
SAMPLE OF SAND from beach at Coney Island in New York City 
includes old grains that show typical rounding. This sand is 
principally quartz and originated in granite rock. To develop

such a degree of rounding the grains may have been turned over 
in several cycles of erosion and consolidated more than once in 
sandstone over a period of some hundreds of m illions of years.
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SAND

The geologist defines it as particles of rock  betw een .05 
and tw o m illim eters in  diam eter. The shape of sand grains, 
tran sp o rted  by w ater and wind, is a clue to  the ir h istory

by Ph. H. K uen en

Sand is one of the m ost common m a
terials on the surface of the con
tinents. M ost apparen t to  the eye 

on dunes and beaches, it also makes up 
the bulk of river deposits, a lthough  it is 
often masked by clay  or vegetation. In 
deed , the prevalence of sand distin
guishes the deposits accum ulating on the 
continents from the m aterials on the 
ocean bottom. Beds of sand occur here 
and there on the deep-ocean floor, b u t 
clay is the dom inant m arine sediment. 
Both sand and clay are end products of 
the erosion of continental rock. The little 
grains of sand have been som ewhat neg
lected by geology until recent years, al
though  they have played a m ighty role 
in the history of the continents.

The very abundance of sand has m ade 
it so fam iliar th a t even geologists did 
no t stop to  ask how it came to  occupy 
its place in the landscape and w hy it 
tends to accum ulate in masses of un i
form grain size. Since the vast majority 
of the ancient sedim entary rocks exposed 
on the continents are of m arine origin, 
most of them  are shales (from  clay) and 
limestones (chiefly from the skeletons 
of m arine organism s); less than  25 per 
cent are sandstones (from  sand). I t also 
happens th a t sandstones contain fewer 
fossils than do shales and limestones. 
Shales and limestones therefore held 
greater in terest in the days w hen geolo
gists w ere concerned w ith general ques
tions of the deform ation of sedim entary 
rocks by m ountain-building processes 
and sought to fix the age of the rocks by 
study of fossils enclosed in them . Now 
th a t the advance into the unknow n has 
broadened, geologists are realizing tha t 
sandstones and sands hold the key to 
m any questions still unansw ered. The 
mineral composition of sands can reveal 
their source; the surface markings and 
lam ination of sandstone beds show how

the sedim ents w ere laid down and ind i
cate the direction from w hich the sand 
came; sand-grain sizes and shapes tell 
w hether the sandstone originated w ith 
sand in a river, on a beach or in a dune, 
and thus yield invaluable inform ation 
about ancient geography.

Scientific interest in sands and sand
stones has been encouraged by pow erful 
economic motives. In glass, concrete, 
brick and build ing stone, these m aterials 
are the major comm odities of the con
struction industry. Sands in the subsoil 
are the principal reservoirs of ground 
w ater, the supply of w hich is now so 
hard-pressed by the needs of urban 
civilization. Geological inquiry into sand 
derives its most compelling motivation, 
however, from the petroleum  industry, 
which has been encountering increasing 
difficulty in prospecting for new  sources 
of oil and gas.

All the obvious places to drill for oil 
have long ago been drilled. They w ere 
indicated by the g rander features of 
geologic structure: domes and m ajor 
cracks and folds in stratified rock. Geol
ogists are still discovering rich accum u
lations of oil, bu t in hoard chambers 
cunningly secreted by nature—in geolog
ically little-disturbed areas where sub
terranean sand strata pass laterally into 
im pervious clay-rich beds that keep the 
oil from escaping. W ithout the help of 
disturbed strata, the geologist m ust a t
tem pt to  locate sandy channel-bottoms, 
beach ridges, reefs and similar form a
tions deep underground. The more he 
can deduce from samples brought up by 
the first test well, the greater the chance 
of successfully reconstructing the ancient 
geographic situation and so of drilling 
the next well at a productive spot. I t is 
like sitting on a roof w ith a long drink
ing straw  tipped  w ith a drilling b it and 
trying to find milk bottles in the build

ing below. In  effect the geologist must 
learn to  in terpre t the various corings of 
wood, concrete, household utensils and 
so on in order to  find the kitchen and 
then locate the refrigerator.

T he term  sand, as geologists use it, 
means an accum ulation of sedim entary 
particles having a diam eter betw een .05 
and tw o millimeters. Larger grains are 
classified as gravel and finer ones as 
silt (.05 to .004 m m .) or as clay (less 
than  .004 nini.). Sands m ay come from 
rocks composed of calcium carbonate 
(lim estone), alum inum  silicate (fe ld 
spar) or silicon dioxide (q u a r tz ) . Q uartz 
is so m uch the most abundant m ineral 
occurring in sand grains tha t the term  
“sand” is usually taken to  m ean quartz 
sand.

