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OAf m A R I g Y  AS A FACTOR Iff HEAP LBAOHIM

Man has always lived in the present and has 
given little heed to the future. This fact has led him to de
spoil the forests, deplete the fertility of the soil, and mine 
the richest ore deposits, leaving the poorer portions for sue- 
oeedlng generations.

This oyole of events has gone on until min
ing and its oompanlen industry, metallurgy, in this country are 
entering a new field of activity. At present we are turning to 
the low-grade deposits for our future supply of. metals, and, in 
many eases, the discarded tailings of yesterday today are valu
able ores. Tyro-metallurgy is essentially adapted to the treat
ment of rich ores and oonoentratos as compared to hydro-metallurgy, 
which lends itself to the benefioiation of low-grade material. 
Obviously, as time goes on, there will be an ever-increasing 
application of hydrometallurgical processes. It was because of 
this fact that the United States Bureau of Mines designated the 
study of heap leashing,an iraportant subdivision of hydr©metallurgy, 
as one of the major problems at its Tucson station.

Heap leashing is one of the oldest methods 
of recovery of copper from ore, and has been used for centuries __ 
at Bio Tinto, Spain. Probably the first application of this 
method in the United states was by the Phelps Dodge Corporation,



at BtsTjee, Aziz A  There is at present a potential supply of 
millions of tons of low-grade ore in this eonntry from which the 
copper could probably he profitably extracted by this method, 
the present objection to heap leaching is the length of time 
(from three to seven years) required to get a fair degree of 
extraction.

To facilitate the investigation of this sub
ject, to discover the fast and slow steps of the process, and if 
possible to find methods of speeding up the latter, it has been 
divided into three parts: capillarity, by reason of which solu
tions enter rooks and minerals; chemical action, or the taking 
into solution of the values and other constituents; and finally, 
diffusion, by which the dissolved material passes out of the ore.

The purpose of this paper is to discuss the 
work done on the first-mentioned subdivision of leaching, capillar
ity. It will be treated by arriving at a clear and concise 
conception of the term capillarity as used in this article, and 
of the conditions that affect the same, followed by a review 
of research which has been done. Because of the large amount 
of material concerning the subject, only such work as has a 
direct bearing on the problem will be considered. And finally, 
with the above facts as a foundation, proceed to study the

iddell, Handbook of Ion-ferrous Metallurgy, p. 1063.



funftsaentals of capillarity as pertaining to leaching and them 
apply them specifically to the problem, "Capillarity as a Factor 
la Heap leaching."

She phenomenon that liquids tend to rise in 
porous substances has, obviously "been noted for centuries.
■Leonardi da Vinoi~ is credited with the discovery of capillarity; 
that is, the elevation or depression of a liquid in a tube of 
small diameter, the first attempts to explain these observed 
facts were based on the supposed existence of a reduced air 
pressure in capillaries.— Shese first conjectures on the phenom
enon were followed by many years of patient labor and research 
on the part of some of the greatest scientists of the past two 
centuries• To them we owe our present conception of capillarity, 
the conditions effecting it, and our knowledge of capillarity 
and surface tension laws, formulae, and constants*

With these few words on the history of cap
illarity as a background, present knowledge of thevsubject will 
be considered. Capillarity as defined is the elevation or de
pression of a liquid column In passages or tubes of small cross- 
section. It is the resultant of the molecular forces of adhe- 
eion and cohesion.—  -

^ • ' " '. '.. ... ■ ' ' - " ■

^oggendorf Ann. Bd*, 101, p. 661.
5 / 1  ' ■ ■ ■
""hehler, PhysIk Wortenbueh, II Bd., Oaplllantat.4j •: y
Bigelow, S.L., ami Hunter, F.W., Journal of Physical Ohemis- 
7'jtry,'Vol. 15, p. 37? (1911).



This does not mean that those forces arc opposed to oaoh other 
but, rather, that each Is present and together give rise to a 
third force, the resultant, which causes the phenomenon known 
as capillarity, Oapillarity as used in this article is defined 
by the above exempt that the effect is not limited to a rise or 
depression of the liquid but instead, the resultant of the 
forces of adhesion and eohesion whieh cause or tend to cause 
the movement of solutions in the voids within an ore or reek.
It is understood that this phenomenon is distinctly separated 
from any other causes that would produce or tend to produce 
movement of liquids in the passages.

She molecular force of cohesion, operative 
in this phenomenon, is usually spoken of as surface tension. , 
Begarding it, a definite mutual attraction exists between mole
cules of the same kind. This attraction is effective at very 
short distances, from 0.00005 to 0.00008 millimeters, depending

g
upon the substances in question, as estimated by Quincke.—  
Considering the case of a molecule below the surface, it will 
be in equilibrium equally attracted from every side by surround
ing molecules, and in turn attracting neighboring molecules to 
itself. The condition that exists at the surface is entirely 
different. There the molecule is under stress from the sides 
and bottom, but there is no appreciable balancing pull from 
above. Consequently, the molecules in proximity to the surface 
are compressed and of slightly greater density than the remainder

f s ' . 'I of the liquid.—  Further, this molecular force of cohesion
} ■■ -r- ' ....  ... ...................| 5 Wihkelmann, Handbueh dor Physik. Bd. I, p. 476.
JS Freundlloh, H, KapUlarohmie, Zweite Auflage, p. 11.
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oatmes the Biirfaoe of a liquid to behave like a membrane under 
tension, tending to eause the moleaules to arrange themselves 
in a straight line if supported at the'extremities, or, if this 
support is lacking, to assume that shape with which the greatest 
volume is obtained with the least external surface; namely, the 
sphere.

In the same way attraction exists between 
unlike moleeulee in varying degrees, not only between like states 
but also between the different states. The molecular force
of adhesion between liquid and solid Is the couple of main

- . .interest in this discussion. If the molecular force of adhe
sion is greater than that of cohesion, the liquid is said to 
wet the solid, and the angle between liquid and solid surfaces 
will have a definite value for each couple of substances • This 
angle is known as the angle of contact and must, necessarily, 
for the above-mentioned oases be less than 90°. On the other 
hand, if the foroe of cohesion is greater than that of adhesion, 
the opposite effects are produced; the liquid will not wet the 
solid and the angle of contact will be obtuse.

Having defined these points, the manner in 
which they produce movement of liquids, in solid passages of 
narrow oross-seotion, will bo discussed. Considering the case 
in which the force of adhesion is greater than that of cohesion, 
the liquid directly in contact with the walls will be drawn 
along the sides away from the main body of the liquid for a
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certain distance; at the same time the surface of the liquid, 
due to its properties, similar to those of a stretched membrane, 
will tend to arrange itself in a straight line between the 
point® of suspension, and draw the column of liquid, of which 
it is a part, forward in the passage.

This phenomenon continues until the force 
of capillarity is balanced by the force due to mass of the 
supported liquid column and gravity or by a combination of 
this force and any others that tend to oppose the movement of 
the liquid column.

%

An extreme of this phenomenon is the case 
of an oil; it will tend to creep, propelled by an overwhelming 
force of adhesion as compared to cohesion until all available 
surface is covered or the oil supply is exhausted, with a 
relatively small capillary effect, nevertheless, capillary 
action is taking place, of little magnitude because the force 
of cohesion is so small that it can produce no appreciable 
movement of the column. Considering the case in ehieh the 
resultant of the forces of adhesion and cohesion is aero, there 
can be no movement of the liquid directly in contact with the 
wall of the solid and, consequently, the capillary effect is zero 
Finally, taking the third possible case, that in which the 
force of oohesion exceeds that of adhesion, the liquid-solid 
interface of the liquid along with and analogous to that of 
the liquid-gas interface, in contact with the gas contained in



the ore voids, behoves as a membrane uMer tension. Due to 
this property It tends to arrange itself in the shape of a 
plane surface; that is, to conform as nearly as possible to 
the surface of the ore lump, thereby tending to expel the 
liquid from the minute passage ways within this ore until this 
expulsive force is balanced by any force or combination of 
opposing forces. It will here be noted to avoid confusion on 
this point, that in the oaso of a liquid said to wet a solid, 
l.e*, where the fores of adhesion is greater than the foros 
of cohesion, surface tension does not exist at the liquid solid 
juncture and that the phenomenon, in as far as discussion of 
this subjest is concerned, is found only at the liquid gas 
interface within the ore. On the other hand, the foroe of 
cohesion being groater than that of adhesion, surface tension 
does exist both at the liquid gas and at the liquid solid 
interfaces. .. . , - , ' . . . . . ;,

Saving defined capillarity, the conditions 
affecting the same will be considered, particularly those ob
taining in heap leaching and affecting the rate of penetration 
and final effect of capillarity.

The rate of penetration and final effect 
of capillarity varies directly as the value of surface tension, 
other conditions being equal, as shown by the equation:—

"y ■ • • * ’ - , •
"iJetman, Outlines of Physical Chemistry, p. 86.



h = 2 VgoaO in which
4 - density of the liquid
h - elevation of the liquid
6 - angle.of ooataot between liquid aurfaee 

and tube
T -  surface tension per unit width of surface 
r - radius of tube 

. g - acceleration due to gravity.

Thus the use of a penetrating liquid with a 
high surface tension should result in a relatively rapid rate 
of ingress. Water has a surface tension value, expressed in 
dynes per centimeter of length, of 75.4 dynes at 1 5 ° C . w h i c h  
is large for ordinary liquids at room temperatures. Because 
of this fact the addition of many solutes results in a marked 
reduction of the solution surface tension. On the other hand, 
the addition of salt solutes, with a higher surface tension 
generally result in an increase of surface tension which varies 
linearly as the concentration of the solute

It is to be noted, however, that a solute 
with a lower surface tension tends to concentrate on the surface, 
thereby magnifying the reducing effect, and that substances 
like salts that tend to raise the tension leave the surface 
layers. For this reason the presence of a salt produces little

w ■ : •
-fcaggart. Handbook of Ore Dressing, p. 1519.
9
Ibid, p. 1518.



lOu

@Mng@ In the solution surf see tension.—  She following table 
bears out these foots and. shows tho surfoca tensions of aqueene 
and also those of a few other eubatanoes for the sake of com
parison. It is to be noted that the addition of praotioal amounts 
of the solute produees little change of surfaoo tension as com
pared to pure water. And that, therefore; the choice of the 
leashing agent sen have little effect on the speeding up of the 
rate of penetration in so far as change of surface tension is 
concerned, Oa the other hand, as shown by the table, tho addi
tion of certain solutes reduces the surfaoo tension to approxi
mately one-third that of pure water; obviously, this is a factor 
that should be considered.

■___________ _______ —



TABI5 1,-
Surface tension ~T . In dynes per cm. of some aqaaona aolutloaa

: :donoen- :
% Solute itratlon : 

:por cent:
Semper-: 
ature :Refereuoe

Dynee
per

londolt BorasteIn, Phy- 
aikalisoh Choralsohe

do
do
do

do
do
do
do
do
do
do
do
do p. 241

[odgman & Lange, Send! 
of Chemistry and Phyi 
p. 449

oho lahellen, Bd. I,
p.239

* : :
Copper : 0.00 ! 30 * 71.12
sulphate: : 2

: 2 %; : *
do : 6.43 2 30 * 71.87: 2 •
do : 25.40 2 30 % 74.12

% : 2 2 •
: ferrous : 2 2
: sulphate: 0.00 2 18 2 72.52
: : 2 :
: do j: 15.68 2 18 : 74.75
: ; 2
:Sulphurto; 8.00 2 18 2 73.58
: field : 2 2
: do : 87.80 2 18 3; 76.13
: : 2 !-:Hydro- 0.00 2 20 2 73.03
johloric * ' 2
: mold 5.00 2 20 3i 78.46

2 2 ■
: do 10.00 2 20 2 72.25

2 ' 2
:Hltrio 7.25 2 20 2 73.10
: aoid 2 ' t ' ■
: do 9.00 2 20 72.70
2 : 2 '
:Ammonium : 5.00 2 18 66.50
2 hydrate : 2

2 .
:Sodium : sat'd. 20 85.0
:oleate
:sat'd.
: Potassium 53.6 30 107.15
ioarhonate j• 2 l:



Surface tension T"varies Inversely as the 
temperature, and disappears altogether at six degrees holow 
the or it leal temperature of the liquid.—  She value of T i n  
dynes per oentimeter of length, for water, varies from 75.49 
dynes at 0°0. to 68»3 dynes at 80°0.—  She surface tension 
inoreasee with Aeorease in temperature until the liquid solidi
fies, when it ceases to exist because the solid will not conform 
closely enough to the shape of the wall so that the molecules 
of the two substances are within the range of molecular attrac
tion. Counteracting the increase in capillary effect by reason 
of lowered temperature is the increase in viseoaity of the 
liquid due to that same change of temperature.

Viscosity is liquid friction-- or the re
sistance to motion between layers of a liquid. Its existence 
depends upon motion and varies directly as the first power of 
the velocity and ceases to function when the velocity becomes 
zero. Therefore* viscosity can have no effect on the ultimate 
value of capillarity, but may have a marked bearing on the rate 
of penetration of solutions into ores and consequently must be 
considered in this problem. The value of Tjwith dimensions 
f cm*3- g sec.*"3, ) for water, at 0°C., is 0.01797 and, at
95^0; is 0.00g993^, Also the addition of a soluble substance to

TlZillsrd, E,B ., Physieal Chemistry for Colleges, p.
/ XandoIt Bernstein, Physikallsoh Chemisohe Tabellen, 
f VBd. I, p. 198.

75.
5 Autlage,

/ Watson, A Text Boo* of Physios, p. 186.
M landolt Bernstein Physikallsohe Chemisohe Tabellen, Bd. I, 

/  5 Auflage, p. 136.
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water affeeta the Tisooslty of the resulting solution as shown 
hy the table that follows. Consideration of this fact would 
indloate that oholoe of leashing agent and also the oonoentrac
tion of same may have an effeot on the rate of penetration of 
the solution into the ore.

TABLE II.—
Relative viscosities of normal aqueous solutions compared to

'
cater."

Solute Temperature ; Belotlve Tl300alty
* f

jOMQlliEL. :
25 !

:
17.6 :
25.0 :
25.0 :

1.02
0.98Ammonium chloride

Hydrochloric acid 1.07
Sodium hydrate... 1.24
Sulphurio aoid... 25.0 z

:
1.09

The oharaoter and size of the ore are im
portant factors. Comparing the sizes of ore, other conditions 
equal, the smaller piece will have the larger working surface 
per unit volume also shorter distance to be penetrated than 
the larger piece and therefore a more rapid penetration and 
saturation per unit volume.

