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] THE United States in 1929, 55 per’

cent of all reverue freight hauled by
Clage T railroads consisted of "products
of the mings.” This classicaion in-
cluded only mincral products before

manufacture, I the same products after -

manufacture had bean included, the total

would have been approximately 75 per -

ecnt, Thus modern high-energy civilizu-
tions, as contrasted with all previous
ones of a low-cnergy character, may
truly be called mineral clvilizations.
Modern industty may therefore be
conceived of as one vast flow-line of

as to the extent of their solubility in
such solutions, Flowever, where quartz
and quartzose rocks have been replaced,
the active solutions were probably alka-
line at the place where replacement Iy
golag forward

Conclusion

This outline of the probable physico-
chemical processes of ore formation
lacks definite mpport in mamy places,
gnd is in part only what seems the most
probable relationshipe in the light of
our present lmowledge, I assume in ac-
cordance with the views of probably
maost geologists and experimental work-
era that segregation of minaralizing ma-
terjuls i3 & result of crystallization dif-
ferentiation, but Fenner' believes that
such materials are cvolved for most ore
deposlts a3 & gas phase immediately
mfter intrusions and before advanced
crystallization. of the magmae. If this is
s0, mineralization (eutametamorphism})
of the parcnt rock will be absent. Evi-
dence for a decltiom between the two
theorles can probably be best tested by
the field geologist throngh evidenea
for the early or late formation of min-
eral depesits, Autometamorphism has
Leen recogmized in many places, but avi-
dence for or against it shenld be carc-
fully noted]. Orne should remember, how-
ever, that ore-forming materials have
differentiatrd by processes that tend to
bring about equilibrium with the parent
rogk, und therefore their alteratiom is
lkely o be clight compared with the
cffect on invaded rocks, . -

The entire problom of the chemieal
charucter of ore-forming sclgtions s
bhut vaguely understood. Thelr acid or

1&

alkaline character is io dispute. It ls
difficulf to picture a solution that can in
a single courae of events dissolve and
remove material from the parent
magme, transport it to the place of dep-
osition, and there drop its load anly
to dissolve and remove great quantitics
of rcplaced roglk.- We know a little
abairt the eolid materials and the acid
radicals present through the minerals
deposited, but we know next to nothing
ubout the materiels that fatied o be pre-
cipitated and so lelt no record behind,
We know but little about the ranges of
etability of large groups of minerals.
We about high and low tempera-
ture deposits but allow a wide range
for the actual tcmperature of our guess.

The field geclogist and mining engi-
neer have much to contributa in solving
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these problems. Perhaps I may here
emphasize that gangue minerals, which
huve at times been neglected in studies
of ore deposits, probably are capable of
revealing important information aboir
the intcrmediate stages of differentia-
tion that lie bebween magma processes
and ore dcposition. Theories of ore
deposition must be rigorously tested in
the fiald, but this demands an under-
standing of geologic implications of
physico-chemieal experimental work,

Mueh of the information red to
¢clear up problema of ore deposition can
be supplicd only through physico.chem!-
cal research. In the past, numerous ex=
periments have been made on the solu-
bility of ore miaterials In firet one pos-
sible rolvent and then in angther, Such
haphazard expeériments are now com-
pletely outmoded mnd only detailed
phaze relatHon studies of minerals and
thair possible solvents are capable of
giving the necegsary informalion. A
beginning is belng made in the study
of systens contmitisy water, and the
methods are being worked cut. Phase
relation emdies reveal relationships
quits lncapable of discovery by any
other method. The recent paper hy
Bowen, Schairer, and Posnjak® on the
anhydroes system CaO-FeQ-5i0,, for
instance, bas revealed relatlonships that
the clder methods ¢otild not possibly have
revealed; mnd it is evident that phase
relation studies of systems containing
volatile materials will yield equally un-
louked-for results, Evideotly our
sclence iz in vital need of much more
extended research aleng physico-chemi-
cal }ines, which applies particularly to
ore-deposition problems,
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minerals Alawing from the earth Ly way
of the mines into Industry, and finally,
hy wasatage und chemical dislntegration,
returning to carth again. ‘This ferwr be-
gins at the mincral deposits of relatively
high concentration and ends in a dis-
seminutian of low concentralion, or =
scattering, so 1o epeak, to the four
corners of the earth, It is, therefore, &
unidirectional and non-reveraibie flow.
Minerals, though never destroyed chem-
ically, ure mined ouly onee, and, ufter
eing wastedl, arc not likely ever te be
collected fogether agaih.