The O rigin  of Sand

U ltim ately all sedim entary materials 
stem from rocks th a t have form ed from 
the cooling of hot molten m atter: either 
lava or volcanic ash, or rocks such as 
gneiss and granite th a t have consoli
dated  a t great depths in the earth’s crust. 
M echanical breakdow n produces boul
ders and pebbles. Chemical breakdow n 
(m ainly of feldspar) yields clay; chem i
cal action also puts elem ents such as 
calcium  and silicon into solution and so 
carries them  over into the life cycles of 
p lants and animals.

W hat then is the origin of sand? It is 
common knowledge th a t boulders and 
cobbles occur in m ountainous areas, that 
gravels prevail downstream w here the 
rivers descend from the m ountains to 
broader valleys, and tha t sand and clay 
comprise the usual w ater-borne deposits 
in the lower reaches of the river. The 
first deduction from these observations 
is tem pting: M echanical w ear during 
the long journey from source to m outh
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SOURCE AND D ISTRIBUTIO N OF SAND are shown in this 
imaginary landscape. The weathering of rock in the mountains 
and uplands (left)  constantly renews the supply of angular grains.

30 40 50

These are carried by mountain streams to a river in the lowlands 
(center) .  The river, in its meandering over the years, distributes 
the sand broadly over the floor of the valley, where it may be

w hittles down pebbles to sand sizes, the 
“chips” being silt and clay. But quanti
tative considerations quickly rule out 
this conclusion. T he ratio betw een the 
volum e of the pebble and th a t of the 
grain of sand w hich is supposed to be 
w hittled out of it is such tha t to produce 
a drinking glass full of sand would re 
quire a shipload of gravel. The real rea 
son for the downstream  decrease in grain 
size is selective tran sp o rt As the river 
descends to  gentler slopes and out onto 
the valley floor, the gradual slackening 
of current velocity allows progressively 
smaller particles to fall by the way, until 
a t the m outh only the finest sand, silt 
and  clay are carried into the sea.

The angularity of most sand grains 
furnishes additional proof tha t they are 
not abraded pebbles. Sand m ust there
fore have a different origin, and the true 
source is not far to seek. Chem ical and 
m echanical disintegration constantly 
eat away at gneiss and granite rocks 
and at the boulders and pebbles of these 
rocks. In localities w here there is strong 
chemical “w eathering,” prom oted by 
vegetation and heavy rains, clay and 
quartz grains are the chief products. 
W here m echanical disintegration pre
dominates, in deserts and alpine regions, 
feldspar and quartz  grains come to life. 
Exam ination of the soil covering m oun
tain uplands and of the screes—the ru b 

ble-littered zones—at the foot of steep 
peaks shows sand particles in abundance.

T ransportation  by W ater

After b irth  the grains are washed 
downhill and eventually find their way 
onto the stream bed. The journey down 
a m ountain stream can happen relatively 
quickly if the particle is taken into sus
pension. But this is unusual for a grain 
of sand. The sand grains tend  to  roll 
and bounce along the bottom  for a short 
distance and then to accum ulate in an 
eddying  pool or in the lee of a boulder. 
Years m ay pass before the next lap  in the 
seaw ard journey. At last the grain leaves

ANGULAR sand grains are relatively young. In  this state the grain breaks free from the parent POLISHED sand grains occur in
rock and starts out on its long journey by river, from the mountains to the continental lowlands. river beds. Chemical action in water
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concealed by overlying deposits of silty clays and vegetation. In 
the process the angular grains begin to be slightly rounded. W here 
the sand is exposed on deserts, wind abrasion rounds the grains

90 100 110

much more com pletely. Because sand grains are too heavy to be 
carried by the winds or transported by the rivers beyond tidal 
estuaries into the sea ( r ight ) ,  sand accum ulates on the continents.

the  m ountains by way of a river. In the 
slower-moving w ater the same spasmodic 
kind of travel continues, b u t at a slacker 
pace. The grain may also be washed 
over the bank of the river and deposited 
on its flood plain; in th a t case a much 
longer period of rest may ensue. Not u n 
til the  river alters its course, gradually 
reworking its own deposits, will it suc
ceed in recapturing such a grain and set 
it going again on its dow nstream  course. 
A m edium-sized river will take some
thing on the order of a million years to 
move its sandy deposits a distance of 
100 miles downstream.

Few  im portant rivers appear to be 
carrying sand out into the sea, and only

silt and clay reach the oceans in large 
quantities. A short tim e ago, geologically 
speaking, w hen the glaciers covered the 
continents, and sea level was some 300 
feet lower than  it is now, the rivers ran 
more briskly into the sea. Then they car
ried some sand offshore. As the ice 
melted, however, and the sea returned 
to a more norm al level, the  slackening of 
current in the tidal estuaries of most of 
the world’s great rivers caused sand to 
be deposited well inshore.