H Taggart, Textbook of Ore Dressing, p. 1501.
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Cons l&er at ton of the befoze-nentlonod
relation h = sToosG shews that h, the elevation of the liquid

H g
ooluan, varies inversely as the radius of the tube. Applying 
to the subjeot in question and assuming a friotionless liquid, 
an ore with the passages of smaller eroes-eeotion will have the 
more rapid rate and greater final penetration, other conditions
equal and oonsidering only capillary effect, than an ore with

< '• , ..

larger openings. Carrying this reasoning a step farther, it 
oan be shown that the area of oroes-seotione being equal, the 
one with the greater perimeter will produce the larger capillary 
effect, this giving voids with a circular cross-sootion the low
est, and incipient fracture# the highest penetration value.

But under actual conditions, there are cer
tain limitations regarding the above statements that must be 
noted; namely, that liquids are hot frietionless and that 
viscosity liquid friction increases as the size of the capillary 
openings decreases.

Van Hise~ in his "A Treatise on Metamor-
phism" has classified rook openings according to size, as follows;

(1) Superoaplliary openings:
Circular openings greater than 0.508 milli
meters in diameter.
Sheet openings greater than 0.254 millimeters 
between walls. .

16Van Else. C.R.. A great iso on Metamoruhlsm. v * 142
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(2) Capillary t^alngs:
Circular opeainga 0.508 - 0.0002 millimeter# 
in diameter.
Sheet opening# 0.254 - 0.0001 millimeters 
between walls.

<3) Subeapillary opening#:
Circular openings less than 0.0002 milli
meters in diameter.
Sheet openings less than 0.0001 millimeter# 
between walls.
She movement of liquids in rooks through 

superoaplliary openings, olaaaifioation (1), is governed by 
the ordinary laws of hydrostatics which are expressed by the 
following relation: v = Tggh where g, in centimeters per
second, equals the acceleration due to gravity; h equals the 
liquid head expressed In grams; and v equals velocity in centi
meters per second. Capillary openings, the second classifica
tion of rook pores, as regards size of passageways include the
majority of the openings of sandstones, of conglomerates, or

18porous lavas, and those produced by fractures
Movement of liquids in capillary tubes, 

according to Poieeeule, is governed by the general formula

~T)aniel, A., A Textbook of the Principles of Physics,
edit., 1895, p. 305.

18
"■“"Van Hise, O.B., A Treatise on Metamorphism, p. 143. 

lamb, Hydrodynamics, 1895 ed., p. 520.

3rd



f - discharge in oubio centimeters 
^  - eoefflelent of visoosity
*r- pi ‘ ■ ; : .. : /.
a - radius of the tube 
1 - length of the tube
p - difference in pressure between the two ends 

of the tube expressed in dynes per equate 
centimeter.
Sliehter—  found the following relation

to hold for the movement of ground water through circular cap-
Illary openings within rocke:

f = /?/)
3//<r /

y = Z7/5 = (0.03979)
8  /u  f f ' - /

f - discharge in cubic centimeters 
-.coefficient of vieoosity
- eroBs-seotioml area of the • openings.

■ ■ - P i : .
1 - length of opening in oentieeters
v - ye loo ity in centime ter s per second
P - difference in pressure between the two 

ends of the opening, expressed in dynes 
per square centimeter.

‘Sliohter, O.S., Theoretical investigation of the movement 
of ground water: Nineteenth Annual Report, U.3.Geo.Survey, 
Part II, 1899, p. Slf.
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Por triangular openings the following results
were obtained:

f = R ' p  
Z o  f3~ j u /

v = (0.02887) /7̂ >
/ y  / '

Hot®: Symbols have the same meanings as in the immediately pre
ceding equations•

Comparing the foregoing equations with the 
one governing capillary rise it will he seen that reducing the 
sise of opening tends to reduce the velocity in the former 
(v = /%> ) and increases the velocity in the latter ease

3/7/,/
(h * R T c o s G ) , "by reason of the velocity varying directly as

T-cfg
the driving force, which in turn varies directly as the height 
of capillary rise, h. . ^

Considering the third subdivision of rook 
ports, classified as to site, (subcapillary openings), the flow 
in passageways of this size would be infinitely slow.—  The 
attraction of the solid molecules extends from wall to rail; 
there is no free liquid, it is attached to the walls as a film, 
the ratio of resistance to flow of a liquid thus attached is 
almost infinitely great as compared to that of free molecules 
(comparatively so) within a liquid out of the range of the mole
cular attraction of adhesion.

i r ~  ■ ~~  ̂ ~  —
Tan Else, O.R., A treatise on Metamorphism, p. 142*



(

18-

Brlefly summing up the effeot of the size 
ef the opening on the fate of penetration of liquids into the 
•voids within a rook due to capillarity and combining the two 
opposing tendencies by taking the previously mentioned equation 
v - H p  and substituting for the difference in pressure/

3 r r A > /
between the two ends of the tube, p, the value of the force 
causing capillary motion, %rrtT the following equation is
obtained: -

v = . ^
v =
V =

'> A/. >AV
Shis relation shows that the velocity varies

directly as thea & b a ^ E  the radius, directly os the surface 
tension and inversely as the length of the opening and the 
coefficient of viscosity of the liquid in question, Carrying 
this reasoning a step farther, an increase in the size of open
ing causes an increased velocity, the retarding forces of vis
cosity alone considered, and a decreased voiceity when the ratio 
of the capillary force to the mass of the liquid-to be accelerated 
is considered. Deereasing the size of the openings produces 
exactly the opposite to the above-mentioned effects until that 
point is reached where the force of capillarity is balanced by

Millard, Physical Chemistry for Colleges, p, 71.



that of the attraotlon of the solid walla, the range of which 
extends from wall to wall, at which point movement of the liquid 
oeasea altogether* That is the condition obtaining in sob- 
capillary openings. Continuing, Daniel~ states that "The 
velocity in capillary tubes is proportional not to the square 
root of the pressure, but to the pressure itself. The resistance 
to flow varies directly as the velocity —  in wide tubes, 
approximately as the square of the velocity. This seems to 
be discrepant, but is due to the formation of eddies in the 
wider tubes; in a capillary tube the flow is steady." As the 
velocity of the penetrating liquid is extremely slow and the 
resistance to flow varies directly as the velocity, the retard
ing effect of the penetration of a liquid into the voids within
an ore, due to viscosity, will be very small and practically

24negligible. Van Else—  states, regarding the flowage of ground
water in rocks, that due to the exceedingly low velocity the
viscosity of water becomes almost zero per unit area and has
little effect on the flowage of water. The following notation,
however will be made: It is conceivable that, due to unusual
conditions, a leaching solution may be very viscous, approaching
the consistency of molasses. In that case, viscosity, undoubtedly
would become an important factor in the rate of penetration.
^Daniel. A., i. Textbook of the Principles at’ Physios, 3rd 

edit., 1895, p. 816.
SiVan Else, C.R., A Treatise on Metsaorphism, p. 142.



Obviously, the relation of tM® aoleemlar 
fore*# of adhesion and oohesion which results in the angle of 
eontaot hetween liquid and solid, is also a governing factor* 
Each eouple of liquid and solid has a definite value for the 
angle of eontaot* Bigelow and Hunter^ compiled tables, using 
water and benzene with various solids, which aro herewith 
included*

BABBS HI.—
rh values for water in mm* Bemnerature 20*5 - 21*0o0.

2ino....... 15.15
0opper..... 16.11
ITiokel.... 15.00
Aluminum... 14.78
Silver.... 14.75
Platinum... 14.72 

■ ■ Ola##* . 1 4 . 6 9
Celluloid.. 14.12 
Beeswax.... 15.02 
Paraffin... 9.69

■ ; • ■ : fims 17.-- ■’ ■ ! ' :
grh values for benzene in mm. Temperature 80.5-0.2°C.

Sllyoree*»# 6.16
HiolCQle sees 6.11
Aluminums •# 6.07
Copper.... 6.08Platinum... 6.01
Class...... 6.87

Bote: a - density of liquid, x - radius of capillary tube, in am
h - height of capillary rise, in mm

Bigelow, 8.1., and Bmter, P.W., Functions of the falls in 
Capillary Phenomena#: Jour, of Phy.Chemistry, Vol.15,p.367 
(1911).



It will be observed that the walls have
a marked effeot on capillary action and that the metals are 
arranged very nearly in the order of the electromotive force 
series. Obviously, this is another factor that must be con
sidered in the study of this problem.

She terms ndn and "g" as given in the equa
tion h * 2 rOos 0 are concerned with the force due to the 

H i
mass of the column of supported liquid and the acceleration of 
gravity. The effeot of this factor in the problem may be posi
tive, negative, or mere, depending on the general direetlon of 
the passageways in the specimen and therefore needs no further 
discussion, as the resultant of all these forces in the speoi-
meri In every case will be very nearly equal to zero.

■a
r
/ i

Along with the above-mentioned foroes oust
|iej considered that of the developed gas pressure in the voids 

/within the speoimen, due to the influx of the liquid and also 
tlijs subsequent solution and diffusion of these gases Into and
through the penetrating liquid. These are probably the most

".■ / / . . . . .important factors of the problem and must be given careful eon-

//
J  siderlation.
i ■ z /■

//
Finally, although the study of eleotrleal

4 f
. effects on the rate and ultimate penetration of oapillarity 
is beyond the scope and time limit assigned to this problem, it

i v
/ i is well to note that such are existent. If a positive poleI ' ' ’ : ' ■ '{ j; be placed above a capillary column of liquid, and the negative 
j\ pole connected to the liquid, there will be a rise in the
l



oajlillary column. If the poles he reversed., the opposite re-
26suit will he produced..*—-

Having considered the condition# affecting 
the penetration,hy capillarity, of solutions into ores, research 
that has been done on the subject will now he taken up. Thus 
far the writer has been unable to find any account of research 
directly pertaining to the problem, work has been done on heap 
leaehlng, as a general subject, in the shape of small-scale tests 
at Tyrone and Bisbee, Ariz.,. by Hudson and Van Arsdale, but no 
particular study of capillarity as a separate factor was made

nevertheless, of all the literature on the
' . . . .

subject so far read, there seems to be a general agreement of 
authorities on the subject, that capillarity is one of the con
trolling factors.

""""Xemstrom, 3., Brude Ann. 5, p. 729 (1901).
27 .. - . - -. .Tan Arsdale, G.D., Some Experiments in Heap leaehlng Copper 
Oresi Eng. & Min. Jr., Teb. 2, 1926, Tel. 106, Ho. 6, p. 225.
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The esperlBeatsl work may be divided int© 

four parts: (1) Otaorvatlon of the rates of penetration of eola
tions into the rook by the gain in might of the sample due to 
the filling of the voids by the solution; (2) actual measure
ment of the volume of the solution entering the voids; (3) 
observation of the progress of penetration as shewn by suitable 
ooloring agents on surfaces freshly broken after leaching; and 
(4), the measured rise of solutions in glass tubes filled with 
different sizes of various combinations of substances. The 
work done on each will be taken up In the order named, and with 
such orosa-referenoes as are necessary.

The first attempt to record the gain in weight 
as solution penetrated into the specimen was by means of the 
Jolly balance. After winding several springs from piano wire, 
the conclusion was reached that it was impractical to make a 
spring of sufficient length to give the necessary sensitivity; 
i.e.» to the nearest 50 milligrams on a two to three-kilogram 
sample.

A watoh glass suspended by means of niohrome 
wire from the beam of a pulp balance was substituted. The esmplee- 
and here it will be noted that all subsequent samples, unless 
otherwise stated,were also dried to constant weight at 165°C.—  
was placed on the watohglass, immersed in water, and weighing# 
taken at intervals fimmersed). Bubbles collecting on the surface
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®f the specimen weee hzaiheA temperature readings were
taken and corrections made for change in density of the liquid 
and for cubical expansion of the sample, three.tests were made 
by this method, consisting of one, 1-inch piece of warren par
tially-weathered low sulphide ore and two (one, 1-inoh piece, 
and one 2-inch piece) of warren unweathered ore; all were carried 
on in tap water, these tests were discontinued because the re
sults when plotted gave an irregular and unsatisfactory curve 
and because it was thought a larger sample would possibly give 
better results. A 2-liter bottle, top removed, and suspended 
as before to the beam of a 10-kilegram balance was substituted. 
Bubbles were removed by draining the liquid from the jar and 
then introducing it again very slowly. Weighings and tempera
ture corrections wore made as above; also addition of water to 
the solution to compensate for lose from evaporation. Three tests 
were run by this method in 5 per cent eopper sulphate (5 per 
cent copper) solution, on a 1400-gram (approximately) sample of 
1-inoh Warren unweathered ore, and on two 1000-gram (approximately) 
samples of 1 and 2-inoh burned brisk cubes. The results of the 
three above tests when plotted (weight gained against time) gave 
unsatisfactory curves, the warren unweathered high sulphide ore, 
especially so, which gained weight until a maximum was reached 
and thereafter lost weight until at the end of 214 hours it had 
nearly dropped to the weight noted at the beginning of the ex
periment. The following test on Warren unweathered ores also 
gave similar results. The burned brick oube samples, although



not shotting a loss in weight after a maximum had "been attained, 
nevertheless gave unsatisfactory eurves when plotted* Because 
of the above-acted reasons, all tests thus far carried out were 
discarded as unreliable*

As the preparation of the 2~liter bottles 
and subsequent draining at each weighing consumed a large amount 
of time, oopper-gause baskets with sheet metal bottoms made 
of iron, to prevent loss of fines, were substituted. The iron 
sheet metal was used and paraffined in anticipation of the time 
when sold and ferric sulphate solutions would be used instead 
of copper sulphate solution. This attempt proved a failure as 
the paraffin wore off of the edges of the sheet metal. Copper 
sheet metal was substituted for the iron and altogether 24 
teats were run by this method on 2 to 3-kilogram samples of 1 
to 6-inoh warren weathered low-sulphide ore, 1 to 6-inch Warren 
fresh ore, and on 1 to 2-inch Ajo porphyry ore, all in 5 per 
cent copper (5 per oent copper) sulphate solution. Temperature 
at time of weighings (immersed) and weight observations were 
taken a® before. Corrections for change in density of solution 
in which weighings were taken, due to variation of temperature 
and due to evaporation, were made by keeping to apparent con
stant weight (immersed in the copper sulphate solution) a sealed, 
loaded flask by addition of water or of concentrated copper sul
phate solution to the solution in which weighings were made.
This also sufficiently corrected for the error due to the cubical 
expansion of the ore caused by change in temperature; the error 
of this correction consisting of the diffamnae of auht



expansion of glass and of the ore, "but which was well within the 
limits of other experimental error.