The first stage in this mineral flow-
line is that of prospecting and discovery.
For the rate of flow of minerals from
known geological rescrves into indug-
trial uses to be conslant over an ex-
teided period of time, the rate of dis-
covery of mew resérves must equal the
rate of exhrustion of the old ones, Thus
ane sees that the Aow-line involves a
whole industrial eomplex, and that any
attempt to discuss prospecting glone
without taking inte account the factors
determining the rate of fow of the whole
would be essentially futile.

Mineral Digeribution
The practical depth limits of mining

and of the production of petroleun up
lu the present have been of the order .of

two nilles from the earth's surface. Al-

theugh this will doubtless be jncreased,
disenesions involving mineral distribu-
tion in the uppcr two miles of the crust
arc not llkely to be invalidated for
greater depths,

The cutstanding characteristic of the
distribution of any particular minera),
tuch as iron, is that in by far the greater
part of the ypper two miles the product
occura in very low concentration, On
an avecrege, the surface rocks contain
enly 8 per cent aluminum, 5 per cent
iron, and 2 per cent magnesiuny Al of
the other metals commonly nsed in in-
dustry occur an the average only in

" small fractions of 1 per cent.

Fortunately for civilization, in a very
amall per cent of these rocks higher con-

-centrations of the usefitl minerals ocenr,

To rcpresent this graphically (Fig. 1),
one may draw & rectangle the area of
which represents all the rork in, say, the
upper two miles of the crust. Now, sup.
Posing that this .rectangle be divided
into vertical columns fram Ieft to right,
arranged in the order of the concentra-
tion or percentuge by weight of some
Industrial metal, say, iran, eue would
find that a very narrow column at the
extremne left had the maximom jron con-
tent of & little over 72 per cent This
would represent an iron ore of pure
Magnetite with no gangue mineral The
Iron content of the next eslumn to the
Tight would decline to 70 per cent {pure
hematite ), then tp 50, to 30, and to 20,

From each of these to the pext, the

decline would be somewhat wmore grad-
ual, with a broad plutean-in the vicinity
of 5 per cent. Finally in the narrow
columne at the extrems right it would

probably decline sharply towards zera.

Even if exact data were available, it
would Le difficult to draw such a graph
accurately, because of (he extremely nar-
row range of the higher concentrations.
Corves gimilar to Fig. 1 but with dif-
ferent raoges in the concentration would
be true for each of the other industrial
metals

The significanec of such curves is
thet the greatest quantity of any metal
occurs in very low concentrations, and,
although this could possibly be extracted
and refimed, the physiez] cost in energy
expenditure would be extremely high.
In general, the higher the concentra-
tion, the smaller the physical cost of ex-
traction per ton of final product. This
tondition forces the mining industry to
begin at the available deposits of highest
metallle concentration, and, as thesc are
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exhausted, work down gradually to
thase of lgwer and lower meta]lic con-
tent. -

Englang, for example, formerly mined
iron ore of over 50 per cent iron con-
tent, bt it now redaced to working
30 per cent ores. In the Lake Superfor
reglon, the average grade was formerly
G0 per cent. and better, but now is 51
per cent,” with reeerves of this grade
mfficlent for only fifteen or twenty
years more at the 1929 rate of produe-
tion.

This mining of lower end lower
grades of ore progressively, with the
consequent mounting of physical costs
of extraction, plices a premium upon

. the discovery of hitherte unfmown re-

serves of higher-grude deposits.

Sequence of Prospecting Methods

In the initial exploration of any large
Iand area for gseful minerals a patural
sequeice of methods is employed, which
also depends upon physical costa The
first method & that of reconmpigsance
exploratien, followed later by more de.
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tailed study, involving esgentially the
nld-fashioned surface prospecting
methods. Al of the “easy” discoveries
are thus eventually made, In other
words, there is a certain time peried in
which the rate of (iscovery of minerals
intreases with increased intengity of
surface prospccting. Then the rate of
discovery declines in gpitc of Increased
intensity of proaspecting.

A more refined and sysiematic form
of surface prospscting which unsoally
succeeds the original and more or less
haphazard iniual form i3 that of geo-
logrie mapping. This may recult in a few
more discoveries, After that, surface
methods are of little further avail. This
is home out in both Western Europe
and the United States, the two principal
mineral areas of the euarth, when one
vonsiders that, az Leith has pointed out,
there has not been u roajor mineraf dis-
covery, save for oll and potash, in the
United States since 1915 or in Europe
since 1850,

The decline in the rate of discovery
has occurrcd in the face of the most
gpectacular growth in the rate of con-
sumption of minerals and a eorrespond-
ing increase in the intensity of surfaec
prospecting and of geologic mapping the
world hap ever known. It seems fair to
conclude that for these two areas the
days of discovery by edrfzce methods
are almost over.