Along the coast and on the continen
tal shelf several processes keep the sand 
in motion. The inflow and backw ash of 
breakers sweep sand up and down the 
beach. W here the waves m eet the beach

at an angle, they carry the grains in a 
zigzag path  dow nwind, as the w ater al
ternately  rushes obliquely up the beach 
and runs back down the slope. W ave 
commotion dies out rapidly w ith depth , 
and even storm waves do not stir a sandy 
bottom  at depths greater than 100 feet. 
Tidal currents shift the sand back and. 
forth in a more leisurely rhythm . Ocean 
currents do not usually brush the bottom  
w ith sufficient force to carry sand. H ow 
ever, waves frequently  join forces w ith 
currents, and their com bined action may 
set the grains in motion at depths of 150 
feet. There are some sandy areas on th& 
sea floor at greater depths, bu t only be
cause clay is being washed away from

imparts polish, but grains were prob- FROSTED sand grains are typical of deserts. Grains are rounded by abrasion in  wind transport
ably rounded first by abrasion on land. and subsequently frosted by the chem ical action that attends wetting by dew and drying by sun.
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TU R BID ITY  CURRENT explains the occurrence of sand deposits on the deep-sea bottom  
and the origin of sandstone beds in ancient marine basins now upraised on the surfaces 
of the continents. In these diagrams the vertical scale is exaggerated about 100 times. Sand 
and silt accumulating in submarine canyon at the edge of the continental shelf (top draw
ing)  becom e unstable and start to slide. As the material slides, it churns up and creates a 
layer of water with a higher density than clear ocean water; the momentum  of this turbid 
mass carries the sand long distances across the ocean floor i middle  drawing) .  Successive 
deposits of sand, covered by layers of slowly accumulating silt, consolidate to form sand
stone strata separated by layers of clay and shale consolidated from silt (bot tom drawing ) .
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these areas and not because new  sand 
is being supplied to them . The sand on 
the deeper stretches of the continental 
shelf, at a depth of perhaps 300 feet, 
m ust have been laid dow n w hen the seas 
w ere shallower.

T urb id ity  C urrents

It is not surprising that geologists 
came to look upon sandstone beds any
w here among the rocks as indicative of 
quite shallow w aters at the tim e w hen 
the beds w ere laid down. This axiom led 
to difficulties, because there are m any 
thick sequences of sedim entary rock in 
w hich sand layers alternate w ith clay. In  
some eases these sediments contain fos
sils of animals tha t lived on the sea bo t
tom in depths up to several thousand 
feet. This apparent contradiction has 
been resolved by the discovery of “tu r
bidity currents.” W here sand and clay 
accum ulate on steep subm arine slopes, 
the deposit tends to becom e unstable. I t  
starts to slide and churns up to form a 
body of tu rb id  w ater w ith a density high
er than  that of the clear ocean. This 
“heavy w ater” then  accelerates down the 
subm arine slope; w ith sufficient velocity 
to keep its load in suspension, it con
tinues flowing out across the ocean floor. 
Such turbidity  currents can carry along 
m any tons of m aterial and run for long 
distances over favorable stretches of 
subm arine topography. R. A. Daly of 
H arvard University suggested 25 years 
ago tha t this m echanism  might explain 
the excavation of great subm arine val
leys running dow n the continental slope. 
In  our laboratory at the U niversity of 
Groningen in Holland we have con
ducted  experim ental investigations that 
support Daly’s hypothesis and show that 
turbid ity  currents have rem arkable ef
ficiency as agents of erosion. O ur experi
m ents have also indicated tha t the 
process will lay dow n sandy beds in 
w hich the size of the grains decreases 
gradually from the bottom  of the layer 
upw ard, w ith clay at the top. O ceanog
raphers have since found many sand 
beds far out in the deep ocean tha t show 
this “graded bedding.” They have also 
deduced several contem porary instances 
of the flow of turbidity  currents, recorded 
by the breaking of submarine telegraph 
cables [see “The Origin of Submarine 
Canyons,” by Bruce C. H eezen; S c i 

e n t i f i c  A m e r i c a n , August, 1956].
As a turbid ity  current spreads over 

the horizontal floor of the ocean, it must 
lose velocity and begin to deposit its 
burden. The driving force then d isap
pears and the flow peters out. Examina-
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tion of ancient rock-series has disclosed 
many formations built up by graded 
bedding. The graded sandstone beds al
ternate w ith beds of shale, showing tha t 
the ancient seas accum ulated thick lay
ers of clay and fine silt over the centuries 
and that once in perhaps 10,000 years a 
turbidity  current came along, leaving a 
graded bed  in its wake. The sandstones 
record m uch other evidence of the dy
namics of turbidity  currents. The churn
ing flow of the current tended to dig out 
rounded  trenches in the bottom  mud; 
w here it dragged along sticks and shells 
it drew  grooves in the soft ocean floor. 
These markings w ere filled w ith sand 
dropping from the current. The result
ing casts now stand forth on the lower 
surface of a sandstone bed from which 
the underlying shale has been removed. 
The lam inations of the graded sand- 
grains w ithin the sandstone show undu
lating patterns that preserve the ripples 
of the current; here and there the lam ina
tions are ben t and tw isted in a fantastic 
m anner by pressure changes that at
tended the sudden deposition of the sand.

