m ple te  in fo rm a­
tion only. D e te rm in a t io n  of S  is 
more leng thy  b u t  p ro v ides  Zingg 
sh ape  v alues  a t  th e  sa m e  t im e. T h e  
l a t te r  co n s t i tu te  a  necessary  a d d i ­
tional source of in fo rm at ion .

4. R k , S  a n d  Zingg d a t a  tog e th e r  
c o n s t i tu te  a  set of m easures  which 
are  a s  p rac t icab le  as  an d  more 
r e le v a n t  th a n  Rc an d  F.

B. C oncern ing  th e  U rk  gravels.

5. P e t ro g ra p h ie  a n d  roundness  d a ta  
p o in t  to  lens till in th e  is land a s  a 
source  of th e  T ail  gravel. P robab ly ,  
how ever,  a  p a tch  of U rk  ty p e  sand 
m a te r ia l  has  p a r t ly  supplied  th e  
m ate ria l .  Longshore t r a n s p o r t  
probably7 play'ed a m inor b u t  sig­
n if icant par t .

6. R ou n d n ess  and  grain size increase 
w ith  increasing d is tance  from  the 
is land, p ro b a b ly  in consequence of 
progressive d isappea rance  of the  
pro tec t ion  offered b y  the  is land.

7. T h e  rou nd ness  a t  each po in t  of th e  
T ail  is largely in equ il ib r ium  w ith  
local w ave energy.

8. S h ape  so r t in g  is a  fac tor in th e  d is­
t r ibu t ion  across b u t  n o t  a long  the  
Tail .
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