Geophysicel Work

Most of the possible discoveries in
any area huving xlready been made by

‘ ¢orfuce methode, twa possibilities re-

main: (1) other major undiscovered
deposits do not exist, or (2) such undis-
covered deposite do exist but have not
been brought to light by surface
methode,

As faor the first, i¥ other deposits do
not exiaf, no amomnt of exploration will
vield discoverles. The high-grade de-
posits will In time be exhapsted, aod
miping operations will @]l back wpon
ores of contituously lower grade, with
phyzical coat of production simultane-
ously meemting, This process will con-
tinne for any piven district until the
grade of ore becomes 5o low and the
phyzical cost so high that mining will
ceuse

As for the second possibility, it 1e
highly probablc that in any large area
other high-grade ¢res may exist, but
¢imply are mot detectable by murface
methode The problem af discovery re-
majns. Direct metheds can be used, in-
volving exploration pits, drall holes, or
shafts, and, if enotyrh of such work were
done, ahe could be assured that any
hidden ore deposit would be dlscoverad.
The restraining factor ls physical, cost;
in this cass, the cost per wnit discovered
Because of this factor, drilling as a form
of prospecting cati be indulged in only
after data have indlcated a high proba-
bility of discovery. -

Finally, only the lagt alternative re-
maing: discovery by indirect methods
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involving a relatively low physical cost
per unit ditenvered. This is the domain
of gesphysical prospecting. To recapitu-
late: in any mineral arca there is a
definitz sequence of prospechng mcthods
arranged in the order of their cost
unit diecovered. This ie: (1) Surface
prospecting.  (2) Geclogic  mapping.
(3} Geophysical prospecting. (4) Drill-
ing. This sequence {s true historicslly
for a region. Since the advent of geo-
phyaical prospecting, it is the appraxi-
mate sequence in the present-day ex-
amination of iodividual propertics
(Fig, 2,

Inasmuch as geophysical prospecting
mcthods have cntered the scene chiefly
ginea 1920, it may be worth while to
consider briefly the probable f{uture
trends in the design of apparatus and
develofummt of technique, The mujor
pussible applications of geophysical
methods appear to have been already
tried gufficiently to indicate that in the
future no depariure from magnetic,
electrical, and scismic fields as the most
productive of the domains of geow
physical prespecting is- likely to occur.
Already 3 pronounced trend i¢ discern-
ible towzrd limiting apparams to a
few simple linds having maximum
sturdiness and zensitivity, combined with
decreasing weight, Apparatus is being
evolved toward an sutomatle instru-
mental eliminaHon of extraneous face
tors from the cbhserved data, eo that
quantities observed are becaming more
and more ¢lasely relatad to the unlmown
sotight At the pame time, theory iz be-
ing improved and computing methods
are becoming more sitnple and graphical,

In reflection work in sefemology, re-
lizble reflections are being obtaimed at
progremively preater depths with de-
creasing quantities of dynamite per shot,
until depths of 12,000 §t. are being at-
tained with dynamite charges of the
order of 1 Ib. per shat.

All of these trends will continue, but
the future of apparatus and technighe
promizes to be largcly an orderly evolu-
tionnry development concerned with the
perfection of detalls Tather than abrupt
departures of 8 “moututional” gort,
characterigtic of the eatly stages of da-
velopment in the pact decade.

Viewed en aoy long-time basis, the
mineral industries appear to be just now
entering what mfght be termed the
“geophysical epoch”’ of prospecting. By
no meany jx jt actidental that surfare
geadogical mmpping In the oil indust
was la;gdy supplanted between 192
and 1930 by subsurfuce mapping from
well-loy data and by geophysicaf
methods. The old surface methods had
had their day, and, if more ofl were to
Le fotind by methods legs expensive than
by “wildeat” drilling, peophysical
methods were the only alternative,

Promising Localides

Another question that might well be
cmsld_cred. partenlarly as  regards
metallic ores, ic that of the geologically
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probable loculities from which dis-
coveries during the “gcophysical epoch”
of prospecting are most likely to be
made. There is always a high proha-
bility of other deposits being hidden in
the vicintity of koown deposits. Many
of the future geaphysical discoveries
will eonsist essentially therefore in de-
termining the extension of known de-
posits.