These and m any other features bear 
testimony to the m agnitude of the dis
turbance tha t accom panies a turb id ity  
current in its invasion of the quiet ocean 
depths. Moreover, they record accurate
ly the direction in w hich the current 
flowed and hence indicate the direction 
of the bottom  slope. Such information 
makes it possible to reconstruct the to 
pography of m arine basins long since up 
lifted on the surfaces of the continents. 
In  several cases ancient currents have 
w ended their way for more than  100 
miles down the long axis of form er deep- 
sea troughs; recurrent flows have built 
up alternating sand and clay beds to 
depths as great as 6,000 feet. The study 
of such beds is barely 10 years old, bu t it 
has throw n interesting and unexpected 
light on the geography and history of an
cient m arine basins.

T ransportation  by W ind

W ind as well as w ater plays a part in 
transporting and distributing sand, silt 
and clay over the earth. W herever the

cover of vegetation is m eager or absent, 
the w ind sets sand in motion. The grains 
bounce and w riggle along, the bulk of 
them  not rising above knee height, bu t a 
few are high enough to sting the face if 
one stands in a strong wind. Silt and clay, 
on the other hand, will go into suspension 
in the w ind and will travel for long d is
tances above the ground. This explains 
the occurrence of the silty deposit called 
loess in the surroundings of certain des
erts and formerly glaciated areas. The 
w ind thus serves as an excellent sorting 
agent, separating silt, sand and pebbles 
from one another and leaving them  at 
large distances apart. D esert sands, how 
ever, tend to have a wide assortm ent of 
grain sizes. Rivers sift their sediments 
more selectively, depositing grains of 
similar size close together.

The shapes of sand grains have m uch 
to tell about their individual biographies. 
A sand grain in the new born state is ir
regular and angular in shape. W hen 
viewed w ith a pocket lens, however, 
m any grains appear smoothly rounded. 
Roundness here does not m ean spheric-

SANDSTONE STRATA alternating with shale reflect the action marine basin. In the centuries between the flow of such currents
of turbidity currents (see drawings on opposi te page ) in ancient the silt and clay settling in the deep water laid down the shale.
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DEEPLY CONTOURED SANDSTONE records the turbulence that the soft silt and clay on the floor of an ancient sea. Such natural
attended the deposition of the sand from a turbidity current in  casts are often found to occur on the underside of sandstone strata.

R IPPLE MARKS on the top of a sandstone stratum show that floor was flowing from right to left. Overlying mud, which consoli-
th e  turbidity current which laid down the sand on an ancient sea dated into clay or shale, has weathered away, exposing sandstone.
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ity, bu t the opposite of angularity; for 
example, a cylinder w ith hem ispherical 
ends is said to be rounded. The differ
ence betw een the young grain and the 
apparently  old one w arrants the conclu
sion th a t abrasion has taken place in the 
course of transportation . H ere is a clue 
to w hether sand has been carried by 
w ind or by w ater, an indicator of the 
age of sand and perhaps a record  of the 
geological revolutions in w hich it has 
participated.

The R ounding of Sand G rains

Since the gravel in a stream  bed shows 
progressive rounding dow nstream  from 
the source, it has been thought tha t sand 
grains also are rounded by transport in 
running w ater. Surveys along river 
courses th a t show ed the roundness of 
sand grains increasing slightly dow n
stream  seem ed to support this deduction. 
Curiously enough, however, a decrease 
in roundness dow nstream  was detec ted  
in some rivers. This could be explained 
by assuming th a t the angular grains are 
picked up more easily and so are carried 
more swiftly by the water. But it could 
just as well be argued that the more 
rounded grains roll more easily and so 
outstrip their angular competitors in the 
migration downstream. In either case 
the influence of selective transport 
seem ed to overshadow  any action by 
abrasion.

Investigators accordingly turned  to 
experim ent. Almost a cen tury  ago the 
French geologist Gabriel Auguste Dau- 
brée pu t sand and w ater in  a revolving 
horizontal cylinder and found tha t the 
sand lost about .01 per cent of its w eight 
per mile of travel. The grinding motion 
of a heap of sand churned through and 
through in this m anner poorly im itates 
the bouncing and rolling m ovem ent of 
the separate grains in a runn ing  stream. 
Nevertheless several authors have re 
peated  D aubrée’s experim ent w ith minor 
variations and have obtained roughly 
the same m easurem ent.