The original procedure was to start the 
tests in the morning, take frequent weighings during the first 
day when gain was most rapid and thereafter take weighings dur
ing the day at longer intervals as the rate of gain beeame less. 
In spite of the precautions to eorreot for changes in weight due 
to variation of temperature, the weights showed a marked differ
ine® between morning and evening observations and in a direction 
opposite to that which would be produced by the above-mentioned 
changes in temperature as pertaining to the solution in which 
the weights were taken.

Because of this, weighings and temperature 
readings were taken at intervals of 4 hours for the first 60 
hours and thereafter every 8 hours until weight became constant 
and finally every IS hours for a oheok as to constancy. When 
the results wore plotted- percentage total gain against time and 
temperature against time, the low points on the temperature 
curve coincided with the points of maximum gain on the percent
age total gain curve and the high points of the former with the 
minimum gains of the latter, Shis would indicate that a gas 
pressure is built up in the voids within the specimen by the 
influx of the solution. A slight change in temperature expands 
the gas and consequently decrease# the rate of penetration. 
Further consideration indicates that the problem becomes one 
of the diffusion rate of gas into solution, especially for 
the last 15 to 25 per cent of gain.
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fho results of these 24 tests were plotted 
time la hours as abscissae against per cent total gain in weight 
as ordinates, but as in the first tests the results were ua- 
satisfactory, the curves were irregular and few of the samples 
earn® to a oonatant weight because of some part of the sample 
going into solution and also due to loss of fines during weigh
ing. Because of these facts all the tests thus far carried out 
were discarded as unreliable.

2o do away with these errors the sample was 
placed in a bottle sealed with a rubber stopper carrying a bur
ette. The solution was introduced into the bottle by means of 
a short length of rubber hose and a piece of glass tube of such 
size as to fit inside of the burette. The solution was placed 
in a reservoir and allowed to rum,by gravity,into the test 
bottles. The first test was run in a wide-mouthed bottle that 
would take 1-inoh pieces.

Thereafter, common two-liter sold bottles 
were out in the middle by moans of an electrically boated aiehroae 
wire. The sample was introduced, the top half of the bottle re
placed In its former position, end a section of automobile tube 
slipped over the joint, followed by winding same with friction 
tape. The joint was made water-tight by the use of a cement 
composed of shellac, beeswax, and alcohol. The function of the 
beeswax was to give a better contact with the glass and also 
mako it possible to remove the tube when the test was finished.
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without tearing It, and thus it could be used again# To pre
vent any moToaent at the joint which would have caused an error 
in the volume readings, a washer was placed on the stopper 
around the burette, two wires attached through holes drilled 
on opposite sides of the washer, and passed around the bottom 
of the bottle and drawn up tight. She solution was then intro
duced into the bottle as previously described, the level of 
same brought to the zero mark on the burette, and the volume 
of voids, penetrated, read in oubio centimeters as the level 
fell in the burette. In this way much less time was required 
to get the initial reading and errors due to solution, loss 
of fines, and change of density of solution due to evaporation 
were eliminated. Corrections for temperature variations were 
made by running a blank of saturated ore with a similar appa
ratus in conjunction with the experiment. Bubbles were removed 
from the ore pieces by tipping the bottle bottomside up, there
by rolling the ore about in the container. A 2000-gram sample 
of ore was found to allow for suffloient movement of the 
pieces so as to remove all bubbles. Per sizes larger than 
-1 *3/4-Inch it was found necessary to use a copper or iron 
sheet metal (depending on the kind of solution used) protector 
inside of the bottle to insure same from breakage due to the 
ore pieces rolling about. The open end of the burettes was 
lightly stoppered to prevent evaporation of solution and 
resulting error in results. The test above described will, 
hereafter, be referred to as the dilatometer test. . ,



Before continuing with the exporimontsl 
work Borne notations oonoernlng the same will he made which are 
as follows: All ore samples, from this point on, wmless other
wise noted, were dried to oonstant weight at 110°o. the ore 
sizes, smaller and including the -1 + s/4-inch size, are the 
Tyler standard sizes; those larger than -1 +3/4 size are desig
nated the indicated size as the maximum dimension and conforming 
as nearly as possible to a cubical shape,

Dllatometer tests were run on -1 i 3/4-inoh, 
2-inch, 3-inch, 4 to 5-lnoh, and 5 to 6-inoh sizes of Warren 
partially-weathered, of Warren urnrea there*, and of A jo porphyry 
ores for the purpose of determining the effect of the size of 
ore lump on the rate of and final penetration of solution into 
the folds within the specimen. All of the abofe tests were 
carried on in 5 per cent copper sulphate solution (5 per cent 
oopper) for the purpose of coordinating this problem with that 
of Mr, Sweet1 s: "Diffusion as a Factor in Heap teaching.”

Tables and graphs of the results obtained
- ' 'will bo found on following pages. Bach test, its table and

corresponding ourwes is designated by the same number, fables
not pertaining directly to any one individual test will be
designated by an individual sequence of numbers with Homan
numerals. All results are plotted time elapsed from beginning%
of the test in hours, as abscissae, against per cent total 
volume of voids actually filled, as ordinates. It is here

-29-
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noted that all succeeding tests will he treated in the same way 
unless otherwise stated.

She results of these tests, 1 to 15 (tests 
8 and 13 were unsueoeeeful) inclusive show that the time required 
for total penetration, or for any part thereof, does not vary 
as the distance that the solution must penetrate or as the ratio 
of the working surface to the volume of the ore that is saturated. 
Comparing the -1 t3/4-inch and the 5 to 6-inch sizes of the Ajo 
porphyry ore on the basis of 95 per cent of the total volume of 
voids actually filled, 48 hours are required for the -1 *3/4- 
inoh size and 100 hours for the 5 to 6-inch size; the interme
diate sizes of this same ore gave results between these figures.
The Ajo porphyry ore is sited only as an example, the other ores 
gave similar results which are compiled in the following table (V). 
This seeming discrepancy of results is explained by the fast 
that there is an initial rapid penetration into the ore along 
larger openings, such as elevage and fracture planes, and there
after a very much slower penetration into the miorosoople voids. 
This being the ease, the solutions penetrate to the center of 
the larger ore lump in very nearly the same length of time as 
In the ease of the smaller piece and thereafter ingress into 
the minute voids takes place within the larger ore lump on prac
tically the samo basis as in the ease of the smaller ore lump

i . .

when distances of final penetration into the minute voids is 
compared. That this assumption is oorreot is farther proved
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2ABIS V.—
i m n  o f the 'io&G of time required to fill 95 por

Zest Ore Size
inches

Time
t e i

48Ajo porphyry -1 *5/4
dO : ■ ■ Z - Zt 58
do 3 - &u 81

' ; SO . • • - . 4 - 5 86
' 5 - 6 100

Warren partially weathered -1 *3/4 57
; ' ' , ■ . • dO - • Z - 43

9 do 4 — 5 H O
10 do 5 - 6 150
11 Warren unseotherod -1 43/4 54
1Z - . • .. - . do 2  - E*. . . . 59
14 , do . 4.-6 91
15 do 5 - 6 107

Votes The values given for Tests 4, 6, 9, 10, 14, and 15 ore
yrotmbly slightly high, due to o protrnotod rioo in tem- 
posoturo (S,5°0e over o period of aevorel days) while 
those teat© wore in progress, which prolonged tho period 
ro#irod for apparent saturation*



"by tests on the rate and manner of penetration of solutions 
by the use of suitable coloring agents. Sheas tests showed 
that the solutions entered the specimen along olcavage and 
fracture planes, penetrating to the center of the lump in a 
comparatively short time and thereafter completely saturated 
the oro lump by spreading out from these larger passageways.
For results and photographs of these tests see page08 a.

Dllatometer tests 16 to 19, inclusive, were 
carried out for the purpose of determining what effect, if any, 
drying the ore to constant weight at 110*0. had. Duplicate 
tests (Bos. 16 and 17) were carried on with -1 43/4-inch War
ren partially weathered ore, which had received no other treat
ment than having been kept in the laboratory for several months 
at room temperature. These two samples were run in distilled 
water at room temperature. Two other tests (Bos. 18 and 19) 
were run on -1 +3/4-inoh Warren partially weathered oro, all 
conditions the same as in Tests 16 and 17 with the exception 
that the oro of Tests 18 and 19 had been dried to constant weight 
at 110*0. Curves were plotted of the results obtained. Com
parison of these curves‘showed mo appreciable difference in the 
rate of penetration between the ore dried at room temperature 
and that which had come to constant weight at 110*0. In eaeh 
of the four tests, 95 per cent of the total volume of voids 
actually filled was penetrated in approximately 20 hours. The 
only difference noted was that the samples were dried at room
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Table 1.— 3) 11a tome ter tost on 8003.0 grains -1 >3/4-inch A jo

porphyry ore in 5 per cent topper sulphate solutions* 
Temperature 18.0 to 80.6°0.

Time elapsed 
from beginning Volume of

Peroentage of 
total volume of

of test voids filled voids actuallyhours 0.0. filled
0.0 0.0 0.0
1.0 13.20 50.8
3.0 15.05 57.77.0 17.36 61.611.0 19.55 75.015.0 20.60 79.0

19.0 21.75 83.623.0 22.60 86.527.0 22.95 88.0
31.0 23.58 90.535.0 23.90 92.039.0 24.30 93.543.0 24.50 94.247.0 24.55 94.461.0 24.95 95.866.0 25.20 97.0
63.0 25.46 97.668.0 26.60 98.676.0 25.95 99.980.0 26.80 98.588.0 26.00 100.0

Table 2*— 2009.0 grama 2 - 2^-inoh A jo porphyry ore in 5 per 
oent topped sulphate solution. Temp* 18.0-20.6*0.
0.0 0.0 0.01.0 8.50 37.63.0 10.35 46.27.0 12.60 65.711.0 14.70 64.815.0 16.30 72.0

19.0 16.80 74.0
23,0 17.50 77.227.0 17.90 79.0
31.0 18.55 81.735.0 18.95 83.6
39.0 19.50 86.0
43.0 20.10 88.847.0 20.45 90.0
51.0 20.90 92.156.0 21.25 93.9
65.0 21.75 96.0
68.0 22.15 97.7
76.0 22.40 98.8
80.0 22.36 98.6
88.0 22.50 99.5
96.0 22.70 100.0

120.0 22.70 100.ft



fable

fable

3.— 1654.0 grama 3-3^-Inch. A jo porphyry ore In 5 per
sent copper sulphate solution, temp. 81.0 to 83.6°C.

fime elapsed 
from beginning 

of test 
hours

Volume of 
voids filled

o.o.

Percentage of 
total volume of 
voids actually 

fillet
0.0 0.0 0.06.0 11.0 46.010.0 13.65 66.724.0 18.05 75.334.0 19.80 82.248.0 21.20 88.172.0 22.30 93.096.0 23.30 97.0120.0 23.30 97.0144.0 23.80 99.1168.0 24.00 100.0192.0 S4.(X) 100.0

4.— 8829.0 grams 4-5-inch Ajo porphyry ore in 5 per cent 
copper sulphate solution, femp. 18.0 to 80.6°0.
0.0 0.0 0.01.0 7.20 28.03.0 . 8.95 35.07.0 11.20 44.011.0 15.60 53.015.0 14.90 58.219.0 16.20 63.323.0 17.20 : 67.327.0 18.70 73.431.0 19.10 74.536.0 19.70 77.039.0 20.10 78.743.0 20.60 80.247.0 21.00 82.251.0 81.75 85.256.0 22.15 86.763.0 22.70 88.868.0 23.85 91.0

76.0 88.66 92.180.0 84.10 94.288.0 84.60 96.2102.0 24.80 97.0112.0 25.00 97.8121.0 26.00 97.8136.0 85.10 • 98.2148.0 85.15 98.4200.0 86.60 100,0
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Table 5.-1640,0 grams 5 to 6-inch Ajo porphyry ore In 5
per eent eopper sulphate solution. Temp. 21.0 to 23.6*0.

Time elapsed 
from beginning 

of test 
..hours,

Volume of 
voids filled

o.o.

Percentage of 
total volume of 
voids actually 

filled

0.0 0.0 0.0
6.0 8.20 31.0

10.0 10.85 41.0
24.0 15.65 59.0
34.0 18.30 69.4
48.0 21.10 80.0
72.0 23.96 90.4
96.0 24.70 95,2

120.0 25.20 95.2
144.0 25.70 97.0
168.0 26.86 99.1192.0 26*50 100

Table 6.— 1779.0 grams -1 *3/4-inch Warren partially-weathered
ore in 5 per eent eopper sulphate 

18.5 to 20.00(3. solution. Temp

5.0 16.30 75.410.0 16.30 80.321.0 18.10 89.130.0 18.90 93.143.0 19.40 96.653.5 , 20.06 98.770.0 19.85 97.877.0 20.00 98.592.0 19.90 98.0101.0 20.15 99.2117.0 20.26 99.7125.0 20.26 99.7140.0 20.30 100.0154.0 20.30 100.0
i
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Ia"ble 7.— 2063.0 grams 2 to 2&-inoh Worron partially weathered 
ore in 5 per eent eepper ealphate solution. Temp.

18.0 to 20.6*0.

, '■ Time elapsed 
from beginning Volume of

Percentage of 
total volume of

{ of test voids filled voids actually
hours 0.0. filled

' . : - 0.0 0.0 0.02.0 16.30 70.04.0 16.90 73.6•' ' 7.0 17.70 76.012.0 18.65 80.019.0 19.60 84.0
l < X . ’ ' 24.0 80.30 87.8/f; i 32.0 81.30 91.436.0 21.85 93.7

■i:-,
44.0 22.10 94.758.0 88,40 96.1, 68.0 . 22.45 96.3

■i1;: 77.0 88.95 98.3,r-: ' • 92.0 88.66 97.0
/ V , ; : 104.0 22.65 97.0
/j)i ' 116.0 22.80 97.7132*0 22.90 98.0
■ : / 156.0 23.30 100.0168.0 83.86 99.7
A 1-tohlo

(I
v4: ’■
V ;

in 5
t*"»w  j L iw n  w c & f f Q f i  w v t & u i i v f v i i  v f #

per oent oopper sulphate solution. Temperature 
21.0 to 23.6*0.