Among the most fertile areas for de-
posits of metallic minerals thus far
known have bean the great Pre-
Cambrlan ghields, such as the Canadien
and the Baltic. Inagmuch mss both of
these regions were extensively placiated
during the Pleictocene, large areas are
now covered by lakes and glacial drift.
That such hidden areas may contain
important metallic deposits is highly
probable. Recent geophysical discoveries
in these areas in both Sweden and in
Canada have sustained this supposition.

Besidas being covered in parts with
glacial drift thic same basement com-
plex extends everywhere bencath the
younger sediments. In these areap it
has remained almost entircly unexgplored
to date. The geophysical prospesting of
the future may quite probably make
come of its most impartant discoveries
in such regions, especlally where the
scdimentary cover is not too thick. The
famoug Kyrsk magnetic anomaly in the
plains of Russia may be considered a
Torerunner of future discoveries In such
reglons.

Mountains and their ipneous rocks
aleo afford probable localities for future
discovery. .

From the foregoing the reader may
gee that I conpider the increasing use of
geophyelcal prospecting methods to be
tut the natural consequenze of the pro-
gressive exhaustion of known high-grade

mineral deposits in any particylar arca.
Inaemuch as the world it now entering
seriously this phasc of its evolution, we

" may conhdently expect the immediate

future to witness a rapid acceleration in
the upplication of these methods, The
proven high-gradc reserves of most of
the: world's minerals will suffee at 1929
tates of production only for come
decades, after which they must either be
supplemented through new high-grade
discoverics or else world production
must be derived thereafter from low-
grade depasits at great expence. The
latter alternative will force the mineral
industry to meke the widest possible
use of geophysical methods.

As already pointed out, regnydleas of
bow fagt or how slow the process muy
be, the ome fundamcntal trend of all
mineru] movements is from high-grade
depocits to complete scattering in low.
concentration dissemination. This iz a
non-reversible process, o there can be
but one ultimate answer: mamely, that
all high-grade depocits will ultimately be .
exhaustcd. As said at the onteet, pros-
pecting and digcovery constitute the first
step in this progression,

During the last' 100 years the rate of
growth of minecral exploitation has been
so spectacular that many have been led
to assume that the rate would contipuc
more or less indebnitcly, If this were o,
the wvarious phases of evolution con-
sidered would be much shartened, Cer-
tain important rcstraining influences,
which until recently have becn coin-
paratively abscured, tend to retard this
rate, however, by pralonging the time
periodt of each phase,

From 1870 to 1915 the growth of pig-
irgh production in the United Stutes
was zlmost 8 perfect exponential cirve
at an instantaneous rate of Increment of
about 5 per cent annmmn. Moet of the
operations of the iron and steel Induetry
untsl recently have been hased upon the
premise that this rate of increment -
would continue indefinitely. Simple
computation would chow that to continue
such a ratc of growth for anather 50
years would require an amount of iron
equal t0 a considerable fraction of the
entire earth—an amount greatly in ex-
cesa of our avallable resources or of our
ahility to consume.

One iz not curprised, therefore, to
find that from 1920 to 1929 the average
annndl production of iron in the Unjted
States has remained practically eonstant, -

Fig. &—Bchymatle dlagram ilogtrating the flaw af meial from the ore
deponit inte lmndnetry, thends to ro-cyela ma socondpry metial or ta ba
lawk throogh dlassminatlon




: .. WWhat is thua pointed out with regard

" 4o Yren is equally true for coal, capper,

and most of the other principal mineral
cesoutces. After a period of apectacular
growth comes a leveling off of prodne-

Hion suggesting a eaturation of the ability

to consume, in ¢ascs where the decline
cannot be ascribed to the inability to
produce. ‘ .
the outset, I stated that the mineral
* fow-line included three essential stages:
- (1) Mining, or primary production.
{2) Industrial use (3) Wastage, This
{s exactly enalogous to a pipe line into
and out of a surge tank (lig. 4), The
primary production corresponds to the
- input; the stock of metals retained per-

manently in industrial uss represents the
fBuid stored in the gge tanks; the
vwastage of minerals o use reprezents
the outflow from the tank. Obviausly,
the input can be maimtained at any given
fate only if either the amount in the
tunk {s increasing or the ogtAow is equal
to the joput per wmit of time.

In the past, the cutflow or wastape
k2p been large, and the quantity re-
toined jn industria! veea (except in the
Case of consumables such as fucl) has

continoously ineressing. Each of
“these factors has cawsed an inrreased
upon primary production.