Recently I have attem pted to approxi
m ate the natural situation more closely 
by rolling test grains around a circular 
m oat of concrete in a current propelled 
by a sort of churn. The concrete, as com 
pared to a loose bed of sand, does in
crease the rate of abrasion, bu t only 
slightly. In order to elim inate the influ
ence of variable shapes I employed spe
cially p repared  cubical grains. An ex
tensive series of runs showed that larger 
grains in a fast current lose about .2 per 
cent of their mass per 100 miles of travel, 
and that medium -sized grains lose only

GROOVES CUT IN  SILT by the flow of a turbidity current across the bottom of an ancient 
marine basin are preserved in the undersurface of a sandstone stratum. Fine details in 
the pattern of the grooves show that the current flowed from left to right in this photograph.
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GRADED SANDSTONE-BED reflects the sorting action of the turbidity current as it 
settled out its burden of sand on the bottom of an ancient sea. The largest and heaviest 
grains are at the bottom  of the bed; the lightest and finest, at the top. Above sandstone 
is a layer of clay that accumulated over many years follow ing sudden deposition of sand.
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SA N D Y  RIVER-DEPOSITS created these sandstone strata. The succession of strata shows 
that the river departed from and returned many times to the channel in which it laid down 
the sand. A wandering river thus reworks its deposits, spreading sand over the valley floor.

GRAVELLY RIVER-DEPOSIT is preserved in sandstone. The intersection of strata and 
the varying angles at which they lie  show that the river at tim es scoured away earlier de
posits. Differences in texture of the successive strata indicate changes in the rate at which  
the river flowed and in the character of the material it carried from one period to the next.
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.01 per cent. This m eans tha t to round a 

.5-millimeter cube to a sphere, the par
ticle w ould have to be rolled 50 times 
around the Equator. The first dulling of 
sharp angularity requires a 1- or 2-per
cent loss and can happen in the first few  
hundred miles. But thereafter m echani
cal abrasion of this kind has little effect 
on quartz sand w ith m edium -sized grains. 
Experim ents w ith feldspar showed that 
this m ineral also possesses strong resis
tance to abrasion in w ater. Even though 
feldspar is softer than  quartz and cleaves 
more easily, it showed only tw ice as 
much loss.

In  the past it has often been claimed 
th a t the angularity of sand grains in  an 
ancient rock is proof th a t the sand orig
inated nearby. This contention is not 
upheld by the results of our experiment. 
Conversely it has been argued that a 
well-rounded grain m ust have had a long 
history. Abrasion in running w ater, how
ever, could not in itself account for the 
roundness of even the most ancient grain 
of sand.

W ater has another effect upon the 
sand grain w hich m ust be considered in 
connection w ith rounding. W hile the 
grains of sand in deserts have opaque, 
heavily frosted surfaces, many river 
sands contain grains w ith glossy, highly 
polished surfaces. The polishing could 
not have been accom plished by abrasive 
action, for the indentations and crevices 
in a polished grain tha t are out of reach 
of abrasion show the same perfect sur
face. It is possible to im part a polish of 
sorts to frosted grains by rolling them  
dry  in a bo ttle , bu t the indentations in 
these grains rem ain opaque. It m ust 
therefore be concluded tha t river sands 
get their polish by chemical action. A 
crystal of alum tha t has been sandpa
pered  can be “polished” by immersion in 
a saturated  solution; precipitation from 
the solution smooths out the roughened 
surface. If river waters are sufficiently 
saturated w ith silicon dioxide, it will 
precipitate in the same way on quartz; 
hence this m echanism  can be postulated 
for the defrosting of sand grains. The op
posite action—the dissolution of silicon 
dioxide from the roughened surface of 
sand grains in w aters tha t are undersat
urated  w ith the oxide—has been sug
gested as the mechanism for the round
ing of sand grains. If such chemical ac
tion were significant in rounding, then 
one would expect to find tha t the effect is 
most pronounced  on the smallest grains 
because the surface of such a grain is 
largest in comparison to its volum e. In 
spection shows tha t, on the contrary, 
in  nearly all sands the smaller the grains,
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ACTION OF W AVES ON BEACH causes some rounding of sand. where they carry sand up on the beach and wash it back again. At
Most of the abrasion occurs in the shallower reaches of the waves, a depth of 50 feet the wave action scarcely disturbs the sand.

BEACH'SAND DEPOSIT contains boulders and also some frag* are usually barren of fossils. This deposit formed on the shores
ments of shells. Compared to shales and clays, however, sandstones of a Pleistocene marine basin, afterward raised above sea level.
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ABRASION OF SAND by wind transport was studied by author various dim ensions; the cubes are shown here together w ith  natu-
in  experim ents em ploying cubes of quartz and lim estone cut to rai irregular sand grains. The photographs indicate the abrasion

the sharper their corners. It appears 
highly im probable th a t chemical action 
is the cause of more than  a slight dulling 
of the sharpest angularity of quartz 
grains.

Wind Abrasion

The cause of roundness in sand grains 
m ust therefore be sought in some other 
m echanism . Perhaps the w ind is the 
agent. W ell-rounded grains are abun 

dan t in deserts and  dunes, and  geologists 
have long suspected th a t transport by 
w ind pow erfully  abrades the grains. 
This deduction  is open to doubt, how 
ever, because it is also observed tha t 
the w ind selectively sorts the better- 
rounded grains from beach sands and 
carries them  inland to coastal dunes.