I

m

?

'
/i

'■k

0.0 0.0 0.0
6.0 11.25 61.0

10.0 13.45 73.224.0 15.15 82.4
34.0 16.90 86.548.0 16,30 88.6
72.0 16.70 90.8
96.0 17.20 93.5

120.0 17.60 95.7144.0 18.00 98.0
168.0 18.30 99.5192.0 18.55 100.0

i
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Table 10.-1590,0 grams 5-6 inch Warren partially weathered ore 
in 5 per cent oopper sulphate solution. Temp. 81.0

to.83.600.
Time elapsed 

I s m  beginning Volume of
Peroentage of 
total volume of

of test voids filled voids actually
hours 0.0. filled

0.0 0.0 0.06.0 ... #.86 61.510.0 10.60 74.124.0 11.45 76.034.0 12.00 79,848.0 ■ ■ ' ' 18.40 88.678.0 18.90 . v. . 86.896.0 " 13.40-:: - 89.1120.0 14,00 93.2144.0 14.60 96.6168.0 14.80 98.4192.0 15.00 100.0
216.0 14.96 99.7
-2505.0 grams ■-1 43/4-inoh Warren unreathered ore8O!wo sulphate solution. fomp. 80.0 to ;0.0 0.0 0,0

4.3 13.30 67.7
7.2 14.48 73.818.0 14.70 74.617.0 16.90 81.0

21.3 16.66 85.0
23.5 17.30 88.0
27.5 17.65 89.9
31.6 17.60 89.5
34.5 * 18.16 93.3
38.5 18.60 94.7
42.5 18.80 V 96.8
46.5 18.80 96.8
52.5 18.76 95.655.0 18.86 96.0
60.0 18.96 96.670,6 19.10 97.480.0 19.30 98.496.0 19.60 100.0

103.0 19.60 100.0
119.0 19.60 100.0

•v. .
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lable 12s— 2238.0 grams 2-2^ inch Warren omeathored ore in 5
per oent copper anlptote eolmtlon. Temp. 20.0 to 21.7°0.

Time elapsed Percentage of
from beginning Volume of total volume of

of test voids filled voids actually
; _• h#ur# - ' - filled

0,0 0.0 0.0
4.3 8.86 50.3
7.2 9.92 60.5

12.0 11.10 67.6
17.5 12.08 74.7
81.3 . ' ■ 12.35 75.3
23.5 12.70 78.1
27.5 12.90 78.7
31.5 13.05 79.6
M . S 13.65 82.4
38.6 13.95 85.0
42.5 14.35 87.5
46.5 14.76 90.0
52.6 15.25 93.1
56.0 15.35 93.660.0 15.45 94.2
70.6 16.00 97.5
80,0 16.20 98.8
95.0 16.30 99.3

103.0 16.40 100.0
119.0 16.40 100.0

fable 14.— 2304.0 grams of 4-5 inoh Warren unweathorod ore In
5 per cent copper sulphate solution. Temp. 21.0 to 25.6°0.

0.0 0.0 • 0.0
6.0 10.00 50.0

10.0 11.05 ' ' #5.2
24.0 15.10 75 434.0 16*80 84.0
48.0 17.80 89.0
72.0 18.60 93.1
96.0 19.05 95.3

120.0 19.40 * 97.0
144.0 19.45 97.5
168.0 20.00 100.0
192.0 80.00 100.0
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Te'ble 15.— 220S*0 gr^w §-6 inoh Warren luweathereA ore in 5 Q
per eent oopper sulphate solution. Temp. 21.0 to 23.6 C.
Time elapsed 

from beginning Volume of.
Percentage of 
total volume of

of test voids filled voids actuallyhours o.o. filled
0.0 0.0 0.0
6.0 10.64 66.010.0 11.60 61.024*0 14.20 75.034.0 16.80 85.048.0 16.40 86.572.0 17.16 90.396.0 18.05 95.1120.0 18.25 96.0144.0 18.65 98.1168.0 18.85 99.2192.0 19.00 99.8216.0 19.10 100.0

Table 16.— 2000.0 grams -1 4 3/4 inoh Warren partially weathered, 
ore dried at room temperature in distilled water. Temp.

17.6 to 18.9°0.
0.0 0.0 0.06.0 9.65 85.411.0 10.55 89.520.0 20.36 94.730.0 , 20.75 96.644.0 21.40 99.770.0 21.55 99.492.0 21.40 99.7180.0 21.46 100,0364.0 22.16

— 2007.0 grams -1 *3/4 inch Warren partially me
ed at room temp . In distilled water . Temp. 17.

0.0 0.0 0.06.0 18.65 87.011.0 19.80 98.420.0 20.90 97.230.0 20.96 97.544.0 21.10 98.2
70.0 21.26 99.0
98.0 21.40 99.7120.0 21.45 100.0

364.0 21.96 —
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Sable 18*— 8000.0 garama -1 ♦ 3/4 i m h  Warren partially weathered
ore (dried to constant weight at llO°0.)in distilled

water. Semp. 17.5 to 18.9*0.
Time elapsed Percentage of

from beginning Volume of total volume ofof test voids filled . voids actually
hours 0 .0 . filled

0.0 0.0 0.0
6.0 88.30 86.711.0 23.60 91.380.0 84.60 96.630.0 24.70 96.944.0 25.40 98.670.0 86.60 99.092.0 25.70 100.0120.0 86.70 100.0364.0 . 26.45

Table 19.— 180Q.2V grams -1 -$■ 3/4 inch Warren partially weathered 
ore (dried to constant weight at 110°0.) In distilled 
- water. Temp. 18.5 to 19.3*0.

0.0 0.0 0.0
2.0 17.0 79.54.0 18.60 86.77.0 19.40 91.09.0 19.20 90.0

12.0 19.46 91.321.0 19.90 93.286.0 20.20 94.7
30.0 20.50 96.1
36.0 . 20.60 96.744.0 20.80 97.854.0 21.00 98.568.0 21.10 99.0
92.0 21.30 100.0

117.0 21.20 99.5141.0 21.20 99.5
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temperature eheweA lea# volume of voids penetrated, the differ
ed}# of the weights of penetrating liquids in the two cases 
nearly equalling the observed loss in weight of similar samples 
when dried to a constant weight at 110oC. For results and 
curves see Tables 16 to 19, inclusive.

Dilatometer tests 20 to 27, inclusive, were 
oarxiod out for the purpose of determining what effect the 
available range of temperature 2.0 to 35.0°C. had on the rate 
and the amount of penetration. Tests 20, 22, 24, and 26 one 
each of -1 f 3/4 inch and 4-inch Ajo porphyry, -1 *3/4 inch 
and 4-iiwh Warren unweathered or os were run at a temperature 
of 2.0 to 3.5°0. The dilatometers contained ore and the dis
tilled water used in this case as the penetrating medium were 
all brought to the above-noted temperature before beginning the 
tests; that is, before the addition of the water to the ore.
The dllatometers were then placed in an ice-box and ioe packed 
about them; in this way a very good temperature eontrol was 
obtained. Four tests (21, 23, 25, and 27) similar in every way 
to Tests 20, gg, 24, and 26, with the exception that the opera
tion temperature was 35.0°o., were carried on in a thermostat 
room, automatically regulated to 35.0°0. As in the case of tho 
low temperature tests, the ore, distilled water, and dllatometers 
were brought to the temperature at which the test was to bo 
carried on before actually beginning same.
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The results obtained in these tests are 
given in the following tables bearing the same numbers as the 
tests. The results were plotted in the usual manner. To fsoil 
itate comparison of the results, the curves of same size and 
kind of ore are given in the same figure. These eurves show 
that the time required for apparent total saturation is approx
imately the same when compared as to final penetration effect. 
On the other hand the penetration at 2*0 to 3.5*0. was more 
rapid for the first part of the test than that of the tests at 
36°0., as shown by the following table compiled from the eurves 
20 to 27, inclusive.

Table VT.— Comparison of periods of time required for 
filling 95 per cent of the total volume of voids 
actually penetrated on the basis of the temperature 

at which the tests were carried out.
Test Ho. 3RB Temperature Time re

Sine quired
inches hours

20 -1 *3/4 Warren unweathered 2.0—3.5 40
21 do do 35.0 60
22 4 - 5 do 2.0-3.5 85
83 do do 35.0 95
24 -1 ♦ 3/4 Ajo porphyry 2.0-3.5 34
25 do do 36.0 40
86 4 - 5 do 2.0—0 .5 80
27 do do 35.0 90

. These results indioate, also, that the 
solution of the imprisoned gases contained in the ore voids 
in the penetrating liquid is one of the controlling factors
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ot the prooees # as the sol-ability of gases in liquids inoresses 
with decrease in temperature• Finally when the liquid has be
come saturated with the gases it is a case of diffusion cut of 
the voids into the surrounding liquid as shown by the fact that 
there is a smaller difference in the time required for complete 
saturation at the two temperatures * nevertheless, there was 
a slight difference, which, in every oase showed that the tests 
carried on at 2.0 to 5#B°0. required a shorter period for 
apparent complete saturation than those did that were run at 
3B.0°0. Regarding the volume of voids that were filled in each 
oase, the values obtained were practically equal, the noted 
differences being well within the limits of experimental error. 
The density of the ore (determined from a number of paraffin 
tests), the volume of eaoh ore sample, and the ratio of the 
volume of voids filled to the total volume of ore (volume of 
voids plus volume of ore) in percentages are included in Table 
69. In the case of Tests 20 to 27, inclusive, the percentages 
of voids were obtained by paraffin tests as described on page 
73.

Dilatometer tests 28 to 31, inclusive, were 
carried out on -3/4 ♦l/2-inoh Warren unweathered ere in 5 per 
cent copper sulphate and in l/z per cent copper sulphate solu
tions (6 per cent and l/z per oent oopper}, primarily for the

'purpose of ascertaining what effect the concentration of oop
per sulphate had on the rate of penetration and also to study 
the smaller ore sixes in relation to penetration rate and time 
required for complete saturation. In several of the preoeding.
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fable gO.-r2003.0 grama -1 *5/4-inch Warren xuareetherea ore in
distilled eater. Temperature 2.0 to 3.6°0.

Time elapsed
from beginning Volume of total velui

of test voids filled voids acti
hours 0.0. filled
0.0 0.0 0.0

11.0 13.20 80.923.0 14.60 89.436.0 16.26 93.447.0 15.50 95.159.0 16.80 96.971.0 15.85 97.283.0 16.00 98.196.0 16.00 98.1107.0 . 16.00 98.1119.0 16.00 98.1131.0 16.15 99.0165.0 16.05 98.4167.0 16.30 100.0179.0 16.20 99.3191.0 16.20 99.3203.0 16.05 98.4216.0 16.30 100.0

ef
i of

Table 21.--2000.0 grams -1 +3/4-inch Warren unweathered ore in 
distilled water. Temperature 55.00C.
0.0 0.0 0.0

10.0 13*20 82.0
22.0 14.20 88.834.0 14*60 91.0
52.0 14*90 93.076.0 15.30 96.6100.0 15.60 97.4120.0 18.70 98,0

140.0 18.80 98.6160.0 16.90 99.4170.0 18.96 99.7199.0 16.00 100.0
240.0 16.00 100.0
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Sable 22*— 2251.0 grama 4-5 
distilled mter.

Time elapsed 
from beginning 

of test 
hours
0.011.0

23.0
35.0 
47*0
59.0
71.0
83.0
96.0

107.0
119.0
131.0
155.0
167.0
179.0
191.0
203.0

Sable 23.— 2566.0 grams 4-5 
distilled water.
0.010.022.0

34.0
52.0
76.0
100.0
121.0
140.0
160.0
170.0
199.0
240.0
267.0

Inoh Warren umreathered ore in 
Semperature 2.0 to 3.5*0.

Pereentage of
Volume of total volume of
voids filled voids aetually

o.o. filled
0.0 0.0

11.90 67.0
13.90 78.316.10 84.9
15.76 88.6
16.05 90.316.40 92.216.70 94.016.80 94.516.80 94.517.20 96.817.40 97.917.50 98.517.60 99.0
17.80 100.0
17.70 99.517.80 100.0

inoh Warren umreathered ore in 
Temperature 35.0*0.

0.0 0.0
13.80 72.614.90 78.415.90 83.7
16.30 85.8
17.15 90.3
18.05 95.0
18.55 97.618.60 97.9
18.66 97.6
18.76 98.7 '
18.86 99.2
18.95 99.719.00 100.0



Table 24.— 2001.0 grams of -1 43/4-inch Ajo porphyry ore in
distilled water. temperature 2.0 to 3.5*0.

Time elapsed 
from begianiag 

of test 
hours

0.011.0
23.035.0
47.0
59.0
71.0
83.0
96.0

107.0
119.0
131.0
155.0
167.0
179.0
191.0

Volume of 
voids filled

0.0.
0.0

21.40
23.1i
23.85
24.25
24.56
24.65
24.90
25.05 
24.95 
25.00
25.05
25.10
26.10
25.05 
25.10

Percentage of 
total volume of 
voids actually 

filled
0.0

85.0 
91.9
95.0
97.498.0
98.4
99.4
99.8
99.6
99.7
99.8100.0100.0
99.8100.0

Table 25.— 2000.0 grams -1 *3/4-Inch Ajo porphyry ore in 
distilled water. Temperature 35.0OC.

0.0 0.0 0.010.0 26.60 86.226.0 27.60 93.034.0 27.70 93.448.0 28.00 94.572.0 28.60 96.582.0 28.80 97.196.0 29.20 98.4120.0 29.30 98.7144.0 29.65 99.7168.0 29.70 100.0
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Table 26•— 2175.0 grams 4-inch A jo porphyry ore in distilled
water. Temperature 2.0 3.5°0.