At present, otic of the ocutstanding
frends in metals is that of the increas-
ing use of scrap, In the United States
in 1929, for instance, primary produc-
Bon of copper was about 1,360,000 ehort
Iohs, whereas at the same time secondary

production was as high as 400,000 short
tons, or approximately 30 per cent of
the primary, Withio the [ast year sec-
ondary production has riseen to aver 90
per ctnt of the primary. This trend is
also diecernible in othcr metals—iron,
zine, tin, lead, mickel, aluminym, and
antimony—and can be cxpocted to be-
come increpsingly important in  the
future. All the secondary melals thus
recovered make it unnecsgary to draw
upon an eqital amoant of primary metals,
This retards primary production by that
amaynt,

The other factor in the flow-line of
metals affecting the rate of future
primary produchon, and hence of futgre

Loss mustal par
brake horsspewer b
requlrod in the law-
er ¢I Lhose fwe
dicszl ongined LuaR
Lo the oxo sbove it.
The wppér, aa ald-
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£00 hp, a=xd weighs
480 . per bAp,
. Tho Iower, of samd.
arn  decdgm,  dee
velopa 458 hp, aad
waighs only 118 Ib,
pex Dap,

discovery, is that of the quantity of
metals retained ag & permanent circulst-
ibg stock by Industry. In the past, sqil-
roads, factories, power systems, and
telephone and telegraph systems had to
be built, each requiring its quota of
metals, mostly primary. Hence the
quantity in the surgs tank, so to speak,
was increasing and the capacity of the
Was

Today this is largely over. The one
fundamental trend in modern industry is
toward speed. Almost every mew plant
or piece of equipment rung fester than
its predeccssor. Witness the steam tur-
bine ax compared to the Corliss recipro-
cating engine of the same horsepower
rating. In the meantime, the production
output of modern industry as a whole
ie rapidly leveling off and will in all
probability centinue to do so.

Jonuary, 1936 — Engineering and Mining Jowrnal

Putting these two things together—a
lcvcling off of industrial production to-
gether with an increase in the tempo of
industrial processes—onc gets a gignifi-
cant result. A physical relationship ap-
plies to gll physical equipment to the
effgct that the faster amy machine op-
crates with a given ouwtput rate, the
smaller it nesds to be. This is true
whether applied to simple individua! ep-
patatus, such as power-transmisgion
beles, pipe lines, and individual motors,
or to whole factories, to office equip-
ment, or to a whole industrial complex.
Quite generally, for o given productive
nutpul rate the fosler the gpparatus i
made to operate, the smaller it will tend
to become.

Grantlng this, it is entirely possiblc
and not improbmrble that in North
America jn the nesr future the indos-
trial plant may comtract to such an ex.
tent that the available secondary metals
may for some time almost entirely sup—
plant thosc from primary sources, This
will tend to delay the time of exhauston
of known bigh-grade deposita angd will
prolong the length of the “spoch of
geophysical prospecting.”

Foreign Trade

Praposal is not infrequently made that
a wey of getting rid of present primary -
mineralz be instituted by such practices
as raiging the Chinese standard of living
to that of the United States. If this were
écrionsly attempted it would get rid of
the mincrals; bu} not by appreciably rais-
ing the level of the Chinese nearly so
much a3 by reducing the level of the
Americen standard. This is true for the
simple reason that American resources
are not nearly adequate to stand any
such form of international philanthropy
indulged in for reasome of bugsiness ex-
pedimi.
Another regson why such a couras is
not likely i that 1o country ean possibly
maintzin {or more than g few years what
is known in cconomics ax a “4avorahle
balance of trade.” This consists in abip-

ing ottt more goods than arc allowed to
Ee shipped in, A perfect trade balance,
following the above logie, would eonsist
In shipping out all and rebeiving nothing
in return |

Both domestically and internationally,
auxillary minerals move to cchters of
industrial activity—centers of caal and
iron, Tron ore moves to coal. Tungeten
moves from China to Europe and to
North America. Qil moves from Colom-
bia and Venezueln to the United States
and fto Europe—=nat zutomoblles frem
thess lattcr places to South American
oil. This sort of thing, aside from tem.
porary interfcrences, is likely to con-
tinge in the fature. If it does, the rate of
mineral production in North Ameries is
likely to continue tb be largely for
domegtc consumption. This will not =o
much postpone geophysical prospecting
as lengthen the period of time during
which it will be fornd useful.
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