In a w ind tunnel in our laboratory we 
have just com pleted an investigation th a t 
seems to offer a reliable answ er. The 
w ind picks up  the sand grains from  a

moving belt, redepositing them  dow n
w ind on the belt for another ride u p 
wind. The m ovem ent of the grains as 
they bounce and roll over the deposit 
th a t is traveling up  the belt closely ap
proaches their natural behavior, and 
the distance they travel can be accu
rately measured. By this means we have 
m ade the unexpected finding th a t trans
p o rt by w ind causes quartz grains to lose 
100 to 1,000 times more mass than 
w ater transport causes them  to lose over

r
ROUNDING OF A SAND GRAIN is demonstrated by the round
ing of an experimental quartz cube to a sphere. The rounding was

accomplished in a wind tunnel. In the earlier stages o f the process 
the sharp edges and corners of the cube are roughly chipped. As
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and hence the rounding sustained after 20 m iles of experim ental parison of cubes with natural grains of equivalent roundness at
transport in a wind tunnel (left)  and after 40 m iles ( r i gh t ) . Com- each stage y ie ld s estimate of volum e lost by the latter to abrasion.

the same distance. Moreover, w ind abra
sion reduces quartz almost as rapidly as 
it does feldspar or limestone. A pparently 
the brittleness of quartz causes it to flake 
off in the im pact of a bouncing grain 
against a stationary one. On the other 
hand, we found tha t w ell-rounded and 
polished quartz-grains rem ain perfectly 
intact even after prolonged, violent wind 
action. It m ust be tha t they  rebound elas
tically, as billiard balls do. Cubes of 
quartz change gradually to perfect

spheres. This dem onstrates tha t abrasion 
takes equal effect in all planes of the 
crystal. The oblong shape of most 
rounded natural grains m ay therefore be 
a ttribu ted  to the original irregu lar shape 
of the particle.

In tests of samples containing a wide 
assortm ent of grain sizes we found that 
the smaller the particle the less abrasion 
it suffers. Particles w ith a d iam eter of 
.1 mm. or less show no abrasion at all. 
A pparently these sm aller particles

cannot hit one another w ith sufficient 
m om entum  to cause a crack in  a grain. 
In mixed samples the m inim um  size of 
a grain showing loss goes dow n to .05 
mm.; a larger grain landing on a smaller 
one can apparently  chip a piece from 
it. But .05 mm. appears to be th e  bo t
tom limit of the size of particles that 
show abrasion. The fragm ents ch ipped 
from the grains form an im palpable dust. 
In nature the wind carries this finer m a
terial outside the unvegetated desert and

the cube becom es rounded, how ever, the rate of abrasion slow s than half its mass. R ounding of a cube to a sphere indicates that
down. In its final spherical form (r ight )  the cube has lost m ore rounded oblong natural grains started as angular oblong grains.
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MARINE-WORM BURROW S are preserved in the undersurface of this sandstone bed. The 
sandstone also records grooves cut in the soft ocean-bottom by flow of the turbidity current.

dune areas, leaving sand-sized grains 
behind.

Curiously one does not find the tiny 
sand chips in the loess laid down bv an
cient dust storms. The bulk of loess is 
(•uartz, bu t its particles fall outside the 
size range produced by w ind action on 
sand. T his shows that loess m ust have 
been form ed in some other way, perhaps 
by the crum bling of cracked grains and 
the w eathering of fine-grained rock.

In the absence of evidence to the con
trary  it appears that w ind is the p rin 
cipal agent in the rounding of sand 
grains. O ne wav to check this conclusion 
is to make some round-num ber estimates 
involving, first, the average abrasion loss

tha t all sand grains have suffered; sec
ond, the current rate of loss occurring in 
all deserts and sand dunes; and th ird , the 
yearly production of new  angular grains. 
Such estim ates w ould incidentally yield 
a rough m easure of the age and hence 
the durability  of sand grains. This in 
turn  relates to the role tha t sand has 
played in m aintaining the continents 
against the forces of erosion.

Age and D urability

In a prelim inary approach to these es
timates we m ade a chart of 16 shapes 
observed in cubes of different sizes that 
had sustained known percentages of

y
C O R P O  R A T  I O N

C A B L E  •  A L P H A  D A L L A S
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1. S pa ce  s u r v e i l l a n c e  
systems

3. Instrumentation, con
trol,  a n d  s w i t c h i n g  
systems

4. T e leco m m u n ic a t io n s  
systems

Systems competence in 
design, implementation, 
structural construction, 
installation, operation, 
training, and 
maintenance of:

5. In tegrated  land, sea, 
and  a ir  co m m u n ica 
tions systems

6. Data systems
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ELECTRONICS
CONSTANTLY

AVAILABLE
-ANYWHERE

A lpha C o rp o ra tio n  is an  experienced  su p p lie r  of 
tra n s p o r ta b le  e lec tron ics  sy s tem s and  su p p o r t  
p ack ag in g  . . .  in p ro jec ts  w here  th e  e n tire  
com plex is tra n s p o r ta b le  and  w here  tr a n sp o r ta b le  
un its  a re  p a r t  o f a la rg e r  complex. C ap ab ilitie s  
ex tend  fro m  design  th ro u g h  im p lem en ta tion , final 
te s t, and  custom er o r ie n ta tio n . P a r t ic u la r  
em phasis is d irec ted  to w ard  red u c in g  u se r 
problem s th ro u g h  d esig n  com patib le  w ith  hum an 
en g in ee rin g  fa c to rs  and  sim plified m ain tenance .