Time elapsed Percentage of
from beginning Volume of total volume ofof test voids filled voids actually

hours 0.0. filled
0.0 0.0 0.011.0 15.55 67.623.0 10.00 79.736.0 ' . 19.40 ■■ 86.947.0 20.20 89.559.0 20.65 91.4 - '71.0 21.00 93.083.0 21.30 94.396.0 . ' 21.60 • 95.7107.0 21.80 96.7119.0 -• ; 22.00 ■ 97.4151.0 22.10 97.9155.0 22.15 98.1167.0 22.30 98.8179.0 22.50 99.6191.0 22.60 100.0

2(B.O 22.60 100.0
Table 27.— 2415.0 grams 4-inch Ajo porphyry ore in distilled 

water. Temperature S#®®.
0.0 0.0 0.010.0 16.90 62.022.0 20.00 73.434.0 25.00 84.468.0 23.85 87.576.0 26.86 98.7100.0 26.46 97.1120.0 26.86 98.5140.0 86.80 98.3160.0 26.85 98.5170.0 • 26.86 98.5199.0 26.95 98.9240.0 87.86 : ' 100.0269.0 27.26 100.0
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tests a precipitate of ferric hycLroxicle m s  noted; whenever this 
took place the penetration of the solutions nearly ceased, and 
such tests had to he discarded as unreliable, To prevent this 
a few cubic centimeters of sulphuric acid were added to each 
test making the solution l/8 per cent in sulphuric acid. The 
tests were run as before with the exception that the dilatometers 
and contained tests were kept in a tank filled with water. In 
this way more uniform temperature conditions were obtained. 
Results were tabulated and curves were plotted in the usual 
manner. Regarding the effect of concentration on the rate of 
penetration no difference was noted (see curves 28 to 31, ine.). 
Comparing the observed fact with the following, that the sur
face tension of water is increased slightly by the addition of 
salts, the viscosity of aqueous solutions increases with the 
concentration of the solute and finally that the solubility of 
a gas is decreased by the addition of a salt to a solution as 
shown by solubility tables on oxygen and nitrogen in several 
aqueous salt solutions*—  (The writer was unable to find any 
definite information regarding the effect of copper sulphate 
on oxygen and nitrogen solubilities in aqueous solutions)• 
Theoretically, considering these facts and assuming that the 
first two noted opposing tendencies balance each other, the 
higher copper sulphate concentration should have the slower rate 
of penetration, but probably the effect is so small as to be 
undetectable with the present methods of experiment.
27 v, „ ,---Seidell, A., Solubilities of Inorganic and Organic Substances,

rm- R15. 220.
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fable 28e— 1779.0 grams -s/4 +l/2-inch Warren partially- 
weathered ore in 5 per cent oopper sulphate solution.

Temperature 18.5 to 20.0°0.
Time elapsed Pereentage offrom beginning Volume of total volume of

of teat ■folds filled voids actuallyhour* 0.0. filled
0.0 0.0 0.05.0 15.30 75.410.0 16.30 80.321.0 18.10 89.130.0 18.90 93.143.0 19.40 95.6

53.5 20.05 98.770.0 19.85 97.877.0 20.00 98.092.0 19.90 96.0101.0 20.15 99.2117.0 20.2# 99.7125.0 20.2# 99.7140.0 20.30 100.0154.0 20.30 100.0
fable 29.-1855 grams -3/4 +l/2-inoh Warren partially-weathered

ore in 1/2 per cent eopper sulphate solution.
Temperature 18.5 to 20.00(3.

0.0 0.0 0.0
5.0 14.50 76.510.0 15.80 83.121.0 16.90 89.0

30.0 17.65 92.945.0 18.1# 96.6§3.5 18.50 97.470.0 18.55 97.677.0 18.70 98.492.0 18.60 97.9101.0 18.95 99.7117.0 19.00 100.0
125.0 19.00 100.0140.0 18.96 99.7
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-925 crams -3/4 +1.2-laoh Warren partially weathered 
la 1/2 per cent copper sulphate solution. Tem

perature 18.5 to 20.0*0.
Time elapsed 
from beginning Volume of total volum

of test voids filled voids aotu
hoars 0.0. filled

0.0 0.0 0.0
5.0 9.40 76.G
10.0 10.56 83.4
21.0 11.0 88.7
30.0 11.60 92.7
43.0 11.90 95.9
53.5 11.90 95.9
70.0 12.00 S6.S77.0 ia.10 97.692.0 12.15 98.0

101.0 12.20 98.4
117.0 1*.** 98.8
125.0 1*.*B #8.8
140.0 12.40 100.0
154.0 12.40 100.0

of
) of

Table 31.— 2001.0 grai 
weathered ore

-3/4 *1/2-Inch Warren
in 5 per cent 
Temperature 18

.eh Warren partially- 
eopper sulphate sola 
.5 to 20.4*0.

at Ion.

0.0 0.0 0.0
2.0 21.40 79.0
7.5 24.15 89.0

18.0 ' 24.95 m . #
25.0 25.40 95.6
40.0 25.90 #6.3
43.0 26.30 #6.6
65.0 26.55 97.7
73.0 26.60 97.9
88.0 26.65 98.1

102.0 26.75 98.4
112.0 26.85 98.6121.0 27.05 99.4136,0 27.10 99.6
146.0 27.15 100.0
160.0 27.15 100.0
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Begadding the effect of the size of ore 
Itwp on rate of and final penetration effect, nothing new was 
brought out. Practically the same time periods wore required 
as in the case of the -1 *3/4-inch warren partially-woatherod 
ore carried cm in 6 per cent copper sulphate solution (Sest 
6, (page 35) e which was performed specifically for the purpose 
of determining the effect of the size of ore lump. The appar
ent slight discrepancy "between Pests 6 and those of 28 to 31, 
inclusive, is due to the leaching effect of the added sulphuric 
acid which causes a slightly greater amount of penetration 
and over a longer period of time. For this leaching effect of 
sulphurio aoid seo Pests 42 and 43.

Dilatometer tests 38 to 35, inclusive, were 
carried on with -l/2 plus l/4-inoh Warren partially-weathered 
ores in 2 per cent and in 2/10 per cent ferric sulphate aqueous 
solutions (2 per cent and 2/10 per oent iron). (Tests 33 and 
36 in 2/10 per cent solution, and Tests.32 and 34 in 2 per cent 
solution)* Those solutions also carried l/8 per oent of sul
phur io aoid. The purpose of these tests was to determine the 
effect on the rate and final penetration effect of the concen
tration of the ferrio sulphate. Tables and curves of these 
teste were made up in the usual manner. To facilitate com
parison, the curves were plotted in the same figure. The 
following table, VII, gives the results obtained from these 
tests as pertaining to rates of penetration due to the concen
tration of the ferric sulphate.
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Table 32.— 8000 grams -3/4 tl/s-inoh Warren partially weathered
ore in 2 per oont forrio sulphate solution. Temperature

18.0 to 20.2*0.
Time elapsed 

from beginning 
of test 
hour®
0.01.6
7.5

18.0
.25.0
40.0
49.0
65.0
75.088.0102.0

112,0
120.0
135.0
145.0
169.0
183.0
207.0
231.0
245.0866.0
280.0 
335*0

Volume of 
voids filled

o.o.

0.0
20.85
22.05
23.45 24.20 
85*30 
25.95 
26.7526.70
27.30 
27.60
28.05
28.05
28.30 
28.25
28.4528.70 
28.90
29.00
29.00 

• 29.3529.50
29.35

Bereentage of 
total volume of 
voids actually 

filled
0.0
68.6
74.7
79.5
82.086.888.0
90.7
90.5 

. 92.6
93.6
96.1
96.1 
96.9
96.7
96.5
97.3 98.0
98.5
98.3
99.5100.0
99.6

Table 33.— 1531 grams -3/4 +1/2-inch Warren partially-weathered 
ore in 0.2 per sent ferrio sulphate solution.

Temperature 18.0 to 20.2*0.
0.0 0.0 0.0
2.0 15.25 72.3
7.6 16.36 77.5

18.0 17.36 82.225.0 17.70 83.940.0 18.60 88.249.0 19.86 91.265.0 19.66 93.175.0 19.80 93.4
88.0 20.15 96.6102.0 20.35 96.4112.0 20.56 97.8121.0 20.96 99.3

136.0 20.90 99.1
146.0 21.10 100.0
160.0 21.10 100.0



S&toe 34•— 8000*0 gtams -l/2 *l/4-tnoh Warron partially-
weathored oro in 2 por cant ferric sulphate solution* 

temperature 18,0 to 20.2°0.
time elapsed Percentage of

from beginning . Volume of total volume of
of tost voids filled voids actually
hours 0.0. filled

0.0 0.0 0,0
2.0 24.76 73.4
7.5 27.25 80.9

18.0 28.65 84.7
ss.o 28.80 88.840.0 88.80 87.649.0 30.15 88.#*#.0 30.85 91.6
73.0 30.60 90.888.0 30.75 81,8102.0 31,25 88.7118.0 31.70 94.1121.0 32.15 96.4136.0 31.80 94.4 ;146.0 31.95 94.8160.0 32.05 ■ ' v 88.1  ̂'184.0 88.40 86.8208.0 32.85 87.8232.0 33,35 98.9

S46.0 33.30 98.8
887.0 33.70 100.0
881.0 33.70 100.0
334.0 38.70 100.0

table 35.— 2000.0 grams -1/2 +l/4-inoh Warren partially-weathered 
ore in 0.2 per cent ferric sulphate solution, temperature

18.0 to 20.2*0.
0.0 0,0 0.0
2.0 20.65 76.2
7.5 88.38 82.5

18.0 23.55 86.7
25.0 ; 24.30 89.7
40.0 24.60 90.8
49.0 88 88 93.165.0 86.76 95.0
73.0 25.95 95.8
88.0 26.35 97.2

102.0 26.55 98.0
112.0 26,88 98.0181.0 26.86 99.5
136.0 26.85 99.1
146.0 27.10 100.0
160.0 27.05 99.8
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Table YUOcaapatlion of rates of penetration of 2 and 2/l0
per cent ferrio sulphate solution# Into -1/2 +1/4 __

Inch Warren weathered ore. (partially)
Test ferrio sulphate Time* In hours, for Time, In hours, for 
lOe concentration 95 per cent of the 100 per cent of the 

per cent total observed pane- total observed pene-

36 2/10 .

tratlon

68

tratlon

120
33 2/10 TO 130
34 2 n o 26?
32 2 n o 280

The curves show In the case of the 2 per 
cent ferrio sulphate solution a rapid Initial penetration 
which ceases in 60 to 70 hours and thereafter a muoh slower 
but constant rate of penetration for approximately 200 hours. 
The latter penetration is due to the leeching action of the 
ferrio sulphate which progressively opens up voids which other
wise were sealed to the ingress of solution. The tests in 2/10 
per oent of ferrio sulphate solution, due to the small amount 
of solute present, which was guiokly used up at the outset of 
the test, show little variation from those of curves of tests 
that were carried on in distilled water or oopper sulphate 
solution.

In order to investigate the effect of the 
gas pressure that was thought to have been built up in the 
voids within the ore due to the ingress of solutions, a 5 to 
6-inch sample of Warren partially-weathered ore (Test 38) was



plaoel In an apparatus similar to the dllatoaeter previously 
desorlhed with the exeeption that a short piece of glees tube 
was substituted for tho burette. She apparatus was then at
tached to a vacuum pump and evacuated until the pressure 
within the container remained constant at a few millimeters 
of mercury. She sample and container were also kept .at a 
temperature of 100°0. during the period of evacuation.

At the termination of evacuation, oxygen 
was admitted into the container and the ore voids filled as 
completely as possible with that gas (allowed to remain in oxy
gen at atmospheric pressure for several hours). The container 
was then sealed with a rubber stopper carrying a burette —  
the apparatus was now a dilatometer as previously described.
She apparatus was then filled to the zero mark on the burette 
with 2 per cent ferrous sulphate solution. Ferrous sulphate 
solution was used because it was thought that this solution 
would absorb oxygen more rapidly than pure water would. She 
resulting table and curve will be found on the following pages. 
She curve was little different than those of unevacuated ore 
in pure water. Therefore, two other 5-inch Warren partially- 
weathered samples were prepared {Tests 36 and 37) and treated 
similarly to Tests 36a and 37®, up to the point where oxygen 
was introduced. In Tests 36 and 37, sulphur dioxide, a gas 
that is very soluble in water, was substituted for the oxygen 
used in the directly preceding test. Distilled water was then



Introduoed into ore container or dilatometor and brought to 
the zero mark on the burette. The tests were then carried on in 
the usual manner* Tables and curves of the results wore pre
pared, as in previous experiments. A similar test was carried 
out on a 5-inch specimen of Warren umreathered ore (Test 39).
The sample was evacuated as before and then air admitted again, 
followed by running in distilled water. In this way every 
condition of the test was similar to those of 36.and 37, with 
the exception of the kind of gas contained in the ore voids.
A table and curve was prepared from the results of this test, 
as before. The eurves of the Tests 36, 37, 38, and 39 were 
plotted in Figure 11, to allow comparison of the same. The 
following facts are given from the above curves: 95 per cent 
of the total volume of voids actually penetrated were filled 
in 4 and 9 hours, respectively, in the case of the sulphur 
dioxide filled specimens (Tests 36 and 37I, as compared to 
an average value of 60 hours for am eq.aal percentage penetra
tion in the ease of the oxygen and air-filled samples (Tests 
38 and 39)• For tables and curves prepared from the results 
of the foregoing tests see following pages. These tests prove 
conclusively that the solution and the diffusion of the gases 
contained in the ore voids into and through the penetrating 
solution are two of the most Important factors of the problem.

This being the case, two possible methods 
of speeding up the penetration of liquids into the ore voids
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Table 36.— Dilatometer test on 2280.0 gram sample of 6 to 6- 
Inoh Warren partially-weathered ore, evacuated, saturated 
with.sulphur dioxide gas, followed by filling of voids

with distilled water. Temperature 21.1 to 23.5*0.
Time elapsed 
from beginnli^ Volume of

Percentage of
total volume of

of test voids filled voids actually
hours o.o. filled
0.0 0.0 0.0
0.1 10.30 29.0
0.25 16.90 48.7
0.50 22.30 64.5
0.75 25.20 72.6
3.50 32.55 94.0
5.00 32.36 96.0
6.75 33.75 97.5

14.00 34.20 98.6
22.00 34.35 99.0
39.00 34.55 99.8
46.00 54.65 100.0
116.00 34.65 100.0

Table 3 7 Bilatometer test on 2340.0 grams of 6 to 6-inoh 
Warren partially-weathered ore, evacuated, saturated 
with sulphur dioxide gas followed by filling voids 
with distilled water. Temperature 19.5 to 21.3*0.

0.0 0.0 0.0
0.1 10.70 33.0
1.0 20.70 67.3
1.5 22.70 73.9
3.3 26.90 84.4
6.3 27.55 89.9
7.7 28.95 94.4

10.3 . 29.45 96.0
20.0 29.95 97.6
44.0 30.20 98.2
54.0 30.45 99.0
74.0 30.70 100.0

103.0 30.65 99.7117.0 50.65 99.7



Table 38.— Dllatomoter test on 1761.0 grams of 5 to 6-inoh 
Warren partially weathered ore, evacuated, saturated in 
oxygen, followed filling of voids with 2 per cent ferrous 
sulphate (2 per cent iron) solution. Temperature 19.5 to20.0*0.

Time elapsed Percentage of
from beginning Volume of total volume of

of test voids filled voids actually
tow# o.o. filled

0.0 0.0 0.0
3.0 11.20 60.810.0 14.05 76.0
19.0 15.75 84.9
:# * 16.70 #0.8
46.0 17.65 94.9
53.0 17.60 94.6
68.0 17.60 94.6
77.0 17.95 . #6,893.0 18.25 98.1
101.0 18.25 , ' #6.1116.0 18.45 99.2
130.0 18.45 99.2,140.0 18.50 99.4
149.0 18.60 100.0
164.0 1#.#0 100.0
174.0 18.55 99.7
188.0 18.55 99.7

fable 39.— Dilatometor test on 2162.0 grams of 5 to 6-inoh 
Warren partially-weathered ore, evacuated, resaturated 
with air followed by filling voids with distilled 
water. Temperature 21.1 to 23.5*0.

0.0 0.0 0.0
6.0 i4,#o 67.0

10.0 . 1#*4# 76.4
24.0 18.45 85.6
34.0 19.50 #0.3
48.0 80.80 93.772.0 20.40 94.796.0 20.95 97.3120.0 21.15 •8.3144.0 81.88 98.7168.0 21.40 99.4
192.0 *1.80 100.0
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faille 40.--2C04.0 grains -1 *3/4-inch Ajo porphyry or® in 
holloa distilled water• Temperature 19.0 to 21.5°0.

Time elapsed Percentage offrom beginning Volume of total volume of
of test voids filled voids actually
homrs 0 .0 . filled.

0,0 0.0 0.01.0 21.40 70.06.0 26.46 86.221.0 28.60 93.031.0 29.20 96.344.0 29.76 97.065.0 50.10 98.269.0 30.25 98.679.0 30.40 99.295.0 30.40 99.8103.0 • 30.55 99.6117.0 30.60 99.7191.0 30.66 100.0168.0 30.65 100.0
fable 41.— 2006.0 grams -1 *3/4-inch Ajo porphyry ore in

boiled distilled water. Temperature 19•0 to 21.5°0.
0.0 0.0 0.01.0 81.14 69.76.0 86.18 86.621.0 28.30 93.731.0 29.10 96.444.0 89.66 98.265.0 89.80 98.569.0 29.85 98.879.0 30.00 99.393.0 30.00 99.3103.0 30.80 100.0117.0 30.16 99.8141.0 30,16 99.8168.0 30.10 99.8



sre evident; either the use of a liquid or solution which will 
dissolve a relatively large volume of gas per unit volume of 
liquid and at tho same time have a relatively rapid rate of 
diffusion of that dissolved gas through tho penetrating 1 1 # id; 
or the use of solutions which have been freed of gas by ovaoua- 
tion or other methods.

She latter course seeming to he the more 
practical one, duplicate dilatomoter tests were carried out
on -1 *3/4-inch Ajo porphyry ore (Tests 40 and 41) in boiled

• :distilled water. The water was boiled for several minutes 
then introduced, at that temperature, into bottles, tightly 
stoppered, and allowed to cool to room temperature— the tem
perature at which the tests were run. From that point the 
tests were carried on in the usual way. Tables and ourves of 
the results of tho above tests will be found herewith. Com
parison of those ourves with those obtained with unboiled 
distilled water will be found in Figure 12.

Comparing the time period required for 
filling of 95 per oent of the total volume of voids penetrated, 
the gas-free samples required 27 hours; the unboiled water 
tests reached a similar saturation point in 38 hours. Because 
of lack of time for further investigation of this angle of 
the problem, these or similar tests could not be continued* 
but these results along with other faets established in this 
work warrant further research in this direction and offer a
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possible method of increasing the rate of penetration, espe
cially the last 10 per cent of the voids penetrated; namely, 
those approaching the sub-capillary openings as regards size 
of passageway.

So determine the relative penetration 
values of copper sulphate, ferric sulphate, ferrous sulphate, 
and sulphuric acid, duplicate dilatometer tests were run, 
simultaneously, at room temperature, on -1 +3/4-inch Ajo ore 
(Seats 42 to 51, inclusive) in 2 per cent sulphurio acid, 2 
per cent ferric sulphate, 2 per cent ferrous sulphate, 2 per 
cent copper sulphate, and 1-3/4 per cent ferri —  l/4 per cent 
ferrous sulphate solutions, respectively. The solutions also 
carried, in addition to the above-noted solute, l/4 per cent 
of sulphurio aold, with the exception of the sulphuric acid 
solution which had, as before noted, a 2 per cent acid con
centration. She tests were run in the usual way at room tem
perature. Tables and curves of the results will be found on 
following pages. Comparisons are arrived at by plotting curves 
of the tests in question on the same figure. The following 
table briefly sums up the results of these tests (Bos. 42 to 
51, Inclusive).



Table VIII.— Comparison of rates of penetration of ferric sul
phate, ferrous sulphate, sulphuric acid, copper sulphate, and 
ferric - ferrous sulphate solutions on the basis of the time 
required to fill 95 per cent of the total volume of voids 
actually penetrated.

Test Ho• Solution Time required,
• in Murs, for 

95 per cent of 
the total 

penetration
Kind Per

cent

42 Sulphuric acid 2 no
43 do 2 112
44 Copper sulphate 2 35
45 do 2 36
46 Ferrous sulphate 2 42
47 do 2 36
48 Ferric sulphate 2 70
49 do 2 77
50 Ferric - Ferrous sulphate If & £ 59
51 do do

",

85
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Table 42.— Dilatometer test on 2001.0 grams of -1 *3/4~lnoh 
Ajo porphyry ore in 2 per cent sulphuric acid solution.

Temperature 19.0 to 21.5°0.
Time elapsed Percentage of

from beginning Volume of total volume of
of test voids filled voids actually
hours o.o. filled

0.0 0.0 0.0
6.0 26.15 70.721.0 30.50 82.8

31.0 31.60 86.0
44.0 32.70 89.0
55.0 32.95 89.6
69.0 33.55 91.3
79.0 33.90 #*.5
95.0 34.40 93.7

103.0 34.70 94.5
117.0 35.10 , 95.6
141.0 35.90 97.8
168.0 36.60 99.5
189.0 56.80 100.0

Table 43.— Dilatometer test on 2001.0 grams of -1 *3/4-inoh 
Ajo porphyry ore in 2 per cent sulphurio acid solution. 

Temperature 19.0 to 21.5°0.
0.0 0.0 0.0
6.0 86.06 68.621.0 50.60 80.2

31.0 32.00 84.0
44.0 55.60 88.1
55.0 35.90 89.3
69.0 34.55 91.0
79.0 55.00 92.0
93.0 56.60 93.4103.0 56.80 94.2117.0 56.30 96.4

141.0 36.96 97.2
168.0 37.75 99.3
189.0 37.95 99.8237.0 88.00 100.0
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Toble 44.— 2003s0 grams -1 *s/4-lnoh Ajo porphyry ore in B 
per cent eopper enlpbate - 1/4 per cent sulphurio
sold eolution. fe*perature 19.0 to 21.50°c.

Time elapsed 
from beginning 

of test 
hours

Volume of 
voids filled

o.o.

Percentage of 
total volume of 
voids actually 

filled
0.0 O.O • 0.0
6.0 30.95 88.1

21.0 32.50 92.4
51.0 53.10 94.1
44.0 33.90 • 96.5
55.0 34.05 96.8
69.0 34.35 97.5
79.0 34.50 98.0
93.0 34.65 98.4

103.0 34.70 98.6
117.0 34.85 99.0
141.0 35.05 99.5
168.0 35.25 100.0
189.0 36.20 100.0

Table 45.— 2001.0 grams -1 +3/4-inch A jo porphyry ore in 2 per 
cent soppsr sulphate * 1/4 per cent sulphuric acid solution. 
Temperature 19.0 to 21.5®0.

0.0 0.0 0.0
6.0 30.65 84.6

21.0 32.70 90.8
31.0 35.80 93.7
44.0 34.60 95.9
65.0 34.60 95.9
69.0 34.90 96.7
79.0 35.15 97.5
93.0 35.30 97.9

103.0 36.40 98.2
117.0 35.50 98.4
141.0 35.75 99.3
168.0 36.05 100.0
189.0 36.05 100.0



-1 *3/4-inoh Ajo porphyry ore 
ilphate, 1/4 per oent sulphurteTable 46.— 8003.0 gra

per oent ferrous sulphate t ,
aoid solution. Temperature 19.0 to 21.5°0.,

In 2

Time elapsed Pereentsge
from beginning Volume of total volume

of test voids filled voids actual
hours o.o. filled

0.0 0.0 0.0
6.0 25.25 81.0

21.0 88.10 90*1
31.0 88*80 98*7
44.0 29.70 95.3
55.0 29.80 96,6
69.0 50.00 96.8
79.0 30.20 96.9
93.0 30.45 97.8

103.0 50.50 97.9
117.0 30.60 98.8
141*0 50.65 99.0
168.0 31.10 100.0
187.0 31.05 99.8

of
of

Table 47.— Dllatoneter test on 2004.0 grams of -1 *3/4-inoh 
Ajo porphyry ore in 2 per sent ferrous sulphate, 1/4 
per oent sulphurio aoid solution. Temp.19.0 to 21.6°0

0*0 0.0 0.0
6.0 23.55 80.8

21.0 86.80 92.0
31.0 27.30 93.6
44.0 28.10 95.4
55.0 28.15 95.7
69.0 28.35 97.4
79.0 28.50 97.8
93.0 28.60 98.0

103.0 28.65 98*3
117.0 28.80 98.8
141.0 28.96 99.5
168.0 29.10 100.0
189.0 89.10 100.0
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Table 48.— Dilatometer test on 2002.0 grains of -1 *5/4~inoh
Ajo porphyry ore in 2 per cent ferric sulphate, 1/4 per
cent sulphuric acid solution. Temperature 19.0 to 21.5*0.

Time elapsed 
from beginning 

of test 
hours

Volume of 
voids filled

o .o .

Percentage of 
total volume of 
voids actually 

filled
0.0 0.0
6.0 21.25

21.0 26.10
31.0 27.10
44.0 28.20
55.0 28.30
69.0 28.70
79.0 28.80
93.0 29.20

103.0 29.20
117.0 29.30
141.0 29,65
168.0 30.10
189.0 30.05
237.0 30.45

0.0
69.8
86.7
88.9 
92.5

‘ 92.8
94.2
94.4
95.8 
#5.8
96.2
97.3 
98.7
98.5100.0

Table 49.— Dilatometer test on 2001.0 grams of -1 *3/4-inoh Ajo 
porphyry ore in 2 per cent ferric sulphate, 1/4 per cent 
sulphuric acid solution. Temperature 19.0 to 21.5*0.

0.0 0.0 0.0
6.0 23.55 71.6

21.0 28.50 • 86.3
31.0 29.55 89.4
44.0 30.75 93.0
66.0 30.80 93.8
69.0 31.55 94.6
79.0 31.50 96.8
#3.0 31.80 96.1

103.0 31.80 96.1
117.0 32.00 96.6
141.0 32.35 97.6168.0 32.75 98.7
189.0 32.75 98.7
837.0 33.15 100.0



Cable 50,— Dilatoneter test on 1706.0 grains of -1 *3/4-inch 
Ajo porphyry ore in 1-3/4 per oent ferric sulphate, l/4 
per oent ferrous sulphate, and l/4 per oent sulphurio 
aoid solution. Cemperature 19.0 to 21.5°0.
!ime elapsed 
rom beginning Volume of

Percentage of 
total volume of

of test voids filled voids actually
hour# e.o. filled

0.0 4*0 0.0
6.0 19.55 71.2

21.0 23.70 86.4
31.0 24.70 90.0
44.0 25.80 94.0
55.0 25.86 94.269.0 . 26.16 96.3
79.0 26.20 95.4
93.0 26.50 96.4103.0 26.50 96.4

117.0 26.55 96.6
141.0 26.96 98.2
168.0

I V M
100.0

189.0 99.5237.0 27.45 100.0
Cable 51.— Dilatometer test on 1943.0 grams of -1 *3/4-inch 

Ajo porphyry ore in 1-3/4 per cent ferrio sulphate, l/4 
per cent ferrous sulphate♦ and l/4 per oent sulphurio aoid 

solution. Cemperature 19.0 to 21.5°0.
0.0 0.0 0.0
6.0 20.75 70.0

21.0 25.50 #6.7
31.0 26.55 #9 *
44.0 27.70 93.0
55.0 27.70 93.0
69.0 28.10 94.4
79.0 28.20 94.7
93.0 28.50 95.7

103.0 28.50 95.7
117.0 28.60 96.1
141.0 29.05 97.6
168.0 29,35 98.7
189.0 29.35 98.7
237.0 29.75 100.0
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.Summarizing the results of these tests 
(Ho b , 42 to 51, inclusive) the 2 per oent ooppsr sulphate and 
the 2 per oent ferrous sulphate solutions gave praotioally the 
same results and these in turn are nearly identical with those 
obtained when water was the penetrating medium, (to the other 
hand, the 2 per cent ferric sulphate, the l-s/4 per oent ferrio 
— l/4 par oent ferrous sulphate, and the 2 per cent.sulphuric 
aoid solutions all showed to a marked degree the leaching effect 
of these solutions; that is, the dissolving of parts of the 
ore thereby, progressively, opening voids for the ingress of 
these same solutions, which otherwise would have remained 
sealed to such solutions which do not react, chemically, with 
the ore.

gilatometer tests (Eos. 52 to 54, inclusive) 
were carried out primarily for the purpose of determining what 
effect lowering and raising the temperature had on the rate of 
penetration of liquids into ore voids. Four tests were started 
on Silver Bell ore (one dilatometer broken); two of these 
samples wore kept at a constant temperature of 36°0.; the other 
two were kept, for 18-hour periods, alternately, at tempera
tures of 35*0. and at 17.0 to 19.5*0. ‘These tests were unsuooess 
ful in as far as the above-mentioned purpose was concerned; 
the 12-hour periods were not long enough to bring the entire 
ore lump (3 to 3-l/2, 4 to 5, and 5 to 6-inch sizes) to the 
temperature of the surroundings. This fact was plainly indicated
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Iby th# reeulta of tests 4, 6, 9, 10, and 15; a daily change in 
temperature of 2 degrees or thereabout# as caused by variation 
of day and night temperatures had little effect on the rate of 
penetration. On the other hand a temperature change over a 
period of several days, as was the case in the above-noted tests, 
had an appreciable effect on the rate of saturation. Accordingly 
these tests are included only as a study of an ore that has a

. ;> i ■' ' -relatively large volume of voids (8 per cent by voids^ teste).
Sables and curves of these tests will be found on the immediately

' '
following pages. The time required for apparent total satura
tion was approximately tho same as for the other ©res that have 
been studied.