T he m ore th a n  700 en g in ee rs , tech n ic ian s , and  
su p p o r tin g  personnel o f A lpha re p re se n t a m ost 
su b s ta n tia l s to re  o f d iversified  sy s tem s experience.

' 4 C O R P O R A T I O N

S Y S T E M S  D E S I 6 N E R S ,  E N G I N E E R S ,  C O N S T R U C T O R S ,  W O R L D - W I D E  •  R I C H A R D S O N ,  T E X A S  •  T E L E P H O N E  D A L L A S  A D a m s  5 - 2 3 3 1
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Avco sails under the po lar ¡ce cap with the Navy. Under the half light 

of the Arctic ice cap, the nuclear submarine S.S.(N) Skate completes a routine sub

merged cruise. Aboard the Skate, now as in its hi story-ma king journey in 1958, are 

amplifiers produced by Avco’s Crosley Division. Designed to operate for 2000 hours or 

longer without failure, these midget amplifiers are used in critical fire-control systems, 

fighting heart of our modern underseas fleet.Avco
A V C O  C O R P O R A T I O N ,  7 5 0  T H I R D  A V E N U E ,  N E W  Y O R K  1 7 .  N .  Y.
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N o w  o f f e r i n g . . .  
creative
careers in
ordnance
Expanding operations in an exciting, 
growing company have created un
usual career opportunities for ord
nance engineers. Assignments on re
search and development projects will 
require the mature judgement of from 
two to ten years’ experience in the 
field and present a combination of 
stimulating challenge and an ideal 
professional climate for contribution 
and personal development.
The company: the Crosley Division 
of Avco Corporation. There, confi
dence and personnel morale stem from 
aggressive management, a progressive 
approach to individual effort, and 
maximum support for all projects. 
Definite creative career opportunities 
are available now. Experienced per
sonnel can choose from:
• Ballistics
• Arming and Fuzing
• Non-nuclear Weapons Systems

Analysis
• Target Damage Evaluation
• Warhead Design
• Shells System Design
• Microminiature Electronic

Assemblies Design
• Projectile Design
For complete inform ation, write or call: 
M r. P . B . Olney, M anager o f Scientific  
and. A d m in is tra tive  P ersonnel, D ept. 
X-fO, Crosley D ivision , Avco Corpo
ration, 1329 A rlington  Street, C incinnati 
25, Ohio. Phone: K ir b y  1-6600.

^ " / C r o s l e y

abrasion loss. By com paring the cubes 
w ith natural sand-grains we m ade a 
rough appraisal of the losses the natural 
grains m ust have sustained. W ith due al
lowance for the dim inution of roundness 
w ith grain size, we found an average loss 
of about 10 per cent. This serves as the 
estim ate of the average abrasion sus
tained by all sands. To determ ine the 
average current rate of abrasion in 
desert sands we drew  upon our wind- 
tunnel experiments, plus some values for 
the average w ind-force in deserts, and 
found tha t the figure is equivalent to 10 
per cent of the w eight of 300 cubic yards 
of sand per square mile per year. The 
most uncertain estim ate is the th ird : the 
yearly production of sand grains by 
w eathering of hard  rock and the crush
ing of old grains. The addition of new

angular particles to the existing stock of 
sand w ould decrease the percentage of 
rounded grains in the total. To m aintain 
the average abrasion-loss constant a t 10 
per cent, in accord  w ith our first esti
m ate, the annual loss of all sand m ust 
equal 10 per cent of the volume of new 
grains produced each year. Only a ten 
tative estim ate can be m ade. I t w ould 
appear tha t some 200 million cubic yards 
of sand w ould have to be undergoing a 
current abrasion loss of 10 per cent. By 
com bining these results one finds th a t 
about 750,000 square miles of desert will 
do the trick. The p resen t area of sandy 
deserts is th ree tim es as large. This sug
gests th a t the average roundness of sand 
on earth  should be increasing. But since 
the desert area has been m uch smaller in 
the past, there  is no contradiction in the

CORAL-REEF SAND is com posed of the lim y skeletons of minute marine creatures and 
the debris of coral itself. In comparison to quartz grains these particles are highly fragile.
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result. Plainly w ind abrasion can more 
than  account for the roundness of the 
w orld’s sand grains.