Dilatometer tests (55 to 58, inclusive) 
were carried on with -1 t3/4-inoh Ajo porphyry ore in saturated 
sodium oleate solution and in distilled water for determining 
what effect reducing the surface tension of the penetrating 
solution tod on the rate of saturation. These tests were run 
simultaneously, and at room temperature. Tables and curves 
of results will be found on the following pages. These tests 
indicate that reducing the surface tension (water, 75.4 dynes 
at 15.0°C.; saturated sodium oleate solution, 25.0 dynes at 
20.0°0.; see pages f  and f  f  ) has little effect on the rate 
of penetration; the difference of rates of penetration, if any, 
being undeteetable with present apparatus#



-70-

fable 52.— 2181.0 grama 3 to.3-1/2-inch Silver Bell ore in 6
17.0 to 19.5°0. and 35°0» at 12-hour intervals.
lime elapsed Percentage ,

from beginning Volume of total volume
of test voids filled voids actus
hoars e*o. filled

0.0 0.0 0.0
4.0 32.20 36.88.0 43.75 50.0
16.0 60.70 it.2
26.0 75.30 83.733.0 73.65 86.1
40.0 80.25 90.5
64.0 83.90 94.4
80.0 86.20 97.491.0 86.50 97.6

104.0 87.25 98.4
115.0 87.35 98.6
126.0 87.95 99.0
136.0 88.00 99.2152.0 88.05 99.5 .160.0 88.40 99.6
175.0 88.60 99.9
185.0 88.70 100.0
203.0 88.70 100.0

53.— 2240.0 grams of 4 to 5-inch Silver Bell ore i
per cent copper sulphate solution. Temp. 35.000.

0,0 0.0 0.0
4.0 20.60 19.2
8.0 26.70 25.0
16,0 45.20 42.3
26.0 62.80 68.5
33.0 65.80 61.4
40.0 70.40 66.8
64.0 83.20 77.0
80,0 92.20 85.2
91.0 97.10 90.6

104.0 98.20 91.7
115,0 103.15 96.0
126.0 104.15 97.2
136.0 105.20 98.1
162.0 106.10 99.1
160.0 106.50 99.5
175.0 107.00 100.0
184.0 106.80 99.8
803.0 106.95 99.9

ofof
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Table 54.— Dllatoneter test on 1884.0 grams of 5-6 inoh Silver

Time elapsed Percentage of
from beginning Volume of total volume of

of test voids filled voids actually
hours 0.0.

' ' ' '  '

filled

' ' ' 0.0 : : : 0.0 0.0
. ' ' 4.0 ' 26.80 30.4

8.0
. 16.0 8:58 41.0 

, 53.0
*6.0 54.15 64.0
33.0 67.35 67.4
40.0 60.75 71.4
64.0 70.50 83.0
•0.0 : 76.76 89.0
91.0 80.70 95.0

104.0 83.25 98.0
115.0 83.25 98.0
186.0 84.85 100.0
136.0 84.90 100.0
138*0 84.25 99.2
160.0 84.85 100.0
If 3.0 84.45 99.5
184.0 84.65 99.7
803.0 84.35 99.3

Table 55.— 2005.0 grams of -1 *3/4-inoh Ajo porphyry ore in 
saturated sodium oleate aqueous solution. Topperstart

21.1 to 23.600.
0.0 0.0 0.0
6.0 29.50 79.0

10.0 32.35 89.7
24.0 34.25 93.0
34.0 35.30 95.7
48.0 35.90 if.®
72.0 36.05 98.0
96.0 36.05 98.0

120.0 36.25 98.4
144.0 36.55 99.3
168.0 *6.60 99.5
192.0 36.85 100.0
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56.--2001.0 grams of -1 43/4-inch A jo porphyry ore in
karate d sodium ole ate aqueous solution. Temperature21.1 to 
Time elapsed

23.6°C.
Percentage of

from beginning Volume of total volume of
of test volas filled voids aetually
hours 0 .0. filled

0.0 0.0 0,0
6.0 31,0 81.2

10.0 33.30 87.0
24,0 35.15 92.7
34,0 37,5© 98,0
48,0 37,80 98,6
78.0 37,80 98.5
96,0 38,06 99.2

120,0 38,25 99,7
144,0 38,16 99.5
168.0 38,10 99.3
192.0 38,36 100.0

Table 57.-2012,0 grams of -1 *3/4-inoh Ajo porphyry ore In 
alettiled water. Temperature 21,1 to 23,6°0.

0.0 0,0 0,0
6.0 - 29.40 79.5

10.0 32.45 88.1
24.0 34.86 88.9
34.0 36.70 96.7
48.0 36.50 98.7
72.0 36.50 99.0
96.0 36.85 100.0

120.0 ' 36.85 100,0
144.0 36.75 99.6
168.0 36.80 99.8



Because of the fact that tests which were 
apparently completely saturated never actually came to equil
ibrium "but continued to show a penetration of l/lO of a cubic 
centimeter, or thereabouts, per day and because these same 
samples when subjected to a temperature change of 5 or 4 degrees 
showed a volume change of the liquid in the dilatometer which 
could not be accounted for on the basis of cubical expansion of 
the container, ore and solution due to that same temperature 
change, it was suspected that there were microscopic voids with
in the ore which opened to the exterior of the ore but were not 
filled with the solution. Accordingly several dilatometer tests 
were continued over a period of a month and in every case a 
further penetration of a cubic centimeter was noted after the 
sample had come to an apparent equilibrium.

• to further investigate this fact and if 
possible prove or disprove it, a test was decided upon which 
will be described in detail, the first test was carried put 
on 1200-gram sample of -1 plus 3/4 inch Ajo porphyry ore placed 
in an Srlenaeyer flask. Tests on larger sizes were carried on 
in an apparatus similar to the dilatometer with the exception 
that a short piece of glass tube was substituted for the bur
ette. The flask and contents were evacuated and kept at a 
temperature of 100°0. The procedure was to run the vacuum 
pump at intervals until the pressure remained constant for a 
period of several hours at a few millimeters of mercury. The
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tuTie, between the flask and vacuum pump, was tightly clamped, 
the apparatus removed from the pump and the whole assembly 
(flask, tube, stopper and clamp) plus the eoatai&eA ore were 
carefully weighed. 3?he flask, tube, stopper, and clamp were 
again carefully weighed after a procedure which is described 
in the lines following. She difference of the two above weights 
was taken as the weight of the ore sample and all calculations 
based on this value. All fines lost during subsequent treat
ment were carefully weighed and deducted from the above value.

Following weighing, the apparatus with 
contained ore, was again oozmeoted to the vacuum pump and the 
same operated for a few minutes, followed by clamping the de
livery tube removing from pump and then opening under distilled 
water and allowing same to enter the flask. The ore was kept 
immersed in the water for several hours and then removed. She 
apparatus was dried in an electric oven (some temperature as 
that of the evacuation) and weighed as noted in the preceding 
paragraph. She ore was placed in a gause basket (sheet metal 
bottom) and weighed immersed in distilled water, the density 
of which was determined by the use of a hydrometer. She 
saturated ore was placed in an oven at 110°0. and dried to 
constant weight. Following the final weighing (hot) the ore 
was allowed to cool to room temperature, weighed again, and 
dipped in paraffin, kept at temperature just above the melting 
point. By this procedure, the paraffin chilled and solidified 
quickly, thereby avoiding penetration of same into the ore 
cavities.



3?he dipping of the larger ore pieces was 
aoooraplished hy simply Immersing a part in the melted paraffin, 
allowing the eoated portion to oool Bnffleleatly to he handled 
and then dipping the remaining unooated portion. The smaller 
size (-1 plus 3/4 inoh) w as dipped hy means of a oonmon pair 
of tonga, the jaws of which were ground to sharp points and 
then hent so as to engage the ere only at the sharpened points. 
By keeping the jaws of the tonga at the temperature of the 
melted paraffin, the adhering paraffin (liquid) at the junc
tion of the ore and jaws, instantly sealed the break in the 
paraffin coating at that point, when the ore was released.
The coated ore pieces were dropped into water to prevent them 
from sticking one to another.

The paraffin-seated ore was thoroughly dried 
followed by weighing in air* Difference of weights of the 
ore foool and uzqpaxaffined) and that of the coated ore was 
taken as the weight of the paraffin ore costing. Density of 
the paraffin was determined from, tables based on the fusion 
point of the paraffin in question. The fusion point was found 
by running a cooling curve. The density of the paraffin used 
was found to be 0.89 and this value will be taken throughout 
the tests of this nature. Finally the ore plus paraffin was 
weighed immersed in distilled water the density of which, as 
previously, was determined by the use of a hydrometer. These 
tests will be subsequently referred to as vacuum teste.
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In computing the volume of voids filled 
/by the above procedure, the difference between the gross weight 
(evacuation apparatus and ore) and the tare (evacuation appara
tus) was taken a# the true weight of the ore sample and any 
fines lost during subsequent operations deducted from this value. 
She weight of the ore(unparaffined and Immersed), subtracted 
from the above-mentioned true weight of the ore gave a result 
which, when combined with the density factor of tho water in 
which the immersed weighing was carried out, equ&lod the time 
volume of the ore plus suoh voids as were not penetrated by the 
water. Difference of the weight of ore cool and that after 
coating with paraffin was taken as the weight of paraffin and 
the volume of same computed from this figure and the determined 
density. She volume of the ore plus total volume of voids plus 
the volume of the paraffin was obtained by subtracting the 
weight (immersed and paraffined) from that of the ore plus 
paraffin when weighed in air, the density correction due to 
water, the immersing medium, being made as before. She volume 
of fines lost (if any) during the drying of the ore, after 
saturation, was deducted from the volume of the ore plus un
penetrated voids, this result being the true value that obtained 
throughout the test. Finally the volume of paraffin was sub
tracted from the volume of ore, total voids and paraffin, this 
result represented the volume of ore plus total voids, and sub
tracting from this value that of tho volume of ore plus unfilled



voids resulted in the volume of voids actually filled, fllote:
She volume of fines was obtained from the weight.of same and 
the density of the ore in question, also if a differenoo was 
noted between the hot and cold weights of ore previous to 
paraffining-^^aieeiy two or three-tenths of a gram— that this 
value was treated as moisture penetrating into the ore and a 
corresponding value added to the computed volume of voids 
actually penetrated.)

Similar tests were carried out on unevaeuated 
ore for the purpose of establishing a true value for the volume 
of voids filled in the dilatomoter tests. She difference of 
the final dilatomoter reading and that volume obtained in 
unevaeuated paraffin tests was assumed to be on error in the 
zero reading of the dilatomoter, therefore, all eueeeeding 
readings were oorreeted by a like amount. Sheso unevaeuated 
paraffin tests were carried out similarly to the vacuum tests 
except that the greatest saturation possible (time periods of 
saturation equal to those of dilatomoter tests) was obtained 
at atmospheric pressures instead of at a pressure of a few 
millimeters of mereury. These tests will subsequently be 
referred to as "atmospheric volume of voids tests."

Tests by both of those methods were carried 
out on -1 43/4-inch esd 5 to 6-inch sizes of Warren partially- 
weathered, Warren unfathered, and A jo porphyry ores; also 
atmospheric volume of voids tests wore run on -1 43/4-inch 
Silver Bell ore.



•T8*

Tables of the results of these tests follow, also a condensed 
table giving the volume of voids filled as percentage of the 
total volume of ore plus voids. Comparison of the results brings 
out the fact that from 10 to 30 per cent more voids are filled 
at vacuum than at atmospheric pressures. This fact indicates 
that there are voids within the ore of very small size, into 
which liquids penetrate slowly and with groat difficulty if 
filled with gas. On the other hand, if the gas be removed, 
penetration is a matter of a few hours at the most. Furthermore, 
all dilatomoter tests if carried on over a period longer then 
the usual time (100 to 200 hours) showed a very slow but con
stant penetration whieh is thought if continued over a time 
period of sufficient length would finally equal that penetration 
of voids which was secured by the vacuum tests. The length of 
this period of time is a matter of odnjooture, but probably 
would oooupy at least one year; a 2000-gram sample, showing 
1 o.o. of volume penetrated out of a necessary 7 or 8-c.o. for 
the first month.

Regarding the third subdivision of the ex
perimental work, the observation of the rate and manner of pene
tration of solutions into the voids of an ore by the use of 
suitable coloring agents as indicator on freshly broken sur
faces, the following tests were carried out.

Specimens of Warren partially-weathered ore
7<■ :were placed in a methyl orange solution to whioh just enough

1
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Sable DC.— Comparison of the ratios of the volume of voids, 
filled at vacuum and at atmospheric pressures, to the 
total volume of ore plus voids, expressed in percentages

Or® Slse Taeuum Atmospheric
inches pressure pressure

Ajo porphyry -1 *3/4 4.6 3.4
do do 4.8 3.5

f' do . , . 4—5" 4.1 3.0
do do 4.0 2.7

Warren unweathered -1+3/4 3.5 2.6
do do 2.7

4-5 2.7 2.4
do do 2.3 2.4

Warren partially 
weathered

-1+3/4 3.9 3.8
' do do 4.7 3.3

do 5-6 3.7
do do 4.4

Silver Bell -1+3/4 8 .4
do do 8.1
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aold had been added to produoe a deep red color. One of 
these specimens was taken out each day for several days and 
broken. These tests in every case were a failure. The ore 
acted as a filter and no penetration as evidenced by a red 
oolor was obtained greater than l/l6 of an inch, although 
several specimens, especially those that were kept in the 
methyl orange solution for longer periods, wore undoubtedly 
very nearly saturated with water.

One-inch cubes of burned brisk treated 
in the same way gave similar results and showed little pene
tration as evidenced by color, although they were saturated 
with moisture. These tests were discontinued and other methods 
of accomplishing the purpose sought for.

Samples of burned brick and AJo porphyry 
ore were placed in ferric sulphate solution followed by drying 
thoroughly and then breaking. The fresh broken surfaces were 
coated with ammonium aulphocyanate solution. These tests showed 
the penetration quite well, but as there was considerable ohanoe 
of error due to the spreading of the coloring matter when apply
ing the ammonium aulphocyanate, these tests were also discon
tinued.

Samples of various sizes of AJo porphyry 
ore were placed in 2 per cent ferrlo sulphate solution for 
different lengths of time, followed by thoroughly drying same 
at 110*0. These samples, after drying, were plaeed in ammonium
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eulphooyanate solution, for time periods of a length equal to 
the period of immersion in ferrio sulphate, each individual 
sample eonsidered separately* At the expiration of the period 
of immersion in ammonium sulpho-eyamte solution the ore pieces 
were broken (undried). As the color of the ore did not permit 
a sharp oolor contrast and as it also carried some ferric oxide 
along cleavage planes, these tests were not used, although the 
progress of penetration was shown in several specimens*

Because it was thought a sharper color 
contrast oould bo obtained, Warren unweathered and partially- 
weathered ore was substituted for Ajo porphyry, ore and the test 
.carried on as before; namely, immersion of samples in 2 per
cent ferric sulphate solution for a definite length of time

' - ■ . - ' . r .followed by dry 1 %  and then immersing in sodium sulpho-eysnste 
solution for a time period equal to that of the ferric sul
phate immersion. Very good results were obtained. $he progress■. / i , . . .
‘of 'penetration was clean out, upon breaking and allowing the 
fleshly broken surface to dry, but faded upon exposure to the 
air1, to such an extent that it was impossible to show thevMv1 ' ’ ' ' . ' .

s / f penetration by photography. Oonseqt® ritly the above tests were
■// , : / . :• . ■repeated, in every detail, on various sizes of Warren partially-

,/J/ weathered ore and the•specimens .were photographed before the 
l ;v color of the penetration indicator color faded. The photographs' !' /: .^4 / v ';. : v ■ ' ; ’ - ' . ■ ' - - - '
j o^ these tests will be found in Figures 20 and 21. These photo-
i\' ' ' : :
| 1 graphs clearly indicate a relatively rapid penetration of the

l!
:;r \

l
1

h
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solution along fractures and cleavage planes, as shown hy
the dark areas, which takes place In a few hours and comprises
from 80 to 75 per cent of the total volume of voids that are
filled hy the solutions, thereafter penetration Into the minute
voids of the specimen takes piece hy spreading from these points
of initial penetration at a much slower rate and over a longer
period of time, the 1-hour sample was penetrated to the extent
of l/g Inch; the specimen immersed for 2 hours showed that the
coloring solution had penetrated for a distance of approximately
3/4 inch, the 3-hour specimen, only slightly weathered, never- 

v . . • theless was penetrated to the center of the ore lump as shown
hy the dark wavy lines; a distance of 1 inch or thereabouts. V 
She 5-hour sample was nearly completely penetrated along the 
coarser openings, a small portion in the center, only, remain
ing into whioh the indicator had not entered; the distance 
penetrated was from 1 to l-l/8 inches. These results cheek 
those obtained by observing the penetration of the solutions 
into the ore voids by means of the dilatometer and explain the 
seeming diaorepanoy that a 5-6 inch sample requires from 120 
to 140 hours for apparent total saturation as compared to to 
hours for the -1 * 5/4-ineh size.

Tube tests, the fourth and last subdivision 
of the experimental work of this thesis, were carried on for 
the purpose of determining the effect of composition of the 
walls, or in other words, the composition of the ore, within 
which the voids or paeseageways are contained, on the. capillary



effect. To observe this phenomenon ana obtain data on the 
rate and final total effect of same, glass tubes, l-l/g centi
meters in diameter and 140 centimeters long were used. This 
size of diameter rcas ohosen because it was available and did 
not require an eaccessive amount of material to fill (an im
portant factor when using relatively pure minerals). The 
capillary effeot due to the glass walls was made constant or 
very nearly eo* throughout all the" following tests by the use 
of tubes of approximately equal diameter. As the correction 
for tubes of diameter greater than S-l/2 centimeters is negli- 
gibie.sS the error due to the effect of the tube walls in this 
case would be exceedingly small.

The glass tubes were prepared by cleaning 
thoroughly, followed by reducing the eross-aeetion area of 
the bore at one end by fusing. A wad of glass wool was intro
duced through the unoonatrioted end of the tube and pushed into 
place at the point of the reduced cross-section, thus providing 
a means of support for the ore which followed. Classification 
of the ore during introduction into the tube was guarded against 
by means of a "boat" attached to a long rod, the whole apparatus 
of such size as to be passed freely into the glass tube. The 
operation of filling the tube was performed by keeping the tube

"Tbrthrup, laws of Physical Science, p. 28.



in a nearly horisontal position; intxoduoing the "hoat" loaded 
with o*e and then shifting the tube to a wertloal position, 
thereby discharging the ore from the "boat.” In this way 
olassifioation due to the ore falling through a considerable 
distance was practically eliminated.

The tube and contained ore sample thus pre
pared was placed in a vertical position, the glass wool stoppered 
and dipping into a beaker containing the solution, the rise of 
which was to be studied. The solution level in the beaker was 
marked and kept.at a position slightly above that of the glass 
wool in the tube. By this procedure, the observed rise of the 
liquid in the tube was due to the contained ore (neglecting 
that due to the walls of the tube which was very nearly equal 
in every ease). Four tests were run simultaneously, one each 
on Warren unweathered, Warren partially weathered, Silver Bell, 
and Ajo porphyry ores, all -200 mesh. Distilled water was used 
as the ascending liquid. The Warren unweathered ore was selected, 
before crushing to size, so as to give a relatively high copper 
and iron sulphide mineral content. The height of the water level 
in the ore column was measured at intervals with a meter stick. 
Difference between water levels in beaker and ore column were 
taken as total rise. The Ajo porphyry and Warren partially- 
weathered ore caused trouble by seeming to shrink on wetting, 
thereby settling and making it impossible to maintain a con
tinuous ore column. This trouble was not encountered in the 
ease of the Silver Bell and Warren unweathered tests. These
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testa were eeatlmied until the water level had risen to the 
top of the ore column in the Silver Bell and Ajo porphyry 
tests. The results of this test (Ho* 60) was plotted time 
elapsed from Beginning of test, in hours, as absdissae,. _
against rise of water column. In centimeters, as ordinates.
(Hoto: all succeeding tests of this kind will he plotted in 
the same way). For tables of results and curves see the imme
diately following pages. These tests indicated that there was 
a marked difference in the physical properties of minerals, 
as pertaining to the rise of water in them, when divided into 
the two olasses, oxidised and sulphide minerals»

Continuing these kinds of tests, for the 
purpose of checking the previously observed results, two samples 
of -160 plus 200 mesh ore, one each of Ajo porphyry and Warren 
unweathered, were prepared as in the previous tests. The Ajo 
porphyry was tried again because it was considered a very good 
example of an oxidised ore and for the reason of settling in 
previous, test was introduced carefully and settled as compactly 
as possible by tapping and jarring the tube. In spite of 
these precautions, settling as before took piece In the case 
of the Ajo porphyry, so that this test was discarded as unre
liable and the use of this ore was discontinued.

Two other tests were run simultaneously 
with the two above tests on -160 plus 200 mesh Silver Bell ore 
in distilled water and in a saturated aqueous solution of sodium



SaUe 60, Observed rise (in sent barters)
in -too aesk ore oolumna.

of distilled mater

Time elapsed Silver Bell A jo per- Warren par- Warren un- 
from beginning ore phyry ore tially . weathered 
of test, hoars Test 60a Seat 60b weathered ore

ore, Test 60c : Test 60d

0.0 0.0 0.0 0.0 0.0
0.26 10.20 10.20 7.5 6.20
5.0 23.80 26.00 17.30 16.80
11.0 42.40 44.00 29.00 88.60
28.0 66.20 58.0 35.00 38.00
34.0 66.30 69.80 48.40 46.00
71.0 90.80 92.30 63.60 57.90
97.0 103.50 101.80 74.00 70.00

118.0 113.30 108.80 83.70 76.50
160.0 129.80 118.80 96.70 85.50
194.0 140.00 126.00 101.00 90.00

Table.61.— Observed rise (in oentlusters) of solutions In
-150 *200 mesh ore.

Time elapsed Silver Bell Silver Boll Warren un-
from beginning oro, distilled ore. saturated woathered ore
of test, hours water. Test 61a sodium oloate distilled wati

sol'n. Test 61b Test 61o
0.0 0.0 0.0 0.0
7.0 28.0 12.1 29.217.0 46.2 20.0 42.4

43.0 72.6 .32.3 58.7
91.0 104.2 47.1 73.4

113.0 115.1 53.3 78.3150.0 127.4 59.3 83.2174.0 131.0 60.5 89.6
200.0 71.2 93.8
223.0 74.8 96.0
268.0 81.8 101.9
294.0 84.6 105.8
329.0 88.5 107.1354.0 91.4 108.9
377.0 93.7 110.8
425.0 98.0 116.3

8S
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Tabl# 62.--Observed rise (in centimeters) of distilled water 
in -100 4150 mesh ore and mineral.

2ime elapsed from Silver Bell ore Ohaloooite 
beginning of test Test 62a Seat 62b

in hours
0*0 0,0 0.0
5,0 44.80 41.80

10.0 50.00 43.90
22.0 66.20 60.00
47.0 77.20 66.40
71.0 84.30 69.9095.0 89.60 68.60119.0 93.50 64.90

143.0 97.30 66.60
167.0 100*60 67.90
191.0 105.40 69.10
216.0 106.70 70.30
263.0 110.80 71.70
287.0 111.90 72.30
511.0 114.20 73.00
383*0 118.60 73.00
407.0 119.90 73.40
431.0 121.0 73.40



oleate for the purpose of studying the effect of reducing the 
surfsee tension of the ascending liquid (See Table I). Tables 
and eurres of the results will be found on following pages.

To further investigate the effect of oxidized 
and sulphide minerals on the rate and final rise of liquids in 
them through capillary rise, some nearly pure ohalcocite was 
obtained and a test on this mineral and one on Silver Bell ore 
carried on simultaneously. The size of the sample was increased 
to -100 >150 mesh for the purpose if possible of having the 
total rise occur within the limit of available ore column length. 
These tests bear out the previously asserted fact that the com
position of the ore has a marked effect on capillary action, 
other conditions being equal. Silver Bell, an oxidized ore, 
gives a total rise of 120 centimeters as compared to that of 
ohalcocite, a sulphide, with a total rise of 73 centimeters.

The last-mentioned tests conclude the re
search on this problem. As this subject had not been previously 
investigated, the work, necessarily, was along general lines, 
no one specific phase or factor could be studied, exhaustively. 
Results thus far obtained indicate two future possible methods . 
of attacking the problem: first, investigation of the use of 
gas-free solutions or sueh solutions that will dissolve rela
tively large amounts of the gas contained within the voids of 
the ore, and in which solution the same gas also diffuses 
rapidly; and second, the study of the effect of temperature 
change on the rate of penetration. Careful consideration of









the foregoing foots ana reeulte justifies the following ooa- 
oluaions:

An apparatus for the measurement of the
■V!.rate of saturation and final penetration effect of liquids 

into the voids within an ore has “been described and success
fully used.

The time required for a given amount of 
penetration Into two ore lumps of different sizes does not 
vary as the linear distance to he penetrated or as the ratio 
of the working surface to the volume of the ore, the larger 
size is saturated more rapidly than the smaller sample when 
using the above basis of comparison. The first 50 to 75 per 
oent of the total penetration takes place rapidly along larger 
fractures and cleavage planes, the contained gases being dis
placed. Thereafter the mleroeoopio voids are saturated from 
these points of initial penetration. This fact explains the 
seeming discrepancy that a larger ore lump is apparently com
pletely saturated In nearly the same length of time that a 
smaller sample is.

The gas in the microscopic voids within 
the ore must be dissolved by the incoming liquid and subse
quently diffuse outward to points of less concentration, so 
that these voids may be filled. Therefore the solution and 
diffusion of the gases within the voids becomes the most im
portant factor of the problem.
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fhe oonoentration of aolmtea, in the leash
ing solution, that do not react chemically with the ore or other 
aubatanoea present, and within range of practical applioation, 
do not appreciably affect the rate of penetration. The results 
of the addition of these aubatanoea to water —  a slightly 
higher surface tension, increase in vlaeoalty, and decrease in 
solubility of gases in the solutions —  when combined have little 
or no effect on the rate of penetration.

The penetration rate at a lower temperature 
is slightly greater than at a higher temperature, due, probably, 
to the Increased solubility of gases in liquids with decrease 
in temperature.

A slightly greater penetration rate was also 
obtained by the use of boiled distilled water as compared to air- 
saturated distilled water, due to the faot that solution and 
diffusion of gases would proceed faster in the former than in 
the latter ease. . .

Solutes of leaching solutions, which react 
chemically with the ore, dissolve parts of the seme, thereby 
opening and penetrating progressively, voids that otherwise 
would not have been entered.

The use of surface tension reducing agents 
fin aqueous solution) produced no appreciable change of the 
rate or final penetration effect.

The volume of voids penetrated at vacuum 
and at atmospheric pressures were determined for the several
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orea which were experimented with In this problem.
The rate and manner of penetration as 

shown by suitable coloring agents on freshly broken surfaces 
was observed and recorded. The results proved a previous 
statement that the initial penetration is rapid and along 
cleavage and fracture planes.

The rise of distilled water in columns of 
oxidized ore is greater than in the ease of a sulphide ore. 
Sulphide minerals do not wet as easily as oxidized minerals, 
whioh is another way of stating that the force of adhesion is 
less in the former than in the latter ease; this fact aooounte 
for the difference in capillary rise.

further research is recommended on gas 
solution, gas diffusion, and temperature change effect.
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