T he same calculations confirm the 
laboratory finding tha t a sand grain is a 
durab le  object. After having been born 
from some paren t rock, it begins the trav 
els tha t are to w ear it down. Its m ove
m ent is interm ittent, and the periods of 
stagnation vary from a few  m inutes in a 
river bed to eons on a flood plain or 
beach ridge. But ultim ately it finds a 
final resting place w here the sand is cov
ered  by younger deposits and is no long
er disturbed.

No sharp distinction can be made, 
however, betw een a tem porary halt and 
the final goal. There is always th e  pos
sibility tha t a sleeping grain will be re 
aw akened or tha t a bu ried  one will 
becom e the victim  of body-snatching. 
D eposits on land tend to be d isturbed 
sooner or later by erosion, and not even 
a cem etery on the floor of a sinking 
m arine basin rem ains secure for all time. 
Pressure, tem perature and chemical re 
action m ay com bine to bond the grains 
in sandstone. The cem ent is usually lime, 
silica or an iron oxide. Yet even w hen it 
is sealed in this coffin, a sand grain is no 
m ore inviolate than a P haraoh’s mum my 
is secure from plunderers or archaeolo

gists. It is true tha t w hen the grain is 
part of rock that has been subm erged to 
great dep th  and subjected to intense 
heat and pressure, it “returns to dust” ; its 
crystal is disassem bled and its molecules 
reerystallize to form a gneiss or a schist. 
More likely, however, the sedim entary 
strata are raised to produce a m ountain 
range. As a result erosion starts to d is
in ter and break dow n the sandstones and 
other rocks. In some cases the cem ent is 
so strong th a t pebbles are form ed. But 
usually  the breakdow n sets the grains 
free again, w ith their shape at burial still 
intact. W hen this happens, the particles 
enter a new  erosion cycle w ith  the in 
heritance of the rounding acquired b e 
fore.

Sand on the Continents

Some investigators hold tha t more 
than  half the grains partaking in  trans
port and deposition are newly formed, 
or at least m uch altered from their form 
er shape. O thers m aintain that the great 
majority are held over from form er cy
cles. If the results of our investigations 
can be relied upon, how ever, a large 
proportion of the world’s stock of sand 
grains m ust have undergone many 
cycles.

There is another reason for holding 
tha t the average age of quartz  grains is 
very high. This is the huge volume of 
sand now lodged on the continents. 
Some of it has been lost to the deep- 
ocean bottom  by turbid ity  currents, but 
this loss cannot be significant. Abrasion 
losses am ount to only 10 per cent; a cer
tain volume of the fine m aterial thus 
produced m ust have been carried from 
the continents in dust storms and 
dropped into the deep ocean. Finally, 
some of the sedim ent deposited in an 
cient sea basins now uplifted on the con
tinents has been changed to crystalline 
schist and gneiss at great depths. The 
significance of all these losses cannot be 
assessed, bu t it is certain tha t in spite of 
them  quartz has been concentrated  in 
the sandy sediments of the continents to 
about twice its abundance in the source 
rocks. This is due to the chemical stabil
ity, hardness and comparatively large 
size of the quartz particles as they are 
borne from the paren t rocks. These p rop
erties protect the grains from w ear and 
tear and save them  from being w afted 
into the deep-ocean basins. D uring geo
logic tim e the continents w ere thus cov
ered w ith a layer of quartz sand that 
partly  shelters them , in their turn , from 
the agencies of erosion.

DESERT SAND-DUNE has been eroded b y  the wind so that its ir- the wind has blown winding ripples of coarser sand. The book
regular internal structure stands out in ridges. Across these ridges in center of photograph shows the scale of distance between ridges.
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At UOt’UÛ ’OI' GM T. April 1, IfHSU. Martin loyxeil ila 490 ¿932,000(11 milr uf space lii yhi

Lacrosse, U .S . A rm y's most accurate surface-to-surface m issile  

-developed and produced by M artin
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TRACK THIS HIGH-ENERGY 
SOURCE OF PRECISION 
ELECTRONIC STRENGTH 
FOR YOUR SYSTEM 
DEVELOPMENT N EED S
The symbol...GP. The name...General Precision, Inc. The meaning...oppor

tunities for high-energy aid to the fulfillment of your system development 

plans. Facilities, personnel, capabilities, management...the strength of four 

companies with high reputations in their respective fields. GPL: KEARFOTT: 

LIBRASGOPE: LINK: Air traffic control system, communications, navigation 

systems, components, inertial guidance, test equipment, digital and analog com

puting systems, controls, instruments, flight training devices and simulators, 

ground support systems, doppler systems and servomechanisms. Keep GP in 

your view for technical and corporate planning. Write for facilities and capabil

ities brochure. GENERAL PRECISION,

G E N E R A L  PRECISION, ”

INC., 92 Gold Street, New York 38, N.Y. 

Affiliates, licensees in Canada, France, 

Italy, Japan, U. K. and West Germany.
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